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Abstract. Preventive maintenance (PM) of manufacturing units aims
at maintaining the operable condition of the production line while opti-
mizing the maintenance timing and the loss of productivity during main-
tenance operations. The lesser studied type of preventive maintenance
understands a production line as a single machine with multiple com-
ponents of different maintenance needs. This is relevant when rotating
machinery is deployed, e.g., in the paper and steel industries, to mass
production of raw materials consumed by other businesses. A failure in
any stage of the production line has the potential of making the entire
machine inoperable and enforcing a shutdown and corrective mainte-
nance costs. This work gives an abstract formalization of PM scheduling
for multi-component machines as an optimization problem. To provide
a lower bound for the complexity of the optimization problem, we prove
that the underlying decision problem is NP-complete for varying-size
multi-component machines and scheduling timelines. Besides the formal-
ization, the second main contribution of the paper is due to the practical
need to solve the problem in industrial applications: the work gives the
first encoding of the PM scheduling problem using Answer Set Optimiza-
tion (ASO). Some preliminary experiments are conducted and reported
to set the scene for further algorithm development.

1 Introduction

Rotating machinery is commonly deployed and maintained, e.g., in paper and
steel industry, for the mass production of raw materials like newsprint and rolled
steel consumed by respective branches of business. Such a multi-component ma-
chine consists of a large number of rotating components, also abbreviated rotors
in general, operating in synchrony to form a continuous production line, such as a
paper machine (see Fig. 1). Maintenance of any stage of this rotating machinery
often requires a complete shutdown as maintenance potentially makes the entire
production line inoperable. Most breaks incur loss in production, but abrupt ser-
vicing that focuses on corrective maintenance of failed components bring along
extra costs and delays. Therefore, preventive maintenance (PM) and scheduled
servicing play key roles when it comes to ensuring resource-efficient and timely
production as demanded by global manufacturing and resilient industry.
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Besides the practical impor-
tance, digitized PM scheduling
(PMS) is a challenging compu-
tational problem and has been
studied a lot in multi-machine
settings. However, not enough
attention has been spent on PMS
of multi-component machines.

Fig. 1: A Paper Machine (KnowPap.com)

For example, a forthcoming survey [13] summarizes previous work on inte-
grated production, maintenance and resource scheduling, but its focus is on multi-
machine environments rather than in multi-component machines. Nevertheless,
PMS for multi-machine systems is somewhat adaptable to paper plants. In this
respect, we mention Do et al. [6] who study preventive maintenance of multi-
component systems with serially connected components. In addition, there is
some work in the context of paper mills (see, e.g., [11, 14, 16]).

In this work, we focus on PMS of abstract multi-component machines. This
task is to increase the overall reliability and productivity of the machinery
throughout the scheduling timeline with properly scheduled preventive main-
tenance actions. Unlike [13], we neither integrate production and maintenance
scheduling explicitly nor study concrete machines. Instead, our general goal is
to investigate options when it comes to the formalization of features that have
not been formalized before in PMS of multi-component machines:

– We propose a penalty-driven flexible scheduling method that minimizes the
under-coverage (delayed preventive maintenance actions) and over-coverage
(advanced preventive maintenance actions). These can be used, to some ex-
tent, to represent the concern of continuous production in PMS.

– We do not insist on commonly used periodic maintenance that is based
on recommended maintenance intervals of components. Instead, we try to
synchronize preventive maintenance actions, at least partially, to reduce the
need for separately scheduled maintenance breaks. Partial synchronization
does not exclude the possibility that ultimately periodic schedules emerge.

– According to the survey [13], most approaches to PMS allow no exceptions
beyond designated time intervals and flexibility windows. However, the ap-
proaches of [1, 17] are more versatile enabling variance in this respect. Our
target for maintaining a particular component is extremely flexible: the next
target time is determined by the previous preventive maintenance action
and the recommended maintenance interval of the component, while any
deviations are subject to penalty.

The paper claims three major contributions to the area: (1) Our definition of
the PMS problem for multi-component machines is a new combination of PMS
ideas not aiming at maximal parallel throughput or job-shop type scheduling but
keeping the whole machine maximally in a good condition and in use. (2) We for-
malize some of the related decision and optimization problems and characterize
their computation complexity with lower and the upper bounds. (3) We present
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a prototypical implementation, i.e., encodings of PMS for multi-component ma-
chines using logic programming and optimization, including basic experiments
and performance results of its practical behavior.

Previous implementations of PMS have deployed a myriad of AI techniques,
including genetic algorithms (GAs) [5], mixed-integer programming (MIP) [4],
and formulations as constraint satisfaction problems (CSPs) [9]. To our knowl-
edge, there is no prior PMS implementation based on answer set programming
(ASP, see [3] for an overview) that offers a rule-based language for knowledge
representation. A typical encoding of a search or optimization problem in ASP
is a logic program that captures the solutions of the problem as answer sets. It is
already known that ASP is well-suited for the formalization of various schedul-
ing problems (see, e.g., [7, 8]). The current work concentrates on interval-based
scheduling of maintenance operations rather than timetabling individual events.

The rest of this article is organized as follows. In Section 2, we provide the
formal definition of a multi-component machine and of its maintenance sched-
ule, and study some objective functions that are relevant for the optimization
of schedules. These definitions are crucial building blocks in Section 3 where we
formalize PMS for multi-component machines from a number of perspectives.
The computational complexity of the resulting decision and function problems
is then roughly characterized in the same section. To move from the theoreti-
cal analysis to practice, we present an ASP encoding of the PMS optimization
problem in Section 4. The performance obtained by this encoding for PMS is
preliminarily studied further in Section 5 using the Clingo system to implement
the actual search for optimal schedules. Section 6 concludes the paper.

2 Definitions of Machines and Schedules

In this section, we provide an abstraction of a multi-component machine and
a schedule specifying preventive maintenance actions for its components in the
scheduling timeline. These definitions pave the way for the definition of the
scheduling problem whose variants will be studied further in the next section.

Definition 1. A multi-component machine is a triple M = ⟨C, ι, ρ⟩ consisting
of a finite set of components C, an initial lifetime function ι : C → N, and a
recommended maintenance interval function ρ : C → N\{0}.

Fig. 1 illustrates how the values of the functions in Definition 1 are to be
interpreted. The initial lifetime function ι tells how many time moments are
covered by maintenance performed before the intended PM scheduling. The rec-
ommended maintenance interval function ρ tells a similar measure for every
round of preventive maintenance action, but with the difference that it specifies
the number of time moments that are covered by one preventive maintenance
action. Every time t when a component is maintained it becomes as good as new.
The recommended maintenance interval (RMI) of that component starts at the
time t of preventive maintenance action and includes it, and all non-maintained
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Fig. 2. Illustration of ι(c) = 5 and ρ(c) = 6 with a Service at Time Point t = 9

components continue aging during the time step t. The preventive maintenance
actions are specified by schedules:

Definition 2. A preventive maintenance schedule (PMS, or schedule for short)
for machine M is represented as a quadruple S = ⟨h, ℓ, b, A⟩ where

– h ∈ N\{0} marks the horizon of the scheduling timeline,
– ℓ ∈ {1, . . . , h} is the limit for the last possible time moment of a preventive

maintenance action,
– b ∈ {0, . . . , ℓ} is the maximum size of a set B ⊆ {1, . . . , ℓ} of time points,

also called scheduled maintenance breaks, during which any preventive main-
tenance action must take place,

– A : C×{1, . . . , ℓ} → {0, 1}, called the service selection function, is a charac-
teristic function indicating, for each component c ∈ C of the machine M, the
set Bc = {t | A(c, t) = 1} ⊆ B of time moments of preventive maintenance
actions used to service component c.

The limit ℓ controls how far towards the horizon the breaks can be allocated,
having an compressing effect on the schedule. If ℓ = h, any preventive mainte-
nance action performed at the time moment h is mainly a wasted investment to
the future without a significant effect on the scheduling timeline. The schedule
is empty if b = 0. Four evaluation functions for the quality of component-wise
schedules are defined. Their definitions are facilitated by two auxiliary functions:
let π(c) = {(s, t) ∈ Bc × Bc | s < t, and s < u < t for no u ∈ Bc} be the pairs
of consecutive maintenance times of component c ∈ C and δ : Z → N a filter
function defined in such a way that δ(x) = 0 when x < 0 and δ(x) = x otherwise.

Definition 3. For each schedule S, we define the component-wise over-coverage
function oc : C → N, the component-wise under-coverage function uc : C → N,
the component-wise miscoverage function mc : C → N, and the component-wise
action count function ac : C → N as follows.

If Bc is empty, we have oc(c) = ac(c) = 0, uc(c) = mc(c) = h − ι(c).
Otherwise, the values of the componentwise functions are given by

oc(c) = δ(ι(c)−minBc + 1) +
∑

(s,t)∈π(c)

δ(min(s+ ρ(c), h+ 1)− t),

uc(c) = δ(minBc − ι(c)− 1) +
∑

(s,t)∈π(c)∪{(maxBc,h+1)}

δ(t− (s+ ρ(c)),

mc(c) = oc(c) + uc(c), ac(c) = |Bc|.
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Intuitively, the value oc(c) indicates the number of time points during which
the implementation of a due preventive maintenance action of component c is
advanced earlier from the time suggested by the recommended maintenance in-
terval ρ(c). The value uc(c) indicates, for component c, the number of time points
that are neither covered by the initial lifetime nor a recommended maintenance
interval started by a preventive maintenance action. The miscoverage mc(c) sim-
ply combines these two quality evaluation functions into a sum, and the action
count ac(c) tells the number of preventive maintenance actions of component c.

Lemma 1 links the under-coverage, the over-coverage and the number of
preventive maintenance actions to each other. Lemma 2 demonstrates that over-
coverage is potentially much larger than under-coverage. Finally, Lemma 3 shows
that servicing too often does not help to reduce the under-coverage.

Lemma 1. Let c ∈ C and assume that ℓ + ρ(c) ≤ h. Then uc(c) = h − ι(c) −
ac(c)ρ(c) + oc(c).

Proof. Define first the sequence B0
c , B

1
c , . . . , B

ac(c)
c , in such a way that B0

c = ∅,
B1

c = minBc, and Bk
c = Bk−1

c ∪ {t | (maxBk−1
c , t) ∈ π(c)}. This gives us a

growing sequence of service times t1 = maxB1
c , . . . , tac(c) = maxB

ac(c)
c .

The lemma is now proven by induction on k, 0 ≤ k ≤ ac(c).

k = 0: oc0(c) = 0,

uc0(c) = h− ι(c)− kρ(c) + oc0(c).

k = 1: (i) ι(c) < t1 : oc1(c) = 0,

uc1(c) = h− ι(c)− kρ(c) + oc1(c).

(ii) ι(c) ≥ t1 : oc1(c) = t1 − ι(c) + 1,

uc1(c) = h− ι(c)− kρ(c) + oc1(c).

k > 1: (i) tk−1 + ρ(c) ≤ tk : ock(c) = ock−1(c),

uck(c) = h− ι(c)− kρ(c) + ock(c).

(ii) tk−1 + ρ(c) > tk : ock(c) = ock−1(c) + (tk−1 + ρ(c)− tk),

uck(c) = h− ι(c)− kρ(c) + ock(c).

Thus uck(c) = h− ι(c)− kρ(c) + ock(c) for all k, 1 ≤ k ≤ ac(c). ⊓⊔

Lemma 2. Let c ∈ C, and assume that ℓ + ρ(c) − 1 ≤ h and ι(c) = 0. Then
0 ≤ uc(c) ≤ h, and 0 ≤ oc(c) ≤ (ℓ− 1)(ρ(c)− 1).

Proof. Clearly, uc(c) ≥ 0. On one hand, the value uc(c) reaches 0 when the
services of the component c occur at time points ℓ and t = ι(c)+ 1+ kρ(c), such
that k ≥ 0 and t < ℓ. In this way, uc(c) = h− (ℓ+ ρ(c)− 1). If ℓ = h− ρ(c) + 1,
we reach uc(c) = h − (h − ρ(c) + 1 + ρ(c) − 1) = 0. If ℓ > h − ρ(c) + 1 and
Bc = {1, . . . , h}, we still have uc(c) = 0. On the other hand, the value uc(c) is
the greatest when Bc = ∅. In this case, uc(c) = h, and oc(c) = 0.

Clearly, oc(c) ≥ 0. In fact, oc(c) = 0 when Bc = ∅, but the value oc(c) is the
greatest when Bc = {1, . . . , ℓ}. In this case, oc(c) = (ℓ− 1)(ρ(c)− 1). ⊓⊔
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Fig. 3. Servicing Too Often Does Not Pay Off

Lemma 3. Let w and t such that w + 2 ≤ t ≤ w + ρ(c) be two maintenance
times of component c, contributing w+ ρ(c)− t to oc(c). Adding a maintenance
time v, such that w+1 ≤ v ≤ t−1, increases oc(c) without decreasing uc(c). ⊓⊔

Proof. Fig. 3 shows a situation described in the lemma. The service at time point
v has only an increasing effect on the over-coverage of the schedule. ⊓⊔

The component-wise evaluation functions are lifted for a machine as follows:

Definition 4. For every schedule S = (h, ℓ, b, A), there are associated measures:
the over-coverage oc(C) =

∑
c∈C oc(c), the under-coverage uc(C) =

∑
c∈C uc(c),

the miscoverage mc(C) = uc(C)+oc(C), and action count ac(C) =
∑

c∈C ac(c).

In the rest of the paper, when solving PMS problems, we employ no other
measures of quality than under-coverage and miscoverage. The following two
lemmas identify corner cases for these measures.

Lemma 4. Let M = ⟨C, ι, ρ⟩ be a multi-component machine. For any horizon
h ∈ N \ {0}, and limit ℓ ∈ {1, . . . , h}, there is a schedule S = ⟨h, ℓ, b, A⟩ such
that the over-coverage oc(C) associated with the schedule is 0.

Proof. The over-coverage oc(C) of the empty schedule is 0. ⊓⊔

Lemma 5. Let M = ⟨C, ι, ρ⟩ be a multi-component machine. For any hori-
zon h ∈ N \ {0}, and breakset size b ≥ ⌈h/minc ρ(c)⌉ there is a schedule
S = ⟨h, ℓ, b, A⟩ such that the under-coverage uc(C) associated with S is 0.

Proof. Assume without loss of generality that ι(C) = {0}. Construct a schedule
⟨h, ℓ, b, A⟩ such that Bc = {1 + i × (minc ρ(c)) | i = 0, . . . , b − 1} for all c ∈
C. These preventive maintenance actions are enough to cover the scheduling
timeline, giving under-coverage uc(C) = 0. ⊓⊔

3 Basic PMS Problems and Their Complexities

In the following, we define some variants of the PMS problem and study their
computational complexities.

Definition 5. The EXACT MISCOVERAGE PMS problem is a decision prob-
lem that assumes, as its input, a multi-component machine M = ⟨C, ι, ρ⟩ and
a quadruple T = ⟨h, ℓ, b,m⟩ of scheduling parameters, and poses the question
whether the machine has a schedule S = ⟨h, ℓ, b, A⟩ such that mc(C) = m.
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The NP membership of EXACT MISCOVERAGE PMS will be shown under
the assumption that all the elements of the scheduling timeline {1, . . . , h} are
separate units of the input, i.e., h is essentially encoded in unary. The following
lemma gives an upper bound for the computation of the miscoverage.

Lemma 6. Let M = ⟨C, ι, ρ⟩ be an arbitrary multi-component machine and
S = ⟨h, ℓ, b, A⟩ be one of its schedules. The miscoverage mc(C) associated with
S can be computed in O(|C|h) time and O(|C|h) space.

Proof. Assume accessing of A takes O(1) time steps. We compute the miscov-
erage of the schedule S with a loop that runs over C, and with an inner loop
over all time points {1, . . . , h} in O(|C|h) time: For each component c, the inner
loop starts from time point 1 and keeps track of the initial lifetime and the RMI
that starts at a preventive maintenance action. (i) Every extra RMI covering
the time point contributes one over-coverage to mc(C). (ii) Each time point not
covered by any RMI contribute one under-coverage to mc(C). In addition, it is
safe to say that the space requirement of the computation is O(|C|h). ⊓⊔

Theorem 1. The EXACT MISCOVERAGE PMS problem is in NP.

Proof. Let an EXACT MISCOVERAGE PMS problem instance consist of a
multi-component machine M = ⟨C, ι, ρ⟩ and parameters T = ⟨h, ℓ, b,m⟩. Since
ι(c) < ρ(c) for all c ∈ C, and h ≥ ℓ ≥ b, the length of the input isΩ(|C|maxc ρ(c)+
h+logm). A certificate to the EXACT MISCOVERAGE PMS problem consists
of a schedule S = ⟨h, ℓ, b, A⟩ that requires O(|C|h) space, which is polynomial
in the input size. Let S be an arbitrary certificate. To verify it, we only need
to check that the miscoverage mc(C) associated with S equals m. By Lemma 6,
mc(C) can be computed in a polynomial time and space. ⊓⊔

The SUBSET SUM problem (SSP) is an example of an NP-complete problem
[10]. In the sequel, it will be shown to be at most as hard as the EXACT
MISCOVERAGE PMS problem by using an appropriate reduction.

Definition 6. The SSP is a decision problem that assumes as its instance a pair
⟨N, s⟩ where N = {c1, c2, . . . , cn} is a multiset of positive integers ci ∈ N\{0},
i = 1, . . . , n, and s ∈ N\{0} is the target sum for a subset of these integers. The
problem is to decide whether there is a subset N ′ ⊆ N such that the target s is
obtainable as the sum of the elements of N ′, i.e.,

∑
N ′ = s.

Theorem 2. The EXACT MISCOVERAGE PMS problem is NP-hard.

Proof. Let P = ⟨N, s⟩, N = {c1, c2, . . . , cn} be an arbitrary instance of SSP.
Without loss of generality, assume that ci ≤ ci+1, for 1 ≤ i ≤ n − 1. This
SSP instance reduces by a poly-time function to an instance of EXACT MIS-
COVERAGE PMS given by machine M = ⟨C, ι0, ρ⟩ and scheduling parame-
ters T = ⟨maxN, 1, 1, nmaxN − s⟩, such that C = {1, . . . , n}, and ι0(i) = 0,
ρ(i) = ci for all i ∈ C. Since all preventive maintenance actions are enforced to
occur at time step 1, we have oc(C) = 0 for all schedules S. If S is the empty
schedule, then uc(C) reaches its maximum value nmaxN .
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Let N ′ ⊆ N be a multiset subset with sum s, being a solution to the SSP
instance ⟨N, s⟩. In the reduction, each integer ci ∈ N ′ is encoded by A(i, 1) = 1,
while A(i, 1) = 0 encodes that ci /∈ N ′. This gives a schedule ⟨maxN, 1, 1, A⟩
whose associated under-coverage uc(C) is nmaxN−s. This schedule is a solution
to the EXACT MISCOVERAGE PMS instance ⟨M, T ⟩.

Conversely, let S = ⟨maxN, 1, 1, A⟩ be a solution to the EXACT MISCOV-
ERAGE PMS instance ⟨M, T ⟩. The associated under-coverage is nmaxN − s.
The schedule encodes the multiset subset N ′ = {ci | i ∈ C,A(i, 1) = 1} ⊆ N
with sum s. This subset is a solution to the SSP instance ⟨N, s⟩. ⊓⊔

Definition 7. The BOUNDED MISCOVERAGE PMS problem is a decision
problem that assumes, as its input, a multi-component machine M = ⟨C, ι, ρ⟩
and a quadruple T = ⟨h, ℓ, b,m⟩ of bounds, and poses the question whether the
machine has a schedule S = ⟨h, ℓ, b, A⟩ such that mc(C) ≤ m.

Theorem 3. The BOUNDED MISCOVERAGE PMS problem is in NP.

The proof of Theorem 3 is similar to Theorem 1 and thus left to the reader.
Function problems can be defined almost in a similar way as decision prob-

lems. The following function problems concern the optimization of schedules
with respect to particular measures associated with them.

Definition 8. The UNDER-COVERAGE PMS and MISCOVERAGE PMS are
optimizing function problems whose inputs consists of a multi-component ma-
chine M = ⟨C, ι, ρ⟩ and a triple ⟨h, ℓ, b⟩ of scheduling parameters. The solution
to the UNDER-COVERAGE PMS problem is a schedule S = ⟨h, ℓ, b, A⟩ such
that the under-coverage uc(C) associated with the schedule S is minimized, and
the solution to the MISCOVERAGE PMS problem is a schedule S = ⟨h, ℓ, b, A⟩
such that the miscoverage mc(C) associated with the schedule S is minimized.

4 An ASO-Based Implementation

In what follows, we present an ASP encoding of the PMS problem. The encoding
is presented in the language fragment of the Gringo grounder. Thus existing
ASP solvers such as Clasp [12] and WASP [2] can be readily used to implement
the search for optimal schedules in practice.

Listing 1 illustrates the representation of an eight-component machine using
the domain predicate comp/3 whose arguments give the identity C, the recom-
mended maintenance interval R, and the initial lifetime L due to a preventive
maintenance action before the scheduling timeline. The actual PMS encoding
has been divided into three sections given in Listings 2–4.

In Listing 2 (Line 2), the parameters h, l and b for the number of time
steps, the limit for the last maintenance break, and the number of scheduled
maintenance breaks, respectively, are set to their default values. In Line 3, we
define time/1 as a domain predicate for representing time steps. Moreover, the
identities of components are extracted as the extension of the comp/1 predicate
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Listing 1. A PMS Problem Instance

1 comp (1,5,2). comp (3,7,0). comp (5,9,0). comp (7,5,4).
2 comp (2 ,10,0). comp (4,4,3). comp (6,11 ,2). comp (8,8,0).

Listing 2. PMS Encoding: Parameters, Domains, Choices, and Actions

1 % Parameters and domains
2 #const h=32. #const l=32. #const b=3.
3 time (1..h).
4 comp(C) :- comp(C,_,_).
5
6 % Breaks and the allocation of components for service
7 { break(T): time(T), T <= l } <= b.
8 1 <= { serv(C,T): comp(C) } :- break(T).
9

10 % End of maintenance interval
11 emi(C,T+R) :- comp(C,R,L), serv(C,T), time(T+R).
12 emi(C,L+1) :- comp(C,R,L), L>0, time(L+1).

in Line 4, recall comp/3 in Listing 1. Then we are ready to choose time steps
for scheduled maintenance breaks, as formalized by the choice rule in Line 7. In
our basic encoding, at most b breaks are picked directly and for each scheduled
maintenance break at least one component is selected for maintenance in Line 8.
This is represented in terms of the serv/2 predicate. In Line 11, we define when
the respective RMI ends using the emi/2 predicate. For components C with some
initial lifetime, the analogous time point is defined in Line 12.

Based on the predicates introduced so far, we may define how points of
time are covered by RMIs on a component-by-component basis, see Listing 3.
This leads to an encoding (’2-level’) with recursive definitions of two predicates
cov1/2 and cov2/2 denoting that a component C is covered by exactly one or two
RMIs, respectively. Naturally, the target is that cov1(C,T) would hold for every
C and T, indicating that C is neither under nor over serviced over time. The base
cases for cov1 are given in Lines 2–3: either C is being maintained at time T or it
has some initial lifetime L in the beginning due to recent servicing. Based on this,
we may infer that cov1(C,T+1) holds for the following time step T+1: either C is
not maintained again nor the RMI ends (Line 5), or C is maintained again but
the preceding RMI ends at the same time (Line 6). The third possibility is that
C is maintained again within the same RMI, a reason for making cov2(C,T+1)

true in Line 7. The inertial rules for cov2/2 in Lines 9–10 are analogous to the
ones of cov1/2 in Lines 5–6. The final possibility is formalized by Line 11: there
is an end of a RMI falsifying cov2(C,T+1) but making cov1(C,T+1) true again.
Note that according to answer set semantics, all instances of cov1(C,T) and
cov2(C,T) are false by default. Thus, we need not specify the cases when they
are falsified.

Finally, Listing 4 sets the scene for solving the optimization problem in ques-
tion. Firstly, in Line 2, more than two overlapping RMIs are banned in the spirit
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Listing 3. PMS Encoding: Counting Overlap of Intervals

1 % Component -specific coverage of time points by RMIs
2 cov1(C,T) :- serv(C,T).
3 cov1(C,1) :- comp(C,R,L), L>0.
4
5 cov1(C,T+1) :- cov1(C,T), not serv(C,T+1), not emi(C,T+1), time(T+1).
6 cov1(C,T+1) :- cov1(C,T), serv(C,T+1), emi(C,T+1), time(T+1).
7 cov2(C,T+1) :- cov1(C,T), serv(C,T+1), not emi(C,T+1), time(T+1).
8
9 cov2(C,T+1) :- cov2(C,T), not serv(C,T+1), not emi(C,T+1), time(T+1).

10 cov2(C,T+1) :- cov2(C,T), serv(C,T+1), emi(C,T+1), time(T+1).
11 cov1(C,T+1) :- cov2(C,T), not serv(C,T+1), emi(C,T+1), time(T+1).

Listing 4. PMS Encoding: Constraints and Objective Function

1 % Deny (excessive) overlaps of RMIs
2 :- cov2(C,T), serv(C,T+1), not emi(C,T+1), time(T+1).
3
4 % Optimization with respect to miscoverage
5 #minimize {1,C,T: not cov1(C,T), comp(C), time(T);
6 1,C,T: cov2(C,T), comp(C), time(T) }.

of Lemma 3. This is also why predicates cov1/2 and cov2/2 are sufficient to
keep track of overlaps in the first place. Secondly, the objective function penal-
izes for under servicing (time points not covered) and over servicing (time points
covered twice) on equal basis. Note that the mutual exclusion of these two cases
partially counts on equal tuples 1,C,T in the set representation in Lines 5–6. For
the sake of illustration, we have depicted two globally optimal schedules for the
8-component machine from Listing 1. The one in Fig. 4a is based on the mini-
mization of under-coverage (white cells) only. This leads to a substantial overlap
of RMIs and over-coverage indicated in red. A form of a periodic pattern of
two scheduled maintenance breaks maintaining together all components of the
machine is ultimately emerging, but certain components like number 6 are main-
tained selectively, thus better meeting the component-specific RMI. However, if
over-coverage is penalized equally, far better schedules result as illustrated in
Fig. 4b. The risks from under service are slightly higher but the costs resulting
from unnecessary preventive maintenance actions are decreased substantially.
The number of individual preventive maintenance actions is also decreased from
44 to 36. Interestingly, the dimensions of the schedules reflect the space com-
plexity of ground logic programs obtained from our encoding (cf. Lemma 6). The
effect of the bound b is negligible.

Proposition 1. The size of the ground program resulting from Listings 2–4 is
O(|C|h) for a set of components C and the time horizon h.

Theorem 4. Let M = ⟨C, ι, ρ⟩ be a machine, ⟨h, ℓ, b⟩ the triple of scheduling
parameters, and PM their representation as a ground logic program based on
Listings 2–4 and a set of facts encoding M.
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(a) Schedule for b = 7 (Under-coverage)
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(b) Schedule for b = 7 (Miscoverage)

Fig. 4. Globally optimal schedules for the machine of Listing 1. Blue lines indi-
cate scheduled maintenance breaks and individual preventive maintenance actions are
marked with letter “s”.

1. If X is an (optimal) answer set of PM, then there is an (optimal) solution
SX = ⟨h, ℓ, b, AX⟩ to the MISCOVERAGE PMS problem ⟨M, ⟨h, ℓ, b⟩⟩.

2. If a schedule S = ⟨h, ℓ, b, A⟩ is an (optimal) solution to the MISCOVERAGE
PMS problem ⟨M, ⟨h, ℓ, b⟩⟩, then there is an (optimal) answer set XS of PM.

Proof (Sketch). Due to space resctrictions, we concentrate on describing the one-
to-one correspondence between answer sets and PMSes as follows. Firstly, given
an answer set X of PM, the respective schedule SX = ⟨h, ℓ, b, AX⟩ where for a
component c ∈ C and a time point 1 ≤ i ≤ h, AX(c, i) = 1 ⇐⇒ serv(c, i) ∈ X.

Secondly, given a PMS S = ⟨h, ℓ, b, A⟩ for M subject to scheduling parame-
ters ⟨h, ℓ, b⟩, we may calculate for each component and a point of time 1 ≤ i ≤ h,

cnt(c, i) = |{j ∈ Bc | j ≤ i < j + ρ(c)}|+ |{1 | ι(c) > 0, i ≤ ι(c)}|, (1)

i.e., the number of recommended maintenance intervals covering i while main-
taining c ∈ C. Based on these, the respective answer set XS of PM contains

– comp(c, ρ(c), ι(c)) and comp(c) for every c ∈ C;
– time(i) for every 1 ≤ i ≤ h;
– break(i) for every 1 ≤ i ≤ h such that A(c, i) = 1 for some c ∈ C;
– serv(c, i) for every c ∈ C and 1 ≤ i ≤ h such that A(c, i) = 1;
– emi(c, i+ρ(c)) for every c ∈ C and 1 ≤ i ≤ h with A(c, i) = 1 and i+ρ(c) ≤ h;
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– emi(c, ι(c) + 1) for every c ∈ C with ι(c) > 0 and ι(c) + 1 ≤ h;
– cov1(c, i) for every c ∈ C and 0 ≤ i ≤ h such that cnt(c, i) = 1; and
– cov2(c, i) for every c ∈ C and 0 ≤ i ≤ h such that cnt(c, i) = 2.

The idea is that X(SX) = X and S(XS) = S hold in the bijective correspon-
dence. Moreover, the measures uc(c) = |{i | cov1(c, i) ̸∈ X, cov2(c, i) ̸∈ X}| and
oc(c) = |{i | cov2(c, i) ∈ X}| can be read off from answer sets X. Thus, the
minimality of mc(C) = uc(C) + oc(C) matches with the optimality of X. ⊓⊔

It is known that function problems corresponding to optimization problems
that can be formalized in terms of disjunction-free logic programs (as above)
are FPNP-complete function problems [15], i.e., only polynomially many calls
to an NP-oracle are needed in the worst case. As a consequence, the computa-
tional complexities of MISCOVERAGE PMS and UNDER-COVERAGE PMS
are bounded from above and the corresponding decision problems reside in ∆P

2 .

Corollary 1. Given a machine M = ⟨C, ι, ρ⟩ and the scheduling parameters
⟨h, ℓ, b⟩, the respective function problems MISCOVERAGE PMS and UNDER-
COVERAGE PMS are in FPNP.

Hardness results in this respect are left as future work.

5 Experiments

In this section, we evaluate the performance of the encoding from Listings 2–4. In
the experiments, we use Gringo (v. 5.2.2) as the grounder and Clasp (v. 3.3.4)
as the solver. All runs are executed on an Intel(R) Core i7-8750H CPU with a
2.20GHz clock rate under Linux operating system. Our preliminary screening
showed that the 8-component machine from Listing 1 is already sufficient to cre-
ate great variance with respect to runtimes. Thus, we concentrate on analyzing
performance of Clasp on this particular instance when the number of scheduled
maintenance breaks b varies from 1 to 15 for schedules in a scheduling timeline
h = 32. The time required for grounding is negligible and omitted altogether.
The runtime behavior of Clasp as the back-end solver can be inspected from
Fig. 5. All graphs are smoothened by using the sbezier option of Gnuplot.

Minimization of under-coverage is quite easy. The lowest two plots in Fig. 5a
concern optimization based on two different strategies known as branch-and-
bound (’BB’) and unsatisfiable cores (’USC’). At first, the BB strategy is faster
but becomes slower than USC when almost fully covered schedules become fea-
sible at b = 9. The upper two plots relate to the minimization of miscoverage
which seems to be far more difficult task from the computational point of view.
Now the USC strategy performs much better. We think that this is due to the
fact that USC approaches optimal solutions from below and since the values of
the objective function are relatively small in this example, the optimal value can
be reached soon. The BB strategy, however, uses upper bounds and finally, when
the optimality of a found schedule is to be proved, a potentially high number
of other candidates—not improving the objective value—have to be excluded
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Fig. 5. Runtimes in seconds for b = 1 . . . 15 on logarithmic scale

by the solver. Indeed, the last stage of optimization dominates for BB, and the
runtimes for b = 7 . . . 13 are clear outliers far above the values visible in Fig. 5a.

We have developed several variants of the ASP encoding and include results
for some of them in Fig. 5b. The first alternative encoding (’Indirect’) formalizes
the choice of scheduled maintenance breaks (Line 7 in Listing 2) indirectly, i.e.,
the scheduled maintenance breaks are inferred from selected preventive main-
tenance actions (recall Line 8 in Listing 2) and their number is constrained
accordingly. However, the performance is slightly worse than our basic encoding
presented above, spending roughly double time cumulatively. Yet another en-
coding (’1-Level’) infers coverage and over-coverage information straight from
preventive maintenance actions, e.g., if serv(C,T) is made true (Line 8) then
cov(C,T), cov(C,T+1), . . . , cov(C,T+R-1) are inferred for the length R of the
RMI. Analogous rules for over-coverage ocov/2 are no longer linear in scheduling
timeline h. It performs very well for small values of b, but degrades soon such
that values b = 11, 12, 13 turn out to be clear outliers falling outside the illustra-
tion. Finally, we mention our early encoding (’Elevator’) based on up-and-down
counting of the number of overlapping maintenance intervals according to (1). In
Listing 3, the predicates cov1/2 and cov2/2 are the counterparts of cnt(C,T,1)
and cnt(C,T,2) used in that encoding, and there is no pendant for cnt(C,T,0)
expressible via default negation. The respective plot in Fig. 5b indicate that such
a systematic saving in the number of predicates pays off.
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To further assess the scalability of the
method, we tested the 2-Level encoding and
the USC strategy with 10 randomly gener-
ated machines per each of the sizes from 1
to 16 components. Fig. 6 shows the aver-
ages of the running times in this experiment.
When optimizing the miscoverage, a major-
ity of the larger machine sizes hit the timeout
of 1200s. This highlights that without ap-
proximations and further optimizations, the
problem cannot be solved on a large scale.
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Fig. 6: Effect of Machine Size

6 Conclusion

In this paper, we have focused on a lesser studied type of PMS that involves one
continuously operating, multi-component machine instead of multiple machines
that can be serviced separately. Our formalization focuses on maintenance tim-
ing while the duration of maintenance is abstracted away. The current model
has also taken a simplistic view to the end of the timeline. This was enabled by
the combination of horizon h and limit ℓ that was used to parameterize the way
the residual lifetimes of components are taken into account in cost functions.
Alternative approaches could assume that the schedule becomes ultimately pe-
riodic, or that the distant future and its associated cost fades out by discounting
in exchange for the closer moments whose scheduling costs are more tightly
optimized, and clearly dominating when it comes to decision making.

After formalizing the problem as a search problem, we analyzed the com-
putational complexity of the problem and presented an ASP encoding of the
optimization problem that minimizes the schedule with respect to a cost func-
tion. The experiments on minor variants of the encoding demonstrate that the
MISCOVERAGE PMS problem is indeed a challenging one. Although changes
in encoding make a huge difference, the current experiments handle only small
problem sizes. Thus, since practical multi-component machines can have orders
of thousands serviceable components and the time line of PMS is expected to
cover months or years (i.e., hundreds of time points), the quest for performance
improvement is still substantial. It is worth noting, however, that we computed
globally optimal schedules, and approximations in this respect are possible.

It is also within our interests to study the PMS problem in context of ad-
ditional constraints, which are usually easy to incorporate into ASP encodings
in an orthogonal way. In this respect, specific constraints on availability may
determine when certain components of the system can be maintained. If such
constraints become strict, some maintenance operations must be assigned to
specific points of time. In less strict settings, however, availability constraints
determine allowed time intervals within which the maintenance operations must
be scheduled; see, e.g., [17, 18] where these intervals depend on workload or the
current condition of the machine.
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6. Do, P., Vu, H.C., Barros, A., Bérenguer, C.: Maintenance grouping for multi-
component systems with availability constraints and limited maintenance teams.
Reliability Engineering & System Safety 142, 56–67 (2015)

7. Dodaro, C., Maratea, M.: Nurse scheduling via answer set programming. In: LP-
NMR 2017. pp. 301–307. Springer (2017)

8. Eiter, T., Geibinger, T., Musliu, N., Oetsch, J., Skocovský, P., Stepanova, D.:
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