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Abstract We study the problem of scheduling maintenance on arcs of a capacitated
network so as to maximize the total flow from a source node to a sink node over a
set of time periods. Maintenance on an arc shuts down the arc for the duration of the
period in which its maintenance is scheduled, making its capacity zero for that period.
A set of arcs is designated to have maintenance during the planning period, which
will require each to be shut down for exactly one time period. In general this problem
is known to be NP-hard, and several special instance classes have been studied. Here
we propose an additional constraint which limits the number of maintenance jobs per
time period, and we study the impact of this on the complexity.
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1 Introduction

We consider the problem of scheduling maintenance jobs on the arcs of a flow network
with the objective of maximizing the throughput over a given time horizon. This
problem combines the diverse fields of scheduling [see for instance Pinedo (2008)]
and network flow optimization, in particular dynamic network flows, which have been
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the subject of intense study in recent years; see, for example, Koch et al. (2011),
Kotnyek (2003), and Skutella (2009).

The combination of scheduling and network optimization represents a natural exten-
sion to existing network models, and admits many interesting variants. For example,
Tawamalarmi and Li (2011), motivated by a problem in highway maintenance, con-
sider a multicommodity flow variant, providing complexity results, combinatorial
algorithms, and integer programming models. Network optimization problems and
scheduling have also been combined in the context of restoring infrastructure net-
works after major disruptions (Nurre 2013; Nurre and Sharkey 2014; Nurre et al.
2012) and in network design over time (Baxter et al. 2014; Kalinowski et al. 2015).

The optimization problem studied in the present paper was originally motivated by
annual maintenance planning for a coal export supply chain (Boland and Savelsbergh
2011b), in which maximizing the annual throughput is a key concern (see Lidén
2014 for a comprehensive survey of mathematical models in railway maintenance
scheduling). Boland et al. (2013a, 2014b) introduced a general network optimization
problem in which arc maintenance jobs need to be scheduled so as to maximize the
total flow in the network over time. A simplified version of the problem in which all
jobs have unit processing time was studied in Boland et al. (2014a), and the complexity
was determined taking into account certain instance characteristics, such as special
network structures and restrictions on the set of jobs.

In the present paper we extend this model by adding the constraint that the number
of jobs scheduled in any time period is bounded by a number K which is given as
part of the input. The problem is defined over a network N = (V, A, s, ¢, u) with
node set V, arc set A (we admit parallel arcs having the same start and end nodes),
source s € V, sink # € V and nonnegative integral capacity vector u = (i4)acA-
By 6~ (v) and 8" (v) we denote the set of incoming and outgoing arcs of node v,
respectively. We consider this network over a set of 7' time periods indexed by the set
[T]:={1,2,..., T}, and our objective is to maximize the total flow from s to . We
are also given a subset J € A of arcs that have to be shut down for exactly one time
period in the time horizon. In other words, there is a set of maintenance jobs, one for
each arc in J, each with unit processing time. In addition, there is a parameter K such
that the number of maintenance jobs scheduled in any time period must not exceed K .

From a practical point of view, this is a natural variation of the model. In many
real world network maintenance scheduling problems, there are resource and budget
constraints that do not allow too many jobs to be performed at the same time. For
example, the number of crews available to work at night may be limited, or the main-
tenance operation may require the use of specialized machines, of which very few
are available. In the coal supply chain situation that motivated this research, some
types of rail maintenance require the use of such machines: the machines were shared
across the whole state, with at most two available in the region at any one time. Of
course, in practice there can be complicated rules about the combinations of jobs that
are allowed. Disregarding these complications, we propose to study a very simple ver-
sion of the model as an abstract combinatorial optimization problem. We also make
the simplifying assumptions that flow is instantaneous, i.e., there are no transit times
associated with the arcs, and that there is always enough flow available to exhaust the
network capacity. These are both valid assumptions in the case of the coal supply chain
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application that motivated this work (Boland et al. 2011a, 2013a,b). For example, it
can be shown that all transit times can be set to zero if all job start times are expressed
in a standardized time, in which each job’s start time is delayed by the travel time from
its location to the port terminal.

The optimization problem is to choose the outage time periods in such a way that
the total flow from s to 7 is maximized. We call this problem Maximum Flow Arc
Shutdown Scheduling (MFASS), and more formally, it can be written as a mixed
binary program as follows:

T
maximize 7 = Z Z Xqi subject to
i=1aest(s)
Xai < UgYai aecl,ielll, (D
Xai < Ug aeA\J,i€elT], 2)
T
D Ve =T-1 ael, 3)
i=1
D xi= D Xai veV\{st), ielll )
aed=(v) aest(v)
> vai = 11— K i €[T], )
ael
Xqi 20 acA,ielll (6)
Yai € {0, 1} acA,iclTl], @)

where x,; fora € A and i € [T] denotes the flow on arc a in time period i, and
vai € {0, 1} fora € A andi € [T] indicates when the arc a is available in time period
i,1.e., y4i = 0in the period i in which the outage for arc a is scheduled. The problem
is to schedule the maintenance jobs so that the total flow of the network over the time
horizon T is maximized.

In the present work, our focus is not primarily on the real-world application in the
background, but on the abstract optimization problem MFASS and on the properties
that make a class of instances hard or easy. These instance classes may or may not
correspond to properties that occur in the coal supply chain application. For instance,
the reduction from 3- PARTITION in Boland et al. (2014b) shows that the general
problem is strongly NP-complete for the class of instances with K = 3, and this
raises the question about the hardness of the case K = 2. Nevertheless, the original
supply chain application did motivate some features studied. For example, the real-
life network is series-parallel, (Boland et al. 2013a), some types of maintenance,
(especially on the rail network), require the use of scarce equipment, motivating the
study of small values of K, and the sum of arc capacities entering any node is equal,
or nearly equal, to the sum of arc capacities leaving any node, for almost all network
nodes (Boland et al. 2014a). In Boland et al. (2014a) several instance classes for the
problem without the job limit per time period were analyzed.

In order to classify instances we introduce the following notation. Let C be the class
of all MFASS instances. With an upper index K we denote the class of all instances
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Table 1 Complexity results

Instance class Complexity

C N Cb a1 C Strongly NP-complete (Proposition 3)
cl{,‘ 'n C,l){ﬂl 1 N Cgl_l NP-complete (Proposition 4)

Cuc NP-complete (Proposition 5)

c? 0(]J13) (Proposition 1)

with an upper bound of K on the number of jobs scheduled per time period, and a
lower index indicates additional restrictions as introduced in Boland et al. (2014a).

o Let Cyp be the class of instances where the underlying network is series-parallel.

e Let Cpy be the class of instances where the underlying network is balanced, i.e.,
for each transshipment node v € V \ {s, ¢} the capacity into this node equals the
capacity out of this node.

e Let Cy be the class of unit capacity instances, i.e., the capacities are u, = 1 for
allarcs a € A.

e Let Cy, be the class of instances where all arcs have a job associated, i.e., J = A.

For instance (Csp N Cga) \ C3,, is the set of all instances with a series-parallel network
which is not balanced, a job associated with every arc, and the constraint that at most
3 jobs can be scheduled per time period. In general, K is not constant, and we also
consider instance classes with varying K, but imposing some restrictions on how K
can vary relative to other instance parameters. For instance, Csp, 71 i the class of instances
with a series-parallel network and no limit on the number of JObS per time period, and
C!Y173 contains the instances in which at most one third of all jobs can be scheduled
per time period. As proved in Boland et al. (2014a), the classes Cgl and CSI; N CILQ
are trivial: it is always optimal to schedule all jobs at the same time. In contrast, the
restriction of the problem to C}LQ is still strongly NP-hard, and the restriction to Ci; |
is NP-hard, but for fixed T it can be solved in pseudopolynomial time using dynamic
programming. Our new complexity results are summarized in Table 1.

Note that the classes Csp, Cpar and Cyc are interesting from the coal chain point
of view: the actual network underlying the work in Boland et al. (2013a, 2014b) is
series-parallel, almost balanced, and has the property that a large proportion of the
arcs have the same capacity.

Note that the problem is solvable in polynomial time if both 7" and K are bounded,
say T < Tp and K < K for some absolute constants 7Ty and K¢. Then |J| < KoTy
for any feasible instance, and we can enumerate all partitions of J into at most 7 sets
of size at most K of which there are at most

Co H (Ko(To - 1))
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For each of these partitions we have to solve 7" maximum flow problems, hence the
run-time is bounded by CTynm, since the maximum flow problem can be solved in
O (mn) time (King et al. 1994; Orlin 2013). Consequently, for the asymptotic analysis
we are interested in instance classes where at least one of the parameters 7" and K is
unbounded.

The paper is organized as follows. In Sect. 2 we show that the case K = 2 can be
solved in polynomial time. In addition we provide an explicit description of an optimal
solution for K = 2 and a network with a single transshipment node which leads to
a significantly better run-time bound for this case. The hardness results are proved
in Sect. 3. In Sect. 4 we present a fully polynomial time approximation scheme for
series-parallel networks with fixed time horizon. We also provide a polynomial time
approximation scheme for series parallel networks in general when K = |J]|.

2 The case K =2

In this section we consider the case K = 2. In Sect. 2.1 we show that this case can be
reduced to a maximum weighted matching problem and thus is solvable in polynomial
time, and in Sect. 2.2 we give an explicit description of an optimal solution for the
case that the network has only a single transshipment node.

2.1 General networks

We reduce the problem to a maximum weight perfect matching problem. Let F denote
the maximum flow value in the whole network, for a € J let F,, denote the maximum
flow when arc a is shut, and for distinct a, b € J let F,; be the maximum flow when
arcs a and b are shut. We set p = max{0, |J| — T} and define an auxiliary graph
whose vertex set contains two vertices for every arc a € J and two sets W and W’
of dummy vertices with |W| = 2p and |W’'| = 2(||J|/2] — p). The two vertices for
a € J are denoted by a and a’, and the weighted edge set of the auxiliary graph is
defined as follows:

For distinct arcs a, b € J there is an edge {a, b} with weight F,, + Fp.

For a € J there is an edge {a, a’} of weight F,.

There are all edges of the form {a’, w} fora € J and w € WU W’. All these edges
have zero weight.

e The vertex set W’ induces a matching consisting of zero weight edges.

There is a correspondence between perfect matchings in the auxiliary graph and outage
schedules. Let M be a perfect matching in the auxiliary digraph. The corresponding
schedule has

e For every edge {a, b} € M with a, b € J one time period with arcs a and b shut,
e For every edge {a, a’} € M with a € J one time period with only arc a shut,
e All other time periods without shut arcs.

This construction is illustrated in Fig. 1 for J = {a, b, ..., h} and T = 6. The bold
edges form a perfect matching corresponding to scheduling the following outage of
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Fig. 1 A perfect matching in
the auxiliary graph

schedule: period 1: {a, d}, period 2: {c, f}, period 3: {g, h}, period 4: {b}, period 5:
{e}, period 6: &.
For a perfect matching M we define subsets M| € M and M> C M by

My ={a,byeM :a,belJ}, My={{ad}eM :ael).
Note that the 2 p nodes in W must be matched to nodes a’, hence
IMa| < |J|—2p < |J|=2(J|=T)=2T — |J|,

and with |M;| = %(|J| — |M>]) this implies

1 1
IMi|+IMa| = (] = |M2]) + M| = S (] + [M2]) < T
The total throughput for the schedule corresponding to the matching M is

> Fu+ D, Fut (T —|M|—|M)Fy

{a,b}e M, {a,a’}eM>

= > (Fa+F)+ D Fat(T—=2IM|—|M])Fp
{a,b}eM, {a,a’}e M,

= (M) + (T = |7 F,

where w (M) is the weight of M. Thus the original problem is equivalent to finding
a maximum weighted perfect matching in the auxiliary graph, and with an efficient
implementation (Gabow 1990) of the blossom algorithm (Edmonds 1965) we have
proved the following proposition.

Proposition 1 For K = 2 the problem MFASS can be solved in O(|J|?) time.

@ Springer



J Comb Optim (2016) 32:885-905 891

2.2 The single node case

Consider a network with a single transshipment node v, a job set J, a time horizon T
and K = 2. We use the notation J~ = §~(v) N J and J© = §T(v) N J and assume
without loss of generality that |J~| < |JT|. We order the arcs in J~ and J* such
that the capacities are non-increasing, i.e. J~ = {ay, ..., a,}and JT = {by, ..., by}
(s > r) with

Ugy 2 Ugy 2 -+ 2 Ug,, Up, 2 Upy = -+ = Up,.

Note that it is necessary for feasibility that r + s < 27, and in particular r < 7. We
will show that an optimal solution can be obtained as follows.

Proposition 2 An optimal solution for the single node problem with K = 2 is given
by the following schedule.

e Fori =1,2,...,r take arcs a; and b; out in time period i.

o Fori=r+1,r+2,...,min{T, 2T — s} take arc b; out in time period i.

o Ifs > T thenfori =2T —s+ 1,2T —s+2,...,T take arcs b; and by +1—;
out in time period i.

For the proof of Proposition 2 we will need the following notation for the inbound
and outbound capacities under various outage scenarios.

X = Zuu, Y = Zuu,

aes~(v) aest(v)
Xi=X—ug forl <i<r, Yi=Y —uyp forl <i <,

Xij=X—ug —ug, forl <i < j<r, Yisz—uhi—uhjfor1<i<j§s.

J
We need the following inequality.

Lemma 1 For any real numbers x1, ..., X¢ satisfying x3, x4 € [x1, x2], x3 + x4 =
X1 + xo2 and x5 < x¢, we have

min{x3, xg} + min{x4, x5} > min{x|, x¢} + min{xy, xs5}.
Proof The LHS is min{x3 + x4, x3 + x5, X6 + X4, X¢ + x5}, and we have

X3+ X4 = x| +x2 > min{x, x¢} + min{xz, xs},
X3+ x5 2 X1+ x5 2
X4+ X6 = X1 + x5 =

=

X6 + X5

m
min{x{, x¢} + min{x,, x5},
min{x, x¢} + min{xa, x5}, and

min{xi, x¢} + min{x,, xs}.

O
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Proof of Proposition 2 Let S be the schedule described in the proposition, and let S;
be the set of arcs that are scheduled to be shut in periodi (i =1, ..., T). For the sake
of contradiction, suppose that S is not optimal. Among all optimal schedules we can
choose one, say S’, that differs from S as late as possible, i.e., such that the smallest
index i with Si’ # §; is maximal, where Slf is the set of arcs that are shut down in
period i according to schedule S’.

Case 1 < r. There are indices p, g > i witha; € S;,, and b; € S(’J. Without loss of
generality, we may assume p = i, since otherwise S; could be swapped with S; to
yield a schedule with the same objective value. Furthermore, ¢ > i since otherwise
S! = S;. Replacing S! with {a;, b;} and S(’] with ST U S; \ {a;, b;} we obtain another
schedule S” which agrees with S for one time period more than S’. In order to arrive
at the required contradiction we have to check that schedule S” is not worse than
schedule S’. Note that the schedules S and §” differ only in periods i and g. We
distinguish several cases for the sets S/ and S . For each case we write down the total
flows in periods i and ¢ for the schedules S” and S”, and then we apply Lemma 1 to
verify that S” is at least as good as S’.

Case 1.1 S| = {a;, b} and S(’I = {aj, b;} forsome j € {i +1,...,r} and

kefi+1,...,s}

S": min{X;, Y} + min{X;, ¥;}, S”: min{X;, ¥;} + min{X;, Y;}.
The claim follows from Lemma 1 with (x1,...,x¢) = (X;, X;, X;, X;,
Yi, Vo).

Case 1.2 S/ = {a;, by} forsomek € {i +1,...,s}, and S; = {b;}.
S min{X;, ¥} +min{X, ¥;}, S”: min{X;, ¥;} + min{X, Y}}.

The claim follows from Lemma 1 with (x1, ..., x¢) = (X;, X, X, X;i, Yi, Yx).
Case 1.3 S{={a;} and S, = {a;, b;} forsome j € {i +1,...,r}.

S": min{X;, Y} + min{X;, ¥;}, S”: min{X;, ¥;} + min{X;, Y}.
The claim follows from Lemma 1 with (x1,...,x¢) = (X;, X;, X, Xi,
Yi, V).

Case 1.4 S] = {g;} and S(; = {b;}.
S’ min{X;, Y} +min{X, ¥;}, S”: min{X;, ¥;} + min{X, Y}.

The claim follows from Lemma 1 with (x1, ..., x¢) = (X;, X, X, X;, Y;, Y).
Case 1.5 S/ = {a;, a;} and Sél = {b;, by}.

S": min{X;;, Y} + min{X, Yir}, S”: min{X;, ¥;} + min{X;, Yi}.

The claim follows from Lemma 1 applied twice, first with (x1,...,xe) =
(Xij, X, Xj, X;, Yy, Yi) and then with (x1,...,x¢) = (Yir, Y, Yi, Ii,
Xij, X):
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min{X;, Y;} + min{X;, ¥;} in{X;;, Y;} + min{X, Y;}

>m
> min{X;;, Y} +min{X, Y}.
Case 1.6 S; = {a;, a;} forsome j € {i +1,...,r}, and S,’I = {b;}.

S": min{X;;, Y} + min{X, ¥;}, §”: min{X;, ¥;} + min{X;, Y}.

The claim follows from Lemma 1 with (x1,...,x¢) = (X;j, X, X;, X;,
Yi, Y).
Case 1.7 S] = {4;} and, S‘/] = {b;, by} forsomek € {i +1,...,s}.

S min{X;, Y} +min{X, Y}, S”: min{X;, ¥;} + min{X, Yi}.

The claim follows from Lemma 1 with (x1, ..., x¢) = (Yix, Y, Yz, Yi, X;, X).
Case 1.8 S] = {4;, a;} and S(/z = {ay, b;} forsome j, ke {i+1,...,r}

S min{Xij, Y} + min{ Xy, Y;}, S min{X;, Yi}—i—min{Xjk, Y}

The claim follows from Lemma 1 with (x1,...,x6) = (X;;, Xk, Xjk, X,
Yi, V).
Case 1.9 S] = {a;, b;} and S(/I = {by, b;} forsome j,k e {i +1,...,s}.

S": min{X;, ¥;} + min{X, Y}, S”: min{X;, ¥;} + min{X, Yj;}.

The claim follows from Lemma 1 with (x1,...,x¢) = (Yix, ¥}, Yjr, Vi

X;, X).
Case 2i > r and S; = {b;}. Without loss of generality, we assume that b; € S,f s
and then Slf # S; implies S] = {b;, b;} for some j € {i + 1,...,s}. Furthermore,
S{US  U---USy = S;US; 41 U---USr, and from |S;| = 1 and |S]| = 2 it follows
that |S;| < lforsomeq € {i +1,..., T}. Consequently, S(/I = or St/] = {by} for
some k € {i +1,...,s}. Replacing S with {b;} and S; with {b;} U S; we obtain
another schedule §” which agrees with S for one time period more than S’, and we
claim that S” is not worse than S’. If S(’] = {by} then the total flows in periods i and
q are

S": min{X, Y;;} + min{X, ¥}, S”: min{X, ¥;} + min{X, Y},

and the claim follows from Lemma 1 with (x1, ..., x¢) = (Y;j, Yk, Yji, Yi, X, X).
Ifs (’] = { then the total flows in periods i and g are

S": min{X, ¥;;} + min{X, ¥}, S”: min{X, ¥;} + min{X, Y;},
and the claim follows from Lemma 1 with (x1, ..., x¢) =(;j, Y, ¥}, ¥i, X, X).
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Fig. 2 A series-parallel network and the corresponding SP-tree

Case3i > rand S; = {b;, bor4+1-i}. Wehave S'U---U S, = S U---USy =
{bi, biy1,...,bo741-;}. This implies |S,| = 2 forall p € {i, ..., T}. Without loss
of generality, we assume Slf = {b;, b;} for some j € {i +1,...,2T — i}, and
there exists ¢ € {i + 1,..., T} with S(/] = {bk, by} for £ = 2T + 1 — i and some
ke {i+1,...,2T —i}. Replacing S; with {b;, by} and S; with {b;, by} we obtain
another schedule S” which agrees with S for one time period more than S’. The total
flows in periods i and g are

S": min{X, ¥;;} + min{X, Y}, S”: min{X, Y;¢} + min{X, Yjz}.

From Lemma 1 with (x1, ..., x6) = (Y;j, Yke, Yie, Yk, X, X) it follows that S” is
at least as good as S’ and this is the required contradiction.

O

Since sorting the arcs dominates the run-time of the algorithm to find the solution
described in Proposition 2 we obtain the following stronger run-time bound for the
single-node case.

Corollary 1 For K = 2 and a single transshipment node MFASS can be solved in
time O(|J|log|J)).

3 Hardness results

Before proving the hardness results we make precise the definition of series-parallel
network. In the present paper this term refers to a two-terminal series-parallel network:
a network that has a single source and single sink and is constructed by a sequence of
series and parallel compositions starting from single arcs. For two networks Nj and
N3 the parallel composition of N1 and N, is obtained by identifying the source node
s1 and sink node #; of Ny with the source node s> and sink node 7, of N3, respectively.
The series composition of N1 and N is obtained by identifying the sink node #; of
N1 with the source node s, of N,. The construction of a series parallel network can
be encoded into a tree, the so-called SP-tree, whose leaves are the arcs of the network.
This is illustrated in Fig. 2.
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Proposition 3 The restriction of MFASS to the instance class Cs3p NCl NC3, s
strongly NP-complete.

Proof We use reduction from 3- PARTITION. Let a 3- PARTITION instance be given by

an integer B and a set {uy, ..., u3,} of integers with B/4 < u; < B/2for all j and
3-”:1 u; = nB.The problem is to decide if there is a partition of the set {u1, ..., u3,}

into n triples such that the sum of each triple equals B. We define new numbers u for
i=1,...,3nbyu; = 3u; — B. Note that

3n 3n 3n
ZLt;:Z(Sui—B):3Zui—3nB:3nB—3nB:0, )

and for every triple (i, j, k) we have

up +uy +up =0 & Gu; — B)+ (3u; — B) + Bug — B) =0
& 3(u; +uj+u)—3B=0 &< u; +u; +ur=1B.

Without loss of generality we assume that for some integer r, we have u; > 0 f
i <rand u; < Ofori > r. We define an instance of our problem with K = 3, T =
a single transshipment node v and the following arcs:

e Fori =1,2,...,r thereis an arc ¢; into v having capacity u: and
e fori =r+1,...,3n there is an arc g; that goes out of v and has capacity —u;.

This is illustrated in Fig. 3, where the arc labels represent capacities and all arcs have
an associated job, i.e., J/ = A. Obviously the network is series-parallel. From K = 3,
T = nand |J| = 3nitfollows that we need to shut down exactly 3 arcs in every period.
It follows from (8) that the network is balanced. Let X = uj +. ..+ u, be the capacity
of the network. Clearly, (n — 1) X is an upper bound for the total throughput, and we
claim that this bound can be achieved if and only if the set {u§ :i=1,...,3n}canbe
partitioned into triples that sum up to zero, or equivalently, theset {u; : i =1, ..., 3n}
can be partitioned into triples that sum up to B. First assume that

{1,....3n} ={i1, j1, ki}U---Ulin, ju, kn}

is a partition with u;P + u/jp + u;(p =O0forall p € {1,...,n}. Consider the schedule

that shuts down the arcs @;,, aj, and ak, in period r. It follows from u;p —i—u’jp +u;(p =0
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Up
Fig. 4 The network for CL; I=1n C,szﬂl_l N C;‘l;l_l
that the network with arc set A, = A\ {a;,, aj,, ax,} is balanced, and therefore we

get a feasible flow in which every arc in A, is at capacity. Therefore, every arc is at
capacity in n — 1 periods and the total throughput equals

> = Dui = (n— DX,
i=1

Conversely, if there is a schedule with a total throughput of (n — 1) X then every arc
must be at capacity in every period in which it is not shut down. This implies that in

every period p € {1, ..., n} the network with arc set A, = A\ {aip, aj,s akp}, is
balanced, where i, j, and k,, are the indices of the arcs that are shut down in period
p. Consequently u;p + u;p + u;(p = 0 for every p € {l,...,n}, and this yields a
solution for the 3- PARTITION instance. O

Proposition 4 The restriction of MFASS to the instance class Cl]{ =1 DCILQ - ﬂCagl_l

is NP-complete.

Proof We use reduction from PARTITION. Let a PARTITION instance be given by an
integer B and a set {u1, ..., u,} of integers with Z;'-ZI u; = 2B. The problem is to
decide if there is a partition of the set {u1, ..., u,} into two parts such that the sum
of each part equals B. The network used for the reduction is shown in Fig. 4, where
the arc labels represent capacities and all arcs have an associated job, i.e., J = A.
Consider this network for the time horizon T =2 and with K =n+1 = |J| — 1.
Each of the two arcs of capacity B can carry at most B units of flow over the whole
time horizon, because it needs to be shut down for one period. Therefor 2 B is an upper
bound for the total throughput. It is not possible to have a flow of 2B in a single period,
since otherwise all n + 2 arcs would need to be shut in the other period. Therefore, in
order to achieve the bound of 2B we must have a flow of value B in each time period.
This is possible if and only if the total capacity of the arcs between s and v that are
shut down in period 1 is B, i.e., the PARTITION instance is a YES instance. O

Note that the algorithm from Boland et al. (2014a) for series-parallel networks
and K = |J| which is pseudopolynomial for fixed 7 can be adapted to the case
K = |J| — 1. This algorithm computes a list of 7-dimensional vectors for each node
of the SP-tree. The vectors at a node v of the SP-tree represent the possible throughputs
for the corresponding subnetwork: (z1, ..., zr) is in the list at node v if and only if the
jobs for arcs in the subnetwork can be scheduled such that the maximum flow value
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U1 arcs
o——— >0 - 00— — — >0
3(n — 1) arcs
U arcs
/.____). .____).\ﬁ
EN ) . ) . e
\ U3n—1 ArCS {Uv
o——— >0 .. 00— — — >0
U3y, arcs
e——— >0 - :: 06— — — >0

Fig. 5 Instance for the reduction in the proof of Proposition 5. The dashed arcs indicate the set J of arcs
with an associated job

for the subnetwork in time period i is z; (i = 1, ..., T). In each node of the tree we
flag a vector that can only be achieved by scheduling all jobs at the same time (which
is at most one per node in the tree). Finally, when we scan the list at the root node in
order to determine the optimal solution, we exclude the flagged vector.

In Boland et al. (2014a), the class Cy. of instances where every arc has unit capacity
was shown to be tractable when there is no limit for the number of jobs per time period.
We finish this section with a proof that this class becomes NP-complete when such a
limit is introduced.

Proposition 5 The restriction of MFASS fto the instance class Cyc is NP-complete.

Proof We use reduction from 3- PARTITION. Let a 3- PARTITION instance be given by
an integer B and a set {uy, ..., u3,} of integers with B/4 < u; < B/2 forall j and

z;’; ( uj = nB. This can be reduced to the instance presented in Fig. 5, where every
arc has unit capacity and the set J is represented by dashed arcs. Since 3- PARTITION
is strongly NP-hard we may assume that the numbers u; are bounded by a polynomial
in the input size, and this ensures that the network size is polynomial in the size of the
3- PARTITION instance. We consider this network with a time horizon 7 = n and a
bound of K = B jobs per time period. The total throughput is bounded by 3n(n — 1)
since the total capacity of the arcs entering node ¢ is 3(n — 1) and there are n time
periods. From |J| = nB it follows that exactly B jobs have to be scheduled in each
time period. We claim that the bound of 3n(n — 1) on the total throughput can be
achieved if and only if the 3- PARTITION instance is a YES instance. First suppose the
3- PARTITION instance is a YES instance, and let

{lv ,3”} - {il, jlvkl} U--- U{lnv ]n’kn}

be a partition with uj, +uj, +ux, =B forall p € {1, ..., n}. We obtain a schedule
that achieves the upper bound as follows. In time period p we shut down the arcs on
the paths number i, j, and k,, where the paths between s and v are numbered from
top to bottom in Fig. 5, i.e., the i-th path contains exactly u; dashed arcs. Conversely,
suppose that there is a schedule that achieves a total throughput of 3n(n — 1). For
p € {l,...,n} let I, be the set of paths on which at least one arc is shut down in
period p. In order to achieve a total throughput of 3n(n — 1) we must have a flow of
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value 3(n — 1) in each time period. Therefore, in each period we can shut down arcs
on at most 3 paths from s to v, i.e., [1,| < 3forall p € {1, ..., n}. Since all dashed
arcs have to be shut down in some time period we have Iy U ---U I, = {1, ..., 3n},
and consequently, |1,| = 3 forall p and I, N 1,; = @ forall p # p’. This implies that
in every time period all arcs on exactly 3 paths are shut down, hence ;. I, Wi = B
forevery p € {1, ..., n}andthe 3-sets Iy, ..., I, form a solution of the 3- PARTITION
instance. O

4 An FPTAS for series-parallel networks with fixed T

In this section we restrict our attention to series-parallel networks. We modify the
algorithm from Boland et al. (2014a) such that the bound K can be taken into account.
For fixed time horizon 7', this algorithm runs in pseudopolynomial time, and we use
it together with scaling and rounding (Williamson and Shmoys 2011) to design an
FPTAS.

The algorithm presented in Boland et al. (2014a) starts at the leaves of the SP-tree
and computes a list of vectors z = (zy, . . ., zr) for each node of the SP-tree, where the
list at a node v in the SP-tree contains exactly the vectors z such that there exists some
schedule for which the subnetwork corresponding to v can carry flow z; in time period
ifori =1,...,T.Inthe problem variant studied in Boland et al. (2014a) there is no
restriction on the number of arcs that can be shut in a period, so it is sufficient to keep
track of the possible flow vectors at the nodes of the SP-tree. But the same capacity
vector can be realised through different schedules. For instance, for the network shown
in in Fig. 6, there are three possibilities to get the flow vector (7, 0), i.e. 7 units in the
first time period and zero flow in the second period:

e Shut 2 arcs in period 1 (arcs with capacities 1 and 2), and 2 arcs in period 2 (arcs
with capacities 8 and 7); or

e Shut 1 arc in period 1 (arc with capacity 1 or 2), and 3 arcs in period 2 (arcs with
capacities 8, 7 and (2 or 1)); or

e Shut no arc in period 1, and all four arcs in period 2.

Thus with alimit K for the number of shut arcs per time period it becomes important to
keep track of the number of arcs shut in each period along with maximum flow that can
be sent in that period. Let j; represent the number of arcs shut in the " period. We deter-

mine lists of job-capacity vectors of the form z = ((ji1, z1), (J2, 22), ..., (j7, z7)) at
each node of the SP-tree. The interpretation of such a vector z in the list of node N
is that there is a solution in which, fori = 1, ..., T, in time period i exactly j; arcs

from the subnetwork corresponding to N are shut, and this subnetwork has capacity
z;. Due to the symmetry with respect to the time periods it is no loss of generality to
require the job-capacity vectors to be ordered. Hence we consider only vectors that
satisfy, fori = 1,...,T — 1, either z; > z;41 or z; = z;j+1 and j; = jiy1. We
say that a vector with this property is in standard form, and we note that for every
job-capacity vector there is a unique vector in standard form which can be obtained by
a permutation of the entries. The list at a leaf node of the tree, corresponding to an arc
a of the network, consists of the unique vector ((0, u,), (0, uy), ..., (0, uy), (1, 0)) if
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aeJor((0,ug), 0,uy),...,00,uy), (0,uy))ifa ¢ J. Asin Boland et al. (2014a),
let £ and YV denote the sets of leaves and internal nodes of the SP-tree, and let W,
(i = 0,...,d) be the set of internal nodes at distance i from the root. The lists of
job-capacity vectors are computed as described in Algorithm 1.

Algorithm 1 Maximizing total throughput for series-parallel networks under uniform
maintenance limit K

for v € £ do
Leta € A be the arc corresponding to v
if a € J then L, < [((0, uq), (0, uq), ..., (0,uq), (1,0))]
else Ly < [((0, uq), (0, uq), - . -, 0, ua), (0, ua))]
fori=d,d—1,...,0do
for v e W; do
Ly <] {initialize empty list}
Let # and w be the child nodes of v
for (z,7) € L, x Ly, and 7 permutation of {1,2..., T} do
fori € [T]do j/ = j; + j;,(,.)
if jl.” < K foralli € [T] then
if v is a parallel composition node then
fori € [T]doz] =z +Z;T(l~)
else
for i € [T]do z/ = min{z;, ZJ/T(i)}
sort z” to get the corresponding canonical vector
if 7/ ¢ Ly thenadd z” to L,
Let v be the root node

T

return max . z;
z€Ly j—

Example 1 Consider the series-parallel graph in Fig. 6 where arc labels indicate capac-
ities, all arcs need maintenance for a period over a time horizon of 2 periods. Suppose
that K = 3. In Fig. 7, we show how job-capacity vectors are computed in the SP-tree.

Proposition 6 Let m be the number of arcs, B be an upper bound for the capacities
and K be the limit on the number of arcs that can be shut in a period. For series-parallel
networks MFASS can be solved in time O(T log T(KmB)ZTT!m).

Proof The first and second component of an entry of a vector in the list at an internal
node are bounded by K and m B respectively, hence each entry can take Km B possible

8
/\’U 7

1

S @

Fig. 6 Example network
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[((2,7),(2,0)), (
) (

:7),(3,0)), ((1,3), (3,0)),
((2,2),(2,0)), (2,1 @

+1),(2,0)), ((3,0), (1,0))]
[((0,11), (3,0)), ((1,10), (2 \

bl 1))7
((1,9),(2,2)), ((2,8), (1,3))] @ °

/ \ [((0,7), (1,0)]

[((0,9), (2,0)), ((1,8), (1,1))] °
/®\ [((0,2), (1,0)]
° °

[((0,8), (1,0))] [((0,1), (1,0))]

Fig. 7 Computation of job-capacity vectors

a
2

values. Therefore every list can contain at most (KmB)” elements. Thus, the loop
over (z,7') € L, x Ly, and permutations 7 is over at most T!(KmB)*T elements. If
hash tables are used for the check of z” € L, then the bound of O (T log T) for sorting
7" dominates the run-time of the loop. In total there are m — 1 internal nodes, thus the
run-time of the complete algorithm is O (T log T (KmB)?*T T'\m). ]

From Proposition 6, it follows that for fixed 7 MFASS on series-parallel networks
can be solved in O (m?T+! B2T K2T) time where B is the maximum capacity of an
arc in the network. Now we use a scaling approach to derive a fully polynomial
approximation scheme (FPTAS), that is a family (A.) of algorithms, parameterized
by a positive real number ¢, such that algorithm A, produces a solution with objective
value at least (1 — )z*, where z* is the optimal value, and the run-time of algorithm
A is polynomially bounded in the input size and 1/e.

Our approximation scheme is based on scaling the problem such that the maximum
capacity becomes bounded. In order to ensure that the solution of the scaled problem
is sufficiently close to the optimum we need a lower bound for the optimal objective
value. If |J| < K(T — 1) there is a feasible solution having one time period without
any outage, and the flow value for such a time period will be sufficient as lower bound
for our purpose. For |J| > K (T — 1) the situation is more complicated, and we need
a preprocessing step to transform a given instance into an equivalent one with some
control on the maximum capacity. Let p = max{0, |J| - K(T —1)} € {0, 1, ..., K},
and let M be the maximum flow value with p arcs closed. For p = 0, M is the capacity
of a minimum cut and can be computed by solving a max flow problem. For p > 0,
the computation of M is described in Algorithm 2. Here, for a node v in the SP-tree
and a number j € {0, 1,..., p}, zJ is the capacity of the subnetwork corresponding
to node v when j arcs in the intersection of J and this subnetwork are closed. If j is
larger than the size of this intersection, we put z) = —oo. Algorithm 2 shows that M
can be computed efficiently.

Lemma 2 The maximum flow value M subject to the constraint that p arcs from J
carry zero flow can be determined in time O (mK?%) = O(m?). m|
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Algorithm 2 Computing the maximum flow M with p outages

for v e £ do
Leta € A be the arc corresponding to v
zgeua
ifaeJthenz}, <—0elsez,1J <« —00
forj=2,..., pdoz) « —oc0
fori=d,d—1,...,0do
for v e W; do
forj:O,l,...,pdozﬁ <« —00
Let u# and w be the child nodes of v
for j =0,1,...,pdo

for j/=0,1,....,0— jdo
if v is a parallel composition node then
" S . .
A" < max(ed™ 2+ 2d))
else  {v is aseries composition node}
J+r

i
@« max{z{™ min{z},, 21, }}
Let v be the root node

return M = zf,)

No arc can carry more than M units of flow in any time period, hence we may
assume w.l.o.g. that B < M. We also know that the optimal objective value is at least
M because, we can schedule p jobs allowing a flow of value M in time period 1, and
then continue arbitrarily. Let L = max{1, e B/(mT)} and consider the scaled problem
with the capacities u, replaced by u/, = |u,/L]. The scaled instance can be solved
in time

0 (m2T+1(B/L)2TK2T) -0 (m4T+1K2T/82T) '

For any feasible vector y = (yai)aca,ic[r] € {0, 11T et F(y) and F’(y) denote the
objective values for the problem on the original network and for the scaled version,
respectively. Let y* = (y:i)aeA,ie[T] and ¥y = (Yai)aeA,ic[T] denote optimal solutions
of the problem on the original network and of the scaled version, respectively. In the
following lemma, we study the the behaviour of the objective values for these solutions
under the scaling.

Lemma 3 We have the following estimates:

L-F'(y")
F(y)

(1 —e)F(y"), 9)
L-F'(3). (10)

VoWV

Proof Both inequalities are obvious for L = 1, because in this case the original and
the scaled problem coincide. So we assume L > 1. Fori = 1,...,T let C; be a
minimum cut in the network (V, Af, s, t,u’) where A* = {a € A : y’, = 1}. Then,
using B < M < F(y*), we obtain
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T T T
Uq
L.F/(y*)zL22u;2LZ Zf_|ci| ZZZua—LmT
i=1 aeC; i=1 \aeC; i=1aeC;
= z Z ug —eB > (1 —&)F(y").
i=1aeC;
Similarly, let C{ be a minimum cut in the network (V, Ai, s, t, u) where Ai ={a €

A : ¥s = 1}. Then

T T
FG)=>" > uai =LY > ul; >LF'().
i=1 geC

i=1aeC]

O

Proposition 7 For fixed T, the class Csp of instances with a series-parallel network
has an FPTAS with run-time O(m*TTY(B/L)*TK?T) = om*Tt1K?T /e?T) =
0(m6T+1/82T).

Proof The run-time bound for the scaled problem is a consequence of Proposition 6,
and the approximation guarantee follows from (9) and (10): F(¥) > LF'(3) >
LF'(y*) = (1 = e)F(y). o

Remark 1 The problem can be generalized by allowing the bound on the number
of jobs to vary over time. In other words, the parameter K is replaced by a vector
(K1, ..., K7) and constraints (5) are replaced by

Zyai >|J|—K; foralli e[T].

ael
Algorithm 1 can be modified to solve this more general problem, and with
T
= 0, |J] — K; in K;
P maX[ M Z;, i + min l]
1=
we obtain an FPTAS of runtime O (m®7+!/£27T) for this problem.

For K = |J|, it was shown in Boland et al. (2014a) that the method corresponding
to Algorithm 1 runs in time O (m?7 ~! B2T=2)_ and using the same argument as above,
we obtain the following approximation result.

Proposition 8 For fixed T, K = |J| and series-parallel networks, MFASS has an
FPTAS with run-time O(m*T =Y (B/L)?T=2) = O(m*T =3 /e2T-2),

If T is not fixed we still get a PTAS using the fact that for K = |J| shutting all arcs
in the job set J at the same time gives an approximation ratio of (1 —1/7). The basic
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idea is that in order to get a (1 — ¢)-approximation for an instance with arbitrary 7" we
can distinguish two cases: if 1/7 < ¢ we schedule all jobs at time 1 and otherwise
we run the (1 — ¢)-approximation algorithm from Proposition 8.

Corollary 2 For K = |J| and series-parallel networks, MEFASS has a PTAS with
run-time

0 (f(l/s)m4/8_3)

5x—5/26x

where f(x) = x log x.

Proof Let ¢ > 0 be fixed. If 1/T < & we schedule all jobs at time 1. Otherwise
T < 1/e and we run the (1 — ¢)-approximation algorithm for 7'. By Proposition 7
in Boland et al. (2014a), the run-time is bounded by

) (T log(T)T!(mB/L + 1)2(T—1>m)

27 2AT=1)
- O(Tlog(T)T!(m—+ 1) m
&

1 1 2T—-1)
=0 ((mT)“T3 log(T)T! (— + —) ) (1)
eT  (mT)?

We have

L N S ar=n | T e = enT)? 20
eT  (mT)? ~ \ e(mT)? - e(mT)?

With « = m2T + & — e(mT)? and B = e(mT)?* we obtain
1 1 2(T—1) g/a]2(T—Da/B
R (1< < Q2T-Da/B,
eT  (mT)? B

2T - 1% < 2T - m?T 4+ ¢ — e(mT)>? . m?T(1 —eT) +¢
B e(mT)? em?T

Now

<2/e +1,

and this implies

| 1 \20-D y
— — 0(¥%).
(sT - (mT)Z) )

Substituting into (11) yields a run-time bound of

0 ((mT)“T*3 1og(T)T!e2/€) ,
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and since all terms are increasing in 7, we get with T < 1/¢ and using Stirling’s
formula to bound the factorial, that the run-time is bounded by

(0] ((1/8)4/8—3 10g(1/8)|—1/8-|!82/51/)14/8_3)
=0 ((1/5)4/8—3 ]Og(l/E)(l/g)l/ee—l/e 1/8@2/81714/8_3)

-0 ((1 /)3/5=5/2 1og(1 /8)61/8m4/8_3) .

m}
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