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Abstract

Minimum flow decomposition (MFD) — the problem of finding a minimum set of weighted
source-to-sink paths that perfectly decomposes a flow — is a classical problem in Computer
Science, and variants of it are powerful models in a different fields such as Bioinformatics and
Transportation. Even on acyclic graphs, the problem is NP-hard, and most practical solutions
have been via heuristics or approximations. While there is an extensive body of research on
acyclic graphs, currently there is no exact solution on graphs with cycles. In this paper we
present the first ILP formulation for three natural variants of the MFD problem in graphs
with cycles, asking for a decomposition consisting only of weighted source-to-sink paths or
cycles, trails, and walks, respectively. On three datasets of increasing levels of complexity
from both Bioinformatics and Transportation, our approaches solve any instance in under 12
minutes. Our implementations are freely available at https:/github.com/algbio/MFD-ILP.
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1 Introduction
1.1 Background

Flow decomposition (FD) is a classical and well-researched network problem in which a
source-to-sink flow needs to be decomposed into a set of weighted source-to-sink paths (and
possibly cycles) such that their respective weights perfectly fit each edge’s flow. An essential
textbook property (see, e.g. [1]) is that any flow in a graph with 2 edges can be decomposed
into at most 7z paths or cycles (each with some associated weight). However, some flow
paths or cycles could be suitably combined to form a smaller decomposition. Therefore, a
popular and practically motivated variant of the flow decomposition problem is to find the
decomposition into the minimun amount of paths or cycles (Minimum Flow Decomposition
problem, MFD). This variant, however, is NP-hard, even if the input network is restricted to
a directed acyclic graph (DAG), as first observed by [2].

Despite their NP-hardness, MFD and its variants are used in many applications, such as
computer networking [3—6], Transportation science [7—11], and bioinformatics [12—16]. The
input graph may naturally be a DAG in some applications, such as reference-based RNA
transcript assembly in bioinformatics. However, in many applications, the input network
graph naturally contains cycles, as in computer and transportation networks, or sequence
assembly problems from bioinformatics [17-19].

Despite the need to decompose flows with cycles in applications, much of the recent
progress on MFD has focused on DAGs due to properties associated with acyclicity that can
be exploited into algorithms, as in the fixed-parameter tractable (FPT) algorithms of [14] and
[20], the integer linear programming (ILP) formulation of [12], and the heuristic algorithm
called Catfish [21].

In fact, no exact (that is, returning a truly minimum solution) solver exists for MFD on
graphs with cycles. Because different applications may require different types of decom-
positions, in this paper, we study three natural versions of the problem on cyclic inputs:
decomposing into source-to-sink paths or cycles (in this paper, paths and cycles do not repeat
nodes, except for cycles where the first and last nodes are the same), into source-to-sink trails
(which may repeat nodes but not edges). and into source-to-sink walks (which may repeat
both nodes and edges).

1.2 Related work

The MFD problem was first formally studied in [2], where it was shown to be NP-hard, even
on DAGs. This result was later strengthened by [4], who proved several additional results
for the problem. They showed that the problem is also NP-hard when the flow values come
from only the set {1, 2, 4}, that MFD is hard to approximate (i.e., there is some € > 0 such
that MFD cannot be approximated within a (1 + €) factor unless P=NP), even on DAGs.
On the positive side, on DAGs, it is possible to decompose all but a e-fraction of the flow
within a O(1/¢) factor of the optimal number of paths. [3] gave an approximation algorithm
for DAGs with an exponential approximation factor based on decomposing the flow into
paths with weights that are powers of two. Recently, [22] showed that if the weights of
the flow decomposition paths can also take negative integer values, then a polynomial-time
approximation algorithm exists for DAGs, with an approximation factor of [log || f]|T + 1.
where || f| is the largest flow value of any edge. Additionally, [14] showed that the problem
on DAGs is FPT in the size of the minimum decomposition.
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In practice, though, applications tend to use heuristics, such as the greedy methods based
on choosing the widest or longest paths [2], and these heuristics can be applied to both
DAGs and general graphs, possibly with cycles. Some of these greedy methods could be
improved on DAGs by making iterative modifications to the flow graph before finding a
greedy decomposition, as shown by [21]. However, [22] also showed that there exist some
instances (even DAGs) where the MFD has size O(logm) (i is the number of edges of the
graph), where such greedy methods return flow decompositions as large as Q(m/ logm),
meaning that they can be exponentially worse than the optimum.

Many application-oriented algorithms on DAGs for MFD and related problems use ILP,
taking advantage of existing software such as Gurobi [23] and CPLEX [24]. However, most of
these solutions encode every possible source-to-sink path as a variable, yielding exponential-
size ILP formulations that are impractical to solve for larger instances, which occur in
applications such as computer networking [5]. A common strategy amongst bioinformat-
ics applications to deal with this issue is to pre-select some subset of the possible paths in the
graph, either for all instances (as in vg-flow [25] and CLIIQ [26]), or only when the input is
extensive (as in MultiTrans [27] and SSP [28]). However, by pre-selecting only some paths
that can be part of a solution, these algorithms may return a non-optimal decomposition.

Recently, two polynomial-size ILP formulations have been proposed that can be used
to solve MFD on DAGs without pre-selecting paths. Namely, the program JUMPER [16]
requires an additional condition on the input DAG, namely that it has a unique Hamiltonian
path. This allows all paths to be uniquely determined by subsets of edges that do not pairwise
overlap along the Hamiltonian path, yielding a formulation for decomposing into k paths
using only a quadratic number of variables and constraints. In [ 12], the authors give a general
solution working on any DAG to find a size k& decomposition, even without a Hamiltonian
path, again using only a quadratic number of variables and a linear number of constraints. The
insight is that source-to-sink paths can be encoded using conservation of flow constraints, as
in [29]. However, neither of these approaches can be straightforwardly extended to handle
non-DAG inputs.

As outlined above, most contributions to the flow decomposition problem have been
restricted to DAGs. The only attempts for the general cyclic case that we know of are limited
to heuristics. Since these heuristics can be exponentially worse than the optimum (as discussed
above), the quest for efficient and exact MFD approaches to the cyclic case is wide open.

1.3 Our contributions

In this paper, we give the first exact solutions for MFD on graphs with cycles, based on ILP,
for all three natural variants mentioned in Section 1.1. In addition, we show that our solu-
tions are also efficient through experiments on three datasets from two application domains,
Bioinformatics and Transportation Science.

While our solutions follow the same high-level approach from [12] when solving MFD
on DAGs (i.e., first model each of the & paths by an auxiliary unit flow and then require that
these paths admit weights so that they form a flow decomposition), the cyclic case poses
several difficulties, which we overcome as follows.

As a major novelty, in this paper, we show how to formulate different types of walks in
graphs with cycles (i.e., paths or cycles, trails, walks) using ILP. The simple path-modelling
techniques from [12] heavily rely on the acyclicity of the graph; thus, here, we need to
develop new techniques. Another difficulty we overcome is that trails can visit nodes multiple
times, and walks can visit both nodes and edges multiple times. Apart from complicating
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the modelling, these facts also render some constraints more challenging to linearize than in
[12]. Our solutions can be summarized as follows:

e For the paths or cycles variant, we extend the so-called “sequential formulation” of [30]
(see also [29]) to uniformly model either a path o1 a cycle (i.e., by a single set of variables
with associated constraints). We still model them by an auxiliary unit flow but add new
constraints to require that this auxiliary flow induces either a path or a cycle.

e For the trails and walks variants, we give a novel reachability-based formulation char-
acterizing when the auxiliary unit flow corresponds to a trail or a walk, as follows. In
order to model a source-to-sink walk, more than simply modelling a unit flow is required
because in graphs with cycles, it may induce isolated strongly connected components.
Thus, we add constraints to require that any node incident to the unit flow modelling
the walk is reachable from the source via a spanning tree rooted at the source and using
edges of the unit flow.

e For the trails variant, we also propose an alternative approach that forbids such isolated
strongly connected components via an iterative constraint generation procedure. This
approach is inspired by previous constraint generation approaches from [29, 31]. How-
ever, these previous approaches model paths by forbidding only cycles (since a unit flow
induces a path if and only if it contains no cycles). Trails and walks can contain cycles,
so we must forbid all strongly connected components.

All the formulations are of quadratic size in the number of constraints and variables, except
for the constraint generation approach, which introduces a number of constraints linear in
the graph’s number of edges, per iteration.

Our ILPs constitute the first exact solutions for the NP-hard MFD problem on graphs
with cycles for its three natural variants on such inputs. At the same time, we also show
that they are efficient with biological and transportation data from different sources, solving
simple instances in under 60 seconds and more complex ones in under 12 minutes. Lastly,
mathematical programming can provide significant flexibility that is difficult to incorporate
in purely algorithmic formulations. In fact, our ILP formulations can be easily extended to
practical aspects of applications. This can be done either by suitably adapting the formulation
of what constitutes an element of a decomposition (here, we extended paths to paths or cycles,
trails, and walks) or by adapting the condition of when the weighted paths fit the flow edges
(for example, by considering inexact, or imperfect flow decomposition as in [32] and [12]).

The paper is organized as follows. We review the basic concepts of flow networks and
flow decomposition and define the problems addressed in Section 2. We next present the
ILP models for each problem variant, starting with paths or cycles in Section 3.1, trails in
Section 3.2, and walks in Section 3.3. Numerical experiments are provided in Section 4, and
concluding remarks are discussed in Section 5.

2 Preliminaries
2.1 Basic notions
In this paper, by a graph G = (V, E), we mean a directed graph with £ C V" x V. We
also assume that all graphs are weakly connected meaning that there is an undirected path
between any pair of nodes. A source of G is a node without incoming edges. and a sink is

a node without outgoing edges. We will use # and m to denote the cardinality of the sets of
nodes ¥ and edges E, respectively, of the graph.
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A walk in G is a sequence of edges in E where consecutive edges share the end and the
start. Given a walk 7 in G, and an edge (u, v) of G, we denote by W (u, v) the number of
times W passes through (i, v) (and thus 0 if 7 does not pass through (u, v)). We say that
W is a trail if W(u, v) = 1 for all edges (u, v) in W. We say that W is a path if W repeats
no node and that W is a cyele if W repeats no node, except that the first and the last node are
the same. If 7 has first node s and last node ¢, we say that W is an s-¢ walk (or s-t trail, or
s-t path, accordingly). A strongly connected component of G is an inclusion-maximal set C
of nodes of G such that for any x, y € C, there is an x-y path and an y-x path.

2.2 Network flows and flow decompositions

Definition 1 (Flow network) A tuple G = (V, E, f) is said to be a flow network if (V, E)
is a graph with unique source s and unique sink 7, where for every edge (u,v) € E we
have an associated positive integer flow value f,,, satisfying conservation of flow for every

v e ¥\ {s, t}, namely:
2 fuv = Z fuw- (1)
(u,v)eE (v,w)eE

Next, we define when a set of generic walks in a flow network forms a flow decomposition.
By considering different types of walks, we will obtain the specific problem variants of this
paper.

Definition 2 (k-Flow Decomposition) A k-flow decomposition (W, w) for a flow network
G = (V,E, f)is aset of k walks W = (W1, ..., Wt) in G and associated weights w =

(w1, ..., wy), with each w; € Z7T, such that for each edge (#, v) € E it holds that:
> wiWiw,v) = fun. @
ie(l,...k}

The number & of walks is also called the size of the flow decomposition.

We will consider several types of walks and obtain corresponding variants of the flow
decomposition problem (see also Figure 1). We will also refer to the walks of decomposition as
its elements. Next, we define the flow decomposition problems by asking for decompositions
into at most k elements.

Definition 3 (k-Flow Decomposition Problems) Given a flow network G = (V, E, f),
consider the problem of finding a flow decomposition into at most & walks and associated
weights. If these walks are required to be:

e s-f paths or cycles, then we call the resulting problem k-Flow Decomposition into Paths
or Cyeles (k-FDPC);

e s-f trails, then we call the resulting problem k-Flow Decomposition into Trails (k-FDT);

e s-f walks, then we call the resulting problem k-Flow Decomposition into Walks (k-FDW).

It is a standard result (see e.g. [1]) that any flow network can be decomposed into paths
or cycles because one can consider any edge (u, v), and by conservation of flow, extend
this edge in both directions either into an s-7 path, or into a cycle, associate weight 1 to it,
and remove it from the flow network, obtaining another flow network. We can analogously
deduce that any flow network can also be decomposed into a collection of s-# walks. The
most straightforward proof of this fact can be obtained by creating another graph by replacing
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(b) A 4-flow decomposition into
s-t paths and cycles of weights
(2,1,1,1)

(c) A 3-flow decomposition into s- (d) A 2-flow decomposition into s-
t trails of weights (1,1,1) t walks of weights (2, 1).

Fig. 1 Example of a flow network (1a) and three different types of minimum flow decomposition into paths
or cycles (1b), trails (1c) and walks (1d)

Fig.2 Example of a network that
does not admit a decomposition
mto s-¢ trails

OruOay

every edge (u, v) with f,, parallel edges and adding as many parallel edges from ¢ to s as
there is flow outgoing from s. Since in this graph, every node has as many in-neighbours
as out-neighbours (by construction and by conservation of flow), the resulting graph has an
Eulerian walk with the first and last node equal to 5. Every time this walk passes through one
of the parallel edges from 7 to s, we cut it by removing such edges. The resulting pieces are
s-t walks covering all edges, thus forming a flow decomposition of the original graph, where
each walk is associated with weight 1.

However, not all flow networks admit flow decomposition into s-¢ trails. For example,
this is the case for the flow network made up of edges (s, @), (a, b), (b, ¢), (¢, a), (a, t), with
flow values f;p; = 1. fap = 2. foc = 2. foq = 2 and fy; = 1 (see also Figure 2).
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In practice, we are interested in decompositions of minimum size (i.e., with the mini-
mum number of elements, that is, walks, recall Definition 2). As such, we can introduce the
minimization version of each problem as follows.

Definition 4 (Minimum Flow Decomposition (MFD)) For each of the problems k-FDPC,
k-FDT, k-FDW, its minimization version asks for finding a flow decomposition of minimum
size (i.e., minimizing k).

All our ILP formulations will assume & paths/cycles, trails, or walks at most. As such,
the minimization versions of the problems can be solved via an iterative process, trying all
possible k in increasing order until reaching the minimum size £* of decomposition (or 2,
which is an upper bound on the size of an MFD in all problem variants, as discussed above).
If no decomposition into trails is found for & < m, then there exists no such decomposition.
This iterative approach leads to £* runs of our ILPs.

However, a more efficient approach, leading to only O(log £*) runs of our ILPs, is based
on the fact that if a decomposition of size at most k exists, then trivially also one of size at most
k' > k exists as well. As such. we can first do a doubling (or exponential) approach [33] by
running our ILPs with & = 1, 2, 4, .. ., until finding the smallest & such that a decomposition
of size at most 2k exists, but one of size k£ does not exist. Then, it holds that &* < (k, 2k].
and we can find £* with a linear search in this interval.

2.3 ILP formulation of s-t paths in DAGs and of flow decompositions

In this section, we review the formulation from [29] of an s-f path in a graph G = (V, E),
with 5,7 € V. and then recall the use of this formulation in the ILP solution for MFD in
DAGs [12].

For every edge (i, v) € E, we can introduce a binary variable x,,,,. The idea is to represent
the s-f path by the edges (u, v) having x,,, = 1. If G is a DAG, it suffices to impose the
following constraint, stating that the s-¢ path starts with a single edge outgoing from s, ends
with a single edge in-coming to f, and at every other node v, either it does not pass through
the node, or if it reaches v, it also exits v. Since G is a DAG, no walk can use a node v
multiple times.

0, ifveV\{s,t},

Yo oxw— Y xw={1, ifv=r, 3)

(u,v)EE (v.u)eE -1, ifv=s.

We will refer to the above constraint as the “flow conservation™ constraint (not to be mistaken
with the conservation of the input flow). In [12], a flow decomposition in DAGs into exactly
k s-t paths is expressed by adding & copies of the above variables, namely x,,;, for i €
{1, ..., k}, and imposing the flow conservation constraint (3) for all of them. The flow
decomposition constraint (2) can be stated as

2 XuviWi = fuv, Y(u,v) € E. 4)
ie(l, k)

We refer to this ILP formulation for MFD in DAGs as the standard formulation (mink-
FD). The complete ILP formulation, which we give as Model 26 can be found in Appendix A.
Our formulations will build on this, mainly by possibly changing Eq. (3) and adding further
constraints to the x,,,; variables to model all types of walks considered in this paper.
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Remark 1 The constraint in Eq. (4) can be linearized by introducing an integer variable 7r,,;
representing the product x,,,; w;, together with the following constraints, where M is any
constant strictly greater than the right-hand side of the first inequality in Eq. (5b):

fuv = 2 Tyvis Y(u,v) € E, (5a)
iell,...k}

Tyvi < Mxyi, Y(u,v)e E,Vie{l,..., k}, (5b)

Typi < Wj, Y(u,v)e E,Vie{l,..., k}, (5¢)

Typi = Wi — (1 — xyp; )M, Y(u,v) e E,Vi e{l,...,k}. (5d)

Indeed, in inequality (5b), for x,,,; = 1. the constraint should be bounded by the flow
value fyy. If x; = 0, then the constraint is not binding. Therefore, the left side can be
any value smaller or equal to zero. For constraint (5d), when x,,; = 1, the value of M is

irrelevant; when x,,,; = 0, the constraint is not binding as long as M is a positive number.
Therefore, the best value of M is M = f,,.

3 ILP formulations for MFD in graphs with cycles

3.1 k-Flow decomposition into paths or cycles

In this section, we tackle the X~-FDPC problem. We start as in the standard formulation by
using the same binary variables x,,; for every edge (u,v) € E and every 7 € {1,...,k}.

Since paths and cycles can visit any node at most once, we adapt the flow conservation
constraint (3) into the following constraints:

> w1 YueV,Viell,..., k), (6a)
(u,v)eE

Y Nuw— Y xw=0  Vie{l,....kLVveV\{s,1}.  (6b)
(u,v)eE (v,w)eE

However, if G is not a DAG, the binary variables x,,; could, for example, induce an s-¢
path and one or more cycles (not even reachable from the s-7 path).

To overcome this, we start from a formulation of an s-¢ path in general graphs, presented
in [29] as the sequential formulation, and attributed to [30]. This formulation introduces a
nonnegative integer variable d, for every node v € ¥V, which will stand for the position of v
in the path. The following constraint is introduced for every edge:

dy=>dy+14+m— D(xy —1) V(u,v) € E. (7)

This assigns a partial order to the nodes, such that for any edge (u, v) with x,,, = 1, we
have d, < d,. We can also consider the d, variables as a pseudo-distance function, where
the distance from s to ¢ is obtained by minimizing d;. However, constraint (7) as is forbids
cycles altogether, which is not the goal in the £~~-FDPC problem.

In order to handle both paths and cycles, we modify the sequential formulation constraint
(7) as follows. For every v € ¥ \ {s, f}, we introduce a binary variable ¢,; to denote whether
node v is a “start of cycle” node in the 7-th element of the flow decomposition. We also
introduce positive integer variables d,;, and change (7) into the following constraint:

dyi = dyi + 14+ — D(xgpi — 1 — ci) Y(u,v) e E,Vie{l,..., k}. (8)
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;=0

1 d;=0
1

Fig. 3 Example of the edge variables xy,,; (where we draw edge (u, v) in red if xy,; = 1, and in black
otherwise), satisfying Eqs. (6b) and (6a). On the left, the assignments of the variables d,,; shown in the figure
(and c,; = 0 for all v € V) satisfy constraint (8). On the right, the assignments of the variables d,; shown in
the figure (and ¢,; = 0 forall v € ¥ \ {a}, and c,; = 1) satisfy constraint (8). Note that the only edge (u, v)
such that d,; < d,; 1s (c, a). However, constraint (8) holds for (c, a) because c;; = 1

Namely, this constraint imposes that either a node is the starting point of a cycle or its order
in the path is always increasing. Finally, we impose:

me-+2cvfgl vie{l,... k). )

velV velV

That is, for every element i of the decomposition, either there is some edge (s, v) with
Xspi = 1 (in which case we have just an s-7 path, and no cycle), or ¢,; = 1 for some v (or
none of these hold) (see Figure 3). Because of constraint (6b). if ) ;- X51; = 1. then the
binary x,,; variables induce just an s-f path and no other cycles. If ¢,; = 1, this means that
we have no s-7 path and just one cycle (or none at all, if all x,,,; variables are zero). Finally,
observe that adding constraint (9) we obtain that constraint (6a) is always satisfied, since
otherwise, we have either at least two s-f paths passing through # in some element 7 of the
decomposition (and thus Y, o Xsp: > 2), or two cycles passing through # in some element
i of the decomposition (and thus 3" _,, ¢y = 2).

The complete ILP formulation for this problem variant (referred from now on as min
k-FDPC), which we give as Model 27 in B, has O((|¥| + | E|)k) variables and constraints.

Remark 2 The formulation for k-FDPC presented here can decompose the flow into up to
k paths or cycles. However, one can quickly obtain a formulation where there are exactly
k elements in the decomposition, as follows. The constraint in (9) allows the number of
total cycles and paths up to & by allowing either term of the left-hand side to be at most 1.
Therefore, this constraint needs to be changed to:

me-Jchv,:l Viell,..., k. (10)

velV velV

3.2 k-Flow decomposition into trails via constraint generation

In this section, we tackle the next problem, £-FDT, namely finding a k-flow decomposition
into at most k s~ trails. Recall from the previous sections that the binary x variables induce
a flow. The only case when such flow does not correspond to an s-f trail is when it has a
strongly connected component that is not reachable from s or, equivalently, does not reach 7.
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We start with a simple lemma stating that, due to flow conservation, this global reachability
property can be reduced to checking whether any strongly connected component C induced
by the edges of the trail has an edge outgoing from C (i.e., an edge (u, v) with x,,; = 1, such
that # appears in C, but (#, v) does not belong to C'). For a strongly connected component
C of G, we denote by E(C) the set of edges of C and by §7(C) the set of edges (u, v) such
that # belongs to C.

Lemma 1 Let G = (V, E) be an arbitrary graph with source and sink nodes s and t,
respectively. Let W be a set of edges of G, where for every edge (u,v) € E we define
W(u,v) =1, if (u,v) € W, and W(u, v) := 0 otherwise. It holds that the edges of W can
be ordered to obtain a s-t trail passing through each edge of W if and only if the following
conditions hold:

0: i.l'_}‘f"[} € V\{S., f}s
1. Forevervv eV, Z Wiu,v) — Z Ww,u) =41, ifv=t,
(u,v)EE (v.u)eE —1, ifv=s.

2. For any strongly connected component C of the subgraph of G induced by the edges in
W and different fiom {t}, the set (é‘ () \ E(C) N W is non-empty.

Proof For the forward implication, suppose the edges of W can be ordered to obtain an s-f
trail T that satisfies condition 1. To see that W satisfies condition 2., let C' be a strongly
connected component of the subgraph of G induced by the edges of W, different from {¢}.
First, note that node ¢, being a sink, does not belong to C.

If C contains a single node, say v = ¢, then the edge of the trail outgoing from v belongs
to (5+(C) \ E(C) NW.Otherwise, let (#, v) be the edge of C that is last in the order given
by the trail T. Say that (v, w) is the edge following (u, v) in T (which exists because v = 1).
We have that (v, w) € §+(C) (since v belong to C). (v, w) ¢ E(C) (since (u, v) is the last
edge of C in the order given by T, and (u, v) € W, since (u, v) is an edge of the trail. Thus,
the set (5+(C) \ E(C) N W is non-empty, and W satisfies Condition 2.

For the reverse implication, suppose W satisfies the two conditions. Since the values
W (u, v) induce a flow in G, it remains to prove that this flow is decomposable into a single
s-t trail. Since ), yep WU, 1) — 3 ¢ yep W (s, u) = 1, the only way this does not hold
is when W also contains a set of edges forming a strongly connected component, and no
node in this component reaches ¢. This means that all edges outgoing from the nodes of C
are to other nodes of C (by flow conservation and by the fact that # is not reachable from C).
However, this contradicts the second condition. See the example in Figure 4. u

As in the standard formulation, for every edge (u,v) € E and for everyi € {1,...,k},
we introduce a binary variable x,,; that will equal 1 if and only if the s-f trail #; passes
through (u, v) (since trails can also visit edges at most once). The first condition of Lemma 1
is the same as the flow conservation condition in Equation (3). However, as in the previous
formulation, since we are modelling up to & trails, we impose it in its weaker form below.
(At the end of this section (Remark 5), we explain how to model exactly k trails.)

D ow <1 Vie(l,....k}, (n
(s,v)eE

Z Xuvi — Z Xowi =0 Vie{l,...,k},Vve V\ st} (12)
(u,v)eE (v,w)eE

To model the second condition of Lemma 2, a first inefficient method would be to first
exhaustively enumerate possible strongly connected subgraphs of G; their number is finite
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(a) W1 (b) W2

Fig.4 The graph from Figure 1, with the edge (d, c) reversed. This creates the cycle (c, d, e, ¢) in the graph,
which can lead to a set W] of edges (on the left, with edges in both red and green), satisfying condition 1. of
Lemma 1, but with a strongly connected component (in green) violating condition 2. of Lemma 1. Instead,
the set #> (on the night, with edges i red) satisfies both conditions of Lemma 1

since G has a finite number of nodes. For each such strongly connected subgraph C, add
constraints to prevent it from not reaching ¢ via the second condition of Lemma 1. The
following constraint models the second condition of Lemma 2 for a given strongly connected
component C, where |C| denotes the number of edges of C (see Remark 3 on how to linearize
this constraint):

Y xuw=IC— > Xyvi > 1 vie(l,....,k}. (13

(u,v)€E(C) (u,v)ESH(CI\E(C)

In order to avoid exhaustively enumerating all possible strongly connected subgraphs C
of G and imposing constraint (13) for each such C, we can consider the following iterative
procedure, in which constraint (13) is not imposed at the beginning, but it is iteratively
imposed for any strongly connected component induced by the variables x,,,; not satisfying
the constraint.

More precisely, we can consider a parameterized version of our ILP denoted as k-FDC(C)
made up of the constraints in Eq. (4),(11),(12).(13), where C is a set of strongly connected
components for which constraint (13) is imposed. Initially, C is empty. For any strongly con-
nected component C induced by the variables x,,; not satisfying (13), we add C to C and
rerun the ILP. This procedure eventually stops because the number of strongly connected
subgraphs of G is finite, as mentioned above. We summarize this procedure also as Algo-
rithm 1 (see also Figure 5). This iterative addition of constraints to an initial formulation is
known in the literature as a constraint generation (or cut generation), and it is based on the
cycle elimination technique first proposed by [31] for the Traveling Salesman Problem.

The full ILP formulation for £-FDT(C), which we give as Model 28 in C, has O((|E| +
|IC)k) variables and O((| V| + | V| + |C|)k) constraints.

Remark 3 In order to linearize (13), we first rewrite it as the following disjunction:

Y xwm=ICI-1v > X =1 YCeCVie{l,...,k}). (14)
(u,v)€E(C) (u,v)€8+(CI\E(C)
To linearize this disjunction, we introduce the binary variables S¢;, for the strongly con-

nected component C, and each i € {1, ..., k}. Following standard techniques (as applied in
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Remark 1), let M be any constant strictly greater than the right-hand side of the first inequality
in (14). We can rewrite (14) as the following three constraints:

> xuw 2101 = M1 — Ber) VCec,Vie(l,... K}, (15a)
(u,v)EE(C)
> xuw —ICl4+1—MBe; <0 vCecC,Vie(l,... k] (15b)
(u,v)EE(C)
Y xur = o VCeC.Vie(l,... .k}, (15¢)
(u,v)e8H(CI\E(C)
Bci €{0,1) vCecC,Vie(l,... k). (15d)

For M, a suitable value would be M = |C]. In Eq. (15a) and Eq. (15b), the left side of
each constraint should not be bounded when ¢; = 1 and Be; = 0, respectively. Hence, the
smallest number that guarantees this condition is M = |C].

Remark 4 The check-in Algorithm 1 for strongly connected components not satisfying con-
straint (13) can be implemented efficiently (in linear time), as follows. Consider the graph
G' where we add all the edges (u, v) of G where the x,,; variables are set to 1. plus the
additional edge (7, 5). Compute the strongly connected components of G’, doable in linear
time [34]. Using arguments as in the proof of Lemma 1, one can easily see that G’ has only
one strongly connected component if and only if the check-in Algorithm 1 is false (i.e., the
Xyp; variables do not induce any strongly connected component C violating (13)).

Algorithm 1 Algorithm for k-Flow Decomposition into Trails via Constraint Generation
(mink-FDT (Model))

Require: Flow network G = ¥V (V, E, f) and integer k

Ensure: A decomposition into at most k trails with associated weights
1:C <0

2: repeat

3 Solve k-FDT(C)

4 if Infeasible then

5 return Infeasible
6: else
7
8

if variables x,,,; induce a strongly connected component C not satisfying constraint (13) then

C <« Ccu{c}
9: else
10: return the trails and their associated weights induced from the variables x and w
11: end if
12:  endif
13: until True

Remark 5 In order to allow the formulation presented in this section to obtain a k-flow
decomposition into exactly k s-t trails, we need to change the flow conservation constraints
in Equation (12) and Equation (11) into its basic form as in Equation (3):

0, ifveV\{s,t},Vie(l,...,k}

3 twi— Y v =1{1, ifv=tVie(l,... k (16)
@.v)ek wa)ek —1, ifv=sVie{l,... .k}
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e aa N S S P a8

(a) First iteration (b) Second iteration (c) Third iteration

Fig. 5 Tlustration of the iterative process described in Algorithm 1. The edges in the red form an s-f trail
while the green ones form a strongly connected component that does not reach ¢ via edges of the trail (1.e. not
satisfying constraint (13)). We assume that the flow conservation and flow decomposition constraints are valid
in all three iterations. In iteration one (Figure 5a), there 1s a strongly connected component (in green). Based on
the constraints imposed in Eq. (13), at least one of the outgoing edges from the strongly connected component
(dashed edges) must be selected. In Figure 5b, the original strongly connected component no longer exists
after imposing those constramts. However, a new one 1s present in the solution, and the same set of constraints
must also be imposed for it. In Figure Sc , the solution corresponds to an s-¢ trail, where no isolated strongly

connected component 1s present

3.3 k-Flow decomposition into trails and walks

In this section, we give a formulation that works for both problems k-FDT and k-FDW. Our
formulations will be based on the following characterization of an s-f walk: all its nodes must
be reachable from s, using only the edges of the s-f walk.

Lemma2 Let G = (V, E) be an arbitrary graph with source and sink nodes s and t,
respectively. Let W be a multiset of edges of G, where for every edge (u,v) € E, we denote
by W(u, v) the number of times (1, v) appears in the multiset W. It holds that the edges of
W can be ordered to obtain a s-t walk passing W(u, v) times through each edge (u, v) if
and only if the following conditions hold:

0, ifveV\l{s,t},
1. Forevertyv eV, Z Wiu,v) — Z Wv,u) =11, ifv=t,
(u,v)eE (v, u)eE _1, 3{1} = 5.
2. Foreverynodev € V appearing in some edge of W, there is an s-v path using only edges
in W (i.e. v is reachable from s using edges in W).

Proof The forward implication is immediate: any s-f walk satisfies the first condition of the
lemma, and every node v appearing in some edge of W is reachable from s via an s-v path
obtained by removing all cycles of the walk between s and v.

For the reverse implication, we argue as in the proof of Lemma 1. Suppose W satisfies the
two conditions. Since the values W (u, v) induce a flow in G, it remains to prove that this flow
is decomposable into a single s-t walk. Since E(u‘ sy Wlu,s) — Z(s’u) cg W(s,u) = —1.
the only way this does not hold is when W also contains a set of edges forming a strongly
connected component, and no node in this component is reachable from s. However, this
contradicts the second condition. See Figure 6. u

For every edge (u,v) € E and for every i € {1,...,k}. we introduce a nonnegative

integer variable x,,; now representing the number of times the s-f walk W; passes through
(u, v). Since walks can use edges arbitrarily often, we impose x,,; € Z* U 0. Imposing
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Xuvi € {0, 1} will suffice to obtain the formulation for trails because a trail can visit every
edge at most once.

Asinthe case oftrails from the previous section, we impose the flow conservation condition
of Lemma 2 in its weaker form (as in Equation (11) and Equation 12):

> wu =1 Viell,... k), (17a)
(s,v)eE

D xuw— Y =0  Vie{l,... K,VveV\{s1}. (17b)
(u,v)eE (v,w)eE

The second condition of Lemma 2 can be encoded as follows. We say that an edge
(u,v) € E is selected by W; if x,; = 1, and that a node v is selected by W; if v has a
selected edge in-coming to it (i.e. xyy; = 1, for some (u, v) € E).

Foreveryv € V and every i € {1,..., k}, we introduce a non-negative integer variable
dy;. These variables generalize the corresponding variables from the A-FDPC problem. The
idea is to impose that d,; = 0 if and only if node v is not selected in walk W;. Thanks to the
conservation-of-flow condition (17), we can model this as:

d =1 Vie(l,... k), (18a)

D Xuw =0 dy =0 Yoe V\{sLVie{l,... . k. (18b)
(u,v)eE

Moreover, for every selected node v, we want to guarantee that v is reachable from s
using selected edges. This holds if and only if there is some selected edge (u, v) such that u
is reachable from s. We will thus impose that every selected node v has a least one in-coming
selected edge (u, v) such that d,; = d,; + 1 (these will correspond to a spanning tree of the
selected nodes rooted at the source). We encode selected incoming edges, giving the strict
increase with a binary variable yy,; for every edge. The variable 1,,,; equals 1 for exactly
one selected in-coming edge to each selected node v € ¥\ {s}. We thus state the following

constraints (see Figure 6 for an example), foralli € {1, ..., k}:
Vuvi =1 = xy =1 V(u,v) € E, (19a)
Z Xyt = 1) — Z Vi =1 Yu eV {s} (19b)
(u,v)eE (u,v)EE
o v =1 = | D yuu(du —du) = 1 YoeV\{sh.  (1%)
(u,v)eE (u,v)EE

The following lemma states that Eqs. (17) to (19) correctly model s-f walks.

Lemma 3 The ILP made up of equations (17), (18) and (19), is feasible if and only if condi-
tions 1 and 2 from Lemma 2 hold.

Proof For the forward direction, for every selected v, the condition in Eq. (19¢) guarantees
that we have a selected edge (u, v), such that d,; = dy; + 1. Thus, following all such edges
until s, we obtain an s-v path.

For the reverse direction, for every v € V, set dy; to be the number of nodes of a shortest
s-v path using only edges (u, v) for which x,,,; = 1, or 0 if there is no such path. u
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Fig. 6 Illustration of Lemma 3.
Thick edges (u, v) are those for
which x,,; = 1. An edge (u, v)
is drawn i blue if y,,,; = 1
(these form a spanning tree of the
selected nodes rooted at 5) and in
red otherwise. Next to each node
v, we draw the d,; value. Note
that any blue edge 1s also thick
(condition (19a)), any selected
node v has exactly one incoming
blue edge (condition (19b)), and
for any selected node v its
in-coming blue edge (u, v)
satisfies d; < d,; (condition
(19¢))

d.s.i=1 dm'=0 dn'=5

Next, we explain how to transform the conditional structures in constraints (18) and (19).
The second condition in (18) can be expressed as:

Y Xuw = dy Yoe V\{shViell,..., k. (20)
(u,v)eE

Similarly, the first and third conditions in (19) can be expressed as

Xuvi = Vuvi Y(u,v) € E,Vie{l,... k}, (21)
Z Xyvi = Z Vuvi(dvi — dyi) YveV\{sL,Viell,...,k}. (22)
(u,v)eE (u,v)eE

For the second condition in (19), we can apply a similar, but slightly modified, approach
using the fact that E@w)eE Xuvi < |E|:

Y xuw <IEl ) Yuw Vo eV \ s}, Vi €{l,....k), (23a)
(u,v)eE (u,v)EE

> <1 YoeV\{shViell,...,k. (23b)
(uv)eE

Remark 6 In order to linearize Equation 22, note first that yy,; is a binary variable. Next, we
can introduce a new integer variable dy,,; = dy; — dy;. Note that » is an upper bound for any
dy; (since the interval [0, n] for each dy; variable is sufficiently large to allow for a feasible
solution if there is any), and thus we have that each dy,; € [—#n, n]. As such, the product
Vupidypi can be linearized as in Remark 3 (except that now we have a negative lower bound).

Guvi < Myyy; Y(u,v) e E,Vie{l,..., k}, (24a)
Quvi = —Myyui Y(u,v) e E,Vie{l,..., k}, (24b)
Suvi < (dvi — dui) + (1 — Yy )M Y(u,v) € E,Vi €{1,...,k}, (24¢c)
Guvi = (dyi — dyi) — (1 — vi )M Y(u,v) e E,Vie{l,..., k}. (24d)
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Remark 7 For walks, the flow superposition constraint in Equation 4 involves the product of
two integer variables (since, for walks, x,,; is not assumed to be binary). Thus, we cannot
simply linearize this product using Remark 1 since that requires one of the variables to be
binary. However, we can reduce this more general case to several applications of Remark 1,
using a power-of-two technique. In this technique, one of the integer variables is replaced by
its expression as a sum of powers of two by introducing an auxiliary binary variable for each
power of two (smaller than the maximum value it can achieve). More specifically, suppose
we want to linearize the product xy between two integer variables x and y. Suppose also that
x € [x,X]. with 0 < x. Foreach j € {0, ..., [log,(¥)]}. we introduce a binary variable x;
and add the constraint

X = Z Zij.
jE[O,“., I_]'Ogl (X)) }

The product xy then becomes

2jxj_v.
JE{0...., I_IOEZ mj}

Each product x;y is now between the binary variable x; and the integer variable y, which
can now be linearized as in Remark 1.

The complete ILP formulation for this problem variant, which we give as Model 29 in
D (referred as mink-FDW when x,,; is treated as binary variables) and as Model 30 in E
(referred as mink-FDT (Model) when x,,,; is treated as integer variables).

Remark 8 In order to obtain a k-flow decomposition into exactly k s-t walk, we can make
the same change as in Remark 5, by imposing the basic flow conservation constraint:

0, ifveV\{s,t},Vie(l,... .k
Y = Y xua={1, ifv=rVie{l,... K} (25)
(w.v)eE (u)eE -1, ifv=s,Vie{l,....k).

The value of the constant M should be large enough to guarantee that the left side of
the constraints in (24) are satisfied adequately. Hence, in constraint (24a), when vy,,; = 1,
the maximum value for ¢,,; should be equal to the maximum value for d,,; (i.e. dyy;). In
constraint (24d), when 1y, = 1, ¢hyy; should be at most lower bounded by zero, and that can
be achieved by using M = dy,;.

For walks, where 1,,,; and x,,,; behave as integer variables, this product can be linearized
as in Remark 7.

4 Experiments

4.1 Experiment design

4.1.1 Solvers

We designed our experiments to test the minimization versions of the three problem variants

from Definition 3. For mink-FDPC, we implemented the model from Section (3.1) (in full
as Model 27 in B). For mink-FDT, we implemented both the iterative constraint generation
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approach described in Section 3.2 (in full as Model 28 in C) and the model from Section 3.3
(in full as Model 29 in D) with binary x,,; variables. For mink-FDW, we implemented the
model from Section 3.3 (in full as Model 29 in D) with x,,,; as non-negative integer variables.
To find the minimum %, we implemented two different search algorithms for a minimum k&:
linear increment and doubling increment as described at the end of Section 2.2. All four
were implemented using the Python API for CPLEX 20.1 under default settings. We ran our
experiments on a personal computer with 16 GB of RAM and an Apple M1 processor at 2.9
GHz.

4.1.2 Datasets

We test the performance of the solvers under a range of biological and transportation
graph topologies and flow weights, which we also make available at https://github.com/
algbio/MFD-ILP. As our first dataset, we took one of the larger datasets produced by [35]
(rnaseqg/sparse_quant_SRR020730.graph) and used in several flow decomposi-
tion benchmarking studies [14, 20]. This contains transcriptomic data as a flow in a DAG for
each human genome gene. A slight alteration was applied to this dataset to create cycles in
each instance. We call this dataset SRR020730-Salmon-Adapted.

We collected instances from flow network transportation data curated by [36] for the
second dataset. We refer to this as Transportation Data. The dataset comprises network
flows from different cities worldwide collected through various scenarios.

To obtain a more complex dataset, we created a dataset consisting of genome graphs
from up to 50 variants of E. coli genomes, with flow values coming from the abundances of
these genomes. The complete dataset is composed of more than a thousand instances with a
different number of genomes. For the sake of this experiment, we sampled up to 10 graphs
from each number of genomes, starting from 2. The graphs in this dataset are the largest.

These three datasets cover a range of real-world applications indicative of our models’
efficiency and scalability in such scenarios. Since the precise details of these datasets are
outside this paper’s scope, we provide a more detailed description of how the datasets were
created at https:/github.com/algbio/MFD-ILP.

4.2 Results and discussion

The numerical results are displayed in Tables 1 and 2 as well in Figure 7. Figure 7 summarizes
the performance of the models in terms of runtime by showing the proportion of all instances
that can be (individually) solved within a certain time. Overall, we observe that all four
formulations are efficient, finishing in under 45 seconds on the first dataset, 75 seconds on
the second dataset, and 1.5 minutes on the third dataset. Note that the datasets are increasingly
complex in terms of the number of nodes and edges. Moreover, the runtime of mink-FDPC
is relatively smaller than that for mink-FDT and mink-FDW. This is expected, given that
the number of constraints and variables is smaller when handling paths and cycles.

We also evaluate how the models scale in terms of the complexity of the instances of each
dataset. We focus on the size & of the flow decomposition since the models have a linear
size of k. Table 1 shows a comparative experiment on the performance of three formulations
(mink-FDPC, min k-FDT (both algorithm and model version) and min k-FDW) presented
in the paper. For the three tools, the results are from instances grouped by the number of &
paths as output by min k-FDPC. We also report the average number of nodes and edges (| V]
and | E|) and the average runtime per graph (under the name of each method and in seconds).
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Fig.7 The percentage of all instances (y-axis) individually solvable within a certain number of seconds (x-axis)

Note that the reported runtime is the total required to solve each instance after completing
the iterative process. For min k-FDT, we also report the number of iterations required by
Algorithm 1 and the runtime reflects the runtime required throughout all iterations (including
due to the addition of more constraints in the constraint generation process). Table 2 compared
the number of paths, cycles, trails and walks reported by each formulation individually. In
Table 1, we group the graphs into ranges based on the minimum size of a flow decomposition
into paths or cycles since this is the most basic problem variant (column min k). Since | V| and
| E| also increase as min k increases, this table also indicates how the models scale regarding
graph sizes. The runtimes of all models do scale up adequately, reiterating that they are viable
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candidates for real applications. The reachability model for trails (where its main decision
variables x,,; are binary) scales better than for walks (where these variables are integer).

Notice that the scalability in terms of imin k was an issue for MFD algorithms on DAGs
before the ILP of [12] because the previous exact FPT algorithm of [14] had an exponential
dependency on min k. Our results imply that also for cyclic graphs, ILP-based solutions have
no issues in scaling to larger values of min k. Thus, even if an FPT algorithm for MFD in
graphs with cycles (parameterized by the minimum size of a solution) is open, our results
suggest that such an FPT algorithm might not be necessary for practice.

To compare the three problem variants, we study each decomposition type’s minimum
size in Table 2. Since a decomposition with trails does not always exist, we also show the
percentage of instances admitting such a decomposition. While all instances for all three
datasets always admit a decomposition into trails for min k < 15, for larger min k values,
up to 10%, 5%. and 24% of the instances in the first, second and third datasets, respectively,
do not admit such a decomposition. On average, we observe that the minimum solution size
for mink-FDPC is more significant than for mink-FDT, which is more prominent for mink-
FDW. This is explained by the fact that a trail may use a node multiple times, and a walk
may also use an edge numerous times. As such, a trail or a walk may combine a source-to-
sink path with one or more cycles if their weights can be appropriately adjusted to form a
flow decomposition. All these insights show a clear difference between the problem (as also
discussed in Section 1), and all the different variants may be explored in applications.

Finally, we analyze the two solutions for mink-FDT, constraint generation (Model 28)
and Model 29 with variables x,,; binary. While both are efficient, the former is generally
faster than the latter because it has fewer constraints, and on our data, it also requires a small
number of iterations (at most 11). However, there is no guarantee that it will be concluded
after a small number of iterations in general (but as mentioned in Section 3.2, it does find a
feasible decomposition after a finite number of iterations). Another advantage provided by
the constraint generation formulation is that algorithmic verification procedures can assist it
(in the same way as we delegated the strong connectivity check to an algorithm) and use this
to craft more straightforward constraints in the original model (in our case, simple constraints
based on out-going edges).

Although no heuristics has adequately been introduced in the literature, [2] has proposed
two variations of Dijkstra’s algorithm that can be applied to flow decomposition methods in
cyclic graphs. Such implementation were compared to our mink-FDPC, and the results are
displayed in Table 3.

In Table 3, we compared the runtime of the two heuristics (Heuristicl and HeuristicIl)
to our mink-FDPC. In Heuristicl, a shortest path variant is used to determine the paths,
while in Heuristicll, amaximum flow variant is used. Our ILP formulations provide exact
solutions (i.e., non-heuristic), and as such, optimal solutions. We used the number of paths and
cycles found using this solver as a reference to categorize the instances. For Heuristicl and
HeuristiclI, we implemented the proposed algorithm presented in [2], where the authors
suggest two different algorithms based on simple alterations of Dijkstra’s algorithm. More
details can be found in their paper. The runtime of these heuristics is reported, as well as the
difference between the number of paths and cycles proposed as solutions from the heuristics
and the exact solver.

Based on those results, we can conclude that both heuristics are very efficient regarding
runtime, where they can solve all instances in less than 10 seconds. However, regarding their
accuracy, both heuristics have some severe drawbacks. As the number of optimal paths and
cycles increases, their accuracy drops even further. Although mink-FDPC is slower than both
heuristics, the improvement that those provide does not overwhelm the exact model, which,
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in our opinion, remains the most resourceful alternative, providing a reasonable trade-off
between accuracy and runtime.

For our first set of results, the dataset regarding E. coli strains were created using windows
length of 2000. Those windows correspond to a segment of the strains used to create such
graphs. In the following table, we explore four additional scenarios (with windows length
changing from 4000, 8000, 16000 to 32000) to express how far our models can be pushed
and some limitations.

In Table 4, the results conceming E. coli with different window lengths is displayed.
With longer windows, the dimension of the graphs increases accordingly, resulting in longer
runtimes for the formulations. This decrease in performance is considerable when the window
length goes beyond 8000 and 32000, where the average runtime reaches around 30 minutes
and around 1 hour, respectively. Nevertheless, the runtime increases linearly in the window
length (but not in the graph size), and ultimately, our formulations are the first optimal solvers
for the problems. Although solutions for those instances exist, the runtime highlights the
weakness of our formulation, which struggles with scalability to larger instances. However,
our models are novel and are the first attempt to solve this problem optimally.

The final analysis we conducted was a change in how the increment in k is done. In the
previous examples, all the changes were done in a single increment. In the following table,
the increment was doubled from its previous value until a feasible solution was found.

In Table 5, the results are very similar to result in Table 1. The only significant change is
the corresponding runtime for each model. Although an improvement was observed across
different instances and datasets, it does not justify the more complicated implementation for
a negligible benefit. Nevertheless, it is important to highlight that such improvement can be
significant if combined with the total runtime of all instances across both experiments.

5 Conclusions and future work

Flow decomposition is a common problem in various fields of science, including Computer
Science, Bioinformatics, and Transportation. Throughout the literature, considerable effort
has gone into solving this problem, especially on acyclic inputs. This is because acyclic-
ity guarantees strong properties that can be used to develop algorithms (fixed-parameter
tractability, approximation). However, for graphs that contain cycles, an exact solution has
yet to be proposed, the few current approaches being heuristics based on greedy algorithms.

This paper considers three natural variants of the flow decomposition problem in graphs
with cycles: decompositions into paths or cycles, trails, and walks, respectively. Our ILP
formulations generally adopt the same strategy as in the acyclic case from [12], namely for-
mulating what constitutes an element of decomposition and requiring that these weighted
elements fit the input flow values. However, the novelty of our formulations resides in mod-
elling the different types of walks in a cyclic graph, which is notably more involved than
formulating a path in a DAG. These formulations can also be of independent interest outside
the flow decomposition problem since they model basic graph-theoretic notions.

Our formulations have also been extensively tested on biological and transportation
datasets. Despite the problems being NP-hard, they solve any instance of the three datasets
in under 45 seconds, 75 seconds, and 12 minutes, respectively. Nevertheless, since these are
the first exact solutions to the problem on cyclic graphs, the quest for more efficient solutions
remains oper.

@ Springer
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https://25.27(3.65
https://13.42(2.94
https://9.25(2.03
https://93.21(5.11
https://64.33(4.78
https://46.51(3.39
https://20.08(2.16
https://11.31(1.61
https://6.31(1.42
https://83.21(7.65
https://50.74(7.51
https://24.09(1.93
https://12.41(1.89
https://7.25(0.93
https://3.09(0.25
https://78.21(10.13
https://43.22(6.21
https://33.91(4.39
https://18.23(3.41
https://13.21(2.14
https://9.43(1.98
https://102.14(11.31
https://51.42(5.23
https://23.42(3.27
https://14.23(1.68
https://11.25(1.36
https://7.12(1.22
https://71.14(9.57
https://43.81(4.67
https://15.71(1.90
https://10.22(1.03
https://6.49(0.81
https://3.31(0.45
https://60.21(5.41
https://32.34(3.42
https://11.25(0.82
https://9.24(0.98
https://4.31(0.22
https://2.14(0.16
https://45.12(8.22
https://23.42(4.21
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As future work, it would be interesting to extend the models presented here to include other
aspects of empirical data, such as all the flow decomposition problem variants discussed in
[12] for Bioinformatics applications. More specifically, in one problem variant, we are also
given a set of paths (called subpath constraints) that must appear in at least one walk of
the flow decomposition. The solution from [12] for this variant can be easily adapted to the
mink-FDPC problem (because edges are not repeated), but it remains open how to adapt it to
trails or walks because they can repeat edges. In the inexact and imperfect flow decomposition
variants from [12], the weighted walks do not need to fit the input flow perfectly. However,
the constraints modelling such solutions from [12] immediately carry over to all our problem
variants. Lastly, our reachability formulation can also handle problem variants in which the
solution walks can pass through an edge at most a given number of times by just setting a
bound to each x,,,; variable.

A Full ILP formulation for k-Flow decomposition into paths (k-FD)

vVie(l,...,k}
Z Xgpi = 1 (26a)
(s,v)eE
E Xyti = 1 (26b)
(u.t)eE
3 Yuw— Y Xow =0 Yve ¥\ (s, 1}, (26¢)
(u,v)eE (v,w)eE
foo=Y Tuw V(u,v) € E, (26d)
iell,....k}
Y(u,v) eE,vie{l,...,k}:
Tuvi < SfuvXuvi (26e)
Tyvi = Wi (26f)
Tuvi = Wi — (1 — Xyui) fup (26g)
w; € ZT (26h)
Xuvi € {0, 1} Y(u,v) e E,Vie{l,..., k}, (261)
Tuw € ZT U {0} Y(u,v) e E,Vie{l,... k) (269)

B Full ILP formulation for k-Flow decomposition into paths or cycles
(k-FDPC)

Vie(l,..., k}:
Y v <1 VueV, (27a)
(uv)eE
E Xyvi — E Xpwr =0 Yv e V\{s, 1}, (27b)
(u,v)eE (v.w)eE
Juw = Z Tyvi V(u,v) € E, (27¢)
igll,...k}
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VY(u,v) eE,Vie(l,...,k}:

Tuvi < JuvXuvi

Tuvi = Wi

Tyvi = Wi — (1 — Xyu1) fuv
Vie(l,..., k}:

dvi = dui + 14 (n — D(xuvi — 1 — cvi)

szuf +Zcuf <1

veV veV
w; € ZT
X € {0, 1}
i € ZT U {0}
cyi € 10, 1}
du € ZF

(27d)
(27e)
(271)

Y(u,v) € E, (272)
(27h)

(271)
Yu,v) e EVie{l,.... k), (27
Y(u,v) € E,Vi € {1,...,k}, (27k)
YveV,Viell,..., k}, 27D
YveV,Viell,..., k} (27m)

C Full ILP formulation for k-Flow decomposition into trails via

constraint generation (k-FDT(C))

Vie{l,... k}:

Z Xspr <1

(s,v)eE

Z Xuvi — Z Xyws =0

(u,v)eE (v,w)eE

Juv = 2 Tuvi
ie(l, k)

Y(u,v) eE,Vie (1,...,k}:

Tuvi < JuvXuvi

Tyvi = Wi

v = Wi — (1 — Xypi) fuw
VCecCvie(l,..., k}:

D xuw > 1€ = M(1 - Bei)

(u,v)eE(C)

> Xuw—ICI+1—MBci <0
(u,v)eE(C)

Z Xuvi = Pei,
(u,v) €8+ (CI\E(C)
w; € ZT
xyvi € {0, 1}
T € ZT U {0}
Bei € {0, 1}

@ Springer

(28a)

Yv e V\ {s,1}, (28b)

Y(u,v) € E, (28¢)

(28d)

(28e)
(281)

(282)

(28h)

(28i)

Vie{l,... k), (28j)
Yu,v)€ E.Vie{l,....k},  (28k)
Vu,v) € E,Vie{l,... .k}, (28]
VC ecC,Vie(l,... k) (28m)
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D Full ILP formulation for k-Flow decomposition into walks (k-FDW):

Xyvi as binary variables

Vie{l,... k}:

Z Xspr <1

(s,v)eE
Z Xuvi — Z Xyws =0
(u,v)EE (v,w)eE
Juw = E Tyui
iell,...k}

Y(u,v) eE,Vie (1,...,k}:
Tuvi < fuvXuvi
Tyvi = Wi
vt = Wi — (1 — Xyu1) fuw
VveV\{s},Vie{l,...,k}:

E Xuvi = dyi

(u,v)eE

Z Xyvi = Z buvi

(u,v)eE (u,v)EE

Z Xuvi < |E| Z Muvi

(u,v)eE (u,v)eE
Z Vuvi
(u,v)EE
Viell,...,k}:
Xuvi = Vuvi
dsi =1
Y(u,v) eE,Vie (1,...,k}:
Puvi = NVuvi
Duvi = —NVyvi
Guvi < (dy; — dyz) + (1 — yypi)n
Guvi = (dy — dyz) — (1 — yypi)n
w; € ZT
Xuvi € {0, 1}
Tuvi € ZT U {0}
dy e ZF
Yuur € {0, 1}
Guvi €L

IA

Yve V\{s,t},

Y(u,v) e E,

Y(u,v) e E,

Vie{l,..., k},

Y(u,v) e E,Vie{l,...,k},
Y(u,v)e E,Vie{l,... .k
YveV,Vie{l,... .k},
Y(u,v) e E,Vie{l,...,k},
Y(u,v) e E,Vie{l,..., k}.

(29a)
(29b)

(29¢)

(294d)
(29e)
(291)

(29g)
(29h)
(291)

29

(29K)
(291)

(29m)
(2%n)
(290)
(29p)
(2%
(29r)
(29s)
(29t)
(29u)
(29v)
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E Full ILP formulation for k-Flow decomposition into walks (k-FDW):

Xyvi @s an integer variables

Vie(l,... k}:

Z Xspr <1

(s,v)eE

Z Xyvi — Z Xyws =0 Yve V\ {s,t},

(u,v)€E (v,w)eE
w; = Z 2y,
J€{0..... [logy (WD) ]}
Juw = 2 Z zj(:a:wfj V(u,v) € E,
1€{L, ..k} JE(O. ... [logy () |}

V(u,v) €E,Vie(1,....k},Vj €0, ..., llog,(#)]} :
Puvij < fuvlis
Cuvij = Xyvi
Cuvij = Xuvi — (1 — &ij) fuv
VveV\{s},vie{l,...,k}:

5 Xyvi = dyi

(u,v)eE

Z Xyvi = Z Puvi

(u,v)eE (u,v)EE

Z Xuvi < |E| Z Muvi

(u,v)eE (u,v)eE
Z Yuvi =1

(u,v)eE
Y(u,v) eE,Vie (1,...,k}:
Xuvi = Vuvi

Puvi < MVyvi

Puvi = —NVyvi

Guvi < (dyi — dyz) + (1 — yypi)n

Guvi = (dyi — dyz) — (1 — yypi)n
Viell,...,k}:

dsr‘ =1

w; € Z+

Xuvi € ZT U {0} Y(u,v) € E,
dyi € ZT U {0} VeV,
Yuvi €10, 1} Y(u,v) € E,
buvi €L Y(u,v) € E,

Vie{l,....k},Vje{0,..., log,(W]},:

@ Springer

(30a)

(30b)

(30c)

(30d)

(30e)
(301)
(30g)
(30h)

(30i)

(30p)

(30k)

(301)

(30m)
(30n)
(300)
(30p)
(30q)
(30r)

(30s)
(30t)
(30u)
(30v)
(30w)
(30x)
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Gy €10, 1} (30y)
Quvi; € Lt U{0} Y(u,v) € E.
W= (max_ Suv (302)
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