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ABSTRACT. The benefit of predictive maintenance (PdM) as an enterprise
strategy for scheduling repairs compared to other maintenance strategies re-
lies heavily on the optimal use of resources, especially for SMEs: Expertise in
the production process, Machine Learning Know-How, Data Quality and Suf-
ficiency, and User Acceptance of the AI-Models have shown to be significant
factors in the profit calculation. Using a stochastic model for the production
cycle, we show how all these factors determine reduction of revenue and in-
crease in maintenance cost, essentially leading to a quantitative condition for
the beneficial use of PdAM.

1. PROBLEM

1.1. Predictive Maintenance. Predictive maintenance is the strategy of sched-
uling maintenance times in accordance with the likely individual remaining useful
lifetime of machine parts, of each maintenance cycle. Other, more conventional
maintenance strategies include preventive maintenance, in which a fixed schedule
of maintenance times are set to prevent premature breakdown [5]. Finally, reachtive
maintenance describes the strategy to let each cycle last until breakdown.

1.2. Related Work. General approaches to finding the most cost-effective use of
predictive maintenance have been reviewed by [2]. More specifically, production
environments to which renewal theoretic concepts can be applied have been con-
sidered [1]. Specific applications of a cost-model driven use of maintenance is given
in energy management [3]. A versatile stochastic model has been developed for
preventive maintenance in [4], to which this approach can be seen as an extension
to include predictive maintenance and the duration of each complete production
cycle as a specific random variable.

1.3. Organization of this paper. In section 2 we present the definition of the
cost-model and its general implications for the choice of the maintenance strategy.
In section 3 several experimental scenarios are discussed, and Section 4 presents the
conclusion. The notation used in this article includes R denoting the non-negative
numbers,

2. SOLUTION

2.1. A Maintenance Strategy Cost-Model. We first provide the necessary sto-
chastic model. Consider a probability space (€2, F, ) sufficiently large for the ran-
dom variables 7;, p; : @ — R4, 7 € N, to represent proper (measurable) real valued
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random variables for the scheduled maintenance time, and repair time for the i’th
maintenance cycle, respectively. These times refer to durations within each cycle.

The symbols P and E represent the respective probability and expectation value
belonging to p : F — [0,1]. If not otherwise needed, we will drop the explicit
dependence on a w € Q of these random variables in our notation.

Furthermore, let ; : 2 — Ry be the i’th breakdown time of the machine, if no
interruption of the production cycle is undertaken. This corresponds to the intended
practice in reactive maintenance (RM). In preventive maintenance (PvM), on the
other hand, this maximum period of activity is cut off at an intended 7; when
maintenance is initiated. We give expression to these two situations by introducing
the random variable

(2.1) Ti ‘= Oéi/\ﬁi

(the minimum of 7; and ;) and call it the ’th uninterrupted production time.
We distinguish the case when there is a timely maintenance at «; < §; (i.e., 7; = ;)
from when there is a premature breakdown (7; = f;) in the ¢’th cycle before the
planned maintenance takes place.

While preventive maintenance tries to choose the ’scheduled’ period-length to
be the fixed, non-random «; € R - typically sufficiently small to be below §;(w),
the specific maintenance strategy called Predictive Maintenance let a;(w) depend
on the specific situation, labelled by w, in the i’th cycle.

Typically, a;(w) is the result of a remaining useful lifetime (RUL) prediction
model M : X — R,, taking some input variables X; € X at the beginning of
the ’th cycle (see Section 3 for specific examples). The randomness of «;(w) =
M(X;(w)) then comes from the randomness of the input variables X;(w) of the
RUL-prognosis (such as observed sensor values from a condition monitoring proce-
dure).

To assess the influence of the predictive model M (and its accuracy) on the
profitability of using PdM instead of RM or PvM, we define the profit P; : Q@ — R
incurred in the ¢’th cycle as the revenue obtained from uninterrupted production
for a period of length 7; minus the repair-cost arising for repair of length p;:

(2.2) Pi(w) = g-mi(w) — ¢ pi(w),

where g,c € R, are the gain rate during active production and c the rate of
cost during repair (measured in money per unit time), respectively. Note that for
reactive maintenance 7; = ;. For preventive maintenance 7;(w) = a A 8;(w), where
the use of w in the notation is explicitly points out that 7 is a fixed deterministic
constant. In the general case of PAM, we have 1; = a;(w) A B;(w).

For the complete 7’th maintenance cycle’s length T; : £ — R it is important to
also consider an idle time7; : Q — R, , in which neither production nor maintenance
takes place, adding to the total downtime d; : Q@ — R4, (i.e., §;(w) :=7;(w) + pi(w)),
so that the cycle-length T; : © — R consisting of production and downtime is

(2.3) Ti(w) = 7i(w) + L(w) + pi(w).

After n cycles, the total incurred profit is to be divided by sum of the n cycle-
lengths giving an observed profit rate p,, : 0 — R, defined by
2z Piw)

(2.4) pn(w) = m
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Under the condition of the random variables 7;(w), p;(w), 13 (w), a;(w), Bi(w) con-
nected to the i’th cycle and their derived variates P;(w),T;(w) being identically
distributed, and positive, the following proposition is immediate:

Proposition 1: The limit hm pn( ) exists almost surely, is independent of
w € Q, and given by E[Pl]/IE[Tl]

— n _ n
Proof: Let Py(w) = 2 3 Pi(w), and T (w) = & Z i(w). By the law of large
i=1 i=1
numbers the limits lim, o P, = E[P] and lim,,_, Tl = E[T] exist almost surely.
Since pp(w) = Pp(w)/Ty(w), and since the limit of T, is positive the statement
follows from the limit laws for fractions. (I
Welet P = lim p,(w) and call it the asymptotic profit rate. We now investigate
n—oo

different choices for g, c, 7, and 7 with respect to their effect on P.

2.2. Conditions for the Effective Use of Predictive Maintenance. One of
the key qualities of a PAM strategy is its ability to accurately predict the breakdown
time 3; and schedule the end of the production run «; as close as possible before
this breakdown occurs. We now show that this is immediately connected to the
profitability of the strategy.

Consider the PdM case, in which 7;(w) is random. Define the probability of
timeliness (Q as the probability that the scheduled production time is less than the
breakdown time

Note that a large @); will typically corresponds to B; — «; being large. It is a
natural question how @ enters conditions which guarantee some advantage of using
PdM instead of PvM or RM.

For the rest of the paper, we assume the process over the individual cycles
to be stationary and ergodic, implying that the sequences of random variables
Tiy Pis @iy By and ¢; (i € N) are identically and distributed and don’t depend on the
initial distribution (z — P[r; < z] etc.). Also, @ = Q; is independent of i.

We then note that due to this ergodic stationarity, E[a;] = E[m]|Q+(1—Q)E[S4],
and we have

(2.6) Ela:] = E[B1] — E[f1 — 7] - Q.

The quantity v := E[f; — a1] - Q also expresses how far the scheduled mainte-
nance time deviates from the breakdown-time.

In the following discussion, we will be particularly interested in the effect of
avoiding idle times through scheduled or predicted maintenance times. To show it
most clearly, we will assume that for the PvM and PdM strategies, the idle time
can be completely avoided, i.e., set to zero.

Proposition 2 The asymptotic profit rate Pg for reactive maintenance, and the
asymptotic profit rate Pp for predictive or preventive maintenance without an idle
time are, respectively, given by
9E[B1] — Elp] _ 9E[B] — Elp1]—g-7

and Pp = .
E[B1] + Elp1] + E[e] E[p1] + Elpa] —

(27) Pgp =
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Remark: We consider preventive maintenance a special case of predictive mainte-
nance with 7;(w) being a degenerate (constant) random variable. This justifies the
generalising symbol Pp.

Proof:(Prop. 2) From Prop. 1 it follows that the expectation values of P; (using
(2.2)) and T3 (using (2.3)) are used for the numerator and denominator, respec-
tively. For Pp, (2.6) is used to express E[a]. O

Using these preliminaries, we are now able to formulate the conditions for the
profitability of PAM or PvM over RM.
Theorem 1: The following conditions are equivalent:
(1) Pr < Pp
(2) Play < i]-E[fr—en] < E[u]-(9E[B1] — cElp]) / (9E[B1 + ] + cE[p1])
(3) Plr < 1] -E[B1 — 7] < E[u] - 725
These results allow a thorough discussion of the various scenarios in different
production environments. The most important two obersvatrions are these:

e It is only profitable to use PdM instad of RM if E[:] > 0.
o Whenever E[¢] > 0, it is profitable to use PdM instead of RM if P[r <
B1] - E[f1 — 1] is sufficiently small.

3. CONCLUSION AND OUTLOOK

This extended abstract gives an overview of the definitions and theoretical results
obtained in our approach to model the profit gained from using PdM as opposed to
RM and PvM. In the paper that will follow from this (and the presentation given
at ENBIS 23), it will be shown how these results evaluate various prediction models
M for the prognosis of the proper scheduled maintenance time 7.
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