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Preface

The 13th Workshop on Approximation and Online Algorithms (WAOA 2015) focused
on the design and analysis of approximation and online algorithms. These algorithms
have become a fundamental tool in several fields and in many applications that cope
with computationally hard problems and problems in which the input is gradually
disclosed over time.

WAOA 2015 took place in Patras (Greece) during September 17-18, 2015, and it
was part of ALGO 2015, which also hosted ESA, ALGOCLOUD, ALGOSENSORS,
ATMOS, IPEC, and MASSIVE. The previous WAOA workshops were held in
Budapest (2003), Rome (2004), Palma de Mallorca (2005), Zurich (2006), Eilat (2007),
Karlsruhe (2008), Copenhagen (2009), Liverpool (2010), Saarbriicken (2011),
Ljubljana (2012), Sophia Antipolis (2013), and Wraclaw (2014). The proceedings of all
these previous WAOA workshops have been published as LNCS volumes.

Topics of interest for WAOA 2015 were: algorithmic game theory, algorithmic
trading, coloring and partitioning, competitive analysis, computational advertising,
computational finance, cuts and connectivity, geometric problems, graph algorithms,
inapproximability, mechanism design, natural algorithms, network design, packing and
covering, paradigms for the design and analysis of approximation and online algo-
rithms, parameterized complexity, scheduling problems, and real-world applications.
In response to the call for papers, we received 40 submissions, one of which was
subsequently withdrawn. Each submission was reviewed by at least three referees, and
mainly judged on originality, technical quality, and relevance to the topics of the
conference. Based on the reviews, the Program Committee selected 17 papers. This
volume contains final revised versions of these papers.

We would like to thank all the authors who submitted papers to WAOA 2015, and
our plenary invited speaker Jochen Koénemann for accepting our invitation. Further-
more, we are extremely grateful to the members of the Organizing Committee and its
chair, Christos Zaroliagis, for doing a superb job with organizing ALGO 2015.

October 2015 Laura Sanita
Martin Skutella
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Approximation Algorithms for k-Connected
Graph Factors

Bodo Manthey®™) and Marten Waanders

University of Twente, Enschede, The Netherlands
b.mantheyQutwente.nl

Abstract. Finding low-cost spanning subgraphs with given degree and
connectivity requirements is a fundamental problem in the area of net-
work design. We consider the problem of finding d-regular spanning sub-
graphs (or d-factors) of minimum weight with connectivity requirements.
For the case of k-edge-connectedness, we present approximation algo-
rithms that achieve constant approximation ratios for all d > 2 - [k/2].
For the case of k-vertex-connectedness, we achieve constant approxi-
mation ratios for d > 2k — 1. Our algorithms also work for arbitrary
degree sequences if the minimum degree is at least 2 - [k/2] (for k-edge-
connectivity) or 2k — 1 (for k-vertex-connectivity).

1 Introduction

Finding low-cost spanning subgraphs with given degree and connectivity require-
ments is a fundamental problem in the area of network design. The usual setting
is that there are connectivity and degree requirements. Then the goal is to find a
cheap subgraph that meets the connectivity requirements and the degree bounds.
Beyond simple connectedness, higher connectivity, such as k-vertex-connectivity
or k-edge-connectivity, has been considered in order to increase the reliability
of the network. Most variants of such problems are NP-hard. Because of this,
finding good approximation algorithms for such network design problems has
been the topic of a significant amount of research [1,4-10,14,16-20].

In this paper, we study the problem of finding low-cost spanning subgraphs
with given degrees that meet connectivity requirements (they should be k-edge-
connected or k-vertex-connected for a given k). Violation of the degree constraint
is not allowed. While d-regular, spanning subgraphs of minimum weight can be
found efficiently using Tutte’s reduction to the matching problem [21,23], even
asking for simple connectedness makes the problem NP-hard [2]. For instance,
asking for a 2-regular, connected graph of minimum weight is the NP-hard trav-
eling salesman problem (TSP) [11, ND22].

1.1 Problem Definitions and Preliminaries

Graphs and Connectivity. All graphs in this paper are undirected and simple.
Let G = (V, E) a graph. In the following, n = |V is the number of vertices.
© Springer International Publishing Switzerland 2015
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2 B. Manthey and M. Waanders

For a subset X C V of the vertices, let cutg(X) be the number of edges in G
with one endpoint in X and the other endpoint in X = V '\ X. For two disjoint
sets X,Y C V of vertices, let cutg(X,Y) be the number of edges in G with one
endpoint in X and the other endpoint in Y.

Two vertices u,v € V are locally k-edge-connected in G if there are at least
k edge-disjoint paths from u to v in G. Equivalently, v and v are locally k-edge-
connected in G if cutg(X) > k for all X C V with u € X and v ¢ X. Local
k-edge-connectedness is an equivalence relation as it is symmetric, reflexive,
and transitive. A graph G is k-edge-connected if all pairs of vertices are locally
k-edge-connected in G.

Let X C V. We call X a k-edge-connected component of G if the graph
induced by X is k-edge-connected. We call X a locally k-edge-connected com-
ponent of G if all u,v € X are locally k-edge-connected in GG. Note that every
k-edge-connected component of G is also a locally k-edge-connected component,
but the reverse is not true.

A graph G is k-vertez-connected, if the graph induced by the vertices V' \ K
is connected for all sets K C V with |K| < k — 1. Equivalently, for any two non-
adjacent vertices u,v € V, there exist at least k vertex-disjoint paths connecting
u to v in G.

For an overview of connectivity and algorithms for computing connectivity
and connected components, we refer to two surveys [13,15].

For a vertex v € V, let Ng(v) = N(v) = {u € V | {u,v} € E} be the
neighbors of v in G. The graph G is d-regular if [N(v)| = d for all v € V. A
d-regular spanning subgraph of a graph is called a d-factor.

By abusing notation, we identify a set X C V of vertices with the subgraph
induced by X. Similarly, if the set V' of vertices is clear from the context, we
identify a set F' of edges with the graph (V, F)).

Problem Definitions. Let G = (V, E) be an undirected, complete graph with
non-negative edge weights w. The edge weights are assumed to satisfy the trian-
gle inequality, i.e., w({u,v}) < w({u,z}) + w({x,v}) for all distinct u, v,z € V.
For some set F' C E of edges, we denote by w(F) = > . pw(e) the sum of its
edge weights. The weight of a subgraph is the weight of its edge set.

The problems considered in this paper are the following: as input, we are given
G and w as above. Then Min-dReg-kEdge denotes the problem of finding a k-
edge-connected d-factor of G of minimum weight. Similarly, Min-dReg-kVertex
denotes the problem of finding a k-vertex-connected d-factor of G of minimum
weight.

Some of these problems coincide:

— Min-dReg-1Edge and Min-dReg-1Vertex are identical for all d since 1-edge-
connectedness and 1-vertex-connectedness are simple connectedness.

— For k € {1, 2}, the problems Min-2Reg-kEdge and Min-2Reg-kVertex are identi-
cal to the traveling salesman problem (TSP) because of the following:
2-regular graphs consist solely of simple cycles. If they are connected, they
are 2-vertex-connected and form Hamiltonian cycles.
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— For even d and k, the problems Min-dReg-(k — 1)Edge and Min-dReg-kEdge
are identical. For even d, every d-factor can be decomposed into d/2 2-factors.
Thus, the size of every cut is even. Therefore, every d-regular (k — 1)-edge-
connected graph is automatically k-edge-connected for even k.

— For k € {1, 2,3}, the two problems Min-3Reg-kEdge and Min-3Reg-kVertex are
identical since edge- and vertex-connectivity are equal in cubic graphs [24,
Theorem 4.1.11].

We also consider the generalizations of the problems Min-dReg-kEdge and
Min-dReg-kVertex to arbitrary degree sequences: for Min-dGen-kEdge, we are
given as additional input a degree requirement d, € N for every vertex v. The
parameter d is a lower bound for the degree requirements, i.e., we have d, > d
for all vertices v. The goal is to compute a k-edge-connected spanning subgraph
in which every vertex v is incident to exactly d, vertices. Min-dGen-kVertex
is analogously defined for k-vertex-connectivity. For the sake of readability, we
restrict the presentation of our algorithms in Sects.2 and 3 to Min-dReg-dEdge
and Min-dReg-kVertex, respectively, and we state the generalized results for
Min-dGen-kEdge and Min-dGen-kVertex only in Sect. 4.

We use the following notation: OptE* denotes a k-edge-connected spanning
subgraph of minimum weight. OptV* denotes a k-vertex-connected spanning
subgraph of minimum weight. For both, no degree requirements have to be sat-
isfied. OptF; denotes a (not necessarily connected) d-factor of minimum weight.
OptEF’fl and OptVFS denote minimum-weight k-edge-connected and k-vertex-
connected d-factors, respectively.

We have w(OptF,;) < w(OptEFY) < w(OptVF%) since every k-vertex-con-
nected graph is also k-edge-connected. Both w(OptEF%) and w(OptVF%) are
monotonically increasing in k. Furthermore, w(OptE]C ) < w(OptEFfl) for every
d and w(OptV*) < w(OptVF%) for every d.

We denote by MST a minimum-weight spanning tree of G.

1.2 Previous and Related Results

Without the triangle inequality, the problem of computing minimum-weight
k-vertex-connected spanning subgraphs can be approximated with a factor of
O(log k) [3], and the problem of computing minimum-weight k-edge-connected
spanning subgraphs can be approximated with a factor of 2 [16]. However, no
approximation at all seems to be possible without the triangle inequality if we
ask for specific degrees. This follows from the inapproximability of non-metric
TSP [25, Sect. 2.4].

With the triangle inequality, we obtain the same factor of 2 for k-edge-
connected subgraphs of minimum weight without degree requirements [16]. For
k-vertex-connected spanning subgraphs of minimum weight without degree con-
straints, Kortsarz and Nutov [17] gave a (2 + =1)-approximation algorithm.

Cornelissen et al. [5] gave a 2.5 approximation for Min-dReg-2Edge for even
d and a 3-approximation for Min-dReg-1Edge and Min-dReg-2Edge for all odd d.
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Table 1. Overview of approximation ratios for Min-dReg-kEdge. Cases of odd k and
even d are omitted as discussed in Sect. 1.1.

d ratio | reference
=2|=2 1.5 | same problem as TSP [25, Sect. 2.4]
=1|odd 3 Cornelissen et al. [5]
>3 =k 2+ ¢ | Chan et al. [1]
>2| >k, even 2.5 | Theorem 2.13 (k = 2 by Cornelissen et al. [5])
>2|>k+1,o0dd 4— 2 Theorem 2.13

Table 2. Overview of approximation ratios for Min-dReg-kVertex.

k d ratio reference

e{1,2} |= 1.5 same as problem as TSP [25, Sect. 2.4]
€{1,2,3} | = same as Min-dReg-kEdge

>2 =k 2+ %14+ 1 Chan et al. [1]

> 2 —2k—1 5+2k=2 4 2 Theorem 3.2

> 2 >2k |5+ 2=2 | Corollary 3.3

Also Min-kReg-kVertex and Min-kReg-kEdge admit constant factor approxima-
tions for all k > 1 [1]. We refer to Tables1 and 2 for an overview.

Fukunaga and Nagamochi [8] considered the problem of finding a minimum-
weight k-edge-connected spanning subgraph with given degree requirements. Dif-
ferent from the problem that we consider, they allow multiple edges between
vertices. This considerably simplifies the problem as one does not have to take
care to avoid multiple edges when constructing the approximate solution. For
this relaxed variant of the problem, they obtain approximation ratios of 2.5 for
even k and 2.5 + % for odd k if the minimum degree requirement is at least
2. We remark that, although an optimal solution with multiple edges cannot
be heavier than an optimal solution without multiple edges, an approximation
algorithm for the variant with multiple edges does not imply an approximation
algorithm for the variant without multiple edges and vice versa.

In many cases of algorithms for network design with degree constraints, only
bounds on the degrees are given or some violation of the degree requirements
is allowed to simplify the problem. Fekete et al. [7] devised an approximation
algorithm for the bounded-degree spanning tree problem. Given lower and upper
bounds for the degree of every vertex, spanning trees can be computed that
violate every degree constraint by at most 1 and whose weight is no more than the
weight of an optimal solution [22]. Often, network design problems are considered
as bicriteria problems, where the goal is to simultaneously minimize the total
costs and the violation of the degree requirements [9,10,18-20]. In contrast, our
goal is to meet the degree requirements exactly.
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1.3 Owur Contribution

We devise polynomial-time approximation algorithms for Min-dReg-kEdge
(Sect.2) and for Min-dReg-kVertex (Sect.3). This answers an open question
raised by Cornelissen et al. [5]. Our algorithms can be generalized to arbitrary
degree sequences, as long as the minimum degree requirement is at least 2[k/2]
for edge connectivity or at least 2k — 1 for vertex connectivity (Sect.4).

We obtain an approximation ratio of 4 — % for Min-dReg-kEdge for odd d >
k + 1, a ratio of 2.5 for Min-dReg-kEdge for even d > k, and an approximation
ratio of about 5 for Min-dReg-kVertex for d > 2k — 1. The precise approximation
ratios are summarized in Tables 1 and 2.

As far as we are aware, there do not exist any approximation results for
the problem of finding subgraphs with exact degree requirements besides simple
connectivity and 2-edge-connectivity [5]. The only exception that we are aware of
is the work by Fukunaga and Nagamochi [8]. However, they allow multiple edges
in their solutions, which seems to make the problem simpler to approximate.

The high-level ideas of our algorithms are as follows. For edge-connectivity,
our initial idea was to iteratively increase the connectivity from k — 1 to k by
considering the k-edge-connected components of the current solution and adding
edges carefully. However, this does not work as k-edge-connected components
are not guaranteed to exist in (k — 1)-edge-connected graphs. Instead, we intro-
duce k-special components (Definition 2.1). By connecting the k-special compo-
nents carefully, we can increase the edge-connectivity of the graph (Lemma 2.8).
Every increase of the edge-connectivity costs at most O(1/k) times the weight of
the optimal solution (Lemma 2.10), yielding constant factor approximations for
all k. Our algorithm for Min-dReg-kEdge generalizes the algorithm of Cornelissen
et al. [5] to arbitrary k. A more careful analysis yields that already their algo-
rithm achieves an approximation ratio of 2.5 for Min-dReg-2Edge also for odd d.

For vertex-connectivity, the idea is to compute a k-vertex-connected k-regular
graph and a (possibly not connected) d-factor. We iteratively add edges from the
k-vertex-connected graph to the d-factor while maintaining the degrees until we
obtain a k-vertex-connected d-factor. This works for d > 2k — 1 (Lemma 3.1).

2 Edge-Connectivity

In this section, we present an approximation algorithm for Min-dReg-kEdge for
all combinations of d and k, provided that d > 2[k/2]. This means that the
algorithm works for all d > k with the only exception being the case of odd
d=k.

The main idea of our algorithm is as follows: We start by computing a
d-factor. Then we iteratively increase the connectivity as follows: First, we iden-
tify edges that we can safely remove without decreasing the connectivity. Second,
we find edges that we can add in order to increase the connectivity while repair-
ing the d-regularity that we have destroyed in the first step.

One might be tempted to use the k-edge-connected components of the
d-factor in order to increase the edge-connectivity from k — 1 to k. The catch is
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that there need not be enough k-edge-connected components, and it is in fact
possible to find (k—1)-edge-connected graphs that are d-regular with d > k with-
out any k-edge-connected component. To circumvent this problem, we introduce
the notion of k-special components, which have the desired properties.

2.1 Graph-Theoretic Preparation

Different from the rest of the paper, the graph G = (V. E) is not necessarily
complete in this section. The following definition of k-special components is
crucial for the whole Sect. 2.

Definition 2.1. Let k € N, and let G = (V, E) be a graph. We call L CV a
k-special component in G if cutg(L) < k —1 and L is locally k-edge connected
in G.

For k = 1, the k-special components are the connected components of G. The 2-
edge-connected components of a graph yield a tree with a vertex for every 2-edge-
connected component and an edge between any 2-edge-connected components
that are connected by an edge. The 2-special components of G correspond to
the leaves of this tree.

Let us collect some facts about k-special components.

Lemma 2.2. Let G have a minimum degree of at least k, and let L be a k-special
component in G. Then |L| >k + 1.

Lemma 2.3. Let G be a graph. If L is a k-special component, then L is a
mazimal locally k-edge-connected component. If L and L' are k-special, then
either L=L" or LNL = .

The following crucial lemma shows the existence of k-special components.

Lemma 2.4. Let k > 1. Let G = (V,E) be a (k — 1)-edge-connected graph.
Then every non-empty vertex set X C V either contains a k-special component
or satisfies cutg(X) > k.

The purpose of the next few lemmas is to show that we can always remove
an edge from a k-special component without decreasing the connectedness of
the whole graph. In the following, let m = [k/2] + 1. It turns out that the
graph induced by a k-special component contains a locally m-edge-connected
component.

Lemma 2.5. Let k > 1. Let G = (V, E) be a (k — 1)-edge-connected graph of
minimum degree at least 2[k/2], and let L be a k-special component of G. Then
there exists an X C L such that X is a locally m-edge-connected component in L
and | X| > k+ 1.

The edges {u;,v;} mentioned in the next lemma are the edges that we can
safely remove. The resulting graph will remain (k — 1)-edge-connected according
to Lemma 2.7. The vertices u; and v; in the next lemma will be chosen from X; C
L;, where X is a locally m-edge-connected component in L; as in Lemma 2.5.
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Lemma 2.6. Let k > 1. Let G = (V, E) be a (k — 1)-edge-connected graph of
minimum degree at least 2[k/2]. Let Ly, ..., Lg be the k-special components of G.
Then there exist vertices u;,v; € L; for all i € {1,...,s} such that the following
properties are met:

~{ui, v} € E for alli.

~ {ui, v} ¢ E foralli #j.

— There exist at least m edge-disjoint paths from wu; to v; in the graph induced
by L; for everyi.

Lemma 2.7. Let G = (V, E) be a (k — 1)-edge-connected graph of minimum
degree at least 2[k/2] with k-special components L1,...,Ls, and let uy, ..., us
and vy, ...,vs be chosen as in Lemma 2.6. Let QQ = {{ui,vi} |[1<i< s} Then
G — Q is (k — 1)-edge-connected.

By removing the edges {u;,v;} € Q and adding the edges {u;,v;11} € S, we
construct a k-edge-connected graph from the (k — 1)-edge-connected graph G
according to the following lemma.

Lemma 2.8. Let G = (V,E) be a (k — 1)-edge-connected graph of minimum
degree at least 2[k/2] with k-special components Ly, ..., Ls, and let uy,. .., us
and vy, ...,vs be chosen as in Lemma 2.6. Let Q = {{ui,vi} |1<i< s}, and
let S = {{ui,vi_H} [1<i< s}, where arithmetic is modulo s.

Then the graph G = G — Q + S is k-edge-connected.

To conclude this section, we remark that the k-special components of a graph
can be found in polynomial-time: local k-edge-connectedness can be tested in
polynomial time. Thus, we can find locally k-edge-connected components in poly-
nomial time. Since k-special components are maximal locally k-edge-connected
components, we just have to compute a partition of the graph into locally
k-edge-connected components and check whether less than k edges leave such a
component. Therefore, the sets L; and X; C L; as well as the vertices u; and v;
with the properties as in Lemmas 2.5 and 2.6 can be computed in polynomial
time.

2.2 Algorithm and Analysis

Our approximation algorithm for Min-dReg-kEdge (Algorithm 1) starts with an
{-edge-connected d-factor Fy. How we choose ¢ and compute F; depends on the
parity of k, but it is possible that improved approximation algorithms for certain
small k lead to other initializations. (If k is even, we use £ = 0 and Fy = OptF,.
If k£ is odd, we use ¢ = 2 and approximate a 2-edge-connected d-factor F5 using
the algorithm of Cornelissen et al. [5].)

Then it iteratively uses a subroutine (Algorithm 2) that increases the connec-
tivity. To increase the connectivity, we compute a TSP tour (line 3). We do this
using Christofides’ algorithm [25, Sect. 2.4], which achieves an approximation
ratio of 1.5.
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input : undirected complete graph G = (V, F), edge weights w, integers k > 3,
d > 2[k/2]
output: k-edge-connected d-factor R of G
compute a minimum-weight ¢-edge-connected d-factor Fy (or an approximation)
forp—/¢+1,...,k do
if F,_1 is not p-edge-connected then
‘ apply Algorithm 2 to obtain F),
else
| Fp— Fp
end
end
R — Fj,

Algorithm 1. Approximation algorithm for Min-dReg-kEdge.

© 00 N O Uk W

input : undirected complete graph G = (V, E), edge weights w, integer p > 1,
(p — 1)-edge-connected subgraph F,_; of G with minimum degree at
least p+ 1
output: p-edge-connected subgraph F}, of G with the same degree at every
vertex as Fp_1
1 find the p-special components of Fj,_1; let Li,..., Ls be these p-special
components
2 find vertices u;,v; € L; for all 4 € {1,...,s} with the properties stated in
Lemma 2.6; Q « {{us,vi} |1 <i< s}
3 compute a TSP tour T on V using Christofides’ algorithm
4 take shortcuts to obtain a tour 77 on w1, ..., us (without loss of generality in
this order)
5 S« {{ui,vit1} | 1 <i < s} (arithmetic modulo s)
6 Fp<—Fp_1—Q+S
Algorithm 2. Increasing the edge-connectivity of a graph by 1 while main-
taining d-regularity.

We analyze correctness and approximation ratio using a series of lemmas.

Lemma 2.9. Let k > 1 be arbitrary, and let p € {{,{ +1,...,k}. Let F, be
computed by Algorithm 1. Then F, is d-regular and p-edge-connected.

In order to analyze the approximation ratio and to achieve a constant approxi-
mation for all k, we exploit a result that Fukunaga and Nagamochi [8] attributed
to Goemans and Bertsimas [12] and Wolsey [26].

Lemma 2.10 (Fukunaga, Nagamochi [8, Theorem 2]). Let T be the TSP
tour obtained from Christofides’ algorithm. Then w(T) < 2 - w(OptEF).

A consequence of Lemma 2.10 are the following two statements, which we need
to analyze the approximation ratio.
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Lemma 2.11. If, in Algorithm 1, we enter line 4 and call Algorithm 2, then
3
w(Fp) < - w(OptEFY) + w(F,_1).

Lemma 2.12. [If Algorithm 1 calls Algorithm 2 q times, then

3
w(Fy) < ?q -w(OptEFY) + w(F).
Theorem 2.13. For k > 2 and d > 2[k/2], Algorithm 1 is a polynomial-time
approzimation algorithm for Min-dReg-kEdge. It achieves an approximation ratio
of 2.5 for even d and an approximation ratio of 4 — % for odd d.

Algorithm 1 works also for the case of even d = k, but there exists already an
approximation algorithm with a ratio of 2+ % for this special case [1]. Note that
the proof of Theorem 2.13 does not cover the case of odd d and k = 1, but it is
already known that this case can be approximated with a factor of 3 [5].

3 Vertex Connectivity

In this section, we consider Min-dReg-kVertex for d > 2k — 1. The basis of
the algorithm (Algorithm 3) is the following: Assume that we have a k-vertex
connected k-factor H and a d-factor F' that lacks k-vertex-connectedness. Then
we iteratively add edges from H to F' to make F' k-vertex-connected as well.
More precisely, we try to add an edge e € H \ F to increase the connectivity of
F. To maintain that F' is d-regular, we have to add another edge and remove
two edges of F'. If, in the course of this process, we never have to remove an edge
of H from F, then the algorithm terminates with a k-vertex-connected d-regular
graph.

In Algorithm 3, the initial d-factor OptF,; can be computed in polyno-
mial time (line 1). Kortsarz and Nutov showed that we can compute a k-
vertex-connected spanning subgraph K whose total weight is at most a factor of
2+ % larger than the weight of a k-vertex-connected graph of minimum weight
(line 2). Chan et al. [1] devised an algorithm that turns k-vertex-connected
graphs K into k-regular k-vertex-connected graphs H at the expense of an addi-
tive w(OptV*)/k.

With this initialization, we iteratively add edges from H to F' while main-
taining d-regularity of F'. This works as long as d is sufficiently large according
to the following lemma. We parametrize the maximum degree by ¢ in order to
be able to get a slight improvement for larger d (Corollary 3.3).

Lemma 3.1. Let k, ¢ > 2 andd > k+{— 1. Let G = (V, E) be an undirected
complete graph. Let F be a d-factor of G, and let H be a k-vertex-connected
graph subgraph of G that has a maximum degree of at most £. Assume that F is
not k-vertex-connected.

Then there exists an edge e = {ui,us} € H \ F such that u; and us are
not connected via k vertex-disjoint paths in F. Furthermore, given such an edge
e = {uy,us}, there exist vertices vi,vy € V with vy # ve and the following
properties:
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input : undirected complete graph G = (V, F), edge weights w, integers k > 2,

d>2k-1
output: k-vertex-connected d-factor R of G
1 F +— OptF,

2 approximate a k-vertex connected graph K using the algorithm of Kortsarz and
Nutov [17]

3 compute a k-vertex-connected k-factor H from K using the algorithm of Chan
et al. [1]

4 while F is not k-vertex-connected do

select an edge e = {u1,uz} € H \ F such that u; and uz are not connected

by k vertex-disjoint paths in F'

choose vertices vi,ve with {u1,v1}, {uz,v2} € F'\ H and {v1,v2} ¢ F

6
7 F — (F\ {{’U;l,’Ul},{Uz,’Uz}}) U {{u17u2}7{1}1,1}2}}
8
9

[}

end
R+ F

Algorithm 3. Approximation algorithm for Min-dReg-kVertex for d >
2k — 1.

1. {ul,’Ul},{UQ,UQ} S F\H
2. {’01,’02} ¢F

With this lemma, we can prove the main result of this section.

Theorem 3.2. For k,d € N with k > 2 and d > 2k — 1, Algorithm 3 is a
polynomial-time approzimation algorithm for Min-dReg-kVertex with an approz-
imation ratio of b + %772 + %

Algorithm 3 also works for k = 1, but there already exist better approximation
algorithms for this case (see Table2). With the slightly stronger assumption
d > 2k, we can get a slightly better approximation ratio.

Corollary 3.3. For k,d € N with k > 2 and d > 2k, there exists a polynomial-
time approximation algorithm for Min-dReg-kVertex with an approximation ratio
of 5+ sz—z

4 Generalization to Arbitrary Degree Sequences

Both algorithms of Sects. 2 and 3 do not exploit d-regularity, but only that the
degree of each vertex is at least d. Thus, we immediately get approximation
algorithms for Min-dGen-kEdge and Min-dGen-kVertex, where we get a degree
requirement of at least d for each vertex.

For k-edge-connectedness, we require that the minimum degree requirement
is at least 2[k/2].

Theorem 4.1. For k > 2, Min-(2f§])Gen-k‘Edge can be approximated in poly-
nomial time with an approzimation ratio of 4 — %
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For k-vertex-connectivity, we require that the minimum degree requirement is
at least 2k — 1. (For minimum degree at least 2k, we get a small improvement
similarly to Corollary 3.3.)

Theorem 4.2. For k > 2, Min-(2k — 1)Gen-kVertex can be approximated in
polynomial time with an approximation ratio of 5+ % + %

Min-(2k)Gen-kVertex can be approximated in polynomial time with an approz-
imation ratio of 5+ 2£=2.

5 Conclusions and Open Problems

We conclude this paper with two questions for further research.

First, for edge-connectivity, we require d > 2[k/2]. Since there exists an
approximation algorithm for Min-kReg-kEdge (for k£ > 2) [1], the only case for
which it is unknown if a constant factor approximation algorithm exists is the
generalized problem Min-kGen-kEdge for odd values of k. We are particularly
curious about approximation algorithms for Min-1Gen-1Edge, where we want to
find a cheap connected graph with given vertex degrees. To get such algorithms,
vertices with degree requirement 1 seem to be bothersome. (This seems to be a
more general phenomenon in network design, as, for instance, the approximation
algorithms by Fekete et al. [7] for bounded-degree spanning trees and by Fuku-
naga and Nagamochi [8] for k-edge-connected subgraphs with multiple edges
both require that the minimum degree requirement is at least 2.) Still, we con-
jecture that constant factor approximation algorithms exist for these problems
as well.

Second, we would like to see constant factor approximation algorithms for
Min-dReg-kVertex for the case k +1 < d < 2k — 2 and for the general prob-
lem Min-dGen-kVertex for k < d < 2k — 2. We conjecture that constant factor
approximation algorithms exist for these problems.
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Abstract. In the well-studied Unsplittable Flow on a Path problem
(UFP), we are given a path graph with edge capacities. Furthermore,
we are given a collection of n tasks, each one characterized by a sub-
path, a weight, and a demand. Our goal is to select a maximum weight
subset of tasks so that the total demand of selected tasks using each
edge is upper bounded by the corresponding capacity. Chakaravarthy et
al. [ESA’14] studied a generalization of UFP, bagUFP, where tasks are
partitioned into bags, and we can select at most one task per bag. Intu-
itively, bags model jobs that can be executed at different times (with
different duration, weight, and demand). They gave a O(logn) approx-
imation for bagUFP. This is also the best known ratio in the case of
uniform weights. In this paper we achieve the following main results:

e We present an LP-based O(log n/ loglogn) approximation for bagUFP.
We remark that, prior to our work, the best known integrality gap (for a
non-extended formulation) was O(logn) even in the special case of UFP
[Chekuri et al., APPROX’09].

e We present an LP-based O(1) approximation for uniform-weight
bagUFP. This also generalizes the integrality gap bound for uniform-
weight UFP by Anagnostopoulos et al. [IPCO’13].

e We consider a relevant special case of bagUFP, twUFP, where tasks in a
bag model the possible ways in which we can schedule a job with a given
processing time within a given time window. We present a QPTAS for
twUFP with quasi-polynomial demands and under the Bounded Time-
Window Assumption, i.e. assuming that the time window size of each
job is within a constant factor from its processing time. This generalizes
the QPTAS for UFP by Bansal et al. [STOC’06].

1 Introduction

In the well-studied Unsplittable Flow on a Path problem (UFP) we are given a
path graph G = (V, E), V. ={0,1,...,m}, with positive integer edge capacities
{uc}ecr and a collection T of n tasks. Each task ¢ € T is associated with a
weight w; € Nt, a demand d; € NT, and a subpath P; between nodes s; and ;.

This work is partially supported by the ERC StG project NEWNET no. 279352.
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Let T, = {i € T : e € P;} be the tasks containing edge e. Our goal is to select
a subset of tasks 7" C T of maximum total weight w(T") := ., w; so that,
for each edge e, the total demand de(1") := > ;7. di of selected tasks using
that edge is upper bounded by the corresponding capacity u.. Intuitively, edge
capacities model a given resource whose amount varies over a given time interval
(in a discrete fashion), and tasks demand for some amount of that resource. In
particular, the length of each subpath can be interpreted as a processing time.
By standard reductions [4,8], we can assume that m < 2n and all edge capacities
are distinct.

UFP is strongly NP-hard [14]. Anagnostopoulos et al. [2] recently gave the cur-
rent best 2 + ¢ approximation for the problem!, improving on [5,8]. This matched
apreviously known [13] approximation for UFP under the No-Bottleneck Assump-
tion (NBA), i.e. assuming that the largest demand is upper bounded by the
smallest capacity. This matched also the best known approximation for the
uniform-capacity case [9].

The UFP with Bags problem (bagUFP) is the generalization of UFP where
tasks are partitioned into a set of h bags J = {Bi,...,B}, and we have the
extra constraint that at most one task per bag can be selected. Intuitively, bags
model jobs that we can execute at different points of time (and at each such
time one has a different demand, weight, and processing time). This problem is
APX-hard even in the case of unit demands and capacities [16]. Chakaravarthy
et al. [10] recently gave the current best O(logn) approximation for bagUFP.
The approximation factor remains the same in the case of uniform weights. The
same authors also presented a O(1) approximation under NBA.

1.1 Owur Contribution.

In this paper we present an improved approximation for bagUFP (see Section 3).
In the special case of uniform weights, we can reduce the approximation factor
down to a constant (see Section 4).

Theorem 1. There is an expected O(logn/loglogn) approximation for bagUFP.
Theorem 2. There is an O(1) approzimation for uniform-weight bagUFP.

Both our results are LP-based, and exploit a refined LP for bagUFP which is
inspired by the work on UFP in [1,8]. In more detail, let us define a task large if
it uses more than one half of the capacity of some edge along its subpath, and let
Tiarge be the large tasks. Bonsma et al. [8] introduced a geometric interpretation
of large tasks. They associate to each ¢ € Tj4r4. an axis-parallel rectangle R; in
the 2D plane with top-left corner (s;,b;) and bottom-right corner (¢;,b; — d;),
where b; = min.cp, {u.} is the bottleneck capacity of task i. We call this set
of rectangles R the top-drawn representation of Tjgrge. In [8, Lemmal3] it is
shown that in any feasible UFP (hence bagUFP) solution at most 4 correspond-
ing rectangles can overlap at a given point (intuitively, those large tasks induce

! Unless differently stated, ¢ denotes an arbitrarily small positive constant parameter.
Where needed, we also assume that 1/e is integral and sufficiently large.
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an almost independent set of rectangles). This insight was later used by Anag-
nostopoulos et al. [1]. Consider the grid induced by the horizontal and vertical
lines containing the rectangle sides. Let P be the set of (representative) O(n?)
middle points of the (positive area) cells of this grid. Note that any subset of
rectangles that share a positive size area, will overlap on some point in P. The
authors consider the following (non-extended?) LP relaxation for UFP:

max Y ieq Wil (LPyrp+)
st Dieep, diti S e Vee E (1)
ZiETlarge:peRi r; <4 VpepP (2)

zi 20 VieT

We call the constraints of type (1) and (2) capacity and rectangle constraints,
respectively. The authors show that this relaxation has O(1) integrality gap in
the case of uniform weights. Note that one can preprocess the instance so that
the weights range between 1 and O(n/e) while losing a factor 1+¢ in the approx-
imation. By partitioning tasks in O(log(n/e)) classes of almost uniform weight,
one obtains that LP;pp+ has O(logn) integrality gap for general weights®.

In this paper we consider the LP relaxation LPy,,ypp+ for bagUFP which
is obtained from LP;rp+ by adding the following bag constraints:

Ziij z; <1 VBJ e J

The standard LP relaxation LPy,qurp for bagUFP is obtained from bagUFP+
by removing the rectangle constraints. We show that L Py, rp+ has constant
integrality gap in the uniform weight case, and integrality gap O(logn/loglogn)
in the general case. In particular, for the uniform-weight case we can adapt the
analysis in [1], while for the general case we can generalize the rounding proce-
dure of Chan and Har-Peled [11] for the maximum independent set of rectangles
problem. Note that the latter result slightly improves the best integrality gap
even in the case of UFP (for a compact, non-extended LP relaxation).

We also study a relevant special case of bagUFP (and generalization of UFP),
that we name UFP with Time Windows (twUFP). Here we are given a capaci-
tated path graph and a collection of jobs, where each job j is characterized by
a weight, a demand, a (positive, integer) processing time 7; and a time window
W; (i.e. a subpath between given nodes s; and t;). For each possible node o;
(starting time) so that s; < 0; < t; —7;, we define a task ¢ with the same weight
and demand as j, and whose subpath P; has endpoint s; = 0; and t; = o; + 7;.
The tasks corresponding to the same job j define a bag B;. Intuitively, tasks
in B; describe the possible ways in which we can process job j within its time
window. Our goal is to compute a maximum weight solution for the result-
ing bagUFP instance. We believe that in practice several instances of bagUFP

2 By non-extended we mean that it contains only decision variables for tasks. In the
same paper the authors present an extended formulation with O(1) integrality gap.

3 The same gap is proved by Chekuri et al. [12]. The authors claim a O(log2 n) gap,
and then refine it to O(logn) in an unpublished manuscript.
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are indeed instances of twUFP. The best-known approximation for twUFP is
also O(logn), where n is the number of tasks (O(logn/loglogn) considering
Theorem 1). In particular, the approach in [10] does not seem to benefit from
the special structure of twUFP, nor does the approach from Theorem 1.

We present a QPTAS* for twUFP under the following Bounded Time- Window
Assumption (BTWA): for any job j, (t; — s;)/7; < C = O(1) (in words, the
ratio between the time window size and the processing time is bounded by some
constant). Our result generalizes the QPTAS for UFP by Bansal et al. [4]. Here,
similarly to [4], we assume® that demands are quasi-polynomially bounded in n.

Theorem 3. There is a QPTAS for twUFP under BTWA and assuming that
demands are quasi-polynomially bounded in n.

Indeed, our QPTAS generalizes to the special case of bagUFP where tasks in the
same bag have the same demand and weight (under the natural generalization
of BTWA, that is, under the assumption that the processing time of any task 4
contained in bag B; is at most a constant factor shorter than the length of the
bag max;ep; t; — min;ep, s;). Note that bagUFP is APX-hard, therefore there is
not much hope for a PTAS for it. In contrast, our result provides an evidence
that twUFP might be an easier problem, at least under BTWA. It is unclear to
us whether the general case of twUFP is as hard to approximate as bagUFP.

In order to understand our contribution, it is convenient to sketch how the
QPTAS for UFP in [4] works. Let us consider the tasks OPT,,;4 in the optimum
solution OPT that use the middle edge €,,;4. The authors show how to define a
capacity profile Um;q, dominated by the demand of O PT,,;q, which has a quasi-
polynomial number of steps, and such that there is a feasible solution AP X,,;4
for capacities ;g of cost close to OPT,,;q and which can be computed in QPT.
Thus one can guess Up;q, compute APX,,;q, and branch on a left and right
subproblem (where capacities are decreased by w4, and we consider only tasks
fully contained to the left/right of e€,,:4)-

This approach does not work for twUFP since a time window might be split
by emiq.- In that case the left and right subproblems are not independent any
more (in particular, we cannot select two tasks from the same bag, one from the
left subproblem and the other from the right one). To circumvent this problem,
we exploit the randomized dissection technique by Grandoni and Rothvof for the
related Highway problem [15]. We evenly split the path into a random constant
number of intervals, and iterate the process on each such interval. With prob-
ability close to one, the time window of each job j is fully contained in some
interval I of the dissection, and at the same time none of its tasks B; is fully
contained in a subinterval of I (here we need the BTWA). Thus we can define a

4 We recall that a Quasi- Polynomial-Time Approzimation Scheme (QPTAS) is an algo-
rithm that, given a constant parameter € > 0, computes a 1 + ¢ approximation in
Quasi- Polynomial Time (QPT), i.e. in time 2P°'¥1°5(*) where s is the input size.

® We remark that Batra et al. [7] recently managed to remove this assumption on the
demands for UFP. Their approach does not seem to be compatible with our random-
ized dissection technique (at least not trivially).
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capacity reservation that combines a constant number of capacity profiles, and
use a proper algorithm (rather different from [4], due to bag constraints) to com-
pute a good approximation for the considered jobs. We can then branch on the
subproblems induced by the subintervals.

Omitted proofs are provided in the full version of this paper.

2 A QPTAS for the Bounded Time-Window Case

In this section we present a QPTAS for twUFP under BTWA, and assuming
that the largest demand D, ., is quasi-polynomially bounded in the number of
tasks n. By standard tricks, while losing only a factor 14-¢ in the approximation
factor, we can assume that weights range between 1 and O(n/e).

A capacity reservation r is simply a collection of edge capacities {r.}.c g with
re < u, for all edges e. A solution is feasible w.r.t. r if it respects the capacity
constraints induced by r. We say that r has k-steps if, scanning edges from left to
right, the value of their capacity changes at most & times. For another capacity
reservation ', we say that r dominates r' if r, > r, for each edge e. For a set
of tasks S, we say that r is dominated by the demand of S ifro <> d;
for each edge e.

The following technical lemma is similar in spirit to results in [4].

1€S :e€P;

Lemma 1. Let S be a collection of at least 2/<® tasks using a given edge e, and
with demand in [D, (1 + €)D) and weight in [W, (1 + &)W). Then there exists a
capacity reservation r and a set of tasks R C S such that: (1) r is dominated by
the demand of S; (2) r has O(1/e%) steps and its entries are integer multiples
of (1+¢€)D; (3) R is feasible for r, even if the paths of its tasks are expanded to
the left/right to reach the closest edge before a change of capacity in v and their
demand is increased to (1 +¢)D; (4) w(R) > (1 — O(e))w(S5).

Next lemma will be used to partition the input problem into a quasi-polynomial
number of subproblems. For a given set of edges F', let Jr be the set of jobs j
such that each task in B; contains some edge in F', and let Tr = Ujc ;.. B;. Note
that containing an edge in F' is not sufficient for a task ¢ to be in Tr. We define
Tr =T\ Tp.

Lemma 2. Consider a twUFP instance with optimal solution OPT, and let F
be a subset of O(1) edges. There exists a QPT algorithm that generates a set Up
of capacity reservations ri, and a feasible solution APXp C Tg for each such rg
such that, for at least one such pair {r*, APX*}, APX := (OPTNTz)UAPX*
is a feasible twUFP solution and w(APX) > (1 — O(e))w(OPT).

Proof. Let OPTr := OPT NTr and OPTf := OPT NTgx. We first show how
to construct a capacity reservation r* which is dominated by the demand of
OPTr. Let TH%% be the class of tasks i € Tr with d; € [(1 +¢)%, (1 +¢)2*1)
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and w; € [(1+4¢)°, (14 ¢)**1) for a,b € N, and such that f is the leftmost edge
in P; N F. Observe that there are O (lognlog Dy,q.) (non-empty) such classes.
Define OPT/% .= OPT N T#%%. Suppose that |OPT#*?| > 2/e3. Then we
apply Lemma 1 with § = OPT7*® and e = f, hence obtaining a capacity reser-
vation r%? and a solution R7**?. Otherwise, we simply let R/** = QpPTfab
and 7/:%® be the total demand of Rf®. Let r* Ef b r/:a:b Observe that r*
has O.(|F|lognlog D,q.) steps, and each entry of r* is obtained from the total
demand of O(|F|/e?) tasks plus an integer multiple of (1+¢)%*! for O, (log Dypaz)
possible values of a. Therefore in QPT we can enumerate a set Ur of capacity
reservations that includes r*.

Our algorithm constructs (in QPT) a feasible solution for each capacity reser-
vation in Up. For the sake of simplicity, we next focus on the solution APX*
corresponding to the reservation r* described before. Note that, since r* is dom-
inated by the demand of OPTr, APX* U OPT% has to satisfy the capacity
constraints. Furthermore, the bags of tasks in OPT} are disjoint from the bags
of tasks in T by definition (hence also bag constraints are satisfied). We will
later show that w(APX*) > (1 — O(e))w (OPTF) The claim follows.

Let us focus on a given pair (a,b). We guess® the set F °. of all the edges

fevr such that |OPTf’ ' 3 and the corresponding tasks APXF®b .=

OPT/ b = RF:@b with demand rf @b The corresponding jobs are removed from
the instance. Let F%5, = F\ Ff; . For any f € F%?, . we guess the capacity

reservation r#:¢?.7 Note that this reservatlon has O(1/?) steps, and its entries
are integer multiples of (1+¢)D, D = (1+¢)%. We expand all the tasks in 7'/:%®
to the left /right till the closest edge before a change in the capacity of r:** and
increase their demand to (14 ¢)D.

Next we consider the bagUFP instance induced by rounded tasks 7%t .=

many
T/ @b with edge capacities given by ¢ ZfeFa » 1@ Observe
iy

8

U a,b
fE€EF N any
that all the tasks of a remaining JOb are considered in the same such instance®.

We also remark that Rﬁlgny = Upepop RFab is a feasible solution to this
many

bagUFP instance by construction. We also remark that &5 . has O(|F|/e?)
steps, hence by contracting edges one obtains an equivalent bagUFP instance
with a constant number of edges.

We next show how to compute the optimal solution APX®"  for this

many

. . . . b
bagUFP instance via dynamic programming. Let us sort the considered h:. .

jobs arbitrarily In our dynamic program we have a table entry (h/,r’) for each

h o= hfngny and for each feasible capacity reservation ' dominated by
a,b

Tmany and whose capacities are non-negative integer multiples of (1 +¢)D. Note
that there is a polynomial number of table entries. The value DP(R/,r") of this
entry will be set to the maximum weight of a feasible bagUFP for 7’ using tasks

from the first 4’ jobs only. Table entries are filled in for increasing values of h'.

many

5 Throughout this paper, by guessing we mean trying all the possibilities.
7 In the guessing we of course guarantee that r* = Zf an’
8 Here we exploit a property of twUFP not satisfied by bagUFP
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It is easy to compute the values DP(1,r’) (base case). For any h’ > 1, one has®

DP(I,r'") = max{DP(h' —1,r"), I_rel%x{wj +DP(h —1,70)}},

where 7} is obtained from 7’ by subtracting the demand of task 7. The desired
solution APX%" s the one corresponding to DP(h%Lb ~ r&b .

many many’ ' many
Our global solution is APX* = U, ,(APX50, U (U po APX T abY)) with
w(APX") =30, repar w(OPTH®Y) + 37 w(APX 0,
(e few ’

= w(OPTH ") + 33, scpar w(RI™?)
Le;’ul OPTf,a,b 1 O OPTf’a’b

= Za,b,fGF;'e’w w( )+Za,b,f€an*£ny( —O0(e)w( )
> (1 —0(e))w(OPTr). -

We are now ready to describe the global algorithm, which is inspired by [15].

We first embed G into a longer random path G/ as follows. Let v = (1/&/)'/¢’,
where 1/¢’ = [1/min{e,1/C})] (in particular, &’ < min{e,1/C}). Let m be the
number of edges in the input graph. By adding dummy edges, we can assume
that m = ~* for some integer £. We choose integers x € {1,...,m} and y €
{1,...,1/&'} uniformly at random. Next we append 2 dummy edges to the left
of the path and m - ((1/¢")¥ — 1) — z dummy edges to its right. All dummy edges
have capacity one. Let G’ be the resulting path graph, with m/ = ~%(1/¢')¥
edges. We remark that this step can be easily derandomized by considering all
the possible values for z and y.

We next consider the following recursive dissection of G’. We split G’ into
~ intervals of equal length (in terms of number of edges). Each such interval is
subdivided recursively in the same way, and we halt when we reach intervals of
length v or less. Welet I, . .., I, denote the (direct) subintervals of interval 1. We
remark that intervals at level ¢ > 0 in this dissection have length o := m//~9.

We say that a job j is at level £(j) in this dissection if its time window W;
is fully contained in an interval I(j) of level £(j), but not of level £(j) + 1. We
similarly define £(¢) and I(i) for a task i. For a given interval I, let J(I) be
the jobs whose time window if fully contained in I, but not in any one of its
subintervals. Among them, we call good the jobs Gd(I) such that all their tasks
¢ have I(i) = I(j) (i-e., they are not fully contained in a subinterval of I), and
bad the remaining jobs Bd(I)!°. We discard from the instance all the bad jobs
Bd := U;Bd(I).

Then we apply the following recursive algorithm, that takes as input one
such interval I and a residual capacity v’ coming from earlier calls. In the root
call we use I = G’ and «' = u. Let F(I) be the set of rightmost edges of the

9 Intuitively, the first term in the outer max corresponds to the case that the best
solution does not use job k, and the second term to the weight obtained by including
some task ¢ € By in the solution.

10 We call good the jobs of level ¢ by definition.
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subintervals of 7. We consider the twUFP instance induced by (I,w’) with jobs
Jj such that W; C I (excluding the discarded bad jobs Bd([)), and we apply to
this instance Lemma 2 with F' = F(I). We remark that the tasks T in this case
are precisely the tasks of good jobs Gd(I).

This generates a quasi-polynomial size set of pairs {r(I), APX(I)}. For
each such pair {r(I), APX(I)} the algorithm branches by solving recursively
each subproblem induced by each subinterval I;, with capacity reservation
induced by «' — r(I): let APX(I;) be the resulting solution. The output of
this recursive call is the maximum weight solution among the solutions of type
APX(I)U(U;APX (I;)). The base case is given by intervals I of length at most ~.
A QPTAS for this instance is provided by Lemma 2: just choose F' to be all the
edges in I.

It is not hard to see that the above recursive algorithm is QPT. Furthermore,
it outputs a 1 — O(e) approximation of the optimal solution, restricted to the
subset of good jobs Gd := U;Gd(I). Next lemma shows that each given job is
bad with sufficiently small probability. Theorem 3 follows.

Lemma 3. FEach job is good with probability at least 1 — 3¢.

Proof. Let us upper bound the probability that a job j is bad. We next assume
that £(j) < ¢, otherwise j is deterministically good by definition and there is
nothing to show.

We say that j is risky if there exists ¢ such that e'a, < t; —s; < Layg.
We next bound the probability that j is risky. Consider a log-scale axis and
call segment the distance corresponding to a multiplicative factor of 1/&’. The
regions of risky time-window lengths correspond to 2 segments for each value of
q, separated by 1/&’ —2 segments which are not risky. By the random choice of y,
the risky regions are shifted randomly w.r.t. the time-window lengths. Therefore
each job is risky with probability at most 2/(1/¢’) = 2¢’ < 2e.

Let us next condition on the event that job j is not risky. Then there exists
a ¢ such that ﬁaq <tj—sj <cagq. I L(j) = q—1, then j is good: indeed,
7; > (t; —s;)/C > €'(t; — sj) > aq. Thus each path P;, i € B;, is strictly longer
than the level ¢ subintervals of I(j).

Due to the random choice of x, the endpoints of the intervals of level ¢ — 1
are randomly shifted w.r.t the time window W;, and £(j) < g — 1 only if W;
crosses some interval of level g — 1. Therefore Prf(j) < ¢ —1] < Zq%sl] <eg <e.

Altogether, job j is bad with probability at most 3¢.

Remark 1. The above QPTAS extends to the special case of bagUFP where tasks
in the same bag have the same demand and weight (under the natural analogue of
BTWA). In particular, it is sufficient to adapt the DP from Lemma 2. However,
it does not seem to extend to the case that weights and demands are arbitrary
(since in that case the same bag might influence different capacity profiles rfnif’my,
which therefore cannot be considered separately in the DP).
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3 An Improved Approximation for bagUFP

In the Mazimum Independent Set of Rectangles problem (MISR) we are given a
collection R = {Ry,..., R,} of axis-parallel rectangles in the 2D plane, where
R; has weight w;. Our goal is to find a maximum total weight subset of rectan-
gles which are pairwise non-overlapping''. We define bagMISR. as the natural
generalization of MISR with bags J = {B1,..., B}

We first present a O(logn/loglogn) approximation for bagMISR, and then
show how to use it to achieve the same approximation factor for bagUFP.

Approximating bagMISR. Let P be the set of O(n?) representative points
for rectangles R obtained with the already mentioned construction. Consider
the following natural LP relaxation for bagMISR:

max ) p o Wil (LPyagMIsSR)
s.t. ZRiER:pERi yi <1 VpeP
ZRiij y; <1 VBjeJ

y; =0 VR €R

The standard LP relaxation LPys;sgr for MISR is obtained from the above LP
by removing the bag constraints. Let B(R;) be the set of rectangles in the same
bag of R;, and, for an arbitrary set of rectangles R C R, let y(R') = >,/ ¥i-
For two overlapping, distinct rectangles R; and R;, we say that they corner-
intersect, and write R; ® R;, if one rectangle contains at least one corner of the
other rectangle. Otherwise they cross. For an arbitrary set R’ C R and rectangle
R; € R, define the resistance 7 as:

(R, R)= Y y+ > Ui
R;eR'\B(R;), R;eR'NB(R;i)\{Ri}
R,®R;

Let G; and G2 be two undirected graphs with vertex set R constructed as
follows: if two distinct rectangles R; and R; are incompatible (i.e., they overlap
or are in the same bag), then the edge (R;, R;) is added to G, if R; ® R; or if
they are in the same bag, otherwise the edge (R;, R;) is added to G. Of course,
a subset I C R is a feasible solution if and only if it induces an independent set
of nodes in both the graphs simultaneously.

Our approximation algorithm works as follows. First, a fractional optimum
solution y of LPyaemisr is found. Then a permutation II of R is computed
in the following manner: given the first ¢ rectangles II; = {m,...,m;} in the
permutation, the (i 4+ 1) element 7;,; (breaking ties arbitrarily) is:

M1 = arg min R;, R\II;
i+ gRjeR\Hin( i RA L)
' For our goals, it is convenient to consider two rectangles as overlapping iff they

overlap on a positive value area. In particular, overlapping on rectangle boundaries
is allowed.
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We next compute a candidate set C' and an independent set I C C of G . Initially,
C and I are empty. Then, the members of the permutation are scanned in reverse
order: at iteration k, the rectangle m,_(;_1) is added to C' independently with
probability y(m,——1))/10. If m,_(4_1) is added to C and I U {m,_(,_1)} is an
independent set in Gy, then m,_(x_1) is also added to I.

Note that I might not be an independent set due to crossing intersections. Let
A be the maximum clique-size of the rectangles in Go[I], that is, the maximum
number of rectangle overlapping on the same point. Since the rectangles in I
only have crossing intersections, Ga[I] can be colored in polynomial time using
A colors as shown in [3]. The algorithm then returns the color subclass I’ of T
that has the largest total weight. Clearly, I’ is an independent set in both G
and G4, and thus it is a feasible solution. We can bound the approximation ratio
similarly to [11].

Lemma 4. There is an expected O(logn/loglogn) approzimation for bagMISR.

Approximating bagUFP. Our algorithm works as follows. We first compute
an approximate solution AP X ,q associated to small tasks Tsman = T\Tlm«ge
using the algorithm in [10]. We recall that this algorithm computes a constant
approximation of the optimal fractional solution of L Py, 417 Fp restricted to small
tasks [10, Lemmal]. Next we focus on large tasks, and on the corresponding
set of top-drawn rectangles R. We consider the bagMISR instance induced
by R. We compute a solution R’ for this instance using the algorithm from
Lemma 4. Let AP X4, ¢ be the tasks corresponding to R’ (observe that AP X;4rge
is a feasible bagUFP solution). We finally return the best solution APX between
APXgman and APXlarge-

Proof (of Theorem 1). Consider the above algorithm. We prove that APX is
a O(logn/loglogn) approximation with respect to the cost opt of the optimal
fractional solution = to LPy,qupp+. Let 2°™ he the restriction of x to small
tasks, and opt®™% be the corresponding weight. We define z'*"9¢ and opt'er9¢
analogously for large tasks.

If opts™all > opt /2, then AP X ,,qu has the desired properties by [10]. Indeed,
xsmall if g feasible solution to LPyogurp.

Otherwise, let 3'%79¢ = z!a79¢ /4. Observe that y!79¢ is a feasible solution for
LPyagrisr- Therefore, APXjqrge provides a O(logn/loglogn) approximation
of the weight of y'*"9¢ (hence of opt!®79¢). The claim follows. O

4 A O(1)-Approximation for Uniform Profits

In this section we present our O(1) approximation for bagUFP with uniform
weights, which also upper bounds the integrality gap of LP,,qrp+ in the same
case. By scaling, we can assume w.l.o.g. that weights are exactly one.

By the same argument as in the proof of Theorem 1, it is sufficient to provide
a O(1) approximation for the (uniform-weight) bagMISR, instance induced by
the top-drawn rectangles R corresponding to large tasks. We use as a black box
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the following result proved (implicitly) in [1]. We recall that in the Mazimum
Independent Set of Intervals problem (MISI) we are given a collection Z of inter-
vals along a line, each one with an associated weight, and our goal is to compute
a maximum weight subset of intervals Z’ so that the intervals in Z’ are pairwise
non-overlapping. By bagMISI we denote the natural generalization of MISI with
bag constraints. We let LPy;rs; be the standard LP for MISI, which is defined
analogously to LParsgr-

Lemma 5. Let R’ be a set of top-drawn rectangles corresponding to a subset
of large tasks in an UFP instance, and let Ryq, be any mazimal indepen-
dent set of rectangles in R'. There is a polynomial-time algorithm that com-
putes up to 10 points P; in the plane for each R; € Ryaz, and four subsets
Rpoints Rtops Riefts Rright € R’ that cover R’ so that:

1. Rpoint = {Rl eER' :R;NP #* @} with P = URiEmePi-

2. For each x € {top,left,right}, there exists a bijection between R, and a
collection I, of intervals along a line, so that the corresponding set of feasible
fractional solutions to LPyrsr and LPyrsy, respectively, is the same.

Our approximation algorithm for uniform-weight bagMISR works as follows.
We compute any maximal feasible solution APX,,,, for the bagMISR instance
induced by R. Consider the rectangles Ryqg € R\ AP X0, such that at least
one (indeed, precisely one) task in the same bag is contained in APX,,4..

We apply the algorithm from Lemma 5 with R0 = APX,e, and R/ =
R\ Rbagl2. This way we obtain the sets Rpoint, Riop, Rieft, Rright- For any x €
{top,left,right}, we consider the instance of (uniform weight) bagMISI induced
by Z,. (where the bags are defined by the corresponding bijection). We apply the
LP-based 2-approximation algorithm for bagMISI in [6] to this instance, hence
obtaining an approximate solution APX,. Finally, we output the best solution
APX among the solutions AP X4z, APXtop, APXjcri, and AP X, ignt.

Lemma 6. The above algorithm is a 17 approximation for the bagMISR
instances induced by large tasks of a bagUFP instance.

Proof. Let y be the optimal fractional solution to LPy.gnrsr with weight opt.
For x € {top,left,right,bag, point}, let y, be the restriction of y to rectangles
R, and let opt, be the corresponding fractional weight.

Suppose that opt, > 20pt/17 for some x € {top,left,right}. Since y, is
feasible for LPyqgnrsr on intervals Z,, then |[APX,| > opt, /2 > opt/17.

Suppose next that optye, > opt/17. Let B; be a bag corresponding to some
task i € AP X,,40. The total weight in ypq, for this bag is at most 1 by the bag
constraints. Therefore |AP X q0| > optyag > opt/17.

Finally, assume optpeine > 100pt/17. Next let R, € Rpoint be the rectangles
containing some point p € P; for some rectangle R; € APX,,4,. The optimal

12 Observe that, by construction, APX,,,, is a maximal independent set w.r.t R .
This might not be the case w.r.t. R since bag constraints might prevent some non-
overlapping rectangle to be included in the maximal solution.
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fractional weight associated to R, is at most 1 due to the LP constraints. There-

fore, optpoint < Y Rr.capx

Zpepil < IOZRieAPmel = 10|APXmaa:|

max

Thus |AP X x| > 0ptpoint/10 > opt/17. |

Theorem 2 follows from Lemma 6 and the above discussion.

Acknowledgements. The authors wish to thank Andreas Wiese for very helpful dis-
cussions about UFP and related problems.
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Abstract. We present a fast combinatorial 3/4-approximation algo-
rithm for the maximum asymmetric TSP with weights zero and one. The
approximation factor of this algorithm matches the currently best one
given by Blaser in 2004 and based on linear programming. Our algorithm
first computes a maximum size matching and a maximum weight cycle
cover without certain cycles of length two but possibly with half-edges - a
half-edge of a given edge e is informally speaking a half of e that contains
one of the endpoints of e. Then from the computed matching and cycle
cover it extracts a set of paths, whose weight is large enough to be able
to construct a traveling salesman tour with the claimed guarantee.

1 Introduction

We study the maximum asymmetric traveling salesman problem with weights
zero and one (Max (0,1)-ATSP), which is defined as follows. Given a complete
loopless directed graph G with edge weights zero and one, we wish to compute a
traveling salesman tour of maximum weight. Traveling salesman problems with
weights one and two are an important special case of traveling salesman problems
with triangle inequality. Max (0,1)-ATSP is connected to Min (1,2)-ATSP (the
minimum asymmetric traveling salesman problem with weights one and two)
in the following way. It has been shown by Vishvanathan [17] that a (1 — a)-
approximation algorithm for Max (0,1)-ATSP yields a (1 + a)-approximation
algorithm for Min (1,2)-ATSP by replacing weight two with weight zero.
Approximating Max (0,1)-ATSP with the ratio 1/2 is easy — it suffices to com-
pute a maximum weight matching of the graph G and patch the edges arbitrarily
into a tour. The first nontrivial approximation of Max (0,1)-ATSP was given
by Vishvanathan [17] and has the approximation factor 7/12. It was improved
on by Kosaraju, Park, and Stein [8] in 1994, who gave a 48/63-approximation
algorithm that also worked for Max ATSP with arbitrary nonnegative weights.
Later, Bliser and Siebert [4] obtained a 4/3-approximation algorithm for Min
(1,2)-ATSP, which can be modified to give a 2/3-approximation algorithm for
Max (0,1)-ATSP. 2/3-approximation algorithms are also known for the general
Max ATSP and have been given in [6] and [14]. The currently best published
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approximation algorithm for Max (0,1)-ATSP achieving ratio 3/4 is due to Blaser
[2]. Tt uses linear programming to obtain a multigraph G,; of weight at least
3/2 times the weight of an optimal traveling salesman tour (OPT) such that
G can be path-2-colored. A multigraph is called path-2-colorable if its edges
can be colored with two colors so that each color class consists of vertex-disjoint
paths. The algorithm by Bléser has a polynomial running time but the degree
of the polynomial is high. A 3/4-approximation algorithm for Max ATSP with
arbitrary nonnegative weights has been given in [15]. The algorithm presented
here for Max (0,1)-ATSP is much simpler than the one in [15].

Karpinski and Schmied have shown in [7] that it is NP-hard to approximate
Min (1,2)-ATSP with an approximation factor less than 207/206 and for the
general Max ATSP that it is NP-hard to obtain an approximation better than
203/204.

Our Approach and Results. We present a simple combinatorial 3/4-
approximation algorithm for Max (0,1)-ATSP. First we compute a maximum
weight matching M., of G. By a matching of G we mean any vertex-disjoint
collection of edges. The weight of M., is clearly at least OPT/2, where OPT
denotes the weight on an optimal tour. Next, we compute a maximum weight
cycle cover that evades the matching Mpy,q.. A cycle cover of a directed graph
is a collection of directed cycles such that each vertex belongs to exactly one
cycle of the collection. A cycle cover of a graph G that evades a matching M
is a cycle cover of G which does not contain any length two cycle (called a 2-
cycle) going through two vertices that are connected by some edge of M but it
may contain half-edges - a half-edge of a given edge e is informally speaking a
half of e that contains one of the endpoints of e. Half-edges have already been
introduced in [14]. The task of finding a maximum weight cycle cover Chqz
that evades a matching M can be reduced to finding a maximum size matching
in an appropriately constructed graph. The weight of C,,,, is an upper bound
on OPT. Further on we show that a maximum weight matching M,,,, and a
maximum weight cycle cover that evades M,, 4, can be easily transformed into a
path-2-colorable multigraph. For completeness we give also our own linear time
procedure of path-2-coloring. This method takes advantage of the fact that the
edge weights are zero and one. A more general algorithm for path-2-coloring that
runs in O(n?) has been given in [2].
This way the main results of this paper can be stated as

Theorem 1. There exists a combinatorial 3/4-approzimation algorithm for Max
(0,1)-ATSP. Its running time is O(n*/?>m), where n and m denote the number
of respectively vertices and edges of weight one in the graph.

Corollary 1. There exists a combinatorial 5/4-approximation algorithm for Min
(1,2)-ATSP. Its running time is O(n'/?m).

2 Cycle Cover that Evades Matching M

The algorithm for Max (0,1)-ATSP starts from computing a maximum weight
perfect matching M. of G. By a 0-edge and a 1-edge we will mean an edge of
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weight, respectively, zero or one. By G; we denote the subgraph of G consisting
of all 1-edges of G. In order to obtain a maximum weight perfect matching
Mz of G, it is enough to compute a maximum size matching M; in G and,
if necessary, complete it arbitrarily with 0-edges so that the resulting matching
is perfect.

Next, we would like to find a maximum weight cycle cover of G that does not
contain any 2-cycle in G1, whose one edge belongs to M,,,.. Since computing
such a cycle cover is NP-hard, which follows from a similar result proved in [4],
we are going to relax the notion of a cycle cover and allow it to contain half-
edges - a half-edge of edge (u,v) is informally speaking “half of the edge (u,v)
that contains either a head or a tail of (u,v)”.

Now, we are going to give a precise definition of a cycle cover that evades
a matching M. We say that a 2-cycle ¢ in Gy is M-hit if one of the edges
of ¢ belongs to M. We introduce a graph Gy. Gur = (V E) is the graph
obtained from G by splitting each edge (u,v) belonging to an M-hit 2-cycle
of G1 with a vertex z(,,) into two edges (u,*(y)) and (z(y.),v), each with
weight $w(u,v), where w(u, v) denotes the weight of the edge (u,v). Each of the
edges (U, Z(u,v)), (T(u,w),v) is called a half-edge (of (u,v)). For any subset of
edges £’ C E by w(E') we mean ) . w(e).

Definition 1. A cycle cover that evades a matching M is a subset CCE
such that

(i) each vertex in V has exactly one outgoing and one incoming edge in C:
(ii) for each M-hit 2-cycle of G1 connecting vertices u and v C contains either
zero or two edges from R
{(u, ()5 (Z(u,0), V), (U, Zeo,w)), (T(w,uys w)}. Moreover, if C' contains only
one half-edge of (u,v), then it also contains one half-edge of (v,u), and one
of these half-edges is incident with w and the other with v.

To compute a cycle cover C; that evades M,,,, we construct the follow-
ing undirected graph G’ = (V’, E’). For each vertex v of G We add two ver-
tices Vin, Vour to V'. For each edge (u,v) € E we add vertices el ,e2, , an edge
(el e2,) of weight 0 and edges (Uout, €Ly), (Vin, €2,), each of weight 2w(u,v).

Next we build so-called gadgets.
For each M-hit 2-cycle in G1 on vertices u and v we add vertices a(y v}, bfu,v}

and edges (afy, v}, el.), (Afu0)s e2.), (bfu,v}s el.), (bfuvts e2,) having weight 0.

Theorem 2. Any perfect matching of G’ yields a cycle cover Cy that evades
Moz A mazimum weight perfect matching of G’ yields a cycle cover Chas
that evades M yq, such that w(Chae) > OPT.

Proof. The proof of the first statement is very similar to the proof of Lemma
2 in [14]. We include it here for completeness. Suppose that a 2-cycle in G; on
vertices u and v is M,q.-hit. Then in G’ there exists a gadget with vertices
Afuw) and b{u v}- In a perfect matching of G’ vertex ay, ) can be matched only

with el, or e2,. Similarly, vertex b{u,»} can be matched only with e2, orel,

v
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Let us consider the case when ag, , is matched with el, and b{u,v} is matched

with e2,. Then either e, is matched with e!, or €2, is matched with w;, and
e})u is matched with wv,y;. The first of these scenarios means that C; does not

contain any half-edge of (u,v) or any half-edge of (v,u). The second of these
scenarios means that C contains a whole edge (v, u) (both of its half-edges) and
none of the half-edges of (u,v).

Suppose now that in a perfect matching of G’ vertex ag, .} is matched with
el, and b{u,v} is matched with el,. Then e2, must be matched with v, and €2,
with u;,. This means that C; contains one half-edge of (u,v) (the one incident
with v) and one half-edge of (v,u) (incident with w). This way we have shown
that Cy satisfies property (i7) of Definition 1. Property (4) is also satisfied because
a perfect matching of G’ matches each vertex v, and vgy;.

The second statement of the lemma follows from the fact that a traveling
salesman tour is also a cycle cover that evades M,,qq- O

In the following by a half-edge of a cycle cover C' we will mean such a half-
edge of a certain edge e contained in C that C' contains only one half-edge of
e. A cycle cover that evades a matching M consists of directed cycles and/or
directed paths, where each of the directed paths begins and ends with a half-
edge. From a matching M,, ., and a cycle cover C),,. that evades M, we build
a multigraph G,, as follows. Basically G,,, consists of one copy of M,,,, and one
copy of Cyqz- However, we do not want GG, to contain half-edges. Therefore we
modify C),q, by replacing each pair of half-edges of edges connecting vertices u
and v that are contained in Ci,q, with an edge (u,v), if My,q, contains (v, u)
and otherwise with an edge (v,u). As a result G, contains a 2-cycle on each
such pair of vertices u, v. After this modification C),,, contains only whole edges
and may contain directed paths with a common endpoint i.e., some vertices may
have indegree two and outdegree zero or vice versa. However, the overall weight
of Cipae is unchanged. Now, Gy, is going to contain two copies of an edge e if e
belongs both to M4, and C),q, and one copy of an edge e if e belongs either to
Mgz or t0 Chigr. This way we obtain a multigraph that satisfies the following
conditions:

— each vertex in G, has degree three,

— each vertex in GG, has indegree at most two and outdegree at most two,

— for each pair of vertices u and v, G, contains at most two edges connecting
u and v.

In [2] Blaser shows how to slightly modify such a multigraph so that it has the
same number of 1-edges and is path-2-colorable. Path-2-coloring of the modified
graph is based on a variant of the path-2-coloring lemma given by Lewenstein
and Sviridenko [11], which in turn is a reduction to the path-2-coloring lemma
of Kosaraju, Park, and Stein, whose proof was given in [1]. The running time of
the path-2-coloring algorithm is O(n?).

If the number of vertices in the graph is odd, then the above approach
does not give a 3/4-approximation. We can either add a new additional vertex,
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that is connected to every other vertex by a 0-edge and obtain a 3/4(1 — 1/n)-
approximation, or guess one edge of an optimal traveling salesman tour and con-
tract it. In the latter case, the running time of the algorithm becomes O(nS/Qm).

3 Path-2-coloring

In this section we present a simple linear time algorithm of path-2-coloring the
multigraph G,,, computed in the previous section.

From G,, we are going to obtain another multigraph that contains the same
number of 1-edges as G,, and additionally allows a simple method of path-2-
coloring.

3.1 Eliminating 2-cycles

First we deal with 2-cycles on cycles and paths of C,,4,. For any 1-edge e = (u, v)
contained in a cycle ¢ of Cyq, such that My, contains a l-edge ¢’ = (v, u), we
replace the edge e’ with another copy of e. Similarly, for any 1-edge e = (u,v)
contained in a path p of C),4, such that e has not been obtained from a half-
edge and M, 4, contains a 1-edge e’ = (v, u), we replace the edge ¢’ with another
copy of e. So far, clearly, we have not diminished the number of 1-edges contained
in G,,. Next, we discard all 0-edges from G,,. This way, some cycles of C),qz
disintegrate into paths and some paths of C,,., give rise to shorter paths. In
what follows, by a cycle of C),q, We will mean a cycle of C),,, consisting solely
of 1-edges and by a path of Cp,q, we will mean a maximal (under inclusion)
directed path, whose every edge belongs to C,4; and has weight one.

Let e = (u,v) be an edge of G, ¢ a cycle and p a path of C,,q,. Then we
say that e is an inray of ¢ (corr.p) if u ¢ cand v € ¢ (corr. u ¢ p and v € p).
If u € cand v ¢ c (corr. u € p and v ¢ p), then we say that e is an outray of
¢ (corr. p). A ray of c (p) is any inray or outray of ¢ (p). If both endpoints
of e belong to ¢ (corr. p) and e does not belong to ¢ (corr. p), then e is called a
chord of ¢ (corr. p). If e is a copy of some edge belonging to ¢ (corr. p), then e
is called an zchord.

Let us notice that any 2-cycle which is present at this stage of G,, is either a
2-cycle of Chq, or a 2-cycle obtained from a pair of half-edges of C,,4; and an
edge of M,,4.. Now, we construct from G, a new multigraph G, by eliminating
all remaining 2-cycles as follows. If ¢ is a 2-cycle of C,;,4, on vertices u and v that
has an inray incident to u and an outray incident to v, then in G, we replace
the edge (v,u) with another copy of edge (u,v) and in G}, we shrink the two
copies of an edge (u,v) into a single vertex. By shrinking an edge (u,v) into a
vertex we mean removing an edge (u,v), replacing vertices u and v with one new
vertex and replacing any edge of G, incident to u or v with an edge incident to
the newly added vertex. Every remaining 2-cycle of C),4, or a 2-cycle obtained
from a pair of half-edges of Cj,q and an edge of M4, is also shrunk into a
single vertex in G} . We continue such shrinking until G}, contains no 2-cycles.

We make the following observation.
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Observation 1. From any path-2-coloring of G}, we can obtain a path-2-coloring
of Gy, without changing the color of any edge of G},.

3.2 Flipping of Edges

Next we are going to further flip some of the edges of G}, and obtain a graph
G2, such that the task of its path-2-coloring is very easy.

For each cycle ¢ of C,,,, we are going to flip either its inrays and chords or
outrays and chords so that ¢ has either only outrays and ichords or only inrays
and ichords. Let ¢ be any cycle of C), 4. Let us notice that its length is at least
three. Suppose that the number of inrays of ¢ is not smaller than the number
of outrays of c. Then we replace the outrays and chords of ¢ with ichords of ¢
in such a way that the indegree and outdegree of each vertex of c¢ is at most
two. More precisely, the replacement is carried out as follows. Let F, be a set of
free edges of ¢, where we say that an edge (u,v) of ¢ is free if no inray of ¢ is
incident with v. The number of free edges of ¢ is not smaller than the number of
outrays and chords of ¢. Moreover, the number of outrays and chords of ¢ is not
bigger than |c| —2, where |c| denotes the length of c. It follows from the fact that
the number of chords of ¢ is not greater than |c|/2 and the number of outrays
of ¢ does not exceed the number of inrays of c. Each chord and outray of c is
then replaced with a copy of some distinct edge of F,.. Let us notice that it may
happen that as a result of this operation some vertex of ¢ has both indegree and
outdegree equal to two.

If the number of outrays of ¢ outnumbers the number of inrays of ¢, then
we replace the inrays and chords of ¢ with ichords of ¢ in an analogous way as
above.

fact 1. Let ¢ be any cycle that has either only inrays and/or ichords or only
outrays and/or ichords. Moreover, (1) the number of rays of ¢ is at least two or
¢ has at most |c| — 2 ichords and (2) the indegree and outdegree of each vertex of
c is at most two. Assume also that each ray of ¢ has already been colored with 1
or 2. If ¢ has at least two rays, then it is possible to path-2-color the edges and
ichords of ¢ provided that two rays of ¢ are colored differently. If ¢ has at most
one ray, then it is always possible to path-2-color the edges and ichords of c.

Proof. Any two copies of the same edge must be colored differently. Similarly
any two outgoing edges of some vertex of ¢ or any two incoming edges of some
vertex of ¢ must be colored differently. If ¢ has two rays that are colored differ-
ently, then two edges of ¢ incident to these rays must also be colored differently
and it follows that no monochromatic cycle can arise out of the edges or ichords
of c. If ¢ has exactly one ray colored with, say 1, then we must see to it that
not for every edge (u,v) of ¢ it is that at least one copy of (u,v) is colored with
2. Since ¢ has at most |c| — 2 ichords, there exists an edge e of ¢ such that G2,
contains only one copy of e and which can be colored with 1. If ¢ has no rays,
then we can easily path-2-color its edges and ichords. (I
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The situation with paths is slightly more complicated. We are going to dis-
tinguish paths that are bound and free. A path of C,,,, is said to be bound if it
shares at least one of its endpoints with another path of C,4.. A path of Cpaz
that is not bound is said to be free. A bound path can be 1-bound — if exactly
one of its endpoints is also an endpoint of another path of C),, or 2-bound —
if each of its endpoints is an endpoint of another path of C),4.. We say that an
edge e = (u,v) of p of Cpuy is a rayter if u is incident with an outray of p and
v is incident with an inray of p.

We are going to flip the rays and chords of each bound path p in such a way
that besides possible ichords p either has at most one ray or exactly two rays
incident to a rayter. As for free paths we are going to flip the rays and chords
of each free path p in such a way that besides possible ichords p either has only
inrays or only outrays or exactly two rays incident to a rayter.

Let p be any path of C,,4, with endpoints u and v. By |p| we denote the
length of p i.e., the number of edges of p. An endpoint of p which is not an
endpoint of any other path of C),4, is said to be a border vertex of p. If an
endpoint u of p belongs also to some other path of C),,,, then the edge of p
incident to u is called a border edge of p. The endpoint of a border edge of
p that is not an endpoint of any path of C),,, different from p is also called a
border vertex of p. It may happen that a path p of C,,4, does not have any
border vertex — if [p| = 1 and both endpoints of p belong also to some other
path(s) of Cpqa,. We say that a path p has a good ray if it has a ray e incident
to a border vertex v of p such that either (1) v is an endpoint of p and e together
with p form a directed path of length |p|+1 or (2) v is not an endpoint of p and e
forms a directed path of length two with e’, where ¢’ is an edge of p incident to v
and is not a border edge of p. For example, let p be a 2-bound path (u, v1,ve,v)
directed from u to v and suppose that p has a ray e = (vs,v3). Then e is a good
ray of p. Let us notice that the maximum number of edges of M,,,, incident to
a path p of Cpyez is: (1) |p| — 1, if p is 2-bound, (2) |p|, if p is 1-bound and (3)
|p|+ 1, if p is free. It is so because no edge of M., is incident to a vertex which
is an endpoint of two different paths of C,,4, — because such an endpoint is in
fact a shrunk 2-cycle.

The flipping of rays and ichords of paths proceeds as follows. If the number
of edges of M, incident to a given path p is (1) fewer than |p| — 1 and p is
2-bound or (2) fewer than |p| and p is 1-bound or (3) fewer than |p| + 1 and p
is free, then we replace all chords and rays of p with ichords of p but not with a
copy of any border edge of p. (Also, of course, no edge of p is allowed to occur
in more than two copies). Otherwise, if a path p has a good ray, we keep any
one good ray of p and replace all the other rays and chords of p with ichords of
p but not with a copy of any border edge of p. In the remaining case, we keep
some two rays of p that are incident to a rayter and replace the rest of rays and
chords of p with ichords.

fact 2. Graphs G, and G3' are on the same set of vertices and have the same
number of edges.
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3.3 Path-2-coloring of G2,

Suppose that e; and ey are good rays of paths py, po having a common endpoint
u such that both e; and ey is incident to the border edge (of respectively p; or
p2) incident with u. Then the rays e; and eq are said to be allied.

We make the following two observations.

fact 3. In any path-2-coloring of G2, the rays incident to the same rayter are
colored with the same color.

Proof. Let e = (u,v) be a rayter of p. Then in any path-2-coloring of G2, the
edge e must be colored with a different color than an outray of p incident to u
and also with a different color than an inray of p incident to v. Since there are
only two colors, it follows that the rays incident to e must be colored with the
same color. O

fact 4. In any path-2-coloring of G?, the allied rays are colored with different
colors.

Proof. Let v be a vertex which is an endpoint of two different paths p1,ps of
Cinaz and let eq, es be two border edges incident to v. Then, clearly e; and eq
must be colored with different colors as either both are incoming edges of v or
both are outgoing edges of v. The ray incident to e; must be colored differently
than e;. Similarly the ray incident to e must be colored differently than e;. O

After all the flipping, the multigraph G2, is quite easy to path-2-color. In
fact, it suffices to appropriately color the rays and then the coloring of the rest
of the edges is straightforward. From the rays in G2, we build the following graph
H. At the beginning H has the same vertex set as G2, and contains all the rays
in G2, i.e., (u,v) is an edge in H if and only if (u,v) is a ray of some path or
cycle of Cpap in G2,. Thus every two edges of H are vertex-disjoint at this stage.
Next, for each cycle c of C),4, we choose two arbitrary rays e, es of ¢ and merge
together their endpoints belonging to c i.e., if u; € ey Nc and uy € es N ¢, then
we replace u; and ug with one vertex and as a result e; and ey have (at least)
one common endpoint. Further, each pair of rays incident to the same rayter is
replaced with one edge as follows. Let e; = (u1,v1),e2 = (ua,v2) be a pair of
rays incident to some edge e = (ug,v1) in an. Then ey, e are replaced in H
with one edge e = (u1,v3). Such replacements are done exhaustively. We also
merge together the endpoints of certain pairs of good rays. Suppose that e; and
eo are allied rays of paths pi,ps. Then we merge together the endpoint of e;
belonging to p; with the endpoint of e; belonging to ps.

At this stage, ignoring the directions H consists of paths, cycles and isolated
vertices i.e., each vertex is either isolated or belongs to exactly one path or cycle.
Moreover, every two edges of H sharing a vertex v are either both incoming edges
of v or are both ougoing-edges of v. Hence each cycle of H has even length. We
color the edges of each cycle and each path of H with 1 and 2 in such a way that
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no two incoming edges of any vertex are colored with the same color or no two
outgoing edge of any vertex are colored with the same color. In other words, we
path-2-color H.

Lemma 1. Any path-2-coloring of H can be extended to a path-2-coloring of
G?,.

Proof. Each ray in G2, is colored with the same color as in H. In the case when
some edge e in H was obtained from several rays in G2,, each such ray in G2,
is colored in the same way as e in H. Thus, by the way we constructed H, each
pair of rays incident to one rayter is colored in the same way, allied rays are
colored with different colors and for each cycle ¢ of C),4, that has at least two
rays, there exist two rays of ¢ colored differently. By Fact 1 we already know how
to color the edges and ichords of each cycle of C,q,. Any edge e = (u,v) of any
path of C},4, which is incident to an outray 71 incident to u is colored differently
than r;. Similarly any edge e = (u,v) of any path of C,,4, which is incident to
an inray ro incident to v is colored differently than r5. Also two border edges of
two different paths of C,, 4, incident to the same vertex are colored differently.
Two copies of the same edge are clearly colored differently. The remaining edges
can be colored arbitrarily. (Il

Observation 2. From any path-2-coloring of G2, we can obtain a path-2-coloring
of G, without changing the color of any edge of G2,.
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Abstract. The tree-cut width of a graph is a graph parameter defined
by Wollan [J. Comb. Theory, Ser. B, 110:47-66, 2015] with the help
of tree-cut decompositions. In certain cases, tree-cut width appears to
be more adequate than treewidth as an invariant that, when bounded,
can accelerate the resolution of intractable problems. While designing
algorithms for problems with bounded tree-cut width, it is important to
have a parametrically tractable way to compute the exact value of this
parameter or, at least, some constant approximation of it. In this paper
we give a parameterized 2-approximation algorithm for the computation
of tree-cut width; for an input n-vertex graph G and an integer w, our
algorithm either confirms that the tree-cut width of G is more than
w or returns a tree-cut decomposition of G certifying that its tree-cut
width is at most 2w, in time 90w logw) | 2 Pprior to this work, no
constructive parameterized algorithms, even approximated ones, existed
for computing the tree-cut width of a graph. As a consequence of the
Graph Minors series by Robertson and Seymour, only the existence of a
decision algorithm was known.
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1 Introduction

One of the most popular ways to decompose a graph into smaller pieces is given
by the notion of a tree decomposition. Intuitively, a graph G has a tree decom-
position of small width if it can be decomposed into small (possibly overlapping)
pieces that are altogether arranged in a tree-like structure. The width of such a
decomposition is defined as the minimum size of these pieces. The graph invari-
ant of treewidth corresponds to the minimum width of all possible tree decom-
positions and, that way, serves as a measure of the topological resemblance of
a graph to the structure of a tree. The importance of tree decompositions and
treewidth in graph algorithms resides in the fact that a wide family of NP-hard
graph problems admits FPT-algorithms, i.e., algorithms that run in f(w) -nOM)
steps, when parameterized by the treewidth w of their input graph. According to
the celebrated theorem of Courcelle, for every problem that can be expressed in
Monadic Second Order Logic (MSOL) [5] it is possible to design an f(w)-n-step
algorithm on graphs of treewidth at most w. Moreover, towards improving the
parametric dependence, i.e., the function f, of this algorithm for specific prob-
lems, it is possible to design tailor-made dynamic programming algorithms on
the corresponding tree decompositions. Treewidth has also been important from
the combinatorial point of view. This is mostly due to the celebrated “planar
graph exclusion theorem” [14,15]. This theorem asserts that:

(*) Every graph that does not contain some fixed wall' as a topological
minor? has bounded treewidth.

The above result had a considerable algorithmic impact as every problem
for which a negative (or positive) answer can be certified by the existence of
some sufficiently big wall in its input, is reduced to its resolution on graphs
of bounded treewidth. This induced a lot of research on the derivation of fast
parameterized algorithms that can construct (optimally or approximately) these
decompositions. For instance, according to [1], treewidth can be computed in
f(OPT) - n steps where f(w) = 20(w?) while, more recently, a 5-approximation
for treewidth was given in [2] that runs in 20(9FT) . n, steps.

Unfortunately, the aforementioned success stories about treewidth have some
natural limitations. In fact, it is not always possible to use treewidth for improv-
ing the tractability of NP-hard problems. In particular, there are interesting
cases of problems where no such an FPT-algorithm is expected to exist [6,7,10].
Therefore, it is an interesting question whether there are alternative, but still
general, graph invariants that can provide tractable parameterizations for such
problems.

A promising candidate in this direction is the graph invariant of tree-cut
width that was recently introduced by Wollan in [23]. Tree-cut width can be

! We avoid the formal definition of a wall in this extended abstract. Instead, we provide

the following image @ that, we believe, provides the necessary intuition.

2 A graph H is a topological minor of a graph G if a subdivision of H is a subgraph
of G.
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seen as an “edge” analogue of treewidth. It is defined using a different type
of decompositions, namely, tree-cut decompositions that are roughly tree-like
partitions of a graph into mutually disjoint pieces such that both the size of
some “essential” extension of these pieces and the number of edges crossing
two neighboring pieces are bounded (see Sect.2 for the formal definition). Our
first result is that it is NP-hard to decide, given a graph G and an integer w,
whether the input graph G has tree-cut width at most w. This follows from a
reduction from the MIN BISECTION problem that is presented in Subsect.2.2.
This encourages us to consider a parameterized algorithm for this problem.

bounded tw

bounded tcw

[ bounded A and tew = bounded carving-width ]

Fig. 1. The relations between classes with bounded treewidth (tw) and tree-cut width
(tew).

Another tree-like parameter that can be seen as an edge-counterpart of tree-
width is carving-width, defined in [18]. It is known that a graph has bounded
carving-width if and only if both its treewidth and its maximum degree are
bounded. We stress that this is not the case for tree-cut width, which can also
capture graphs with unbounded maximum degree and, thus, is more general
than carving-width. There are two reasons why tree-cut width might be a good
alternative for treewidth. We expose them below.

(1) Tree-cut Width as a Parameter. From now on we denote by tcw(G)
(resp. tw(G)) the tree-cut width (resp. treewidth) of a graph G. As it is shown
in [23] tew(G) = O(tw(G) - A(G)). Moreover, in [8], it was proven that tw(G) =
O((tcw(G))?) and in Subsect.2.3, we prove that the latter upper bound is
asymptotically tight. The graph class inclusions generated by the aforementioned
relations are depicted in Fig. 1. As tree-cut width is a “larger” parameter than
treewidth, one may expect that some problems that are intractable when para-
meterized by treewidth (known to be W[1]-hard or open) become tractable when
parameterized by tree-cut width. Indeed, some recent progress on the develop-
ment of a dynamic programming framework for tree-cut width (see [8]) con-
firms that assumption. According to [8], such problems include CAPACITATED
DOMINATING SET problem, CAPACITATED VERTEX COVER [6], and BALANCED
VERTEX-ORDERING problem. We expect that more problems will fall into this
category.

(2) Combinatorics of Tree-cut Width. In [23] Wollan proved the following
counterpart of (*):
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(**) Every graph that does not contain some fixed wall as an immersion®

has bounded tree-cut width.

Notice that (*) yields (**) if we replace “topological minor” by “immersion” and
“treewidth” by “tree-cut width”. This implies that tree-cut width has combina-
torial properties analogous to those of treewidth. It follows that every problem
where a negative (or positive) answer can be certified by the existence of a wall as
an immersion, can be reduced to the design of a suitable dynamic programming
algorithm for this problem on graphs of bounded tree-cut width.

Computing Tree-cut Width. It follows that designing dynamic programming
algorithms on tree-cut decompositions might be a promising task when this
is not possible (or promising) on tree-decompositions. Clearly, this makes it
imperative to have an efficient algorithm that, given a graph G and an integer
w, constructs tree-cut decompositions of width at most w or reports that this is
not possible. Interestingly, an f(w) - n3-time algorithm for the decision version
of the problem is known to exist but this is not done in a constructive way.
Indeed, for every fixed w, the class of graphs with tree-cut width at most w
is closed under immersions [23]. By the fact that graphs are well-quasi-ordered
under immersions [16], for every w, there exists a finite set R,, of graphs such
that G has tree-cut width at most w if and only if it does not contain any of the
graphs in R,, as an immersion. From [11], checking whether an h-vertex graph H
is contained as an immersion in some n-vertex graph G can be done in f(w)-n?
steps. It follows that, for every fixed w, there exists a polynomial algorithm
checking whether the tree-cut width of a graph is at most w. Unfortunately, the
construction of this algorithm requires the knowledge of the set R,, for every w,
which is not provided by the results in [16]. Even if we knew R, it is not clear
how to construct a tree-cut decomposition of width at most w, if one exists.

In this paper we make a first step towards a constructive parameterized
algorithm for tree-cut width by giving an FPT 2-approximation for it. Given
a graph G and an integer w, our algorithm either reports that G has tree-cut
width more than w or outputs a tree-cut decomposition of width at most 2w in
20(w? logw) 2 steps. The algorithm is presented in Sect. 3.

2 Problem Definition and Preliminary Results

Unless specified otherwise, every graph in this paper is undirected and loopless
and may have multiple edges. By V(G) and E(G) we denote the vertex set
and the edge set, respectively, of a graph G. Given a vertex € V(G), the
neighborhood of x is N(z) = {y € V(G) | zy € E(G)}. Given two disjoint sets
X and Y of V(G), we denote 6¢(X,Y) = {2y € E(G) | x € X,y € Y}. For a
subset X of V(G), we define 0g(X) ={z € X | N(x) \ X # 0}.

3 A graph H is an immersion of a graph G if H can be obtained from some subgraph
of G after replacing edge-disjoint paths with edges.



An FPT 2-Approximation for Tree-cut Decomposition 39

2.1 Tree-cut Width and Treewidth

Tree-cut width. A tree-cut decomposition of G is a pair (T, X) where T is a
tree and X = {X; CV(G) | t € V(T)} such that

e X;N Xy =0 for all distinct ¢ and ¢ in V(T),
[ ] UtEV(T) Xt - V(G)

From now on we refer to the vertices of T' as nodes. The sets in X’ are called
the bags of the tree-cut decomposition. Observe that the conditions above allow
to assign an empty bag for some node of T. Such nodes are called trivial nodes.
Observe that we can always assume that trivial nodes are internal nodes.
Let L(T') be the set of leaf nodes of T'. For every tree-edge e = {u, v} of E(T),
we let T,, and T;, be the subtrees of T'\ e which contain u and v, respectively.
We define the adhesion of a tree-edge e = {u,v} of T as follows:

Te)y=da( |J Xu | X0

teV(Ty,) teV(Ty)

For a graph G and a set X C V(G), the 3-center of (G, X) is the graph
obtained from G by repetitively dissolving every vertex v € V(G) \ X that has
two neighbors and degree 2 and removing every vertex w € V(G) \ X that has
degree at most 2 and one neighbor (dissolving a vertex x of degree two with
exactly two neighbors y and z is the operation of removing = and adding the
edge {y, z} — if this edge already exists then its multiplicity is increased by one).

Given a tree-cut decomposition (T, X') of G and node t € V(T'), let Ty, ..., Ty
be the connected components of T'\ t. The torso of G at t, denoted by Hy,
is a graph obtained from G by identifying each non-empty vertex set Z; :=
UbeV(Ti) X, into a single vertex z; (in this process, parallel edges are kept). We

denote by H; the 3-center of (H;, X;). Then the width of (T, X) equals

max ({|67(e)| : e € E(T)} U {|[V(H,)|:t € V(T)}).
The tree-cut width of G, or tcw(G) in short, is the minimum width of (T, X)
over all tree-cut decompositions (T, X') of G.

The following definitions will be used in the approximation algorithm. Let
(T, X) be a tree-cut decomposition of G. It is non-trivial if it contains at least
two non-empty bags, and trivial otherwise. We will assume that every leaf of a
tree-cut decomposition has a non-empty bag. The internal-width of a non-trivial
tree-cut decomposition (T, X) is

in-tew(T, X) = max ({|67(e)| : e € E(T)} U {|V(Hy)|:t € V(T)\ L(T)}).
If (T, X) is trivial, then we set in-tcw (7T, X) = 0.

We decision problem corresponding to tree-cut width is the following;:

TREE-cUT WIDTH
Input: a graph G and a non-negative integer k.
Question: tew(G) < k7
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Treewidth. A tree decomposition of a graph G is a pair (T,Y) = {Y, : = €
V(T)}) such that T is a tree and Y is a collection of subsets of V(G) where

* Usevn) Yo =V(G);

e for every edge {u,v} € E(G) there exists € V(T') such that u,v € Y; and

o for every vertex u € V(G) the set of nodes {z € V(T) : u € Y, } induces a
subtree of T'.

The vertices of T are called nodes of (T,)) and the sets Y, are called bags. The
width of a tree decomposition is the size of the largest bag minus one. The
treewidth of a graph, denoted by tw(G), is the smallest width of a tree decom-
position of G.

2.2 Computing Tree-cut Width Is NP-complete

We prove that TREE-cUT WIDTH is NP-hard by a polynomial-time reduction
from MIN BISECTION, which is known to be NP-hard [9]. The input of MIN
BISECTION is a graph G and a non-negative integer k, and the question is
whether there exists a bipartition (Vi,V2) of V(G) such that |V;| = |Va| and
[0 (V1, Va)| < k.

Theorem 1 (x). TREE-CUT WIDTH is NP-complete.

2.3 Tree-cut Width Vs Treewidth

In this section we investigate the relation between treewidth and tree-cut width.
The following was proved in [8].

Proposition 1. For a graph of tree-cut width at most w, its treewidth is at most
2w? + 3w.

We now prove that the bound of Proposition 1 is asymptotically optimal.

We define the family of graphs H = {H,, : w € Nx1} as follows. The vertex
set of H,, is a disjoint union of w cliques, @1, ..., Q. each containing w vertices.
For each 1 < i < w, the vertices of @; are labeled as (i,7), 1 < j < w. Besides
the edges lying inside the cliques @;’s, we add an edge between (i,5) € Q; and
(4,1) € Q; for every 1 < i < j < w. Notice that the vertex (7,7) does not have a
neighbor outside @;. The graph H, is depicted in Fig. 2.

Lemma 1. The tree-cut width of H,, is at most w + 1.

PRrROOF: Consider the tree-cut decomposition (7', X), in which T is a star with ¢
as the center and ¢, . .., ¢, as leaves. For the bags, we set X; = ), and X, = Q;
for 1 < i < w. It is straightforward to verify that the tree-cut width of (T, X) is
w + 1. O

We need some definitions that will be used in the proof of the next lemma.
Let G be a graph. Two subgraphs X and Y of G touch each other if either



An FPT 2-Approximation for Tree-cut Decomposition 41

0, (1,1)(1,2)(1,3)(1,4)

Q2
(4,4) (2,1)
(4,3) (2,2)
(4,2) (2,3)
(4,1) (2,4)

(3.4)(3,3)(3.2)(3,1) @
Fig. 2. The graph Ha.

V(X)NV(Y) # 0 or there is an edge e = {z,y} € E(G) with z € V(X) and
y € V(Y). A bramble B is a collection of connected subgraphs of G pairwise
touching each other. The order of a bramble B is the minimum size of a hitting
set S of B, that is a set S C V(G) such that for every B € B, SNV (B) # 0.
In Seymour and Thomas [17], it is known that the treewidth of a graph equals
the maximum order over all brambles of G minus one. Therefore, a bramble of
order k is a certificate that the treewidth is at least k — 1.

Lemma 2 (x). For any positive integer w, the treewidth of H,, € H is at least

1,2
gW 1.

From Lemmas1 and 2, we conclude to the following.

Theorem 2. For every w € N>y there exists a graph H,, such that tw(H,) =
Q(tew(Hy))?).

3 The 2-Approximation Algorithm

We present a 2-approximation of TREE-CUT WIDTH running in time 20(w*logw) .
n?. As stated in Lemma 3 below, we first observe that computing the tree-cut
width of G reduces to computing the tree-cut width of 3-edge-connected graphs.
This property can be easily derived from [23, Lemmas10-11].

Lemma 3 (x). Given a connected graph G, let {V1,V2} be a partition of V(QG)
such that 6q(Vi,Va) is a minimal cut of size at most two and let w > 2 be a
positive integer. For i = 1,2, let G; be the graph obtained from G by identifying
the vertex set Va_; into a single vertexr vs_;. Then G has tree-cut width at most
w if and only if both Gy and G2 have tree-cut width at most w.

The proof of the next lemma is easy and is omitted.

Lemma 4. Let G be a graph and let v be a vertex of G with degree 1 (resp. 2).
Let also G’ be the graph obtained from G after removing (resp. dissolving) v.
Then tcw(G) = tew(G').
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From now on, based on Lemmas3 and 4, we assume that the input graph is
3-edge-connected. In this special case, the following observation is not difficult
to verify. It allows us to work with a slightly simplified definition of the 3-centers
in a tree-cut decomposition.

Observation 1. Let G be a 3-edge-connected graph and let (T, X) be a tree-cut
decomposition of G. Consider an arbitrary node t of V(T) and let T be the set
containing every connected component T' of T \ t such that UsGV(T’) X, # 0.

Then |V (H,)| = |X,| + |T|, that is |V ()] = |V (H)).

We observe that the proof of Lemma 3 provides a way to construct a desired
tree-cut decomposition for G from decompositions of smaller graphs. Given an
input graph G for TREE-CUT WIDTH, we find a minimal cut (Vi,Vs) with
[60(V1,V32)] € 2 and create a graph G; as in Lemma 3, with the vertex vs_;
marked as distinguished. We recursively find such a minimal cut in the smaller
graphs created until either one becomes 3-edge-connected or has at most w ver-
tices.

Therefore, a key feature of an algorithm for TREE-CUT WIDTH lies in how
to handle 3-edge-connected graphs. Our algorithm iteratively refines a tree-cut
decomposition (T, X) of the input graph G and either guarantees that the fol-
lowing invariant is satisfied or returns that tew(G) > w.

Invariant: (T, X)is a tree-cut decomposition of G where in-tcw (T, X') < 2-w.

Clearly the trivial tree-cut decomposition satisfies the Invariant. A leaf ¢ of T
such that |X;| > 2 - w is called a large leaf. At each step, the algorithm picks
a large leaf and refines the current tree-cut decomposition by breaking this leaf
bag into smaller pieces. The process repeats until we finally obtain a tree-cut
decomposition of width at most 2w, or encounter a certificate that tew(G) > w.

3.1 Refining a Large Leaf of a Tree-cut Decomposition

A large leaf will be further decomposed into a star. To that aim, we will solve
the following problem:

CONSTRAINED STAR-CUT DECOMPOSITION

Input: An undirected graph G, an integer w € N, a set B C V(G), and a weight
function v: B — N.

Parameter: w.

Output: A non-trivial tree-cut decomposition (T, X) of G such that

1. T is a star with central node ¢, and with ¢ leaves for some £ € N,
2. in-tew(T, X) < w, and
3. | Xi.| + ¢ < w and for every leaf node ¢, v(B N X;) < w,

or report that such a tree-cut decomposition does not exist.
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Observe that a YEs-instance satisfies, for every x € B, v(z) < w. We also
notice that as the output of the algorithm is a non-trivial tree-cut decomposi-
tion, T' contains at least two nodes with non-empty bags and every leaf node is
non-empty.

Given a subset S C V(G), we define the instance of the CONSTRAINED STAR-
CuT DECOMPOSITION problem I(S,G) = (G[S], w, dc(S),~vs) where for every
z € 0a(5), 1s(z) = |0a({z}, V(G) \ 9)I.

Lemma 5 (x). Let G be a 3-edge-connected graph, w € Z>2, and let S C V(Q)
be a set of vertices such that |S| > w + 1 and |0c¢(S,V(G) \ S)| < 2w. If
tew(G) < w, then I(S,G) = (G[S],w,0c(S),~vs) is a YES-instance of CON-
STRAINED STAR-CUT DECOMPOSITION.

Given a 3-edge-connected graph, applying Lemma 5 on a large leaf of a tree-cut
decomposition that satisfies the Invariant, we obtain:

Corollary 1. Let G be a 3-edge-connected graph G such that tcw(G) < w, and
let t be a large leaf of a tree-cut decomposition (T, X) satisfying the Invariant.
Then I(X:,G) = (G[X¢],w,06(X+),vx,) is a YES-instance of CONSTRAINED
STAR-CUT DECOMPOSITION.

The next lemma shows that if a large leaf bag X; of a tree-cut decomposition
(T, X) satisfying the Invariant defines a YEs-instance of the Constraint Tree-
Cut Decomposition problem, then (T, X) can be further refined.

Lemma 6 (x). Let G be a 3-edge-connected graph G and (T,X) be tree-cut
decomposition of satisfying the Invariant. If (T*,X*) is a solution of CON-
STRAINED STAR-CUT DECOMPOSITION on the instance I(X;,G) = (G[Xy], w,
da(Xy),vx,) where t is a large leaf of (T, X), then the pair (T, X) where

o V(T) = (V(T)\{t}) uV(T),

o E(T)=(EM\{ttHUET*)U{(te,t')}, where t' is the unique neighbor
oft inT and t. is the central node of T*,

o« X (X\{X})Uar

is a tree-cut decomposition of G satisfying the Invariant. Moreover the number
of non-empty bags is strictly larger in (T, X) than in (T, X).

3.2 An FPT Algorithm for CONSTRAINED STAR-CUT DECOMPOSITION

Lemma 1 provides a quadratic bound on the treewidth of a graph in term of
its tree-cut width. This allows us to develop a dynamic programming algorithm
for solving CONSTRAINED STAR-CUT DECOMPOSITION on graphs of bounded
treewidth. To obtain a tree-decomposition, we use the 5-approximation FPT-
algorithm of the following proposition.

Proposition 2 (see [2]). There exists an algorithm which, given a graph G
and an integer k, either correctly decides that tw(G) > w or outputs a tree-
decomposition of width at most 5w + 4 in time 2°0W) . .
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If tcw(G) < w, then by Lemma 1 tw(G) < 2w? + 3w. From Proposition 2, we
may assume that G has treewidth O(w?) and, based on this and the next lemma,
solve CONSTRAINED STAR-CUT DECOMPOSITION in 20w 1osw) . py steps.

A rooted tree decomposition (T, X,r) is a tree decomposition with a distin-
guished node r selected as the root. A nice tree decomposition (T,Y,r) (see [13])
is a rooted tree decomposition where T is binary, the bag at the root is ), and
for each node x with two children y, z it holds Y, =Y, =Y, and for each node
x with one child y it holds Y, =Y, U {u} or Y, =Y}, \ {u} for some u € V(G).
Notice that a nice tree decomposition is always a rooted tree decomposition. We
need the following proposition.

Proposition 3 (see [1]). For any constant k > 1, given a tree decomposition
of a graph G of width < k and O(|[V(G)|) nodes, there exists an algorithm that,
in O(JV(G)|) time, constructs a nice tree decomposition of G of width < k and
with at most 4|V (G)| nodes.

Lemma 7 (x). Let (G,w,B,7) be an input of CONSTRAINED STAR-CUT
DECOMPOSITION and let tw(G) < q. There exists an algorithm that given
(G, w, B,v) outputs, if one exists, a solution of (G,w, B,~) in 20(atw)logw) .
steps.

3.3 Piecing Everything Together

We now present a 2-approximation algorithm for TREE-CUT WIDTH leading to
the following result.

Theorem 3. There exists an algorithm that, given a graph G and a w € Zxy,
either outputs a tree-cut decomposition of G with width at most 2w or cor-
rectly reports that no tree-cut decomposition of G with width at most w ezists in
20(w* logw) . 2 steps.

PrROOF: Recall that, by Lemmas3 and 4, we can assume that G is 3-edge-
connected. If not, we iteratively decompose G into 3-edge-connected components
using the linear-time algorithm of [22]. A tree-cut decomposition of G can easily
built from the tree-cut decomposition of its 3-edge-connected components using
Lemma 3. As mentioned earlier, the trivial tree-cut decomposition satisfies the
Invariant. Let (T, X) be a tree-cut decomposition satisfying the Invariant. As
long as the current tree-cut decomposition (7', X) contains a large leaf ¢, the
algorithm applies the following steps repeatedly:

1. Let Xy € X be the bag associated to a large leaf ¢. Compute a nice tree-
decomposition of G[X] of width at most O(w?) in 2°(*") . 5 time. If such a
decomposition does not exist, as G[X/] is a subgraph of G, Lemma 1 implies
tcw(G) > w and the algorithm stops.

2. Solve CONSTRAINED STAR-CUT DECOMPOSITION on [I(X;,G) using the

dynamic programming of Lemma 7 for ¢ = O(w?) in time 20w logw) . .
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3. If I(X¢,G) is a NO-instance, then by Corollary 1, tcw(G) > w and the
algorithm stops.

4. Otherwise, by Lemma 6, (T, X’) can be refined into a new tree-cut decompo-
sition satisfying the Invariant.

The algorithm either stops when we can correctly report that tew(G) > w
(step 1 or 3) or when the current tree-cut decomposition has no large leaf.
In the latter case, as (T,X) satisfies (*), it holds that tcw(T,X) < 2 - w.
Observe that each refinement step (step 4) strictly increases the number of non-
empty bags (see Lemma 6). It follows that the above steps are repeated at most

n times, implying that the running time of the 2-approximation algorithm is
20(w2<logw) -n2. 0

4 Open Problems

The main open question is on the possibility of improving the running time or
the approximation factor of our algorithm. Notice that the parameter depen-
dence 20(w*108w) ig hased on the fact that the tree-cut width is bounded by a
quadratic function of treewidth. As we proved (Theorem 2), there is no hope
of improving this upper bound. Therefore any improvement of the parametric
dependence should avoid dynamic programming on tree-decompositions or sig-
nificantly improve the running time. Another issue is whether we can improve
the quadratic dependence on n to a linear one. In this direction we actually
believe that an exact FPT-algorithm for the tree-cut width can be constructed
using the “set of characteristic sequences” technique, as this was done for other
width parameters [3,4,12,19-21]. However, as this technique is more involved,
we believe that it would imply a higher parametric dependence than the one of
our algorithm.

Acknowledgement. We would like to thank the anonymous reviewers for helpful
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Abstract. We study the Double Coverage (DC) algorithm for the
k-server problem in the (h,k)-setting, i.e. when DC with k servers is
compared against an offline optimum algorithm with h < k servers. It is
well-known that DC is k-competitive for h = k. We prove that even if
k > h the competitive ratio of DC does not improve; in fact, it increases
up to h+1 as k grows. In particular, we show matching upper and lower

bounds of k(k’fll) on the competitive ratio of DC on any tree metric.

1 Introduction

We consider the k-server problem defined as follows. There are k servers located
on points of a metric space. In each step, a request arrives at some point of the
metric space and must be served by moving some server to that point. The goal
is to minimize the total distance travelled by the servers.

The k-server problem was defined by Manasse et al. [7] as a far reaching
generalization of various online problems. The most well-studied of those is the
paging (caching) problem, which corresponds to k-server on a uniform metric
space. Sleator and Tarjan [8] gave several k-competitive algorithms for paging
and showed that this is the best possible ratio for any deterministic algorithm.

Interestingly, the k-server problem does not seem to get harder on more general
metrics and the celebrated k-server conjecture states that a k-competitive deter-
ministic algorithm exists for every metric space. In a breakthrough result, Kout-
soupias and Papadimitriou [6] showed that the work function algorithm (WFA)
is 2k — 1 competitive for every metric space, almost resolving the conjecture. The
conjecture has been settled for several special metrics (an excellent reference is [2]).
In particular for the line metric, Chrobak et al. [3] gave an elegant k-competitive
algorithm called Double Coverage (DC). This algorithm was later extended and
shown to be k-competitive for all tree metrics [4]. Additionally, in [1] it was shown
that WFA is k-competitive for some special metrics, including the line.
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(h,k)-Server Problem: In this paper, we consider the (h,k)-setting, where
the online algorithm has k servers, but its performance is compared to an offline
optimal algorithm with A < k servers. This is also known as the weak adversaries
model [5], or the resource augmentation version of k-server. The (h, k)-server
setting turns out to be much more intriguing and is much less understood.

For the uniform metric (the (h, k)-paging problem), k/(k—h+1)-competitive
algorithms are known [8] and no deterministic algorithm can achieve a better
ratio. Note that this guarantee equals k for h = k, and tends to 1 as the ratio of
the number of online to offline servers k/h becomes arbitrarily large. The same
competitive ratio can also be achieved for the weighted caching problem [9].

However, unlike for k-server, the underlying metric space seems to play a
very important role in the (h, k)-setting. Bar-Noy and Schieber (see [2], page
175) showed that for the (2, k)-server problem on a line metric, no deterministic
algorithm can be better than 2-competitive for any k. In particular, the ratio
does not tend to 1 as k increases.

In fact, there is huge gap in our understanding of the problem, even for very
special metrics. For example, for the line no guarantee better than h is known
even when k/h — oo. On the other hand, the only lower bounds known are the
result of Bar-Noy and Schieber mentioned above and a general lower bound of
k/(k — h 4+ 1) for any metric space with at least k + 1 points (cf. [2] for both
results). In particular, no lower bound better than 2 is known for any metric
space and any h > 2, if we let k/h — oco. The only general upper bound is due
to Koutsoupias [5], who showed that WFA is at most 2h-competitive! for the
(h, k)-server problem on any metric?.

The DC Algorithm: This situation motivates us to consider the (h, k)-server
problem on the line and more generally on trees. In particular, we consider the
DC algorithm [3], defined as follows.

DC(C-Line: If the current request r lies outside the convex hull of current servers,
serve it with the nearest server. Otherwise, we move the two servers adjacent to
r towards it with equal speed until some server reaches r. If there are multiple
adjacent servers at the same location, we move one of them arbitrarily.

DC-Tree: We move all the servers adjacent to r towards it at equal speed until
some server reaches r. (Note that the set of adjacent servers can change during
the move, and is constantly updated.)

There are several natural reasons to consider DC for line and trees. For
paging (and weighted paging), all known k-competitive algorithms also attain the
optimal ratio for the (h, k) version. This suggests that k-competitive algorithms
for the k-server on the line might attain the “right” ratio for the (h, k)-setting.
DC is the only (other than WFA) deterministic k-server algorithm known for

! Actually [5] shows a slightly stronger upper bound WFA, < 2hOPT),—OPT+ const
where OPT), and OPT}, are the optimal cost using k and h servers respectively.

2 If the online algorithm knows h, it can simply disable its k — h extra servers and be
2h — 1 competitive (which is slightly better than 2h). However, Koutsoupias (and
also us) consider the setting where the online algorithm does not know h.
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the line and trees. Moreover, DC obtains the optimum k/(k — h+ 1)-competitive
ratio for the (h, k)-paging problem?.

It seems plausible that WFA might perform very well for lines and trees as
k increases, but no o(h) bound is known. Most known upper bounds, including
[5], bound the extended cost instead of the actual cost of the algorithm. Using
this approach we can easily show that WFA is (h + 1)-competitive for the line®.

Our Results: We determine the exact competitive ratio of DC on lines and
trees in the (h, k)-setting.

k(h+1)
(k1) »

Theorem 1. The competitive ratio of DC is at least even for a line.

Note that for a fixed h, the competitive ratio worsens as the number of online
servers k increases! In particular, it equals h for k = h and it approaches h + 1
as k — oo.

Consider the (seemingly trivial) case of h = 1. If k = 1, clearly DC is 1-
competitive. However, for k = 2 it becomes 4/3 competitive®. Generalizing this
example to (1, k) already becomes quite involved. Our lower bound in Theorem 1
for general h and k is based on an adversarial strategy obtained by a careful
recursive construction.

Next, we give a matching upper bound.

E(h+1)
(k+1) -

Theorem 2. For any tree, the competitive ratio of DC is at most

This generalizes the previous results for h = k [3,4]. Our proof also follows
similar ideas, but our potential function is more involved (it has three terms
instead of two) and the analysis is more subtle. To keep the main ideas clear,
we first prove Theorem 2 for the simpler case of a line in Sect.3. The proof for
trees is analogous but more involved, and is described in Sect. 4.

2 Lower Bound

We now prove Theorem 1. We will describe an adversarial strategy Sy for the
setting where DC has k servers and the offline optimum (adversary) has h servers
and then show that the competitive ratio of DC can be made arbitrarily close
tok(h+1)/(k+1).

Roughly speaking (and ignoring some details), the strategy Sy works as fol-
lows. Let I = [0, bx] be the working interval associated with Sy. Let L = [0, eby]

3 Here, we view the uniform metric as a star graph where requests appear to the leaves.
A proof of this result will be given in the full version of the paper.

* In [1] it is shown that for the line ExtCosty, < (h+1) OPTs+ const. Moreover in [5]
the monotonicity of extended cost was proven: ExtCosty < ExtCosty. Using same
arguments as in [5] it follows that WFA, < (h + 1)OPT),— OPT;+ const.

5 Consider the instance where all servers are at = 0 initially. A request arrives at
x = 2, upon which both DC and offline move a server there and pay 2. Then a
request arrives at x = 1. DC moves both servers there and pays 2 while offline pays
1. All servers are now at * = 1 and the instance repeats.



50 N. Bansal et al.

and R = [(1—e€)by, b;] denote the (tiny) left front and right front of I. Initially, all
offline and online servers are located in L. The adversary moves all its h servers
to R and starts requesting points in R, until DC eventually moves all its servers
to R. The strategy inside R is defined recursively depending on the number of
DC servers currently in R. Roughly, if DC has i servers in R, the adversary exe-
cutes the strategy S; repeatedly inside R, until another DC server moves there,
at which point it switches to the strategy S;11. When all DC servers reach R, the
adversary moves all its h servers back to L and repeats the symmetric version of
the above instance until all servers move from R to L. This defines a phase. To
show the desired lower bound, we recursively bound the online and offline costs
during a phase of Sj in terms of costs incurred by strategies S1,Ss,...,Sk_1-

A crucial parameter of a strategy will be the pull. Recall that DC moves
some server gy, closer to R if and only if gy, is the rightmost DC server outside R
and a request is placed to the left of gr, the leftmost DC server in R, as shown
in Fig. 1. In this situation gz moves by § to the left and ¢; moves to the right
by the same distance, and we say that the instance in R exerts a pull of § on
qr,- We will be interested in the amount of pull exerted by a strategy during one
phase.

request
L v R
oeoeoe—— oo oo —eeef
qr qRr
i 5

Fig. 1. DC server is pulled to the right by

Formal Description: We now give a formal definition of the instance. We begin
by defining the following quantities associated with each strategy S; during a
single phase:

— d;, lower bound for the cost of DC inside the working interval.

— A;, upper bound for the cost of the adversary.

— p;, P;, lower resp. upper bound for the “pull” exerted on any external DC
servers located to the left of the working interval of S;. Note that, as will be
clear later, by symmetry the same pull is exerted to the right.

For ¢ > h, the ratio r; = z—i is a lower bound for the competitive ratio of DC
with ¢ servers against adversary with h servers.

We now define the right and left front precisely. Let € > 0 be a sufficiently
small constant. For ¢ > h, we define the size of working intervals for strategy .S;
as s := h and s;41 := s;/e. Note that s, = h/e*~". The working interval for
strategy Sk is [0, sx] and inside it we have two working intervals for strategies
Sk—1: [0, sx—1] and [sg — sk—1, Sk]. We continue this construction recursively and
the nesting of these intervals creates a tree-like structure as shown in Fig. 2. For
i > h, the working intervals for strategy .S; are called type-i intervals. Strategies
S;, for i < h, are special and are executed in type-h intervals.
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Fig. 2. Representation of strategies and the areas that they define using a binary tree.

Strategies S; for ¢ < h: For i < h, strategies S; are performed in a type-h
interval (recall this has length h). Let @ be h+ 1 points in such an interval, with
distance 1 between consecutive points.

There are two Varlants of S; that we call S and S We describe S in detall

and the construction of S will be exactly symmetric. At the beginning of SZ, we
will ensure that DC servers occupy the rightmost ¢ points of ) and offline servers
occupy the rightmost A points of @@ as shown in Fig. 3. The adversary requests
the sequence ¢;+1,¢;, - .., q1. It is easily verified that DC incurs cost d; = 2i, and

its servers will return to the initial position g;, ..., g1, so we can iterate S; again.
Moreover, a pull of p; = 1 = P; is exerted in both directions.

For i < h, the adversary does not have to move at all, thus A; = 0. For i = h,
the offline can serve the sequence with cost A; = 2, by using the server in ¢ to
serve request in gp41 and then moving it back to gp.

For strategy S; we just number the points of ) in the opposite direction
(@1 will be leftmost and g1 rightmost). The request sequence, analysis, and
assumptions about initial position are the same.

dn+1  qh e q4 g3 q2 q
% 1+ 4 points of @
° . ° . o servers of adversary
° ° o servers of DC

Fig. 3. Strategy §3, where h > 3.

Strategies S; for i > h : We define the strategy S; for ¢ > h, assuming that
S1,...,5;—1 are defined. Let I denote the working interval for S;. We assume
that, initially, all offline and DC servers lie in the leftmost (or analogously right-
most) type-(i — 1) interval of I. Indeed, for Sy, this is achieved by the initial con-
figuration, and for ¢ < k we will ensure this condition before applying strategy
S;. In this case our phase consists of left-to-right step followed by right-to-left
step (analogously, if all servers start in the rightmost interval, we apply first
right-to-left step followed by left-to-right step to complete the phase).
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Let L; and R; denote the leftmost and the rightmost type-j interval con-
tained in I, for h < j < i.

Left-to-right step:

1. Adversary moves all its servers from L;_; to Rj, specifically to the points
q1,---,qn to prepare for the strategy S;. Next, point ¢; is requested which
forces DC to move one server to ¢; and initial conditions of S; are satisfied.

2. For j =1 to h: apply S; to interval Ry, until (j + 1)-th server arrives to point
gj+1 in Rp. After server j + 1 arrives, we finish the already started request

sequence of S;, so that DC servers will be lined in points gj41,...,¢ — ready
for strategy Sj41.

3. For h < j < i: apply S; to interval R; until (j + 1)-th server arrives to R;.
Note that it was the only DC server moving from L;_; towards R;. The rest
are either still in L;_; or in R;. Since R; is the rightmost interval of R

and L;_1 N Rj;1 = 0, our configuration is ready for strategy S;41.

Right-to-left step: Same as Left-to-right, just replace 57] by S?—, R; intervals by
Lj, and Lj by Rj.

Bounding Costs: We begin with a simple but useful observation that follows
directly from the definition of DC.For any subset X of i < k consecutive DC
servers, let us call center of mass of X the average position of servers in X. We
call a request external with respect to X, when it is outside the convex hull of
X and internal otherwise.

Lemma 1. For any sequence of internal requests with respect to X, the center
of mass of X remains the same.

Proof. Follows trivially since for any internal request, DC moves precisely two
servers by an equal amount in opposite directions. a

Let us derive values d;, A;, p;, and P; assuming that they were already computed
for all j < 4. We claim that the offline cost A; for strategy S; during a phase can
be upper bounded as follows.

i—1 i—1
p izh bj

j=1 J

The term 2s;h follows as offline initially moves the h serves from left of I to
right of I and the then back. The costs Aj;—; are incurred during the phases S}
for j=1,...,1—1, because A; is an upper bound on offline cost during a phase
of strategy S; and ;—J is an upper bound on the number of iterations of S; during
S;. This follows because S; (during left to right phase) executes as long as the
(j + 1)-th server moves from left of I to right of I. It travels distance at most s;
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and feels a pull of p; while S; is executed in R. The equality above follows, as
Aj =0 for j < h.

We now lower bound the cost of DC. Let us denote d := (1 — 2¢). The length
of I'\ (L;—1 UR;_1) is ds; and all DC servers moving from right to left have to
travel at least this distance. Furthermore, as (Z, is a lower bound for the number
of iterations of strategy S, we obtain: ’

d; >2(6312+2d3682) —255Z(z+z ) (2)

Jj=1

It remains to show the upper and lower bounds on the pull P; and p; exerted
on external servers due to the (right-to-left step of) strategy S;. Suppose S; is
executing in interval I. Let x denote the closest DC server strictly to the left
of I. Let X denote the set containing = and all DC servers located in I. The
crucial point is, that during the right-to-left step of S; all requests are internal
with respect to X. So by Lemma 1, the center of the mass of X stays unchanged.
As i servers moved from right to left during right-to-left step of S;, this implies
that ¢ should have been pulled to the left by the same total amount, which is at
least ids; and at most is;.

Due to a symmetric argument, during the left-to-right step, the same amount of
pull is exerted to the right.

Proof (of Theorem 1). The proof is by induction. In particular, for each i € [h, k]
we will show inductively that

. i o204 1)
d; i—h A i—h
> 218 and o < ] §—(i=h) (4)

Setting ¢ = k, this implies the theorem as the competitive ratio rj satisfies

k—h
Ak Ak/pk 72(’5‘;"11) §—(k=h) k+1

Choosing € < 1/(k— h) small enough, 6 = (1—2¢) can be made arbitrarily close
to 1, which implies the result.

Induction base ¢ = h. For the base case we have the exact values of a; and d,
and, in particular, —: = 2h and A’L =2

Induction step i > h. Using (1), ( )7 and (3) we obtain:

—1 i—1
d" ( Z ;i ) > 2(2+22 169~ h) > ?&*H(Hi(i— 1)) = 26"

j=1
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A 2 26+ _on
o (*Z ) 5<h+¥h+15 )

j=n Pi

IN

IA

25_(1‘_1_}0 h<h+1)+22j h(]+ )
10 h+1

2 i(i+1) 2(z‘+1)§,(i,h)
io—h h+1  h+1

The last inequality follows as 22 ,h G+1)=i(i+1)—h(h+1). O

3 Upper Bound

In this section, we give an algorithm that matches the lower bound from the
previous section. By OPT we denote the optimal offline algorithm.

Let r be a request issued at time ¢. Let X denote the configuration of DC (i.e.
the set of points in the line where DC servers are located) and Y the configuration
of OPT before serving request r. Similarly, let X’ and Y’ be the corresponding
configurations after serving r. In order to prove our upper bound, we define a
potential function ¢(X,Y’) such that

DC(t) + B(X',Y") — B(X,Y) < c- OPT(t), (5)

where ¢ = k(kh_:'ll) is the desired competitive ratio, and DC(t) and OPT(t) denote
the cost incurred by DC and OPT at time t.
Let M C X be some fixed set of h servers of DC and M(M,Y’) denote the

cost of the minimum weight perfect matching between M and Y. We denote

k(h+1)
E+1

W]\/[(X,Y) = M(M,Y)—I— DM

k+1
Here, for a set of points A, D4 denotes the sum of all (I ‘) pairwise distances
between points in A. The potential function is defined as follows:

1

P(X,)Y) =min¥y (X, Y)+ ——-

Dx

. (k(h+1) k 1
= min (/~:+1 MMY)+ DM) Pl DX

Note this generalizes the potential considered in [3] for the case of h = k.
In that setting, all the online servers are matched and hence Dj; = Dx and is
independent of M, and thus the potential above becomes k times that minimum
cost matching between X and Y plus D,. On the other hand in our setting, we
need to select the right set M of DC servers to be matched to the offline servers
based on minimizing ¥, (X,Y).

Let us first give a useful property concerning minimizers of ¥, which will be
crucial later in our analysis. Note that ¥y, (X,Y") is not simply the best matching
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between X and Y, but also includes the term Dj; which makes the argument
slightly subtle. We prove this lemma directly for trees, since it will be also useful
in the following section.

Lemma 2. Let X and Y be the configurations of DC' and OPT and consider
some fized offline server at location y € Y. There exists a minimizer M of ¥
that contains some DC server x which is adjacent to y. Moreover, there is a
minimum cost matching M between M and Y that matches x to 5.

Proof. Let M’ be some minimizer of ¥y (X,Y) and M’ be some associated
minimum cost matching between M’ and Y. Let 2’ denote the online server
currently matched to y in M’ and suppose that z’ is not adjacent to y. We
denote z the adjacent server to y, in the path from y to z'.

We will show that we can always modify the matching (and M’) without
increasing the cost of @, so that y is matched to x. We consider two cases
depending on whether x is matched or unmatched.

1. If € M’': Let us call 3 the offline server which is matched to x in M’.
We swap the edges and match = to y and 2’ to . The cost of the edge
connecting y in the matching reduces by exactly d(z’,y) — d(z,y) = d(2’, x).
On the other hand, the cost of the matching edge for " increases by d(z’,y") —
d(z,y’) < d(z,z'). Thus, the new matching has no larger cost. Moreover, the
set of matched servers M = M’ and hence Dj; = Dy, which implies that
U (X,Y) < Uppr(X,Y).

2. If x ¢ M': In this case, we set M = M'\ {2’} U{z} and we form M, where y
is matched to x and all other offline servers are matched to the same server as
in M’. Now, the cost of the matching reduces by d(z’,y) — d(z,y) = d(z, ')
and Dpy < Dppr+ (h—1)-d(z,2") (as the distance of each server in M’ \ {z'}
to = can be greater than the distance to 2’ by at most d(z,z’)). This gives

(h+ 1)k n  k(h—1) ,
Upy(XY) -y (X,)Y) < ————-d —d
M( ’ ) M( ’ )— E+1 (CU,(E)‘F E+1 (.’E,.’E)
2k ,
——md(ﬂf,x)<0,
and hence W), (X,Y) is strictly smaller than ¥, (X,Y). O

We are now ready to prove Theorem 2 for the line.

Proof. Recall, that we are at time t and request r is arriving. We divide the
analysis into two steps: (i) the offline serves r and then (ii) the online serves it.
As a consequence, whenever a server of DC serves r, we can assume that a server
of OPT is already there.

For all following steps considered, M will be the minimizer of ¥);(X,Y) in
the beginning of the step. It might happen that, after change of X, Y during the

5 We remark that this property does not hold (simultaneously) for every offline server,
but only for a single fixed offline server y.



56 N. Bansal et al.

step, better minimizer can be found. However, upper bound for AW, (X,Y) is
sufficient to bound the change in the first term of the potential function.

Offline moves: If offline moves one of its servers by distance d to serve r the
value of ¥y(X,Y) increases by at most %d. As OPT(t) = d and X does
not change, it follows that

k(h+1)

AP(X,Y) <
(X,Y) < E+1

.OPT(t),

and hence (5) holds. We now consider the second step when DC moves.

DC moves: We consider two cases depending on whether DC moves a single
server or two servers.

1. Suppose DC moves its rightmost server (the leftmost server case is identical)
by distance d. Let y denote the offline server at r. By Lemma 2 we can
assume that y is matched to the rightmost server of DC. Thus, the cost of
the minimum cost matching between M and Y decreases by d. Moreover D,
increases by exactly (h — 1)d (as the distance to rightmost server increases
by d for all servers of DC). Thus, ¥y, (X,Y) changes by

k(h+1) k(h—1) 2k

k+1 TR T k+1

Similarly, Dx increases by exactly (k — 1)d. This gives us that

2k k-1

d—l—md:—d.

AP(X\Y) < i1
As DC(t) = d, this implies that (5) holds.

2. We now consider the case when DC moves 2 servers x and 2/, each by distance

d. Let y denote the offline server at the request r. By Lemma 2 applied to v,
we can assume that M contains at least one of x or 2/, and that y is matched
to one of them (say z) in some minimum cost matching M of M to Y.
We note that Dx decreases by precisely 2d. In particular, the distance
between x and z’ decreases by 2d, and for any other server of X \ {z,z’}
its total distance to other servers does not change. Moreover, DC(t) = 2d.
Hence, to prove (5), it suffices to show

k
AUy (X,Y) < o -2d. (6)

To this end, we consider two sub-cases.

(a) Bothz and x’ are matched: In this case, the cost of the matching M does
not go up as the cost of the matching edge (z,y) decreases by d and the
move of ' can increase the cost of matching by at most d. Moreover,
Dy decreases by precisely 2d (due to x and z’ moving closer). Thus,

APy (X,Y) < =745 - 2d, and hence (6) holds.
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(b) Only x is matched (to y) and x’ is unmatched: In this case, the cost of
the matching M decreases by d. Moreover, Dj; can increase by at most
(h—1)d, as = can move away from each server in M \ {z} by distance at

most d. So
(h+ Dk . k(h—1) 2%k
< _ ) od = 2
Al (X,Y) < s Ea i ey U s I
i.e., (6) holds. O

4 Extension to Trees

We now consider tree metrics. Specifically, we prove Theorem 2. Part of the
analysis carries over from the previous section. We use the same potential func-
tion as for the line. Observe that Lemma 2 holds for trees: We only used the
triangle inequality and the fact that there exists a unique path between any two
points.

Proof (of Theorem 2). The analysis of the step when offline moves is exactly the
same as for the line. In particular, if the offline algorithm moves by distance d,
only the matching cost is affected in the potential function and it can increase
by at most d - k(h+1)/(k + 1).

It remains to analyze the change in the potential caused by the moves of
DC. In that case, we break down the DC move into elementary moves. Let us
call active the servers adjacent to the requested point r, i.e., the ones which are
moving. An elementary move ends when any server reaches either the request r
or a vertex of the tree. In the latter case, another elementary move immediately
follows, perhaps with a different set of active servers. We are going to prove
that (5) holds for every elementary move. By summation, this implies that it
holds for the entire DC move.

Consider an elementary move where ¢ servers are moving by distance d. We
need to establish some notation first: Let M be a minimizer of ¥;(X,Y") at the
beginning of the step and A be the set of active servers. Let us imagine for now,
that the requested point 7 is the root of the whole tree. For a € A let ), denote
the set of DC servers in the subtree below a (but including a). We set ¢, := |Qq|
and hg :=|Q, N M|. Finally, let Ay := AN M.

By Lemma 2, we can assume that one of the active servers is matched to
offline server in r. We get that M(M,Y) increases by at most (|Ay| —2) - d.

In order to calculate the change in Dx and D)y, it is convenient to consider
the moves of active servers sequentially rather than simultaneously.

For Dy, it is clear that each a € A, moves further away from ¢, — 1 DC
servers by distance d and gets closer to k — ¢, by the same distance. Thus, the
change of Dy associated with a is (¢, —1 — (k — ¢q))d = (29, — k — 1)d. Overall,

ADx =) (20 —k-1)d=(2k—qk+1)d, as) qu=Fk
acA
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Similarly, for Dy, we first note that it can change only due to moves of servers
in Ajps. Specifically, each a € Ay, moves further away from h, — 1 matched DC
servers and gets closer to the rest h — h, of them. Thus, the change of Dy,
associated with a is (2h, — h — 1)d, so overall we have

ADy = Y (2hg —h—1)d < (2h — [Ap|(h + 1)) d,

a€Apn
as ZGGAM he < ZaeA he = h.

Using above inequalities, we see that the change of potential is at most

d

AP(X,Y) < el (k(h+1)(|Am| = 2) + k (2h = [An|(h + 1)) + (2k — q(k + 1)))
= k;il (=2k(h + 1) + 2kh + (2k — q(k + 1))
= otk 1) = —g 4,

As the cost of DC is ¢ - d, we get that (5) holds, which completes the proof. O
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Abstract. The shortest augmenting path (SApP) algorithm is one of the
most classical approaches to the maximum matching and maximum flow
problems, e.g., using it Edmonds and Karp in 1972 have shown the
first strongly polynomial time algorithm for the maximum flow problem.
Quite astonishingly, although is has been studied for many years already,
this approach is far from being fully understood. This is exemplified by
the online bipartite matching problem. In this problem a bipartite graph
G = (W W B, E) is being revealed online, i.e., in each round one ver-
tex from B with its incident edges arrives. After arrival of this vertex
we augment the current matching by using shortest augmenting path.
It was conjectured by Chaudhuri et al. (INFOCOM’09) that the total
length of all augmenting paths found by SAP is O(nlogn). However, no
better bound than O(n2) is known even for trees. In this paper we prove
an O(nlog?n) upper bound for the total length of augmenting paths for
trees.

1 Introduction

The shortest augmenting path (SAP) algorithm is one of the most classical
approaches to the maximum matching and maximum flow problems. Using this
idea Edmonds and Karp in 1972 have shown the first strongly polynomial time
algorithm for the maximum flow problem [5]. Quite astonishingly, although this
idea is one of the most basic algorithmic techniques, it is far from being fully
understood. It is easier to talk about it by introducing the online bipartite match-
ing problem. In this problem a bipartite graph G = (W W B, E) is being revealed
online, i.e., in each round one vertex from B with its incident edges arrives.
After arrival of this vertex we augment this matching by using shortest aug-
menting path. It was conjectured by Chaudhuri et al. [4] that the total length of
augmenting paths found by SAP is O(nlogn). However, no better bound than
O(n?) is known even for trees. Proving this conjecture would have quite striking
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consequences even for maximum flow problem, as it would show that the total
length of augmenting paths in unit capacity networks in Edmonds-Karp algo-
rithm is O(mlogn). This consequence is obtained via the bipartite line graph
construction that is used to reduce the max-flow problem to maximum matching
problem [10]. The obtained bipartite line graph has 2m vertices.

Our paper contributes to the study of SAP algorithm by showing that in the
case of trees the total length of all augmenting paths is bounded by O(n log? n).
This result is obtained via the application of the heavy-light decomposition of
trees [15] combined with charging technique that carefully assigns shortest aug-
menting paths to the structure of the tree. Although, this result seems to be
restricted only to trees we be believe that it constitutes the first nontrivial
progress towards resolving the above conjecture. Moreover, we actually con-
jecture here that trees are the worst-case examples for this problem. It seems
that adding more edges can only help the SAP algorithm. In addition to that we
explain why SAP is harder to analyze than other augmenting path algorithms,
even though it seems way more natural.

2 Related Work

The online bipartite matching problem with augmentations has recently received
increasing research attention [3,4,6,7]. There are several reasons to study this
problem. First of all, it provides a simple solution to the online bipartite matching
algorithms used in many modern applications such as online advertising (e.g.
Google Ads) [11] or client-server assignment [4]. Secondly, they could give rise to
new effective offline bipartite matching algorithms as in [3]. This new algorithm
provides new insights to the old problem that was studied for decades.

In this paper we concentrate on bounding the total length of augmenting
paths and not on the running time. With this respect, it was shown that if the
vertices of B appear in a random order, the expected total paths’ length for SAp
is O(nlogn) [4]. The worst-case total length of paths remains an open question
even for trees. In the class of trees the authors of [4] proposed a different aug-
menting path algorithm that achieves total paths’ length of O(nlogn). On the
other hand, for general bipartite graphs greedy ranking algorithm [3] guarantees
O(n+y/n) total length of paths.

First of all, the above study of online bipartite matching with augmentations
should be related to the work of Gupta et al. [7] which shows an O(n) bound on
the total length of paths, but allows to exceed the capacity of each server by a
constant factor.

Another point of view is given by the dynamic matching algorithms. Most papers
in this area consider edge updates in a general fully-dynamic model which allows
for both insertions and deletions intermixed with each other. We note, however,
that the exact results in this model [9,14] do not imply any bound on the number
of changes to the matching. Much faster update times can be achieved by con-
stant approximate algorithms, for example [1,13], which achieve polylogarithmic
and logarithmic update times. Yet, the 2-approximation can be obtained in our
setting by trivial greedy algorithm that preforms no changes at all.
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Better approximation factor of 3 was achieved by [12] in O(/m) update time,
and then improved by Gupta and Peng to (1+¢) in O(y/me~2) [8]. The O(y/m)
barrier was broken by Bernstein and Stein who gave a (% + ¢)-approximation
algorithm that achieves O(m!/4c=2%) update time [2]. The same paper proposes
an (1+¢)-approximation algorithm in very fast O(a(a+logn)+e~*(a+logn)+
£79) update time for the special case of bipartite graphs with constant arboricity.
However, when allowing approximation in our model a much better results are
possible. An (1 + ¢) approximation in O(me~1!) total time and with O(ne~!)
total length of paths was shown in [3].

3 Preliminaries

Let us define the matching problem we consider more formally. Let W and B
be two sets of vertices over which the bipartite graph will be formed. The set W
(called white vertices) is given up front to the algorithm, whereas the vertices in
B (black vertices) arrive online. We denote by Gy = (W @ By, E}) the bipartite
graph after the ¢’th black vertex has arrived. The graph Gy is constructed online
in the following manner. We start with Go = (W & By, Ep) = (W W (), (). In turn
t a new vertex b, € B together with all its incident edges E(b;) is revealed and
G is defined as:

Et = Et—l U E(bt),

By = By 1 U{b};

The goal of our algorithm is to compute for each G; the maximum size matching
M;. For simplicity we assume that we add in total |[W| black vertices. The final
graph G|y which is obtained in this process will be denoted by G = (WWB, E).
We denote n = |W| = |B| and m = |E]|.

For every t € [n], we add orientation to edges of the graph G;. This orienta-
tion is induced by matching M;: the matched edges are oriented towards black
vertices, while the unmatched edges are oriented towards white vertices. When a
new vertex b, arrives, we get an intermediate orientation Gi** = (En*, B,), where
the edges of b; are oriented towards its neighbors, and the rest of the edges is
oriented according to M;_;. Note that Gitnt and G;_; differ only by one vertex
bs. Any simple directed path in G from b; to some unmatched white vertex
is an augmenting path. In turn ¢, if b; can be matched, the edges of Gi** are
reoriented along augmenting path 7; chosen by the algorithm, and the resulting
orientation is G;. The unmatched white vertices are called seeds. We denote the
set of seeds after turn ¢ as

Sy ={weW :wbé¢ M, for any b € B}.

So in turn ¢ the augmenting paths in Gi** are the directed paths from b; to some
s € S;_1. We refer to the seed of the path 7; from turn ¢ as s;, where s; € S;_.
We represent a path as a graph consisting of path vertices and path edges. We
use the notation v = v’ to denote that a (directed) path 7 starts in v and ends
in v/, and v — v’ to denote a connection via a directed edge. We use the notation
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v € mand p C 7 to state that a vertex v € V(r) and that a path p is a subgraph
of 7, respectively. We also denote the length of a path 7 as |7|. Throughout the
paper, when we write “at time ¢”, what we formally mean is “in Gi"t”.

The next thing we define is a set of vertices D; called dead at time t. The set
D; is defined as the set of vertices in GI** that cannot reach S;_; via a directed
path in Gi". Observe, that if at some point there is no directed path from a
vertex to a seed, never again there will be such a path. If a vertex is dead, all
vertices reachable from it are dead as well. Hence, no alternating path can enter
such a dead region and reorient its edges to make some vertices alive. In other
words, Dy C D, for every time moment ¢. The vertices of D; are called dead,
while the remaining vertices are called alive.

We now define the effective degree of a black vertex b in turn ¢ as the number
of it’s non-dead out-neighbors:

degeff,(b) = [I(b) \ Dx|

where I3(b) is the set of vertices v such that b — v in Gi"*, referred to sometimes
as out-neighbours of b. In particular degeff,(b;) is the number of all non-dead
neighbors (in the undirected sense) of by, as all the edges adjacent to b; are
directed towards its neighbors.

Since we consider in this paper the special case when Gy is a tree at any time ¢,
we will refer to G as T, and to G; as T} from now on.

4 Run-away-from-the-root Algorithm

In this section we present the algorithm for trees given in [4], whose total
augmenting paths’ length amounts to O(nlogn). We refer to this algorithm as
RAFR or as the run-away algorithm. We briefly explain why their analysis does
not apply to the SAP algorithm.

The RAFR algorithm maintains a forest F, which is exactly the set of trees
composed of the edges and vertices already revealed. Each tree of the forest is
rooted. Initially, the trees are all singleton vertices of W. In turn ¢, vertex b,
connects to some trees of F. Three cases are distinguished:

1. degeff,(b¢) > 1: in this case b; connects at least two trees, in which there are
two disjoint directed paths connecting b; with a seed. We pick the smallest
such tree and route the alternating path over there. The root of the newly
connected tree is the root of the largest such tree.

2. degeft,(b;) = 1: we pick a path that minimizes the number of edges traversed
towards the root. In other words, we choose a path that runs away from the
root, as soon as possible.

3. degeff,(b;) = 0: no path is possible, b; immediately becomes a member of a
dead region.

The analysis of the above algorithm in terms of the total length of the aug-
menting paths is as follows. We count, for every edge, how many times this edge
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is traversed via augmenting paths. The edge can be either traversed when Case 1
applies (we refer to such traversal as connecting) or when Case 2 applies (we refer
to such traversal as non-connecting). The edge can be connecting-traversed no
more than logn times, as each augmenting path applied in Case 1 implies that
the tree containing this edge doubles its size. We now observe, that between
two connecting traversals or after/before the last/first connecting traversal of
an edge there can be at most two non-connecting traversals. The edge, before it
changes its root (Case 1 applies again), can be traversed towards the root (and
reversed the opposite direction) only once. This is because after such reversal the
endpoint of the traversed edge becomes dead. As a consequence, every edge is
reversed O(logn) number of times and the total length O(nlogn) of all applied
augmenting paths follows.

This algorithm cleverly plans the uniform distribution of work between the
edges. By running away from the root, it distributes the work to the edges
furthest from the root, and does not do unnecessarily pass through the edges that
are closer to the root. In the following sections we analyze a shortest augmenting
path algorithm, which is not as clever. In particular, there are examples where a
single edge can be traversed 2(y/n) times. Hence, the simple charging techniques
for RAFR do not apply to SAP.

5 Shortest Paths on Trees

In this section we study the shortest augmenting path (SAP) algorithm, which in
each turn chooses the shortest among all available augmenting paths. We start
by giving an easy argument, that the total length of augmenting paths for SAp
is O(nlogn) if all vertices b; satisty degeff,(b¢) > 1. This shows that the difficult
case is to deal with vertices of effective degree 1.

Lemma 1. If for each t € [n] it holds that degeff,(b:) > 1, then the total length
of all augmenting paths applied by SAP is O(nlogn).

Proof. Due to the definition of effective degree, every vertex b; connects at least
two trees T and T5 that contain a directed path connecting b; with a seed. Let
T be a smaller of the two trees. The length of the shortest path 7; from b; to a
seed is at most the size of T}. We charge the cost of 7; to |m;| arbitrary vertices
of T7. During the course of the SAP algorithm, every vertex can be charged at
most logn times, as each time it is charged, the size of its tree doubles. The total
charge is hence O(nlogn). O

The main result of this paper and the subject of the remainder of this section is
the bound for the general case, stated in the following theorem.

Theorem 1. The total length of augmenting paths applied by SAP is O(n log? n).

In order to prove Theorem 1 we introduce a few definitions and observations.
The core of our proof is the concept of a dispatching vertex.
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Definition 1. A black vertex b is called dispatching at time t if degeff,(b) > 1
and b is the first from by such vertex on . In such case we write b = dis(m).
If there is no such black vertex on m;, we define sy to be the dispatching vertex
at time t. We also define, for every dispatching black vertex b, the time moment
tlast(b), when b is dispatching for the last time.

So every path 7; applied by SAP is assigned a uniquely defined dispatching vertex
dis(mt). The first observation we make is that we only have to care about suffixes
of m;’s starting with dis(m).

Definition 2. We define the split of m; = pgpe, where py is the suffix of mp such
that dis(m) £5 s;. Path py = w0, \ py is the remaining part of m; (a possibly empty
prefiz that ends in a vertex preceding dis(m;)). We sometimes refer to the above
defined suffizes as dispatching paths.

Lemma 2. The total length of paths p; is linear in the size of the tree T, i.e.,

> iefn) el € O(n)

Proof. The lemma holds due to Observation 2, proven below, which states that
vertices of u; die at the time ¢ when m; is applied. With this observation it is
clear that the time u; passes through a vertex is the last time SAP visits that
vertex. So every vertex in the tree is visited by u; for any ¢ at most once. O

Observation 2. Vertices of us die at the time t when my is applied.

Proof. At the time when m; is applied, all vertices on u; have effective degree
equal to 1, i.e., they have only one alive directed out-neighbour — their successor
on uy. If we reverse the edges, the only chance for the vertices of u; to be alive
is the last vertex b;. This vertex however becomes dead, because its only alive
out-neighbour is removed. As a consequence the whole path dies. O

To bound the total length of augmenting paths 7, it remains to bound the
total length of dispatching paths: Zte[n] |pt]. Observe, that p; = sy if 84 =
dis(my), so there is no need to worry about such paths. It is enough to consider
the sum over all dispatching paths p; that start in a black dispatching vertex,
so from now on we focus our attention on those. As a consequence, our goal is
to bound the following sum.

Lemma 3. The total length of non-trivial dispatching paths is O(n log? n), i.e.,

Sl € Onleg?n)
ten]:
dis(m)EB

The proof of Lemma 3 constitutes of two steps presented by the following
two lemmas. We first bound the total length of dispatching paths which start
with a dispatching vertex b € B at a time before b is dispatching for the last
time (such paths are called non-final):
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Lemma 4. The total length of non-final dispatching paths is O(nlogn), i.e.,

> Ipl € O(nlogn)
ten]:
b=dis(7:)€B
t<tlast(b)

Then we move on to bounding the sum of dispatching paths starting in a
dispatching vertex b € B at a time when b is dispatching for the last time (such
paths are called final):

Lemma 5. The total length of final dispatching paths is O(nlog2 n), i.e.,

S Jpl € Omlog?n)
t€[n]:
b=dis(m)EB
t=tlast(b)

The distinction between final and non-final dispatching paths is made for the
sake of clarity of our proofs. We now continue with the proof of Lemma 4, stated
again below:

Lemma 4 The total length of non-final dispatching paths is O(nlogn), i.e.,

Z lpe| € O(nlogn)
te[n]:
b=dis(7:)€EB
t<tlast(b)

Proof. We first observe that every time some vertex b € B is dispatching not for
the first time, one of its neighbours dies. To be more specific, if b = dis(m;) and
7 does not start in b (what happens every but the first time b is dispatching),
then w — b C u; for some neighbour w of b. Based on Observation 2, the vertex
w dies.

Hence, if b is a dispatching vertex for the k-th out of [ times at some time
moment, then it has at least I — k + 2 alive white out-neighbours at that time.
We say that a subtree hangs in the neighbour w of b, if it is obtained by the
removal of b from T and it contains w. Suppose that we discard two neighbors
of b with the heaviest trees hanging in them, i.e., two heaviest neighbours. Then
for k =1 — 1 we have at least one alive neighbor, for k = [ — 2 we have at least
two alive neighbors, that is, at least one alive neighbor other than the neighbor
used at k =1 —1, and so on. In other words, for any k < [ we can find a distinct,
not already assigned, alive neighbor w different than the two heaviest neighbors
of b. However, the size of the subtree hanging in that neighbour bounds the
length of the shortest augmenting path starting at b. Therefore, we can bound
the total length of non-final paths dispatching at b by the total size of all subtrees
of b except the two heaviest. Summing that up over the whole tree gives us a
O(nlogn) upper bound, as shown by the next lemma. O
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Lemma 6. Let T be any unrooted tree of size m. For any vertex v let S¥ =
(Sy,87,...) be the sequence of subtrees of v (i.e., the connected components of
T\ {v}) ordered descending by their size, that is, |V(S7)| > |V (S{,1)|. Then for

V(o) = 25 V(S
we have 3, ey ¥(v) € O(nlogn).

Proof. Let r be a centroid point of T', that is, a vertex such that |V (Sf)| <
LIV(T)|. We root T at r, and perform the heavy-light decomposition of 7' (see
Definition 3). Observe that for all vertices v # r we have that Sy contains r (it
corresponds to the parent of v) and S} corresponds to the biggest child of v. In
other words, at most S§ and S} can be connected by heavy edges, all the other
subtrees S5, 5%, ... are connected by light edges.

Now we take an arbitrary vertex w and calculate how many times it can
appear in 3y () ¥(v). Suppose v is a vertex that counts w in ¥(v), then the
first edge on the path from v to w has to be light, moreover, S§ is not counted
in ¥(v), so that path cannot pass through the parent of v. Because of that v
has to be an ancestor of w, however, there are at most O(logn) light edges on
any path from w to the root r for any w. In other words, there can be at most
O(logn) vertices that count w in its sum of ¥. Summing that for all vertices of
T we get the desired bound of O(nlogn). O

We continue with the proof of Lemma 5, stated again below.

Lemma 5 The total length of final dispatching paths is O(n log? n), i.e.,

S Jpl € Omlog?n)
te[n]:
b=dis(m)EB
t=tlast(b)

Proof. In order to bound the sum as claimed, we introduce some additional
structure on T'. We decompose 7" into paths which cover T'. We pick an arbitrary
vertex of T as a root. We adopt the heavy-light decomposition defined below.

Definition 3. In the heavy-light decomposition each non-leaf node selects one
heavy edge - the edge to the child that has the greatest number of descendants
(breaking ties arbitrarily). The selected edges form the paths of the decomposition
(called heavy paths). These heavy paths partition the vertices of T. Let pheavy(v)
denote the heavy path containing v. A light edge is an edge of T' that is not heavy.

By construction, every path in T contains at most O(logn) light edges. In Fig. 1,
the heavy paths in the tree are marked bold.

Now fix a black dispatching vertex b and the last time ¢ = tlast(b) when b
is dispatching. We bound the length of p; by the length of \;, which is a path
from b to a seed in S;_1, that leaves each heavy path as soon as possible.

To be more precise, we define closest;(v) as the closest vertex reachable from v
at time ¢ (in T;™"), which belongs to pheavy(v) and has a light directed edge to an
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alive child at time ¢. Note that such a vertex exists if v is black and dispatching.
Let light-child,(v) be the alive light child of v such that v — light-child,(v) at
time t if such child exists. We now define a sequence of vertices:

fo="b
e; = closesty(fi—1) fori=1...k
£, = light-child, (¢;) for i = 1...k

where k is the index when we reach a seed, i.e., either e; € S;_; or f; € S;_1.
We define \y = fo — e1 — f1 — ... — ex/ fr, see Fig. 1 for an illustration. Note,
that A is only defined for such ¢, that ¢ = tlast(b) for some black dispatching
vertex b. We introduce a useful observation before we proceed.

fo=b=dis(m) e, .

heavy(b
e, = closest(fy) --meree p V
f, = light-child,(e,) -
Y

e,= closest(f;) -
f,= light-child,(e,) -

ey = closest(f,) - .

dead vertices

Fig. 1. The heavy-light decomposition and the definition of \;

Observation 3. Any \; move towards the root only via heavy edges.

As mentioned before, as p; is the shortest path to a seed, we charge the cost
of p; onto the vertices of A\;, which is certainly at least as long. The argument we
are pursuing is going to be completed by the claim that every vertex is charged
at most O(log® n) times during the runtime of SAP.

To that end we introduce the last definitions and observations. For any vertex
v we define heavy-charge(v) to be the set of black dispatching vertices b €
pheavy(v) such that at time ¢ = tlast(b) paths A¢ charge onto v:

heavy-charge(v) = {b € pheavy(v)N B : b = dis(m;) and t = tlast(b) and v € A}

We emphasize here that a black dispatching vertex b = dis(m;) of pheavy(v) can
charge \; onto v at most once, and hence heavy-charge(v) is not a multiset.
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Now fix a vertex w. We count how many times w is charged. Let charge(w)
be the set of all black dispatching vertices that charge onto w the last time when
they are dispatching:

charge(w) = {b € B : b = dis(m) and t = tlast(b) and w € A}

Clearly, |charge(w)| is the total number of times the vertex w is charged and
that is what we want to bound. To complete the argument, we introduce one
more definition.

Definition 4. The head of a heavy path 7, denoted as head(rw), is the closest to
the root vertex of m (closest in the undirected sense). A light ancestor of a vertex
v, denoted as light-ancestor(v), is the parent in the tree T of the head of the
heavy path containing v, i.e., light-ancestor(v) is a parent of head(pheavy(v)).

We now define a sequence of vertices starting with wyg = w, such that w; =
light-ancestor(w;_1), for i = 1...[, where [ is such that head(pheavy(w;)) is the
root of T. By the definition of the heavy-light decomposition, I € O(logn). We
observe that the black dispatching vertices that can potentially charge onto w
are the vertices in V' (pheavy(wp)) U... U V(pheavy(w;))). Moreover,

charge(w) C Uli:O heavy-charge(w;)

since every black dispatching vertex that charges onto w that is in V' (pheavy (w;))
charges also onto w;. Since sets V (pheavy(w;)) are pairwise disjoint, this implies

| charge(w)| < Zi:o | heavy-charge(w;)|

For the illustration of our construction of the charging scheme see Fig.2. The
black arrows mark the heavy charges of vertices w;, which sum up to the total
charge of w.

w, = light-ancestor(w,) __ . - head (pheavy(w,))
“eeeeshead (pheavy(w,))

"o head (pheavy (w))

Fig. 2. The charging scheme

Below we prove Lemma 7, which states that for all v € V(T") it holds that
| heavy-charge(v)| € O(log(|pheavy(v)|)). Having Lemma 7 at our disposal,
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we have |charge(w)| < Zi:o | heavy-charge(w;)| € O(log?n). This completes
the proof of Lemma 5. |

Lemma 7. For all v € V(T) it holds that |heavy-charge(v)] € O(log
(Ipheavy(v)]))-

a >a >2a
N e e
vee pheavy(v)
—0—0—0 L 4 @
v x x, Zy z;
= J
>2'a

Fig. 3. The illustration to the proof of Lemma 7

Proof. We partition vertices of heavy-charge(v) = XUY UZ into pairwise disjoint
sets X,Y,Z. We let X = {zg...2p} be the ancestors of v in heavy-charge(v)
ordered in a way that x;41 is the ancestor of x;. Similarly, let Y = {yo,...yq}
be the descendants of v in heavy-charge(v) ordered in a way that y;41 is a
descendant of y;. Finally we set Z = {v} if v is a black dispatching vertex,
otherwise Z = (). We focus on the number of vertices in X first. We use here
d(e,) to denote the distance between two vertices in T" in the undirected sense.
Let a = d(v,7). We prove inductively that d(z;,v) > 2%, see Fig.3 for an
illustration. The claim clearly holds for ¢ = 0. Now assume it holds for j < i
for some 7. Consider x; and x;y1. Let t; = tlast(z;) and t;11 = tlast(z;41). We
distinguish two cases:

1. t; < t;y1. By definition of A, it holds that d(closesty, (z;),z;) > d(z;,v) >
2¢a. Because x; is dispatching at time t;, there is at time ¢ an alternative path
A, (going up the tree towards ;1) from z; to a seed. Consider again two
cases:

(a) A}, does not cross x;;1. This means that A; leaves pheavy(v) in a vertex
u that has a directed edge to a light alive child at time ¢;. Hence,

d(x;, Ti41) > d(zi,u) > d(closesty, (x;), x;) > 2iq

so d(x;y1,v) > 2¢a.

(b) Ai, crosses w;yq1. Then, z;,1 at time ¢; has a directed edge to an alive
light child. This holds because if all reachable light children of z;,; at
time t; are dead, then degeff,(z;+1) < 1 remains for ¢ > ¢;, so x;41 cannot
be dispatching at time t;41. So, since x;;1 does have a directed edge to
an alive light child at time t¢;, we get d(z;41,2;) > d(x;,v) and thus
d(l‘i+1,v) > 2i+1a.

2. tiy1 < t;. By definition, A, , crosses x;. By a similar argument as above,

at time ¢;41 vertex z; has a directed edge to a light alive child. This is a

contradiction, as in such case A;,,, leaves pheavy(v) in ;.
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The claim that we proved implies that | X| € O(log | pheavy(v)|). We analogously
show that |Y'| € O(log | pheavy(v)]). Since | Z| < 1, we obtain | heavy-charge(v)| =
| X UY U Z| € O(log | pheavy(v)|). This completes the proof of Lemma 7 and the

proof of Theorem 1. O
References
1. Baswana, S., Gupta, M., Sen, S.: Fully dynamic maximal matching in O(logn)

10.

11.

12.

13.

update time. In: Proceedings of the 2011 IEEE 52nd Annual Symposium on Foun-
dations of Computer Science, FOCS 2011, ppp. 383-392. IEEE Computer Society,
Washington, DC, USA (2011)

Bernstein, A., Stein, C.: Fully dynamic matching in bipartite graphs. In:
Halld6rsson, M.M., Iwama, K., Kobayashi, N., Speckmann, B. (eds.) ICALP 2015.
LNCS, vol. 9134, pp. 167-179. Springer, Heidelberg (2015)

Bosek, B., Leniowski, D., Sankowski, P., Zych, A.: Online bipartite matching in
offline time. In: 55th IEEE Annual Symposium on Foundations of Computer Sci-
ence, FOCS 2014, Philadelphia, PA, USA, 18-21 October 2014, pp. 384-393. IEEE
Computer Society (2014)

Chaudhuri, K., Daskalakis, C., Kleinberg, R.D., Lin, H.: Online bipartite per-
fect matching with augmentations. In: INFOCOM 2009, 28th IEEE International
Conference on Computer Communications, Joint Conference of the IEEE Com-
puter and Communications Societies, 19-25 April 2009, Rio de Janeiro, Brazil,
pp. 1044-1052. IEEE (2009)

Edmonds, J., Karp, R.M.: Theoretical improvements in algorithmic efficiency for
network flow problems. J. ACM 19(2), 248-264 (1972)

Grove, E.F., Kao, M.Y., Krishnan, P., Vitter, J.S.: Online perfect matching and
mobile computing. In: Akl, S.G., Dehne, F., Sack, J.-R., Santoro, N. (eds.) Algo-
rithms and Data Structures. Lecture Notes in Computer Science, vol. 955, pp.
194-205. Springer, Heidelberg (1995)

Gupta, A., Kumar, A., Stein, C.: Maintaining assignments online: matching,
scheduling, and flows. In: Chekuri, C., (ed.) Proceedings of the Twenty-Fifth
Annual ACM-SIAM Symposium on Discrete Algorithms, SODA 2014, Portland,
Oregon, USA, 5-7 January 2014, pp. 468-479. SIAM (2014)

Gupta, M., Peng, R.: Fully dynamic (14 e)-approximate matchings. In: IEEE 54th
Annual Symposium on Foundations of Computer. Science, pp 548-557 (2013)
Ivkovié, Z., Lloyd, E.L.: Fully dynamic maintenance of vertex cover. In: Leeuwen, J.
(ed.) Graph-Theoretic Concepts in Computer Science. Lecture Notes in Computer
Science, vol. 790, pp. 99-111. Springer, Heidelberg (1994)

Karp, R.M., Upfal, E., Wigderson, A.: Constructing a perfect matching is in ran-
dom NC. Combinatorica 6(1), 35-48 (1986)

Mehta, A., Saberi, A., Vazirani, U., Vazirani, V.: Adwords and generalized on-line
matching. In: 46th Annual IEEE Symposium on Foundations of Computer Science,
FOCS 2005, pp. 264-273, October 2005

Neiman, O., Solomon, S.: Simple deterministic algorithms for fully dynamic maxi-
mal matching. In: Proceedings of the Forty-fifth Annual ACM Symposium on The-
ory of Computing, STOC 2013, pp. 745-754. ACM, New York, NY, USA (2013)
Onak, K., Rubinfeld, R.: Dynamic approximate vertex cover and maximum match-
ing. In: Goldreich, O. (ed.) Property Testing, vol. 6390, pp. 341-345. Springer,
Heidelberg (2010)



Shortest Augmenting Paths for Online Matchings on Trees 71

14. Sankowski, P.: Faster dynamic matchings and vertex connectivity. In: Proceedings

15.

of the Eighteenth Annual ACM-SIAM Symposium on Discrete Algorithms, SODA
2007, pp. 118-126. Society for Industrial and Applied Mathematics, Philadelphia,
PA, USA (2007)

Sleator, D.D., Tarjan, R.E.: A data structure for dynamic trees. J. Comput. Syst.
Sci. 26(3), 362-391 (1983)



Buyback Problem with Discrete Concave
Valuation Functions

Shun Fukuda', Akiyoshi Shioura?®), and Takeshi Tokuyama'

1 Graduate School of Information Sciences, Tohoku University,
Sendai 980-8579, Japan
{fukuda, tokuyama}@dais.is.tohoku.ac.jp
2 Department of Social Engineering, Tokyo Institute of Technology,
Tokyo 152-8550, Japan
shioura.a.aa@m.titech.ac.jp

Abstract. We discuss an online discrete optimization problem called
the buyback problem. In the literature of the buyback problem, the val-
uation function representing the value of a set of selected elements is
given by a linear function. In this paper, we consider a generalization of
the buyback problem using a nonlinear valuation function. We propose
an online algorithm for the problem with a discrete concave valuation
function, and show that it achieves the same competitive ratio as the
best possible ratio for a linear valuation function.

1 Introduction

We discuss an online discrete optimization problem called the buyback problem.
In the literature of the buyback problem, the valuation function representing
the value of a set of elements is given by a linear (or additive) function. We
refer to this variant of the buyback problem as the linear buyback problem. In
this paper, we consider the nonlinear buyback problem, a generalization of the
buyback problem with a nonlinear valuation function.

1.1 Model of Nonlinear Buyback Problem

To explain the nonlinear buyback problem, we consider a situation where a com-
pany wants to hire some workers from a set N of n applicants. Each applicant
arrives one by one sequentially, and an interviewer of the company, which corre-
sponds to an online algorithm, must decide immediately whether or not to hire
the applicant. The company can hire at most m > 0 applicants; in addition,
there may be some other constraints for a set of hired applicants due to their job
skills and/or their human relationship. We denote by F C 2N the set of feasible
combinations of applicants. The interviewer wants to maximize the profit v(X)
obtained from a set X € F of hired applicants. The function v is a nonlinear
function in X in general since the job skill of applicants may overlap. It is nat-
ural to assume that function v is monotone nondecreasing and satisfies v(f)) = 0
© Springer International Publishing Switzerland 2015
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and v(X) > 0 for X # (. It is often the case that a good applicant comes
for an interview but addition of the applicant violates the feasibility. In such a
case, the interviewer can add the applicant by canceling the contract with some
previously hired applicant at the cost of some compensatory payment. In this
paper, we assume that cancellation cost is given by a constant ¢ > 0. It should
be noted that applicants that are rejected at the interview or once accepted but
canceled cannot be recovered later. The goal of the interviewer is to make an
online decision to maximize the value v(X) of hired applicants X, minus the
total cancellation cost.

This online problem is called the buyback problem. More formally, the buy-
back problem is formulated as an online version of the following discrete opti-
mization problem:

Maximize v(A \ C) — ¢|C]| subject to C CAC N, A\C e F,

where A (resp., C) corresponds to a set of accepted (resp., once accepted but
later canceled) elements, respectively. It is assumed that the set family F and the
function v are accessible via appropriate oracles; that is, for a given set X C N,
whether X € F or not can be checked in constant time, and if X € F then the
function value v(X) can be obtained in constant time.

For a special case of the buyback problem with a linear valuation function
given as v(X) = > .. v w(i) and a matroid constraint, Kawase, Han, and Makino
[17] obtained the following result. It is assumed that a value £ > 0 with ¢ <
min;e y w(?) is known in advance, and let

V2 +4

Note that the value r*(¢, ¢) is dependent only on the ratio £/c. For example, if
¢/c =2 then r*(¢,c) = 2, and if ¢/c = 6 then r*(¢,c) = 1.5.

Theorem 1.1 ([17]). Suppose that v : 2V — R is a linear valuation function
and F C 2N is the family of independent sets of a matroid. Then, the buyback
problem admits an online algorithm with the competitive ratio r*(¢, ¢). Moreover,
there exists no online deterministic algorithm with a competitive ratio smaller
than r*(¢,c), even in the special case with F = {X C N | |X| < 1}.

The main aim of this paper is to generalize this result to the buyback problem
with discrete concave valuation functions.

1.2 Our Result

In this paper, we present the first online algorithm for the nonlinear buyback
problem and analyze its competitive ratio theoretically. Our main results given
in Theorems 1.2 and 1.3 are proved in Sect. 3 by generalizing the approach used
in [17] for the linear buyback problem. The analysis of competitive ratio in our
setting, however, is much more difficult due to the nonlinearity of valuation func-
tion. We overcome this difficulty by utilizing discrete concavity of the function
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called M?-concavity. M?-concavity of the valuation function plays a crucial role
in the analysis of competitive ratio of our online algorithm. It should be noted
that while M%-concave functions satisfy some kind of submodular inequality,
submodularity alone is not enough to obtain the current result; see Concluding
Remarks.

Buyback Problem with Gross Substitutes Valuations and Matching
Weight Valuations. We first consider a nonlinear valuation function called a
gross substitutes valuation. A valuation function v : 2% — R on 2% is called a
gross substitutes valuation (GS valuation, for short) if it satisfies the following
condition:

N . .

Vp,q € RY with p < ¢, VX € arg rUné:%{v(U) — Z%[:Jp(z)},

JY € arg Um&%{v(U) - ;q(z)} such that {i € X | p(i)=q(i)} C Y.
Intuitively, this condition is understood as follows, where N is regarded as a set
of discrete items, and p and ¢ are price vectors: if a buyer wants a set X of items
at price p but some of the item prices are increased, then the buyer still wants
items in X with unchanged prices (and possibly other items not in X).

A natural but nontrivial example of GS valuations arises from the maximum-
weight matching problem on a complete bipartite graph, called assignment val-
uations [28] (or OXS wvaluation [20]). Going back to the situation at a company
in Sect. 1.1, we suppose that the company has a set J of m jobs, to which hired
workers are assigned. Each worker is assigned to at most one job in J, each job
is assigned to at most one worker, and if worker ¢ € N is assigned to a job
j € J, then profit p(i,j) € Ry is obtained. Given a set X C N of workers,
the maximum total profit v(X) obtained by assigning workers in X to jobs in
J can be formulated as the maximum-weight matching problem on a complete
bipartite graph G with the vertex sets N and J:

v(X) = max{ Z p(i,7) ‘ M : matching in G s.t. ONM = X}, (2)
(4,5)eM

where Oy M denotes the set of vertices in NV covered by edges in M. It is known
that this function v : 2V — R is a GS valuation function [20,28].

The concept of GS valuation is introduced in Kelso and Crawford [18], where
the existence of a Walrasian equilibrium is shown in a fairly general two-sided
matching model. Since then, this concept plays a central role in mathemati-
cal economics and in auction theory, and is widely used in various economic
models (see, e.g., [5,6,11-13,20]). The class of GS valuations is a proper sub-
class of submodular functions, and includes natural classes of valuations such as
weighted rank functions of matroids [7,9] and laminar concave function [23] (or
S-valuation [5]), in addition to assignment valuations explained above. While
GS valuation is a sufficient condition for the existence of a Walrasian equilib-
rium [18], it is also a necessary condition in some sense [13]. GS valuation is also



Buyback Problem with Discrete Concave Valuation Functions 75

related to desirable properties in the auction design [6,11,20]. See also [26,30]
for more details on GS valuations as well as other related concepts.

We propose an online algorithm for the nonlinear buyback problem with a GS
valuation and a cardinality constraint. We assume that a positive real number /¢
satisfying

¢ <min{v(X)/|X]|0# X € F} (3)

is known in advance. Note that this condition is a natural generalization of
the condition used in [17]; indeed, for a linear valuation function, condition (3)
is equivalent to ¢ < min;ey w(i). In addition, if v is an assignment valuation
function in (2), then every ¢ with £ < min{p(i,j) | ¢ € N, j € J} satisfies (3).

Theorem 1.2. For a gross substitutes valuation function v : 2¥ — R and a
cardinality constraint F = {X C N | |X| < m}, the nonlinear buyback problem
admits an online algorithm with the competitive ratio r*(¢,c) in (1).

It should be noted that our online algorithm does not require the information
about the number of elements in N and the integer m.

Buyback Problem with Discrete Concave Valuations. Moreover, we
consider a more general setting where F is a matroid and valuation function
v : F — R is a discrete concave function called M?9-concave function. It is
known that a family F C 2N of matroid independent sets satisfies the following
property [25]:

(B —EXC) VX,Y € F, Vi€ X \Y, at least one of (i) and (ii) holds:
) X—ieF, Y+ieF, (i) eVY\X: X —itjeF,Y+i—jeF,

where X — i + j is a short-hand notation for (X \ {i}) U {j}. We consider a
function v : F — R defined on matroid independent sets F. A function v is said
to be M¥-concave [25] (read “M-natural-concave”) if it satisfies the following:

(MP —EXC) VX,Y € F, Vi€ X\, at least one of (i) and (ii) holds:
() X—-ieF, Y+ieF,and v(X)+ o) <ov(X —i)+ oY +1),
(i) JeY\X: X —i+jeF, Y+i—je T,

and v(X) +v(Y) <o(X —i+j)+ oY +i—j).

The concept of Mf-concave function is introduced by Murota and Shioura [25]
(independently of GS valuations) as a class of discrete concave functions. M?-
concavity is originally introduced for functions defined on integer lattice points
(see, e.g., [23]), and the present definition of M*-concavity for set functions can
be obtained by specializing the original definition through the one-to-one cor-
respondence between set functions and functions defined on {0, 1}-vectors. The
concept of MP-concave function is an extension of the concept of M-concave func-
tion introduced by Murota [21,22]. The concepts of Mé-concavity /M-concavity
play primary roles in the theory of discrete convex analysis [23], which provides
a framework for tractable nonlinear discrete optimization problems.
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Mb-concave functions have various desirable properties as discrete concavity.
Global optimality is characterized by local optimality, which implies the validity
of a greedy algorithm for Mf-concave function maximization. Maximization of
an MP-concave function can be done efficiently in polynomial time (see, e.g.,
[23,25]).

The class of Mf-concave functions includes linear functions on matroids.
Hence, the M?-concave buyback problem (i.e., the buyback problem with an
M?-concave valuation) is a proper generalization of the linear buyback problem
with a matroid constraint discussed in Kawase et al. [17]. Furthermore, the M-
concave buyback problem also includes the problem with a GS valuation function
and a cardinality constraint as a special case.

In this paper, we show the following result for the Mf-concave buyback
problem.

Theorem 1.3. If F C 2V is the family of independent sets of a matroid and
v: F — R is an M*-concave function, then the nonlinear buyback problem admits
an online algorithm with the competitive ratio r*(£,¢) in (1).

This theorem implies Theorem 1.2 as a corollary. In addition, this theorem also
implies the former statement of Theorem 1.1, hence generalizing the result of
Kawase et al. [17]. The latter statement in Theorem 1.1 shows that our com-
petitive ratio in Theorem 1.3 is the best possible for the M?-concave buyback
problem.

1.3 Related Work

We review some previous results on the linear buyback problem and some related
results. In the literature of the linear buyback problem, two types of cancellation
cost are considered so far: proportional cost and unit cost; the latter one is used
in this paper. In the case of proportional cost, we are given a constant f > 0 and
the cancellation cost of each element u is equal to fw(u) if w(u) is the value of .
In the case of unit cost, we are given a constant ¢ > 0 and the cancellation cost
of each element u is equal to c. Note that in the nonlinear buyback problem, unit
cancellation cost is more suitable since proportional cancellation cost is heavily
dependent on the linearity of a valuation function.

The linear buyback problem is originally modeled by using proportional cost.
In this setting, Babaioff et al. [3] and Constantin et al. [10] independently pro-
posed deterministic online algorithms for the problem with single matroid con-
straint, where the competitive ratio is 1 + 2f + 24/ f(1 + f). Babaioff et al. [4]
also showed that this competitive ratio is the best possible bound for determinis-
tic algorithms, and presented a randomized algorithm with a better competitive
ratio in the case of small f. Later, Ashwinkumar and Kleinberg [2] proposed a
randomized algorithm with an improved competitive ratio, which is shown to be
the best possible. Ashwinkumar [1] considered a more general constraints such as
the intersection of multiple matroids, and proposed online algorithms with the-
oretical bounds for the competitive ratio. Some variants of knapsack constraint
were also considered in [3,4,14].
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The linear buyback problem with unit cost was first introduced by Han
et al. [14]. Some variants of knapsack constraints are considered in [14,17], while
single matroid constraint is considered by Kawase et al. [17] (see Theorem 1.1).

Variants of the buyback problem with zero cancellation cost are also exten-
sively discussed in the literature. One such example is the problem under a
knapsack constraint, which is referred to as the online removal knapsack prob-
lem (see, e.g., [15,16]). Recently, the nonlinear buyback problem with zero can-
cellation cost and submodular valuation function (called the online submodular
mazimization with preemption) is considered by Buchbinder et al. [8]. Note that
the linear buyback problem with a single matroid constraint is trivial if the can-
cellation cost is zero; indeed, existing online algorithms for this problem reduce
to variants of greedy algorithms that find an (offline) optimal solutions.

The buyback problem with an assignment valuation function can be seen
as a variant of online bipartite matching problems, where vertices on the one
side of a bipartite graph (corresponding to applicants) arrive online one by one
(see, e.g., [19] and the references therein). Among many variants of such online
matching problems, our problem setting is different in the following two points.
First, we allow re-assignment of previously accepted vertices to the vertices on
the other side whenever a newly arrived vertex is accepted. Second, we allow
exchange of a previously accepted vertex with a newly arrived vertex by paying
a cancellation cost. Without a cancellation cost, our online matching problem
is trivial since we allow re-assignment; indeed, it is easy to construct an online
algorithm that finds an (offline) optimal matching under this setting.

2 Mb-concave Functions and GS Valuations

In this section we review the concept of Mf-concavity and its connection with
GS valuation.

Let F be the family of independent sets of a matroid. A function v : F — R
is said to be M%-concave if it satisfies the condition (M!-EXC). It is known
that every Mf-concave function is a submodular function in the following sense
(ct. [23]):

Proposition 2.1 ([23, Theorem 6.19]). Let f : F — R be an M?-concave
function defined on a family F C 2V of matroid independent sets. For X,Y € F
with X UY € F, it holds that v(X) +v(Y) > v(XUY)+0v(X NY).

From the condition (M!-EXC) we can obtain the following property.

Proposition 2.2 ([25, Theorem 4.2]). Let f : F — R be an M?-concave
function defined on matroid independent sets F. For every X, Y € F with | X| =
Y| and w € X \ 'Y, there exists some v € Y \ X such that f(X)+ f(Y) <
X —u+v)+ f(Y +u—v).

Note that the sum of an M¥-concave function and a linear function is again
an MP-concave function, while the sum of two Mf-concave functions is not M®-
concave in general.
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The next property shows the connection between MP-concavity and gross
substitute valuation. In particular, the property below shows that the buyback
problem with a gross substitute valuation function is a special case of Mf-concave
buyback problem.

Theorem 2.1 (cf. [12]). Let v : 2 — R be a function defined on 2.

(i) v is a GS valuation function if and only if it is MP-concave.

(ii) Suppose that v is a GS valuation function and let m be a nonnegative integer.
Then, the function vy, : Fp — R given by Fp, = {X € 2V | | X] < m} and
O (X) = v(X) (X € Fp) is an MP-concave function.

A simple example of M-concave function is a linear function f(X) = w(X)
(X € F) defined on a family F C 2V of matroid independent sets, where w €
RY. In particular, if F = 2V then f is a GS valuation function. Below we give
some nontrivial examples of M?-concave functions and GS valuation functions.
See [23,24] for more examples.

Ezample 2.1 (Mazimum-weight bipartite matching). In Sect. 1.2 we explained an
assignment valuation as an example of GS valuations, where a complete bipartite
graph is used. By using a non-complete bipartite graph instead, we can obtain
an example of MP-concave functions as follows.

Consider a bipartite graph G with two vertex sets N,J and an edge set
E (C N x J), where N and J correspond to workers and jobs, respectively. An
edge (i,7) € E means that worker ¢ € N has ability to process job j € J, and
profit p(i,7) € Ry can be obtained by assigning worker ¢ to job j. Consider a
matching between workers and jobs, and define F C 2V by

F ={X C N |3M : matching in G s.t. OnM = X }.

It is well known that F is a family of independent sets in a transversal matroid
(see, e.g., [27]). Define v : F — R by

v(X) = max { Z p(i,j) | M : matching in G s.t. OyM = X} (X € F).
(i,5)eM

Then, v is an M"-concave function [24, Sect. 11.4.2]. O

Example 2.2 (Laminar concave functions). Let T C 2V be a laminar family,
ie, XNY =0or X CY or X DY holds for every X,Y € T.For Y € 7, let
¢y : Z; — R be a univariate concave function. Define a function v : 2V — R by

v(X) =) er(XNY]) (X e2V),
YeT

which is called a laminar concave function [23, Sect.6.3] (also called an S-
valuation in [5]). Special cases of laminar concave functions are a downward
sloping symmetric function [11] given as v(X) = ¢(|X]|) and a nested concave

function given as
n

v(X) =) @i XN{L2,....i})),

=1
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where ¢ and ¢; (i € N) are univariate concave functions. Every laminar concave
function is a GS valuation function. ad

Example 2.8 (Weighted rank functions). Let T C 2V be the family of indepen-
dent sets of a matroid, and w € Rf. Define a function v : 2V — R, by

v(X)=max{w(Y)|Y C X, Y eI} (Xe2V),

which is called the weighted rank function [9]. If w(i) =1 (i € N), then v is an
ordinary rank function of the matroid (N,Z). Every weighted rank function is a
GS valuation function [29]. O

3 Owur Online Algorithm and Analysis

In this section, we propose an online algorithm for Mf-concave buyback problem
and analyze its competitive ratio.

3.1 Algorithm

Recall that the cancellation cost ¢ and the value ¢ satisfying (3) is known in
advance. We assume that N = {iy,is,...,4,} and the elements in N arrive in
this order. In each iteration, the algorithm maintains a set By € F. To control
the number of cancellations, we use an increasing sequence of real numbers ()
(t =1,2,...) as parameters, which will be determined later by using ¢ and ¢. We
assume that ¥(1) = 0 and (¢t + 1) — ¢(¢) is nondecreasing with respect to ¢.

In the k-th iteration, the algorithm adds an element iy, (i.e., set By = Bi_1+
i) if B—1+ip € F and v(Bg_1+1ix) > v(Bg—1). Otherwise, the algorithm tries
to exchange an element jj in Bjy_1 satisfying By_1 — ji + ix € F and

’U(Bk_l —Jk Jrik-) = max{v(Bk_l *j+ik) ‘ j € Bg_1, Bp_1—j+1i € f} (4)

If the value v(Bk_1 — ji + i) is large enough compared to v(By—_1), then the
algorithm replace ji with iy; otherwise, the algorithm does not add and sets
By = Bj_1. A detailed description of the algorithm is as follows.

Algorithm M"BP

Step 0: Set By = 0.

Step 1: For each element i, k = 1,2,...,n, in order of arrival, do the following;:
[Case 1: By_1 +ix € F] Set By = By—1 + ig.

[Case 2: Bi_1 + i € F] Let ji € Br_1 be an element satisfying (4).

If v(Bi—1 — jk +ix) > ¢Y(t) + £ |Bg_1| > v(Bgk_1) for some ¢, then

set By, = Brp—1 — ji + ir (“cancel j;”); otherwise, set By = Br_1 (“reject ig”).
Step 2: Output B,,. a
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3.2 Bounding the Optimal Value

Let B* € F be an (offline) optimal solution of Mf-concave buyback problem.
That is, B* € argmax{v(B) | B € F}. To analyze the competitive ratio of the
algorithm above, we need to bound the value of v(B*) from above.

For k = 1,2,...,n, let t; be the integer with v(By) — € - |Bg| € [¢(tk), ¢
(tr +1)). We will derive the following upper bound of v(B*).

Lemma 3.1. v(B*) < v(B,) + m@(t, + 1) — ¥(tn)).

To prove Lemma 3.1, we first show that the value v(B*) can be bounded from
above in terms of the output B,, of the algorithm.

For two sets B,B’ € F with |B| = |B’|, we define G(B, B’), called the
exchangeability graph, as a bipartite graph having (B \ B’, B’ \ B) as the vertex
bipartition and

{(j,i)|je B\B', ie B\B, B—j+i€F}

as the edge set. Note that |B\ B’| = |B’ \ B] holds since B and B’ have the
same cardinality, and G(B, B’) has a perfect matching (see, e.g., [27, Corollary
39.12al).
For each edge (j,¢) in G(B, B’), we define the weight of (j,7) by v(B,j,1)
given by
v(B,j,i) =v(B—j+1i) —v(B).
Denote by ©(B, B’) the maximum weight of a perfect matching in G(B, B) with

respect to the edge weight v(B, j,i). We can bound the value v(B’) from above
by using v(B) and 9(B, B’) as follows.

Lemma 3.2 [cf. [21, Lemma 3.4]]. For B,B’ € F with |B| = |B’|, it holds that
v(B') <v(B) +9(B, B").

We denote m = max{|X| | X € F}. Note that |B,| = |B*| = m holds since
F is a family of matroid independent sets and v is monotone nondecreasing.
Hence, the following inequality follows immediately from Lemma 3.2.

Lemma 3.3. v(B*) < v(By) + X icp-\ p, max{v(By, j,4) | j € Bn}.

To bound the value max{v(B,, j,¢) | j € By} in Lemma 3.3, we show a useful
inequality for the value v(By,7,4), which plays a key role in the analysis. For
k=1,2,...,n, let

Cr = {Jt | ji is canceled in Case 2 of the h-th iteration, 1 < h < k},
Ry, = {is | i; is rejected in Case 2 of the h-th iteration, 1 < h < k}.
Note that the sets By, C, and Ry provide a partition of set {1,2,...,k}.

Lemma 3.4. Fork=1,2,...,n, j € By, and i € Cyx U Ry, it holds that
.. 0 (Zfl S Ck),
<
v(Bx, 5i) < {maX{U(Bh_l,j’,ih) |/ € Bu_1} (if i = in € Ry, with h < k).
(5)



Buyback Problem with Discrete Concave Valuation Functions 81

Using Lemma 3.4, we get a bound for max{v(By,J,) | j € Bn}.
Lemma 3.5. Fori € N\ B, max{v(By,j,i) | j € Bp} < ¢(tn +1) —¥(tn).

Lemma 3.1 follows immediately from Lemmas 3.3 and 3.5.

3.3 Analysis of Competitive Ratio

We now prove that our online algorithm achieves the competitive ratio r*(¥, ¢)
in (1) by setting values ¥(t) (t =1,2,...) appropriately.

We counsider the set of intervals given by values ¥(t), and denote the length
of the t-th interval as A(¢) = ¢ (¢t + 1) — ¢ (¢). Note that whenever some element
is canceled in some iteration of our algorithm, the value v(By) — ¢|Bj| moves
to some upper interval. Since v(By) — ¢m € [¢(t,), ¥ (t, + 1)), our algorithm
cancels some elements at most t, — 1 times, and therefore the payoff obtained
by the algorithm is at least v(B,,) — (t, — 1)c. By this fact and Lemma3.1, the
competitive ratio of the algorithm is at most

v(B*) - v(Bp) +mA(ty) < (¥(tn) + m) + mA(ty,)
v(By) = (tn —1)e = v(Bpn) = (tn — 1) = (¥(tn) +€m) — (t, — 1)c
< i (200 fm) + mA(H)
~ 21 (P(t) +m) — (t—1)c’

(6)

where the second inequality follows from the inequality ¥ (¢,) 4+ ¢m < v(B,,) and
the fact that for p,q € R4 the function (x + p)/(x — ¢q) in x is nonincreasing in
the interval (g, +00). We denote by r the ratio in the last term of (6). In the
following, we analyze the minimum value r of the ratio. Note that r > 1.

We will set values () so that

() + tm) +mA(t) _ (@) +bm) + mpE+1) —9(E) _

(WY(t) +m) — (t — e (P(t) +tm) — (t — 1)c

holds for all ¢ > 1. This implies the following recursive formula for ¢ (t):

p=0, e+ ="+ om - LTe-nre @)

By solving this recursive formula, we have r = 1 4 ¢hve tite ngfuc = r*({,c), ie.,
the competitive ratio of our algorithm is r*(¢,¢). This concludes the proof of

Theorem 1.3.

4 Concluding Remarks

We have shown that the competitive ratio of our online algorithm for M-concave
buyback problem is 7*(¥, ¢). Note that r*(¢,0) = 1, which means that our online
algorithm finds an offline optimal solution by setting ¢ = 0.
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It should be noted that our approach does not extend to the nonlinear buy-
back problem with a submodular valuation function. To illustrate this, let us
consider an instance of the buyback problem, where N = {i1,12,43,44}, the
valuation function v : 2% — R is given by

o) =0, v({ir}) = vl{ia}) =2, v({is}) = v({is}) =3,
v(X)=61if | X|>2and X D {i3,i4}

v(X)=4if |X| =2 and X # {i3,i4},

v(N\{is}) = v(N \ {is}) =5,

and the constraint is F = {X € 2V | |X| < 2}. It can be checked that the
function v is submodular but not Mf-concave.

Suppose that our online algorithm is applied to this instance, where the ele-
ments i1, i2, 13, 94 arrive in this order. Then, the algorithm first accepts elements
i1 and 49, and then rejects i3 and i4 since the function value cannot be increased
by swapping new elements with old elements one by one. Hence, the value of the
output is v({i1,42}) = 4. Note that this behavior of the algorithm is irrelevant
to the choice of the cancellation cost ¢. On the other hand, an offline optimal
solution is B* = {i3,i4}, for which v(B*) = 6. Hence, the competitive ratio of
our algorithm is at least 6/4 = 1.5, while the ratio r*(¢,¢) can be close to 1 if
we choose a sufficiently small positive c¢. This fact shows that our algorithm and
analysis in this paper do not extend to submodular valuation functions.
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ments on the manuscript. This work is supported by JSPS/MEXT KAKENHI Grand
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Abstract. We study the design of small cost temporally connected
graphs, under various constraints. We mainly consider undirected graphs
of n vertices, where each edge has an associated set of discrete availabil-
ity instances (labels). A journey from vertex u to vertex v is a path
from u to v where successive path edges have strictly increasing labels.
A graph is temporally connected iff there is a (u,v)-journey for any pair
of vertices u, v, u # v. We first give a simple polynomial-time algorithm
to check whether a given temporal graph is temporally connected. We
then consider the case in which a designer of temporal graphs can freely
choose availability instances for all edges and aims for temporal connec-
tivity with very small cost; the cost is the total number of availability
instances used. We achieve this via a simple polynomial-time procedure
which derives designs of cost linear in n, and at most the optimal cost
plus 2. To show this, we prove a lower bound on the cost for any undi-
rected graph. However, there are pragmatic cases where one is not free
to design a temporally connected graph anew, but is instead given a
temporal graph design with the claim that it is temporally connected,
and wishes to make it more cost-efficient by removing labels without
destroying temporal connectivity (redundant labels). Our main techni-
cal result is that computing the maximum number of redundant labels
is APX-hard, i.e., there is no PTAS unless P = NP. On the positive
side, we show that in dense graphs with random edge availabilities, all
but O(n) labels are redundant whp. A temporal design may, however,
be minimal, i.e., no redundant labels exist. We show the existence of
minimal temporal designs with at least nlogn labels.

1 Introduction and Motivation

A temporal network is, roughly speaking, a network that changes with time.
A great variety of modern and traditional networks are dynamic, e.g., social
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networks, wireless networks, transport networks. Dynamic networks have been
attracting attention over the past years [3,4,7,9,21], exactly because they model
real-life applications. Following the model of [1,13,20], we consider discrete time
and restrict attention to systems in which the connections between the partici-
pating entities may change but the entities remain unchanged. This assumption
is clearly natural when the dynamicity of the system is inherently discrete and
gives a purely combinatorial flavor to the resulting models and problems.

In several such dynamic settings, maintaining connections may come at a
cost; consider a transport network or an unstable chemical or physical structure,
where energy is required to keep a link available. We define the cost as the total
number of discrete time instances, e.g., days or hours, at which the network
links become available, i.e., the sum over all edges of the number of the edge’s
availability instances. We focus on design issues of temporal networks that are
temporally connected; a temporal network is temporally connected if informa-
tion can travel over time from any node to any other node following journeys, i.e.,
paths whose successive edges have strictly increasing availability time instances.
If one has absolute freedom to design a small cost temporally connected tempo-
ral network on an underlying static network, i.e., choose the edge availabilities,
then a reasonable design would be to select a rooted spanning tree and choose
appropriate availabilities to construct time-respecting paths from the leaves to
the root and then from the root back to the leaves. However, in more compli-
cated scenarios one might not be free to choose edge availabilities arbitrarily
but instead specific link availabilities might pre-exist for the network. Imagine a
hostile network on a complete graph where availability of a link means a break
in its security, e.g., when the guards change shifts, and only then are we able to
pass a message through the link. So, if we wish to send information through the
network, we may only use the times when the shifts change and it is reasonable
to try and do so by using as few of these breaks as possible. In such scenarios, we
may need to first verify that the pre-existing edge availabilities indeed define a
temporally connected temporal network. Then, we may try to reduce the cost of
the design by removing unnecessary (redundant) edge availabilities if possible,
without loosing temporal connectivity. Consider, again, the clique network of n
vertices with one time availability per edge; it is clearly temporally connected
with cost ©(n?). However, it is not straightforward if all these edge availabili-
ties are necessary for temporal connectivity. We resolve here the complexity of
finding the maximum number of redundant labels in any given temporal graph.

1.1 The Model and Definitions

It is generally accepted to describe a network topology using a graph, the vertices
and edges of which represent the communicating entities and the communica-
tion opportunities between them respectively. We consider graphs whose edge
availabilities are described by sets of positive integers (labels), one set per edge.
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Definition 1 (Temporal Graph). Let G = (V, E) be a (di)graph. A temporal
graph on G is an ordered triplet G(L) = (V,E,L), where L={L. CN:e € E}
is an assignment of labels' to the edges (arcs) of G. L is called a labeling of G.

Definition 2 (Time Edge). Let e = {u,v} (resp. e = (u,v)) be an edge (resp.
arc) of the underlying (di)graph of a temporal graph and consider a labell € L..
The ordered triplet (u,v,l) is called time edge.?

Definition 3 (Cost of a Labeling). Let G(L) = (V,E,L) be a temporal
(di)graph and L be its labeling. The cost of L is defined as c(L) = 3 g |Lel.

A basic assumption that we follow here is that when a message or an entity
passes through an available link at time ¢, then it can pass through a subsequent
link only at some time ¢’ > ¢ and only at a time at which that link is available.

Definition 4 (Journey). A temporal path or journey j from a vertex u to a
vertex v ((u,v)-journey) is a sequence of time edges (u,uy,ly), (u1,u2,l2), ...,
(uk—1,v,1lg), such that l; < liy1, for each 1 < i < k — 1. We call the last time
label, 1y, arrival time of the journey.

Definition 5 (Foremost Journey). A (u,v)-journey j in a temporal graph
1s called foremost journey if its arrival time is the minimum arrival time of all
(u,v)-journeys’ arrival times, under the labels assigned to the underlying graph’s
edges. We call this arrival time the temporal distance, §(u,v), of v from u.

In this work, we focus on temporally connected temporal graphs:

Definition 6 (Property TC). A temporal (di)graph G(L) = (V, E, L) satisfies
the property TC, or equivalently L satisfies TC on G, if for any pair of vertices
u,v € V, u # v, there is a (u,v)-journey and a (v,u)-journey in G(L). A tem-
poral (di)graph that satisfies the property TC is called temporally connected.

Definition 7 (Minimal Temporal Graph). A temporal graph G(L) = (V, E,
L) over a (strongly) connected (di)graph is minimal if G(L) has the property
TC, and the removal of any label from any L., e € E, results in a G(L') that
does not have the property TC.

Definition 8 (Removal Profit). Let G(L) = (V,E,L) be a temporally con-
nected temporal graph. The removal profit (G, L) is the largest total number of
labels that can be removed from L without violating TC on G.3

! The labels of an edge (arc) are the discrete time instances at which it is available.

2 Note that an undirected edge e = {u, v} is associated with 2-|L.| time edges, namely
both (u,v,1) and (v,u,l) for every | € Le.

3 Here, removal of a label [ from L refers to the removal of I only from a particular
edge and not from all edges that are assigned label [, that is, if | € Le, N Le, and we
remove [ from both L., and L.,, it counts as two labels removed from L.
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1.2 Previous Work and Our Contribution

In recent years, there is a growing interest in distributed computing systems
that are inherently dynamic. For example, temporal dynamics of network flow
problems were considered in a set of pioneering papers [10,11,14,15]. The model
we consider here is a direct extension of the one considered in the seminal paper
of [13] and its sequel [20]. In [13], the authors consider the case of one label per
edge and examines how basic graph properties change in the temporal setting.
In [20], this model is extended to many labels per edge and the number of labels
needed for a temporal design of a network to guarantee several graph properties
with certainty is examined. The latter also defined the cost notion and, amongst
other results, gave an algorithm to compute foremost journeys which can be
used to decide property TC. However, the time complexity of that algorithm
was pseudo-polynomial, as it was dominated by the cube of the maximum label
used in the given labeling. Random edge availabilities were first considered in
[1] in order to study the Expected Temporal Diameter of temporal graphs.

Here, we show that if the designer of a temporal graph can select edge avail-
abilities freely, then an almost optimal linear-cost (in the size of the graph) design
that satisfies TC can be easily obtained (cf. Sect. 3). We give an almost matching
lower bound to indicate optimality. However, there are pragmatic cases where
one is not free to design a temporal graph anew, but is given a set of possible
availabilities per edge with the claim that they satisfy TC and the constraint
that she may only use them or a subset of them for her design. We show that we
can verify TC in low polynomial time (cf. Sect.2). The given design may also
be minimal; we partially characterize minimal designs in Sect.4. On the other
hand, there may be some labels of the initial design that can be removed without
violating TC (and also result in a lower cost). In this case, how many labels can
we remove at best? Our main technical result is that this problem is APX-hard,
i.e. it has no PTAS unless P = N P. On the positive side, we show that in the
case of complete graphs and random graphs, if the labels are also assigned at
random, we can remove all but O(n) labels.

Stochastic aspects and/or survivability of network design were also consid-
ered in [12,18,19]. An extended report of related work [3-9,16,17,21-23] can be
found in our full paper (cf. Appendix).

2 Property TC Is Decidable in Low Polynomial Time

In this section, we give a simple polynomial-time algorithm which, given a tem-
poral (di)graph G(L) and a source vertex s, computes a foremost (s, v)-journey,
for every v # s, if such a journey exists. Curiously enough, the previously known
algorithm was pseudo-polynomial [20]. Our algorithm significantly improves the
running time. In fact, we conjecture it is optimal.

Theorem 1. Algorithm 1 satisfies the following, for every vertex v # s:

(a) If arrival_timelv] < 4oo, then there exists a foremost journey from s to
v, the arrival time of which is exactly arrival _timelv]. This journey can be
constructed by following the parent[v] pointers in reverse order.



88 E.C. Akrida et al.

(b) If arrival time[v] = 400, then no (s,v)-journey exists.
(c) The time complexity of Algorithm 1 is dominated by the sorting time of the
set of time edges (resp. time arcs).

Corollary 1. The time complezity of Algorithm 1 is O(c(L) -logc(L)).

Conjecture. We conjecture that any algorithm that computes journeys out of
a vertex s must sort the time edges (arcs) by their labels, i.e., we conjecture that
Algorithm 1 is asymptotically optimal with respect to the running time.

Note that Algorithm 1 can even compute foremost (s, v)-journeys, if they
exist, that start from a given time g4+ > 0 onward. Simply, one ignores the
time edges (arcs) with labels smaller than the start time.

Algorithm 1. Foremost journey algorithm

Input: A temporal (di)graph G(L) = (V, E, L) of n vertices, the set of all time edges
(arcs) of which is denoted by S(L); a designated source vertex s € V'

Output: A foremost (s,v)-journey from s to all v € V '\ {s}, where such a journey
exists; if no (s, v)-journey exists, then the algorithm reports it.

1: Sort S(L) in increasing order of labels; // Note that |S(L)| = ¢(L)
2: Let S’ be the sorted array of time edges (resp. time arcs) according to time labels;
3: R:= {S}; // The set of vertices to which s has a foremost journey
4: for each v € V' \ {s} do

5:  parent[v] := 0;

6:  arrival_time[v] := +o0;

7: Proceed sequentially in S’, examining each time edge (resp. time arc) only once;
8: for the current time edge (resp. time arc) (a,b,!) do

9: ifae Rand b ¢ R then
10: parent[b] := a;
11: arrival time[b] := I;
12: R := RU{b};

3 Nearly Cost-Optimal Design for TC
in Undirected Graphs

In this section, we study temporal design on connected undirected graphs, so
that the resulting temporal graphs satisfy TC. In this scenario, the designer has
absolute freedom to choose the edge availabilities of the underlying graph.

Theorem 2. (a) Given a connected undirected graph G = (V, E) of n vertices,
we can design a labeling L of cost ¢(L) = 2(n — 1) that satisfies the property
TC on G. L can be computed in polynomial time.

(b) For any connected undirected graph G = (V, E) of n > 2 vertices and for any
labeling L that satisfies the property TC on G, the cost of L is ¢(L) > 2n—4.
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4 Minimal Temporal Designs

Suppose now that a temporal graph on a (strongly) connected (di)graph G =
(V,E) is given* to a designer with the claim that it satisfies TC. If the given
design is not minimal, she may wish to remove as many labels as possible, thus
reducing the cost. Minimality of a design can be verified using Algorithm 1.

4.1 Minimal Designs of Non Linear Cost in the Number of Vertices

Notice that if many edges have the same label(s), we can encounter trivial cases
of minimal temporal graphs. For example, the complete graph where all edges are
assigned the same label is minimal, but there are no journeys of length larger
than 1. Here, we focus on minimal temporal graphs, where minimality is not
caused merely because of the use of the same labels on every edge. Consider
graphs every edge of which only becomes available at most one moment in time
and no two different edges become available at the same time. Are there minimal
temporal graphs of the above scenario with non linear (in the size of the graph)
cost? For example, any complete graph with a single label per edge, different
labels to different edges, satisfies TC. Are all these ©(n?) labels needed for TC,
i.e., are there minimal temporal complete graphs? As we prove in Theorem 4,
the answer is negative. However, we give below a minimal temporal graph on n
vertices with non-linear in n cost, namely with O(nlogn) labels.

A minimal temporal design of nlogn cost

Definition 9 (Hypercube Graph). The k-hypercube graph, commonly
denoted Qy,, is the k-reqular graph of 2% vertices and 281 - k edges.

Theorem 3. There exists an infinite class of minimal temporal graphs on n
vertices with @(n -logn) edges and O(n -logn) labels, such that different edges
have different labels.

Sketch of Proof. We present a minimal temporal graph on the hypercube.
Consider Protocol 2 for labeling the edges of G = Q. The temporal graph,
G(L), that this labeling procedure produces on the hypercube is minimal. O

Cliques of at Least 4 Vertices are not Minimal. The complete graph on
n vertices, K,, with a labeling L that assigns a single, different for every edge,
label per edge is an interesting case, since K, (L) always satisfies TC. However,
it is not minimal as the theorem below shows.

Theorem 4. Let n € N, n > 4 and denote by K, the complete graph on n
vertices. Any labeling L that assigns a single label to every edge of K,,, different
label per edge produces a temporal graph K, (L) that is not minimal. In fact,

3S C Ueerk,)Le, |S| = [§], such that when we remove all the labels of S

4 In this scenario, the designer is allowed to only use the given set of edge availabilities,
or a subset of them.
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Protocol 2. Labeling the hypercube graph, G = Qy,
Consider the k dimensions of the hypercube G = Q, x1,x2,...,Tk;
fori=1...k do
Let X; := {ei1, €i2,...,€;05-1} be the list of edges in dimension x;, in an arbitrary
order;
Let L; be the (sorted from smallest to largest) list of labels L; := {(i —1)-2F 7! +
L,(GE—1)-2""1 42,021}
fori=1...kdo
for j=1...2"1 do
Assign the (current) first label of L; to the (current) first edge of X ;
Remove the (current) first label of L; from the list;
Remove the (current) first edge of X; from the list;
return the produced temporal graph, G(L);

from L, the resulting temporal graph still satisfies TC. Note that by the union
Uee (K, )Le we denote the multiset of all labels used in L.

Proof. The proof is divided in two parts, as follows:

(a) We show that the theorem holds for K. Without loss of generality, we use
labels 1 to 6, one label per edge, and show that we can always remove a
label and still satisfy TC. The proof requires an exhaustive check of 720
permutations of the labels and is done via a computer program (code can be
found online here: http://cgi.csc.liv.ac.uk/~akridel /research-results.html).

(b) Now, consider the complete graph on n > 4 vertices, K,, = (V, E). Partition
V' arbitrarily into [%] subsets Vi,Va,..., Vizq, such that Vi| = 4,Vi =
L,2,..., /4] —1and |V(%] < 4. In each 4-clique defined by V;, i =1,2,...,
| %], we can remove a “redundant” label, as shown in (a). The resulting
temporal graph on K, still preserves TC since for every ordered pair of
vertices u,v € V:

— if u,v are in the same V;, i = 1,2,..., [ %], then there is a (u, v)-journey
that uses time edges within the 4-clique on V;, as proven in (a).

—ifu eV, and v € Vj, i # j, then there is a (u, v)-journey that uses the
(direct) time edge on {u,v}. O

4.2 Computing the Removal Profit is APX-hard

Recall that the removal profit is the largest number of labels that can be removed
from a temporally connected graph without destroying TC. We now show that it
is hard to arbitrarily approximate the value of the removal profit for an arbitrary
graph, i.e., there exists no PTAS® for this problem, unless P=NP. It is worth
noting here that, in our hardness proof below, we consider undirected graphs.
We prove our hardness result by providing an approximation preserving poly-
nomial reduction from a variant of the maximum satisfiability problem, namely

5 PTAS stands for Polynomial-Time Approximation Scheme.
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from the monotone Maz-XOR/(3) problem. Consider a monotone XOR-boolean
formula ¢ with variables z1,z2,...,2,.5 The clause o = (z; @& z;) is XOR-~
satisfied by a truth assignment 7 iff 2; # x; in 7. The number of clauses of ¢
that are XOR~satisfied in 7 is denoted by |7(¢)|. If every variable z; appears in
exactly k& XOR-clauses in ¢, then ¢ is called a monotone XOR (k) formula. The
monotone Maz-XOR (k) problem is, given a monotone XOR(k) formula ¢, to
compute a truth assignment 7 of the variables x1, xs, ..., x, that XOR-satisfies
the largest possible number of clauses, i.e., an assignment 7 such that |7(¢)| is
maximized. The monotone Max-XOR(3) problem essentially encodes the Maz-
Cut problem on 3 -regular (cubic) graphs, which is known to be APX-hard [2].

Lemma 1 [2]. The monotone Maz-XOR(3) problem is APX-hard.

Now we provide our reduction from the monotone Max-XOR(3) problem to
the problem of computing (G, L). Let ¢ be an arbitrary instance of monotone
Max-XOR(3) with n variables x1, s, ..., z, and m clauses. Since every variable
x; appears in ¢ in exactly 3 clauses, it follows that m = %n We will construct
from ¢ a graph G4 = (Vy, E) and a labeling Ly, of G.

For every ¢ = 1,2,...,n we construct the graph G ; and the labeling Ly ;
of Fig. 1. In this figure, the labels of every edge in Ly, are drawn next to the
edge. We call the induced subgraph of GW on the 4 vertices {s%¢, ug®, w5, vy’
the base of Gy ;. Also, for every p € {1,2,3}, we call the induced subgraph of
G4, on the 4 vertices {tzf’,up , Ift,vp } the pth branch of G, ;. Finally, we call
the edges {ug®, wi'} and {wy?, vy} the transition edges of the base of Gy ; and,
for every p € {1,2,3}, we call the edges {uy’,wy’} and {wy?, vy} the transition
edges of the pth branch of Gy ;. For every p 6 {1,2,3} we associate the pth
appearance of the variable z; in a clause of ¢ with the pth branch of G ;.

We continue the construction of G4 ; and Ly ; as follows. First, we add an
edge between any possible pair of vertices wgi,ng, where p,q € {0,1,2,3} and

i,j € {1,2,...,n}, and we assign to this new edge e = {w}?,w,’} the unique
1 o “
4 1 4 4 A |
1 1 ) .
12 4 12N us' /1,2 | 1IN /1,2 ] 1,2
wy W i
: 3 3 2 3 3 3
3 3
Go.m[«b.i : “'ll).‘
w'N\L2 L2 /v
1 1

Fig. 1. The gadget Gg4,; for the variable ;.

5 A monotone XOR-boolean formula is a conjunction of XOR-clauses of the form
(z: ® x;), where no variable is negated.
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label Ly (e) = {7}. Note here that we add this edge {w¥*, wy’} also in the case
where ¢ = j (and p # q). Moreover, we add an edge between any possible pair of
vertices t;i,t?, where ¢ # j, 4,5 € {1,2,...,n}, and p,q € {1,2,3}. We assign
to this new edge e = {27, ;" } the unique label Lg(e) = {7}.

Furthermore we add a new vertex to which is adjacent to vertex wg™ and to
all vertices in the set {s, 7", ¢5%, t3%, up',vp? : 1 <i < n, 0 < p < 3}. First we
assign to the edge {to, wy™} the unique label Ly ({to, wi™}) = {5}. Furthermore,
for every vertex tlfi, where 1 < ¢ < nand 1 < p < 3, we assign to the edge
{to,t;'} the unique label Ly ({to,t;"}) = {5}. Finally, for each of the vertices
z € {s",upi,vpt 1 < i <n, 0 <p < 3} we assign to the edge {to, 2} the
unique label Ly ({to,z}) = {6} . The addition of the vertex to and the labels of
the (dashed) edges incident to ¢y are illustrated in Figure 2(a).

Consider now a clause a = (z; ® z;) of ¢. Assume that the variable x;
(resp. x;) of the clause a corresponds to the pth (resp. gth) appearance of z;
(resp. ;) in ¢. Then we identify the vertices up', vyt wyt, o of the pth branch
of Gy, with the vertices vy’ ug’, wy, tg* of the gth branch of G j, respectively
(cf. Figure2(b)). This completes the construction of Gy and its labeling L.

Denote the vertex sets A = {s™, ugi,vgi : 1 <i<mn, 0<p<3}, B=
{fwpi 21 <i<n 0<p<3},and C = {t57 : 1 <i<n, 1 <p <3}
Note that Vy = AU B U C U {to}. Furthermore, for every ¢ € {1,2,...,n}
and every p € {1,2,3} we define for simplicity of notation the temporal paths
Pip = (5", up' up, t5) and Qi p = (8™, vg", vy, t57). For every i € {1,2,...,n}
the graph G, ; has 16 vertices. Furthermore, for every p € {1, 2, 3}, the 4 vertices
of the pth branch of G4 ; also belong to a branch of Gy ;, for some j # i.
Therefore, together with the vertex g, the graph G4 has in total 10n+-1 vertices.

To provide some intuition about the correctness of Theorem 5, we now briefly
describe how we can construct a labeling L of Gg by removing 9n 4k labels from
Ly, given a truth assignment 7 of ¢ with |7(¢)| > k. First we keep in L all labels
of Ly on the edges incident to ty. Furthermore we keep in L the label {7} of all
the edges {t2, 5’} and the label {7} of all the edges wZiw,’. Moreover we keep

-
Wi ty'
wy 2

4 RN
IR
UZ’ 1,2 1,2 7"};;'7__ 6 \\\
)RR
3 3 et
/”’—7/_ 6 /,
e w I
wWwKI1,2 1,2 vy J
0 } ) 0 e
h (R
sf"r_
(a)

Fig. 2. (a) The addition of vertex to. There exists in Gy also the edge {to,wg"} with
label Lg({to,wg™}) = {5}. (b) The gadget for the clause (z; ® x;).



On Temporally Connected Graphs of Small Cost 93

in L the label {1} of all the edges {t",wy}. Let now i =1,2,...,n. If ; = 0 in
7, we keep in L the labels of the edges of the paths P; 1, P; 2, F;, 3, as well as the
label 1 of the edge {vg*,w(’} and the label 2 of the edge {wy?, uy' }. Otherwise,
if z; = 1 in 7, we keep in L the labels of the edges of the paths Q; 1, Qi 2, Qi 3, as
well as the label 1 of the edge {ug?,wy*} and the label 2 of the edge {wg*, vg'}.

We now continue the labeling L as follows. Consider an arbitrary clause
a = (x; ® z;) of ¢. Assume that the variable x; (resp. x;) of a corresponds to
the pth (resp. to the gth) appearance of variable x; (resp. ;) in ¢. Then, by the
construction of G, the pth branch of qu i coincides Wlth the gth branch of G ;,
Le., up’ = vg?, vyt = ug’ wyt = wy’, and tyt = ty’. Let a be XOR-satisfied
in7, ie, s =%;. Ifz; =7; =0 (e, xz—Oande = 1) then we keep in L
the label 1 of the edge {vj?, w5} and the label 2 of the edge {wy, uj}. In the
symmetric case, where z; = xj =1 (ie, z; =1 and z; = 0), we keep in L the
label 1 of the edge {u,,w;?} and the label 2 of the edge {w}?, v, }. Let now a be
XOR-unsatisfied in 7, i.e., ©; = ;. Then, in both cases where z; = z; = 0 and
r; = xj = 1, we keep in L the label 1 of both edges {vy*,w; '} and {wji, uyi}.
This finalizes the construction of L from the truth assignment 7 of ¢.

Theorem 5. There is an assignment T of ¢ with |7(¢p)| > k iff r(G, L) > In+k.
Theorem 6. The problem of computing r(G, L) on a graph G is APX-hard.

Proof. Denote now by OPTy,on-Max-xOR(3)(®) the greatest number of clauses
that can be simultaneously XOR-satisfied by a truth assignment of ¢. Then
Theorem 5 implies that 7(Gg, Ly) > 9n + OPT yonmax-x0Rr(3) (¢). Note that
a random truth assignment XOR-satisfies each clause of ¢ with probabil-
ity %, and thus there exists an assignment 7 that XOR-satisfies at least
clauses of ¢. Therefore OPTon-Max-x0R(3)(¢) > 5 = %n, and thus, n <
%OPTmon-MaX-XOR(S)(¢>- Assume that there is a PTAS for computing r(G, L).
Then, for every € > 0 we can compute in polynomial time a labeling L C Ly
for the graph Gy, such that |Ly \ L| > (1 —¢€) - 7(Gy, Ly). Given such a labeling
L C L4 we can compute by the sufficiency part (<=) of the proof of Theorem 5 a
truth assignment 7 of ¢ so that |Lg\ L| < 9In+|7(d)| , i.e., [7(¢)| > |Ly \ L|—
Therefore it follows that:

IT()| = (1 =€) - r(Gg, Ly) —9n
Z (1 - E) (9’]7, + OPTmon-MaX-XOR(B) ((b)) —9n
(

4
1- ) ’ (OPTmon—Max—XOR(3)(¢)) — e gOPTmon—Max—XOR(l%) (¢)

- (1 - 135) : (OPTmon—Max—XOR(3) (¢))

That is, assuming a PTAS for computing (G, L), we obtain a PTAS for the
monotone Max-XOR(3) problem, which is a contradiction by Lemma 1, unless
P = NP. So, computing r(G, L) on an undirected graph G is APX-hard. O

Y

4.3 Random Labelings on Dense Graphs Have High Removal Profit

We show here that dense graphs with random labels satisfy TC and have a very
high removal profit with high probability (whp).
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Definition 10. We call normalized uniform random temporal graph any graph
on n € N wvertices, each edge of which receives exactly one label uniformly at
random, and independently of other edges, from the set {1,... ,n}.

Theorem 7. (a) In the normalized uniform random temporal clique of n ver-
tices, we can delete all but 2n + O(logn) labels without violating TC whp.
(b) Let G = (V, E) be an instance of the Erdos-Renyi model of random graphs,

Gpp, with p > @7 where a is constant, and consider a normalized
uniform random temporal graph, G(L), on G. We can delete all but 2n +
O(y/n) labels of G(L) without violating TC whp.

Sketch of Proof. We provide a sketch of the proof of (a). Partition the set
of available labels {1,2,...,n} into 4 consecutive equisized subsets Ay, ..., A4.
Each edge receives a single random label I, with Pr[l € A;] = %, Vi=1,2,3,4.
Color green(g), yellow(y), blue(b) and red(r) the edges that are assigned a label
in A1, As, A3 and A4 respectively. A temporal router is a subgraph of the clique
consisting of a central vertex with a number of yellow incident edges and a
number of blue incident edges. Fix a vertex u of the graph. By use of Chernoff
bounds, we show the following:

Lemma 2. There is a set S1 of at least 7 yellow edges incident to u and a set
So of at least § blue edges incident to u, with probability at least 1 — Qe T6 .

Conditioning on the above property of u, we arbitrarily select a subset D; of .S;
with |D;| = alogn, i =1,2. R = D;UDyU{u} is then a O(log n)-size temporal
router.

Lemma 3. Any vertex w € V' \ R has an incident g edge to a vertex in D1 and
an incident r edge to a vertex in Dy with probability at least 1 — 26~ "

Using Lemma 3, we show that whp, we can remove all the labels from the random
labeling on the graph except for the labels on the edges of the “router” and the
two incident edges of any w € V', one g connecting it to a vertex in D; and one
r connecting it to a vertex in D, and still satisfy the property TC. O

Acknowledgments. We wish to thank Thomas Gorry for co-implementing the code
used in the proof of Theorem 4.
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Abstract. We consider distance queries in vertex labeled planar graphs.
For any fixed 0 < € < 1/2 we show how to preprocess an undirected
planar graph with vertex labels and edge lengths to answer queries of
the following form. Given a vertex u and a label A return a (1 + €)-
approximation of the distance between u and its closest vertex with
label A. The query time of our data structure is O(lglgn +¢~ 1), where n
is the number of vertices. The space and preprocessing time of our data
structure are nearly linear. We give a similar data structure for directed
planar graphs with slightly worse performance. The best prior result
for the undirected case has similar space and preprocessing bounds, but
exponentially slower query time. No nontrivial results were previously
considered for the directed case.

1 Introduction

Imagine you are driving your car and suddenly notice you are about to run out
of gas. What should you do? Obviously, you should find the closest gas station.
This is the vertez-to-label distance query problem. Various software applications
like Waze and Google maps attempt to provide such a functionality. The idea is
to preprocess the locations of service providers, such as gas stations, hospitals,
pubs and metro stations in advance, so that when a user, whose location is
not known a priori, asks for the distance to the closest service provider, the
information can be retrieved as quickly as possible.

We study this problem from a theoretical point of view. We model the net-
work as a planar graph with labeled vertices (some papers refer to labels as
colors). For example, a vertex can be labeled as a gas station. We study dis-
tance oracles for such graphs. A wvertez-label distance oracle is a data structure
that represents the input graph and can be queried for the distance between
any vertex and the closest vertex with a desired label. We consider approximate
distance oracles, which, for any given fixed parameter ¢ > 0, return a distance
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estimate that is at least the true distance queried, and at most (1 + €) times the
true distance (this is also called (1 + €)-stretch). One would like an oracle with
the following properties; queries should be answered quickly, the oracle should
consume little space, and the construction of the oracle should take as little
time as possible. We use the notation (O(S(n))space; O(T(n))time) to express
the space requirement and query time of a distance oracle.

Our Results and Approach. Our results are summarized as follows:

Theorem 1. A (1 + ¢)-stretch (O(e™'nlgn)space, O(g1gn + € )time) verte-

label distance oracle can be constructed in O(e_ing3 n) time for an undirected
planar graph with n vertices.

Theorem 2. A (1 + ¢)-stretch (O(e nlgnlg(nN))space, O(lglgnlglg (nN) +
€ Vyime) vertez-label distance oracle can be constructed in O(e~2nlg® nlg(nN))
time for a directed planar graph with n vertices and maximum integer arc
length N.

Consider a vertex-to-vertex distance oracle and a graph with label set L. If
the oracle works for general directed graphs then the vertex-to-label problem
can be solved easily; add a distinct apex vy for each label A € L, and connect
every A-labeled vertex to vy with a zero length arc. Finding the distance from a
vertex u to label A is now equivalent to finding the distance between u and vy.
This approach presents two main difficulties when designing efficient oracles for
planar graphs. First, adding apices breaks planarity. In particular, it affects the
separability of the graph. Thus, the reduction does not work with oracles that
depend on planarity or on the existence of separators, which are more efficient
than oracles for general graphs. Second, the reduction uses directed arcs, so it
is unsuitable for oracles for undirected graphs. Using arcs in the reduction is
crucial since connecting an apex with undirected zero length edges changes the
distances in the graph. This is because the apex can be used to teleport between
vertices with the same label.

Our contribution is in realizing and showing that the internal workings of
vertex-to-vertex distances oracles for planar graphs due to Thorup [11] can be
extended to support vertex labels. Achieving this modification is non-trivial since
introducing the apices needs to be done in a manner that guarantees correct-
ness without compromising efficiency. Thorup’s oracles rely on the existence of
fundamental cycle separators in planar graphs, a property that breaks when
apices are added to the graph. We observe, however, that once the graph is sep-
arated, Thorup’s oracle does not depend on planarity. We therefore postpone
the addition of the apices till a later stage in the construction of the distance
oracle, when the graph has already been separated. We show that, nonetheless,
approximate distances from any vertex to any label in the entire graph can be
efficiently approximated. Furthermore, we extend a technique of Thorup, orig-
inally intended to reduce the amount of information stored for a single vertex,
to handle all vertices with the same label as if they were a single vertex.
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Related Work. We first summarize related work on approximate vertex-vertex
distance oracles for planar graphs. Thorup [11] gave a (O(e 'nlgnlg(nN))spaces
O(lglg (nN) + € Yyime) stretch (1 + €) directed distance oracle, and a
(O(e7'nlgn)spaces O(€7)time) undirected (simplified) distance oracle. Our
result is based on Thorup’s oracles, which are described in Sect.3.
Klein [7] independently gave an undirected distance oracle with the same
bounds. Kawarabayashi, Klein and Sommer [5] have shown a (O(n)space;
O(e21g7%(n))time) undirected (1 4 €)-stretch distance oracle constructed in
O(nlg2 n) time, inspired by [11]. For a parameter r they give a trade-off

of (O(ﬁ%)sz,ace, O(r + /e 11gn)¢ime) oracle algorithms. Kawarabayashi,
Sommer and Thorup [6] have shown better tradeoffs for undirected oracles. For
the case where N € poly(n), they achieve (O*(nlgn)space, O* (€71 )time) oracle,
where O* hides lg(e~!) and lg*(n) factors.

The vertex-to-label distance query problem was introduced by Hermelin,
Levy, Weimann and Yuster [4]. For any integer k > 2, they gave a (4k — 5)-
stretch (O(kn'TY%) pace, O(k)time) vertex-label distance oracle (expected space)
for undirected general (i.e., non-planar) graphs. This is not efficient when the
number [ of distinct labels is o(n'/*). They also presented a (2¢ — 1)-stretch
(O(knll/k)space, O(k)time) undirected oracle, and showed how to maintain label
changes in sub-linear time. Chechik [2] improved the latter two results to (4k—5)-
stretch and similar space/time bounds.

For planar graphs, Li, Ma and Ning [8], building on [7], construct a (1 + ¢)-
stretch vertex-labeled oracle with (O(e~nlg ) spaces O(e~tlgnlg p)time) bounds
for undirected graphs. Here, p is the radius of the graph, which can be 8(n). It is
also shown in [8] how to avoid the lg p factor when p = O(lgn). The construction
time of their oracle is O(e_ln10g2 n). In comparison, the query time of our
undirected oracle is lower by roughly a log2 n factor. IL.e., exponentially faster.
The space requirement is the same, but our preprocessing is slower by an e ! log n
factor.

It was recently brought to our attention that Lacki, Oéwieja, Pilipczuk,
Sankowski, and Zych [10] developed dynamic vertex-labeled distance ora-
cles for undirected general and planar graphs, and used them to maintain
approximate solutions for dynamic Steiner and subgraph TSP problems. They
describe a generic scheme for converting certain undirected distance oracles
into dynamic undirected vertex-label distance oracle. Applying their scheme
to one of the slower variants of Thorup’s distance oracles, they obtain a
(O(e*nlognlog(nN))space, O(e~ ' lognlog(nN))time) (1+¢€)-stretch undirected
vertex-labeled distance oracle that also supports merging labels. Our result for
undirected graphs has exponentially faster query time, but our preprocessing is
slower by a constant e ! factor. Our work does not address dynamic operations
on the labels. We believe, however, that extending our scheme to support merges
in logarithmic amortized time is possible using similar arguments to [10].

Another recent related work is the one by Abraham, Chechik, Krauthgamer
and Wieder [1], who considered approximate nearest neighbor search in planar
graph metrics. This is the special case of vertex-labeled distance oracle with
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only one label. for this weaker problem they obtain a data structure whose size
is nearly linear in the number of labeled vertices. However, they assume an ezact
vertex-to-vertex distance oracle is provided.

To the best of our knowledge, no non-trivial directed vertex-label distance
oracles were proposed prior to the current work.

Roadmap. In this extended abstract we focus on the undirected case. The
remainder of this paper is organized as follows. We describe the scheme of the
vertex-to-vertex distance oracle of Thorup in Sect. 3. In Sect.4, we describe a
vertex-labeled oracle for undirected planar graphs. Our description goes into
some of the details that are missing in the treatment of the undirected case
in [11]. See the full version for ellaboration. Due to space constraints, our vertex-
labeled distance oracle for directed planar graphs is described in the full version
of the paper. Its construction is similar to the undirected oracle, but relies on
some additional reductions from [11] that we use without change.

2 Preliminaries

Let V(G) denote the vertex set of a graph G. We use the terms arcs and edges
to distinguish directed and undirected graphs. Let A(G) (E(G)) denote the arc
(edge) set of a directed (undirected) graph. We denote the concatenation of two
paths P; and P, that share an endpoint by P; o Ps.

For a simple path @ and a vertex set U C V(Q) with |U| > 2, we define Q,
the reduction of @ to U as follows. Repeatedly apply the following procedure to
Q. Let wv be an edge of @ s.t. v ¢ U. Contract wv, and add the length of wv
to the length of the other edge of @ incident to w. Note that |V (Q)| = O(|U]).

Let T be a rooted spanning tree of a graph G. For u € V(G), let T[u] denote
the unique root-to-u path in T'. The fundamental cycle of e = (u1,us) ¢ E(T)
is the (not necessarily simple) undirected cycle composed of E(T'[u1]), E(T'[us]),
and e.

Let L = {)\i}izl be a set of [ labels. A vertex-labeled graph is a graph
G = (V, A), equipped with a function f : V — L. Let V) = {v € V(GQ)|f(v) = A}
to be set of vertices with label .

Let G be a graph with arc lengths. For u,v € V(G), let dg(u,v) denote the
u-to-v distance in G. For a vertex-labeled G, we define d¢g(u, A) = 121‘1/1 da(u,w).

weVy

We assume basic familiarity with planar graphs. In particular, it is well known
that if G is planar then |A(G)| = O(|V(G)]), and that a simple cycle separates
a planar graph G into an interior and an exterior parts.

A wvertex-label distance oracle is a data structure that, given a vertex v € V'
and a label A € L, outputs an (approximation of) dg (v, A). We note that this
problem is a generalization of the basic distance oracle problem in which each
vertex is given a unique label. Constructing an O(nl)-space vertex-label distance
oracle is trivial. Simply precompute and store the distance between each vertex
and each possible label. The goal is, therefore, to devise an oracle which requires
substantially less than nl space, while allowing for fast queries.
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3 Thorup’s Approximate Distance Oracle

In this section we outline the distance oracle of Thorup [11]. This is necessary for
understanding our results. The oracle we describe differs from the original in [11]
in some of the details. See the full version for an explanation of the differences.
The main idea is to store just a subset of the pairwise distances in the graph,
from which all distances can be approximately computed efficiently. Given an
undirected graph H, and a shortest path (Q € H, Thorup shows that for every
vertex v € H, there exists a set of O(e™1) vertices on Q, called connections, such
that the distances (called connection lengths) between every vertex of H and its
connections on @ can be used to approximate, in O(e~1) time, the length of any
shortest path in H that intersects Q. Thorup essentially proves the following:*

Lemma 1. Let Q be any shortest path in an undirected graph H. There exist
sets O(u, Q) of O(e™1) vertices of Q for all u € H, where:

1. C(u,Q) are called the connections of u on Q.

2. The distance between u and a connection q¢ € C(u, Q) is called the connection
length of w and q.

3. For every u,w € H, if a shortest u-to-w path in H intersects @Q, then
Omgew (u, w) < (1+ €)0m (u, w).
Here HAY is the graph with vertices u,w, and the vertices of the reduction
of Q to C(u,Q)UC(w,Q), and with u-to-Q and Q-to-w edges whose lengths
are the corresponding connection lengths of C(u, Q) and C(w, Q).

Note that, since for every v |C(v, Q)| = O(e '), computing Syw (u,w) can be
done in time that only depends on ¢! (in fact in O(e™!) time). Lemmas 2, 3,
and 4 establish the correctness of Lemma 1.

For efficiency reasons, instead of storing exact connection lengths d(-,-), the
algorithm computes approximate connection lengths, which we denote by £(-,-).

This following definition captures the intuitive idea that if a v-to-¢ path that
goes through ¢* is not too much longer than the shortest v-to-¢ path, then it
suffices to store the distance from v to ¢* and the distance from ¢* to q.

Definition 1. ¢* e-covers g w.r.t. v if £(v,q*) +d(¢*,q) < (1 +€)(v,q).
Thorup [11] uses a different notion of covering.?

Definition 2. ¢* quasi e-covers ¢ w.r.t. v if l(v,q*) + §(¢*,q) < d(v,q) +
el(v, q%).

Let @ be a path. A set C of vertices of Q) is a (quasi)-e-covering of Q w.r.t. v if
for every ¢ € @ there is a connection ¢* € C that (quasi)-e-covers ¢ w.r.t. v.

A covering set is called clean if it is inclusion-wise minimal and ordered if
it is sorted by the order of connections along the path @ (The endpoint of

! Thorup’s treatment [11] of the undirected step does not contain the full details. See
the full version of this paper for ellaboration.
2 The term quasi-e-cover is not used by Thorup. He uses e-covers for this notion.
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Q@ considered as the first vertex of ) can be arbitrarily chosen). Observe that
keeping the distance of every ¢ € @ from the first vertex of @, allows computing
d¢(g,¢') for any ¢,¢’ € Q in constant time.

The notions of e-covering sets and quasi-e-covering sets are related by the
following proposition:

Proposition 1. Let C(v,Q) be a quasi e-covering set for some € € (0,%). Then
C(v,Q) is a 2e-covering set.

Proof. 1f ¢* quasi e-covers g then £(¢*,v) < 2-6(q,v) < 26(q, v). Hence 6(q, ¢*)+
L(g*,v) < (q,v) + €l(g*,v) < (1 + 2€)d(g,v). Therefore, if C(v,Q) is a quasi e-
covering set, it is a 2e-covering set. a

The following lemma shows that, in order to prove Lemma 1, it is suffices that
the sets C(v, Q) be e-covering sets of size O(e™1).

Lemma 2 ( [7, Lemma 4.1P). Let u,w be vertices in an undirected graph H.
Let QQ be a shortest path in H such that a u-to-w shortest path intersects ). Let
C(u, Q),C(w, Q) be e-covering sets of Q w.r.t. u, w, respectively. Let H3" be as
in the statement of Lemma 1. Then,

g (u, w) < (1+ €)0m (u, w) (1)

Thorup shows how to efficiently construct quasi-e-covering sets. Let @ be a short-
est path in an undirected graph H. Let sssp(Q, H) be the smallest number s.t.
for any subgraph Hj of H, and any vertex g € (g, where Qg is the reduction of @
to Hp, we can compute single source shortest paths from ¢ in the graph Qo U Hj
in O(sssp(Q, H)|E(Hp)|) time. It is easy to see that a standard implementation
of Dijkstra’s algorithm with priority queues implies sssp(Q, H) = O(lg|E(H)|).
If H is planar, then sssp(Q, H) = O(1) by [3].

Lemma 3 (/11, Lemma 3.18]). Given an undirected graph H and shortest path
Q, quasi e-covering sets of @ with respect to all vertices of H, each of size
O(e711gn), can be constructed in O(e'sssp(Q, H)|E(H)|1g(|V(Q)])) time.

By Proposition 1 the quasi e-covers produced by Lemma 3 are 2e-covering sets.
However, their sizes are too large. The sizes can be decreased using the following
thinning procedure. The proof appears in the full version.*

Lemma 4. Let Q be a path in an undirected graph, and let v be a vertex. Let
D(v,Q) be an ordered ey-cover of Q w.r.t. v. For any e < 1, a clean and
ordered (2€q + €1)-cover C(v,Q) C D(v,Q) of size O(e; ") can be constructed in
O(|D(v,Q)|) time.

3 Klein showed this lemma, for e-covering sets, while Thorup showed a similar lemma
using a different notion of e-covering sets.

4 In [11] a thinning procedure is given only for the directed case, and it is claimed
that quasi-e-covering sets can be thinned. We believe this is not correct. See the full
version. Instead, we give here a thinning procedure for e-covering sets.



Efficient Vertex-Label Distance Oracles for Planar Graphs 103

Thus, by combining Lemma 3, Proposition 1, and Lemma 4, we get the following
corollary, which, along with Lemma 2, establishes Lemma 1.

Corollary 1. Given an undirected graph H and a shortest path @, e-covering
sets of Q with respect to all vertices of H, each of size O(e™1), can be constructed

in O(c sssp(Q, H)|E(H)|1(|V (Q)])) time.

We now describe Thorup’s distance oracle. The construction is recursive, using
shortest path separators.

Lemma 5 (Fundamental Cycle Separator [9]). Let H be a triangulated undi-
rected planar graph with a rooted spanning tree T' and function w assigning non-
negative weights to edges. One can find an edge e ¢ T such that neither the weight
strictly enclosed by the fundamental cycle of e nor the weight not enclosed by the
fundamental cycle of e exceeds % the weight of H.

A planar graph G can be decomposed by computing a shortest path tree for
an arbitrary vertex, and applying Lemma 5 recursively. Choosing the spanning
tree in Lemma 5 to be a shortest path tree guarantees that each fundamental
cycle separator found consists of two shortest paths. The decomposition can be
represented by a binary tree 7 in the following manner.’

— Each node r of 7 is associated with a subgraph G, of G. The subgraph
associated with the root of 7 is all of G.

— Each non-leaf node r of 7 is associated with .S,., the set of two shortest paths
in the fundamental cycle separator found by invoking Lemma 5 on G,..

— Each non-leaf node r has two children, whose associated subgraphs are the
interior and exterior of S,.. The vertices and edges of the separator belong to
both subgraphs.

Let r be a node of 7. The frame F, of G, is the set of (shortest) paths in
U, (E(Sr)NG,), where the union is over strict ancestors r’ of 7 in 7. Each non-
leaf node r stores its frame F;.. A standard argument shows that, by alternating
the separation criteria between number of edges in the graph and number of
paths in the frame, one can get frames consisting of a constant number of paths.

For r € T, let G¢ denote the subgraph of G, \ F,.. That is, G¢ is the graph
obtained from G, by removing the edges of the frame F,. as well as any vertices of
F,. that become isolated as a result of the removal. The sizes of the G7’s decrease
by a constant factor along 7', while the sizes of the G,.’s need not because there
is no bound on the size of the fundamental cycle in Lemma 5. This may pose
a problem, since the frame F). is stored by every node r. To overcome this, the
algorithm stores the reduction of F, to G2 instead of F;. itself.

Let uw,w be vertices of G. Let ry,r,, be leaves of 7 such that v € G,, and
w € G,,. Let r be the LCA of r, and r, in 7. Observe that u and w are
separated by S,. Hence, every u-to-w path in G must intersect S,. However, a
u-to-w path may or may not intersect Fi..

5 We refer to the vertices of 7 as nodes to distinguish them from the vertices of G.
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Suppose first that a shortest u-to-w path P (in G) does intersect F,.. We
write P = Py o P;. Path P is a maximal prefix of P whose vertices belong to
G?. We call this kind of paths local paths. Note that local paths start at a vertex
of G7, end at a vertex of F, and are confined to Gy. Path P, consists of the
remainder of P, and is referred to as a global path. Note that global paths start
at a vertex of F,. NG, end at a vertex of G2, but are not confined to G7. It
is not difficult to convince oneself that, to be able to approximate d¢g(u,w), it
suffices to keep, for every @ € F,, local connections C(u, Q) (i.e. the connection
lengths are relative to G¢, not the entire G) and global connections C(w, @) of
(i.e. the connection lengths are relative to the entire graph G).

Now suppose that no shortest u-to-w path P (in G) intersects F.. Then every
u-to-w path P (in G) intersects S, and is confined to G¢. Then, to approximate
P it suffices to keep, for every @ € S, local connections C(u, @) and C(w, Q).

The distance oracle therefore keeps, for each r € 7, for each vertex u € G}

1. local connections C(u, Q) for all Q € F;.0
2. global connections C(u, Q) for all Q € F,..
3. local connections C'(u, Q) for all @ € S,..

These connections, over all v € G, and all paths in F;. U S, are called the (local
or global) connections of r. In addition, the data structure stores:

— A mapping of each vertex v € G to a leaf node 7, € 7 s.t. v € Gy,
— A least common ancestor data structure over 7.

The space bottleneck is the size of the sets maintained. Each vertex v belongs
to G2 for O(lgn) nodes r of 7. For each of the O(1) paths in the frame and
separator of each such node r, v has a set of O(e~!) connections. Hence the total
space required by Thorup’s oracle is O(e~‘nlgn).

We next describe how a query is performed. Given a u-to-w distance query, let
r be the least common ancestor of r,, and r,, in 7. The algorithm computes, for
each path Q of S.UF. the length of a shortest u-to-w path that intersects ) using
the connections C'(u, Q) and C(w, Q) (both local and global). By construction
of 7, the number of such paths @ is constant. It is easy to see that computing
the distance estimate for each Q can be done in O(e~!) time. Thus, an (1 + ¢)-
approximate distance is produced in O(e™!) time.

Efficient Construction. We now mention some, but not all the details of
Thorup’s O(e~2n1g® n)-time construction algorithm. Refer to [11, Subsect. 3.6]
for the full details. The computation of the connections and connection lengths is
done top-down the decomposition tree 7. Naively using Corollary 1 on Gy, for all
r € 7T is efficient, but only generates local connections on .S,.. Using Corollary 1
on G, would produce local connections on F;., but is not efficient since |F,.| can
be much larger than |G?|. Instead, For each path @ in F,., the algorithm uses the
reduction Q of Q to the vertices of @ that belong to G2. Let G be the graph
composed of G2 and Q. Note that |G@| = O(|G2|). The local connections on F,
can now be computed by applying Corollary 1 to GS.

% These connections are only required for the efficient construction.
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It remains to compute global connections. Recall that these connection
lengths reflect distances in the entire graph, not just in G,. Clearly, applying
Corollary 1 on G for every r is inefficient. Instead, the computation is done top-
down 7 using an auxiliary construction. This construction augments Gy with
e-covers of the separators of all ancestors of r in 7 w.r.t the vertices of G7y.
These e-covers have already been computed (local connections at the ancestor),
and represent distances outside G,.. Due to space constraints we defer the details
to the next section, where we handle the more general case of vertex labels.

4 Undirected Approximate Vertex-Label Distance Oracle

The idea is to adapt Thorup’s oracle (Sect. 3) to the vertex-label case. Thorup’s
oracle supports one-to-one (vertex-to-vertex) distance queries, whereas here we
need one-to-many distance queries. Given two vertices u, v, Thorup’s oracle finds
the LCA of r, and r, in 7, and uses its connections to produce the answer. In
a one-to-many query, there is no analogue for v. We do know, however, that a
shortest u-to-A path must intersect the separator of the leafmost node r in 7
that contains u and some A-labeled vertex. The node r takes the role of the
LCA of r, and r,. In order to be able to use 7’s connections in a distance query
one must make sure that r’s connections represent approximate distances to
A-labeled vertices in the entire graph, not just in G;.

We define a set £ of new (artificial) vertices, one per label. For every r € T,
let £, = {\ € L|G, NV # 0} be the restriction of L to labels in G¢.

Simply connecting each vertex of V) to an artificial vertex representing the
label X is bound to fail. To see why, suppose vertices u and v both have label
A. Adding an artificial vertex A\ and zero-length undirected edges vA and u\
creates a zero-length path between u and v that does not exist in the original
graph. While this does not change the distance between any vertex and its closest
A-labeled vertex, it may change distances between a vertex and its closest \'-
labeled vertex (A" # X). Therefore, we would have liked to add, for each label A
separately, a single artificial vertex A, and compute the connection sets C(\, Q).
Doing so would result in correct distance estimates, but is not efficient. We
show how to compute the connections C()\, Q) without actually performing this
inefficient procedure. Instead of having a single artificial vertex per label, it
is split into many artificial vertices (one for each incident edge). The problem
with this approach is that the number of connections becomes too large (each
split vertex has its own set of O(e~!) connections). We use an extension of the
thinning procedure (Lemma 4) to select a small subset of these connections and
still get the desired approximation.

Another point that we must address is that, for A € £,., the global connections
C(A, Q) should reflect the minimum distances between the connections of A on
@ to the closest vertex with label A in G, not just to vertices with label A in G¢.
We show how to achieve this by an extension of the auxiliary construction used
to compute the global connections in Thorup’s unlabeled oracle. We start with
the extended thinning lemma.
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Lemma 6 Let {u;} be vertices and @ be a shortest path. Given ordered e-
covering sets {D(u;,Q)} it is possible to compute in linear time a clean and
ordered 3e-covering connections set C' of size O(e™1) which represent approwi-
mated distances from any q € Q to its closest vertex among {u;}.

Proof We first convert every connection length ¢(u;,q) for every ¢ in D(u;, Q)
to reflect an approximated length from ¢ to its closest vertex u* € {u;}, rather
than to u;. We obtain these lengths using the fact that ¢ is e-covered with respect
to u* by some connection in D(u*, Q). Let Z,, be the graph composed of:

1. @, the reduced form of @ to connections of all {D(u;, Q)}.

2. vertices {u;}, along with edges between each u; to its connections, with
lengths equal to the corresponding connection lengths.

3. vertex u, connected with zero-length edges to all {u;}.

By the e-covering property, the distances between every ¢ € @ and u in
Z, represent approximate distances between ¢ and its closest vertex u* € {u;}
in G. To see this, assume ¢ € Q is a connection of u;, and is closest to u*.
Let ¢* be a connection of u* which e-covers ¢ w.r.t. w*. Then dz, (g, u*) <
6Q(q,q%) +4(q", u*) = dclq,q") + £(g",u") < (1 +€)dc(q, u™).

All shortest paths from v in Z,, can be computed in linear time; first, relax
all edges incident to u and {u;}. Then, relax the edges of Q by going first in one
direction along @ and then relaxing the same edges again in the other direction.
For connection p on Q, a u-to-p shortest path first reaches @) along one of {u;}
edges and then walks along ) toward p. Hence the relaxation was done in the
correct order. We update the connection lengths to the distances thus computed.

Let ﬁ(u,Q) denote the ordered union of all connections, along with the
updated connection lengths. Since all {D(u;, Q)} were ordered, it is possible to
order their union in linear time. Let G, be the graph obtained from G by adding
an apex u connected with zero length edges to all {u;}. We stress that G, is not
constructed by the algorithm, but only used in the proof. D(u, Q) is an e-cover
of @ with respect to v in G,. Now apply Lemma 4 to D(v, Q) with g = €1 = ¢
to obtain a 3e-cover of @ with respect to u in G, of size O(e™1). O

Vertex-Label Distance Oracle for Undirected Graphs. The vertex
labeled distance oracle is very similar to the unlabeled one (Sect.3). It uses
the same decomposition tree 7, and stores, for each r € 7, the same covering
sets. The only difference is that, in addition to the covering sets C(u, @) for each
vertex u € G, the oracle also stores connection information for labels as we now
explain.

For every r € 7 and A € L,, the oracle stores local and global connections
C(XA, Q). The local connections C'(\, Q) are connections in the graph obtained
from G by adding an artificial vertex A, along with zero length edges from all
A-labeled vertices in G2 to A. The global connections C(A, Q) are connections
in the graph obtained from G by adding an artificial vertex A, along with zero
length edges from all A-labeled vertices in G to A. Before explaining how to
compute these connections we discuss how a distance query is performed.
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Obtaining the distance from u to A is done by finding the lowest ancestor r
of r, with A € L,.. A shortest u-to-\ path must cross S,., and perhaps also F..
The algorithm estimates, for each path @ of S, U F,., the length of a shortest
u-to-A path that intersects @, using the connections C'(u, Q) and C(\, Q) stored
for r (Since A € L,, r does store Q-to-A connections).

Finding r can be done by binary search on the path from r, to the root of 7.
The number of steps of the binay search is O(lglgn). Finding whether a node
r’ has a vertex with label A can be done, e.g., by storing all unique labels in
G?, in a binary search tree, or by hashing. In the former case finding r takes
O(lglgnlg|L|) time, and in the latter O(lglgn), (in the word-RAM model).

It remains to show how the connections are computed. We begin with the
local connections. For every r € T, for every Q € F,.US,., the algorithm computes
ordered e-covering sets of connections on ) w.r.t. each vertex of G} to @ by
invoking Corollary 1 to G2. This takes O(e |V (G2)|1gn) time (using [3] for
shortest path computation). For each A € L, let n) denote the number of
A-labeled vertices in G7. The total number of connections to A-labeled vertices
in G° is O(e~'ny). The algorithm next applies the extended thinning lemma
(Lemma 6) to get a connections set C'(\, Q) of size O(e™!) in O(e~ny) time.
Since Y, nx = O(|V(G?)]), the runtime for a single r and @Q is O(e |V (G?))).

We now show how to compute the global connections without invoking
Corollary 1 to the entire input graph G at every call.

Lemma 7. Let r € 7. Global connections for r can be computed using just the
(local) connections of strict ancestors of r. Computing all global connections for
all € T can be done in O(e 2nlg®n) time.

Proof. Let Q be a path in F,. Let X% be the graph composed of the following:

— The vertices L,

— The vertices and edges of @, the reduction of Q to V(Q) N V(G?).

— For each strict ancestor v’ of r, for each path Q' € S,/, the vertices and edges
of @', the reduction of @’ to vertices that are (local) connections (in G¢,) of
Q' w.r.t. vertices in Q U L,., along with edges representing the corresponding
connection lengths.

The algorithm creates a graph Xf? from X% by breaking every artificial
vertex A in X& into many copies {).}, one per incident edge of \. We stress
that the artificial vertices A, are not directly connected to each other in X’TQ .
Hence, the problem of shortcuts mentioned earlier is avoided.

Note that splitting vertices in this way does not increase the number of edges
in the Xﬁ? . The algorithm applies Corollary 1 to Xﬁg and @, obtaining a small
sized e-cover C'(\e, Q) for every .

Let g be any vertex of @, and let A be a label in G2. Let P be a shortest g-to-\
path in G. Let 7’ be the rootmost strict ancestor of r such that S, is intersected
by P. Note that v’ must exist since ¢ € F,, so ¢ belongs to the separator of
some strict ancestor of r. Thus P is entirely contained in G?,. Let Q' be a path
in S, intersected by P. By construction of X,Q, it contains an e-covering set of
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connections of @’ with respect to ¢ in G2/, as well as the edges of Q' and an
e-covering set of connections of Q" with respect to A in G9,. Hence, by Lemma 2,
there exists a shortest g-to-A. path (for some artificial vertex A.) in X'TQ whose
length is at most (1 + €) times the length of P. On the other hand, because the
vertices A (for any A € L£,) are not directly connected to each other in X,Q ,
every path in X,Q corresponds to some path in GG, so shortest paths in X,Q are at
least as long as those in GG. This proves that X,Q correctly represents all desired
global connection lengths.

We proceed with describing the construction of the connection sets of the
appropriate sizes. To bound the size of the connections {C(A.,Q)}, we count
the number of edges incident to A in X% (i.e., before it is split). There is an
edge for each of the O(¢~!) connections of A on each of the O(lgn) paths of
separators of ancestors of r. For each such edge there is a vertex A\, with an
e-covering set of Q of size O(e~1). Thus, the total number of connections of Q
for all A\, vertices is O(e~21gn). The algorithm applies Lemma 6, the extended
thinning procedure, to {C(A¢,Q)}, to get C(\, Q) of size O(e~!). Doing so for
all labels in G2 requires O(e~2lgn + e Y|L,|) space.

We now bound the running time. Since splitting vertices does not increase
the number of edges, applying Corollary 1 to X% takes O(e 2|V (G2)|1g% n) time.
Applying Lemma 6 is done within the same time bound. To conclude, the total
runtime over all nodes of 7 is O(e 2nlg”n). O
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Abstract. Local computation algorithms (LCAs) produce small parts
of a single solution to a given search problem using time and space sub-
linear in the size of the input. In this work we present LCAs whose time
complexity (and usually also space complexity) is independent of the
input size. Specifically, we give (1) a (1 — €)-approximation LCA to the
maximal weighted base of a graphic matroid (i.e., maximal acyclic edge
set), (2) LCAs for approximating multicut and integer multicommodity
flow on trees, and (3) a local reduction of weighted matching to any
unweighted matching LCA, such that the running time of the weighted
matching LCA is also independent of the edge weight function.

1 Introduction

Local computation algorithms (LCAs) provide a solution to situations in which
we require fast and space-efficient access to part of a solution to a large compu-
tational problem, but we never need the entire solution at once. Consider, for
instance, a database describing a network with millions of nodes and edges, on
which we would like to compute a maximal matching. At any point in time, the
algorithm may be queried about an edge, and is expected to reply “yes” or “no”,
depending on whether the edge part of a maximal matching. The algorithm may
never be required to compute the entire solution. However, replies to queries are
expected to be consistent with a single matching.

LCA Measures. Typically, LCAs use polylog(n) space, and are required to reply
to each query in polylog(n) time. ! Some papers on LCAs (e.g., [12]) give three
criteria for measuring LCAs: running time per query, the total space required,
and failure probability. 2 Others (e.g., [2]), consider only the number of times
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of A, that the running time of A for any query exceeds its stated running time (and
not the probability that A errs).
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the input is probed, and the amount of information the LCA needs to store
between queries. In this paper we propose a more comprehensive model that
unifies the two approaches. The idea is to distinguish between computational
time and probe complexities, and between enduring and transient memory. More
specifically, a probe to the input graph consists of asking a vertex for a list of its
neighbors.? The point is that the cost of a probe may sometimes be much higher
than the cost of a computational step. Regarding space, we assume that there
is an enduring memory, which is written only once by the algorithm, before the
first query is presented. We think about it as an augmentation of the input.
Enduring memory is useful in randomized LCAs (e.g., [1,7,12]), where the LCA
must use the same randomness each time it is invoked to ensure consistency.
This can be done by storing a random seed in the enduring memory. Transient
memory is simply the memory required to compute a reply to each query. Note
that in our formulation, the algorithm’s reply to a query depends only on the
input and the enduring memory, and not on the history. Formal definitions are
provided in Sect. 2.

New LCAs. In this paper we give constant-time, constant-probe LCAs to the
following graph problems, assuming graphs with constant maximal degree.

e Graphic Matroids. Given a weighted graph, the task is to find an acyclic edge
set (forest) of approximately the maximum possible weight. In the correspond-
ing LCA, a query specifies an edge, and the algorithm says whether the given
edge is in the solution forest. We present a deterministic (1 — €)-approximate
LCA for graphic matroids, whose running time and space are independent of
the size of the matroid (see Sect. 2 for formal definitions).

o Integer Multi-commodity Flow (IMCF) and Multicut on Trees. Given a tree
with capacitated edges and source-destination pairs, the goal of IMCF is to
route the greatest possible total flow where each pair represents a different
commodity, subject to edge capacity constraints. Multicut is the dual problem
where the goal is to pick an edge set of minimal total capacity so that no source
can be connected to its destination without using a selected edge. We give a
deterministic LCA for IMCF and multicut on trees that runs in constant time
and gives a (1/4)-approximation to the optimal IMCF and a 4-approximation
to the minimum multicut. We also give a randomized LCA to IMCF, with
constant running time, very little enduring memory (less than a word), and
expected approximation ratio % — ¢ for any constant € > 0.

o Weighted Matching. Given a weighted graph, we would like to approximate
the maximum weight matching. We design a deterministic reduction from any
(possibly randomized) LCA A for unweighted matching with approximation
ratio o to weighted matching with approximation ratio «/8. Our reduction
invokes A a constant number of times. Both the running time and approxi-
mation ratio are independent of the magnitude of the edge weights.

Related Work. LCAs were introduced by Rubinfeld et al. [12]. Alon et al. [1]
described LCAs for hypergraph 2-coloring and maximal independent set (MIS)

3 We typically assume that vertex degrees are bounded by a constant.
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on graphs of bounded degree, using a reduction from parallel and distributed
algorithms. Mansour et al. [6], extending results of [1], showed how to convert
a large class of online algorithms to LCAs using the technique of Nguyen and
Onak [9], in which a random ordering is generated over the vertices, and this
ordering is used to simulate the online algorithm: in order to reply to a query
about a vertex, we need to simulate the online algorithm on all vertices that
come before it in the ordering. The main challenge is to bound the number of
vertices that one needs to probe per query. Recently, Reingold and Vardi [11]
extended these results to a much wider class of graphs, and obtained stronger
bounds.

For graphs of bounded degree, Even et al. [2] showed how to obtain acyclic
orientations of the edges using the distributed coloring algorithms of Linial [4]
and Panconesi and Rizzi [10]. They were thus able to obtain deterministic LCAs
with running time dependent on log™n. They also give algorithms with simi-
lar running times for approximate maximum cardinality (MCM) and maximum
weight matchings (MWM). Their results for MWM depend logarithmically on
the ratio of the maximum to the minimum weight.*

The reader may also find it interesting to compare the results of this paper
with other algorithms that run in constant time, such as distributed constant-
time algorithms (see [13] for a recent survey), or constant-time approximation
algorithms (e.g., [9,18]).

We give more problem-specific related work in the relevant sections.

2 Preliminaries
General Concepts. We denote the set {1,2,...n} by [n].

Graph Concepts. Let G = (V, E) be a simple undirected graph. The neighbor-
hood of a vertex v, denoted N (v), is the set of vertices that share an edge with
v: N(v) = {u : (u,v) € E}. The degree of a vertex v, is |N(v)|. The distance
between two vertices v and v, denoted dist(u, v), is the minimal number of edges
required to reach one from the other. For any vertex v, its k-neighborhood,
denoted N*(v) is the set of all vertices at distance at most k& from v. (Note that
N(v) = NY(v)\ N°(v).) For any edge e = (u,v), its k-neighborhood is defined as
N*(e) = N*(u) U N¥(v). Given a non-empty vertex set S # V, a cut (S,V \ 9)
is the set of edges with exactly one endpoint in S.

Throughout this paper, we assume that the maximal degree in G is upper
bounded by some constant parameter d. For simplicity of presentation, we
assume that G is d-regular and that |V| and d are powers of 2. All our results
hold without these assumptions.

4 We note that while our algorithm for MWM runs in constant time, independently of
the size of the graph and of the edge weights, its approximation guarantee is much
worse than that of [2], whose approximation factor is (1 — €).
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Approzimation Algorithms. We define approximation algorithms as follows.

Definition 1. Given a mazimization problem over graphs and a real number
0 < a <1, a (possibly randomized) a-approzimation algorithm A is guaranteed,
for any input graph G, to output a feasible solution whose (possibly expected)
value is at least an o fraction of the value of an optimal solution.® The definition
of approximation algorithms to minimization problems is analogous, with o > 1.

LCAs. We extend the model of [12] for local computation algorithms (LCAs)
to distinguish between time and probe complexity, and between enduring and
transient memory.

Definition 2 (LCA). A (t(n),p(n),em(n),tm(n),d(n))-local computation
algorithm A for a computational problem is a (possibly randomized) algorithm
that receives an input of sizen and a query x. Before the first query, A is allowed
to write em(n) bits to the enduring memory, and may only read from it there-
after. Algorithm A makes at most p(n) probes to the input in order to reply to
any query x, and does so in time t(n) using tm(n) bits of transient memory
(in addition to the enduring memory). The probability that A deviates from the
probe, time or transient memory bounds® (i.e., uses more than the prescribed
amounts) is at most §(n), which is called A’s failure probability. Algorithm A
must be consistent, that is, the algorithm’s replies to all possible queries conform
to a single feasible solution to the problem.

Remark 3. All LCAs of this paper have failure probability 0; we include it in the
model for compatibility with previous models, but omit it from the statements for
brevity. Furthermore, all the algorithms presented in this paper have a constant
running time, and hence the transient memory is guaranteed to be of constant
size; we omit this measure from the statements as well.

3 Graphic Matroids

In this section we consider the problem of finding the maximum weight basis of
a graphic matroid, defined as follows.

Definition 4 (Graphic Matroid). A graphic matroid is a matroid whose
independent sets are forests in an undirected graph.

We are given a graphic matroid M = (€,7), and would like to find an indepen-
dent set of (approximately) maximal weight. In graph terminology, we are given
a graph G = (V, E), with non-negative edge weights, w : E — R¥; we would
like to find an acyclic set of edges of (approximately) maximal weight. That is,
we seek a forest whose weight is close to the weight of a maximal spanning tree
(MaxST). Without loss of generality, we assume edge weights are distinct, as

5 In case of a randomized algorithm, expectation is over its random choices.
5 Note that the LCA is not allowed to deviate from the enduring memory bound.
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it is always possible to break ties by ID Recall that when the edge weights are
distinct, there is a unique MaxST.

We first describe a parallel algorithm for finding a MaxST in a graph, and
then explain how to adapt it to an LCA. We note that our parallel algorithm
is less efficient than others (say, the Boruvka’s algorithm [8]), if it is used as a
parallel algorithm. In fact, there is no instance on which it would out-perform
Boruvka’s algorithm. Nevertheless, it is useful as adapting it to an LCA and
analyzing its local properties are simple.

We first need a few definitions. Define the distance between a vertex v and
an edge e = (u, w), denoted dist(v, €), to be min{dist(v, u), dist(v,w)}.

Definition 5 (Connected Component, Truncated CC). Let G = (V, E)
be a simple undirected graph. For a vertex v € V, and a subset of edges S C E,
the connected component of v with respect to S is CCg(v) C S which includes
the edges e € S that have a path from e to v using only edges in S. (Note that
CCs(+) is a partition of S.) The k-truncated connected component of v is the
set of all vertices in the connected component of v at distance at most k from v
(w.r.t. G). We denote it by k TCCg(v).

Algorithm 1 works as follows. We maintain a forest S, initially empty. For any
vertex v, denote I'*¥ = kTCCg(v). In round k, vertex v considers the cut
(Ck, VvV \ I'*) and adds the heaviest edge of the cut, say e, to S. (Note that
k is both the round number and the radius parameter of the truncated con-
nected component.) In contrast to many MaxST algorithms (such as Prim’s and
Kruskal’s algorithms), an edge can be considered more than once, and it is possi-
ble that an edge e is considered—and even added—when it is already in S (if we
add e to S when e € S, S remains the same).

Algorithm 1. Parallel (CREW) MaxST Approximation Algorithm.

Input : G = (V, E) with weight function w: E — R*, e >0
Output: a forest S
//assume all edge weights are distinct

For all v € V, S(v) = 0;
for round k =0 to 1/e do
For each vertex v, let I'¥ = k TCCs(v) ;
for all vertices v € V in parallel do
L if e is the heaviest edge of the cut (I'¥,V \ I'¥) then

L S() =S(v)uieh
Return S =, ¢y S(v).

Correctness of Algorithm 1.The correctness of Algorithm 1 relies on the so-
called “blue rule” [14].
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Fig. 1. The situation considered in the proof of Proposition 8, for £ = 2. The edge
e = (u,v) is in Ry. Solid edges are in S, dashed edges are in E \ S. The shaded area
represents CC?, and the dotted red arc represents the distance 2 range. Edges marked
by x are considered by v in round 2 (Color figure online).

Lemma 6 ([14]). Let C be any cut of the graph. Then the heaviest edge in C
belongs to MaxST.

Corollary 7. All edges added to S by Algorithm 1 are in MaxST.

Corollary 7 establishes the correctness of Algorithm 1.

Approximation Ratio. We now turn to analyze the approximation ratio
of Algorithm 1. To this end, define S; to be the set of edges of MaxST
that were added to S in rounds 1,2,...,k (implying that Sy C Sky1). Let
Ry = MaxST\Sy, (see Fig.1).

Consider the component tree of MaxST, defined as follows: the node set is
{CCs, (v) | v € V}, and the edge set is {(CCs, (v),CCs, (uv)) | (v,u) € Ry} In
words, there is a node in the component tree for each connected component of Sy,
and there is an edge in the component tree iff there is an edge in Ry, connecting
nodes in the corresponding components. We choose an arbitrary component as
the root of the component tree, and direct all the edges towards it; this way, each
edge e € Ry, is outgoing from exactly one connected component of S.. We denote
this component by CC¥. Note that CC! C CC? for i < j because components
only grow. For any set of edges S, let w(S) = > .qw(e).

The following proposition is the key to the analysis.

P it w(CCE)

roposition 8. For any k > 1, Ve € Ry, w(e) < —5—=.
Proof. Tf Ry, is empty, the claim holds trivially. Let e = (v, ) be any edge in Ry,
(directed from v to u). Edge e was not chosen by vertex v in rounds 1,...,k.
For i € [k], let e; be the edge chosen by v in round 4. It suffices to show that (1)
all edges e; are heavier than e, i.e. Vi € [k],w(e;) > w(e), and that (2) the edges
e; are distinct, i.e., Vi,j € [k],i#j = e; #ej.
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The proof of (1) is straightforward: e was in the cut (I'2, V' \ I'?) in all rounds
i € [k], but it was never chosen. This must be because v chose a heavier edge in
each round.

To prove (2), we show by induction that e; is distinct from {ej, es,...,e;—1}.
The base of the induction is trivial. For the inductive step, consider the two
possible cases. If e; ¢ CCi=1  then clearly, e; cannot be any edge that was
previously added. And if e; € CC!~!, then e; must be at distance exactly i from
v, otherwise it would not have been in the cut (I}, V \ I'!) and could not have

been added. But e1,...,e;—1 are all at distance at most i — 1 (w.r.t. G). u
Corollary 9. Fork >0, w(Ry) < w(;fk)-
Proof.
w(Ry) = Z w(e)
e€ER
k
< Z w(C];Ce) by Prop. 8
eER
< w(;:“w. e# ¢ = CCF#CCE, and | JOC C 8,

e€ER

O
This enables us to prove our approximation bound. Denote the weight of MaxST
by OPT.

Lemma 10. w(S) > (1 — %H)OPT.

Proof. As Ry, = MaxST \Sk,

OPT  w(Sp) + w(Re) ~ w(Sp) +w(Sk)/k  k+1’

where the inequality is due to Corollary 9. O

This concludes the analysis of Algorithm 1. We now describe the LCA we derive
from it.

Adaptation to an LCA and Complexity Analysis. Given a graph G =
(V,E) and a query e = (u,v) € E, the implementation of Algorithm 1 as an
LCA is as follows. Consider iteration k of Algorithm 1. Probe G to discover
N?k(y) and N2¥(v). Simulate Algorithm 1 on all vertices in N*(u) U N*(v) for
k rounds. In each round i, for each node s € N*(u) U N¥(v), the algorithm
computes ! = i TCCgs(v), finds the heaviest edge e in the cut (I'2, V' \ I'), and
adds it to the solution. This gives the following lemma.

Lemma 11. The time required to simulate the execution of Algorithm 1 for k
rounds as an LCA is kd®®) | and the probe complexity is d°*).
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Proof. The time to discover N2¥(v) U N2¥(u) by probing the graph is bounded
by d°*). Each vertex in z € N*(v) U N*(u) executes Algorithm 1 k rounds: in
round j, it constructs S., by exploring N7(z) € N2¥(v) U N2¥(u). Overall, the
time complexity is

d°% 4 > kIN®(z)| = kd®®,

ZENFE(V)UNF(u)

Combining Lemmas 10 and 11 gives our first main result.

Theorem 12. There exists a deterministic LCA, that for any graph G whose
degree is bounded by d and every € > 0, computes a forest whose weight is a
(1—e€)-approxzimation to the mazimal spanning tree of G in time t(n) = %do(l/e),
probe complezity p(n) = d°/9) | and enduring memory em(n) = 0.

4 Multicut and Integer Multicommodity Flow in Trees

In this section we consider the integer multicommodity flow (IMCF) and mul-
ticut problems in trees. While simple, our LCAs demonstrate how, under some
circumstances, one can find constant-time LCAs for apparently global problems.

The input is an undirected graph G = (V, E) with a positive integer capacity
c(e) for each e € E, and a set of pairs of vertices {(s1,t1),...,(Sk,tx)}. (The
pairs are distinct, but the vertices are not necessarily distinct.)

In the Integer Muticommodity Flow Problem, the goal is to route commodity
i from s; to t; so as to maximize the sum of the commodities routed, subject
to edge capacity constraints. (There is no a priori upper or lower bound on the
amount of flow for each commodity.) Note that in a tree, the only question is how
much to route: the route is uniquely determined anyway. In the dual Multicut
Problem, the goal is to find a minimum capacity multicut, where a multicut is
an edge set that separates s; from ¢; for all 1 <i < k.

We make the following assumptions about the input to allow for appropriately
bound the time and space complexity of the algorithms. First, we assume that
in the given tree each node has at most d = O(1) children, and that T is rooted
in the sense that the depth of each vertex is known, and is part of the properties
that are found by querying the vertex. Second, we assume that the distances
from s; to t; are bounded by some given parameter ¢; i.e., Vi, dist(s;,t;) < /.
Our bounds will be a function of ¢, so that if £ is independent of tree size, then
so are the time and space complexity of our algorithms.

In the local version of IMCF (multicut), we are queried on an edge, and are
required to output how much of each resource is routed on it (whether it is part
of the cut). As before, we adapt a classical algorithm to an LCA. This time we
use the known algorithm of Garg et al. [3] as a subroutine (denoted Algorithm 2,
and presented below for completeness). Note that this is a primal-dual algorithm,
that solves IMCF and multicut simultaneously.
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Theorem 13 [16]. Algorithm 2 achieves approzimation factors of 2 for the mul-
ticut problem and 1/2 for the IMCF problem on trees.

Algorithm 2. Multicut and IMCF in trees [3,16]

Input : A rooted tree T
Output: a flow f and a cut D

Initialize f =0, D = {);
for each verter v in nonincreasing order of depth do

for each pair (s;,t;) s.t. lowest common ancestor(s;,t;) = v, do
Greedily route flow from s; to t; if possible;

Add all saturated edges to D in arbitrary order;

Let eq,...,er be the ordered list of edges in D;
for j =k down to1 do
| If D— {e;} is a multicut, then remove e; from D;

Our deterministic LCA finds a (4 4 ¢)-approximation to the multicut problem,
and in trees with minimum capacity cpin > 2, the same algorithm finds an
IMCF with approximation factor % > é.7 We also present a randomized
Algorithm, that gives an approximation factor of (% —¢) to IMCF for any desired
€ > 0 (the running time depends on 1/¢). The algorithms are similar, in that
they partition the tree to subtrees and apply Algorithm 2 to each subtree. The
randomized algorithm requires a very small amount of enduring memory, namely
O(log(¢/€)) bits.

4.1 Deterministic LCA

We first describe the deterministic LCA. An edge is said to be at depth z if
it connects vertices at depths z — 1 and z. The deterministic algorithm (whose
pseudocode appears in the full version) for multicut is as follows. We consider
two overlapping decompositions of the tree into subtrees of height 2¢: the first
decomposition is obtained by removing all edges at depth k¢ for even values of
k, and the second is by removing all edges at depth k¢ for odd values of k. Now,
given an edge e, we run Algorithm 2 on the subtrees that contain e (there is
at least one such tree and at most two). Let the output of the “even” instance
be D¢, and the output of the “odd” instance be D°. The output is D¢ U D°.
Correctness follows from the fact that each (s;, ¢;) pair is completely contained in
(at least) one of the subtrees by the assumption that dist(s;,¢;) < ¢. Regarding
the approximation ratio, recall that by Theorem 13, the capacity of each of
D¢, D? is no larger than twice the minimum multicut capacity, the capacity in
the overall output is at most 4 times that of the minimal capacity multicut.

To obtain a feasible flow, we start by splitting the capacity of each edge e € D
between the subtrees it is a member of, such that in each subtree there are at

7 The ratio is % when all capacities are even, and it tends to % as Cmin — 00. For

Cmin = 1 the approximation ratio is 0.
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least | 5] capacity units. This is possible because each edge is a member in at
most 2 subtrees. Now, given a query e to the LCA, we run Algorithm 2 on the
trees e is a member of, obtaining flow values f€¢(e) for the “even” subtree and
f°(e) for the “odd” subtree. The LCA outputs f¢(e) + f°(e).

The following is out main theorem for this section. Its proof appears in the
full version of the paper.

Theorem 14. Given a tree T with mazimal degree d, integer edge capacities at
least cmin and source-destination pairs with mazximal distance at most £ > 0, there
are LCAs with t(n) = d°©, p(n) = d°© and em(n) = 0, for 4-approzimate mul-
ticut and (i - 4Cr1mn )-approximate IMCF. If all capacities are even, the approzi-
mation ratio to IMCF is i.

4.2 Randomized LCA

We now turn to the randomized setting. Our randomized algorithm (see the full
version for a more in-depth description and pseudocode) is similar: instead of
an overlapping decomposition, we use a random one as follows. Let H = [5
We pick an integer j uniformly at random from [H], and remove all edges whose
depth modulo H is j — 1. The result is a collection of subtrees of depth at most
H — 1 each. Now, given an edge e, we run Algorithm 2 on the subtree that
contains e and output the output of Algorithm 2 (with probability 1/H, the
edge queried, e, is not in any tree; in this case, e carries 0 flow).

Theorem 15. Given a tree T with mazimal degree d, integer edge capacities and
vertex pairs with mazimal distance at most £ > 0, there is an LCA with t(n) =
dOU¢/) p(n) = d°We) and em(n) = O(log £/¢), that achieves an approzimation
ratio of (1/2 — €) to IMCF.

5 Weighted Matchings

In this section we present a different kind of an LCA: a reduction. Specifically,
we consider the task of computing a maximum weight matching (MWM), and
show how to locally reduce it to maximum cardinality matching (MCM). Our
construction, given any graph of maximal degree d and a t-time a-approximation
LCA for MCM, yields an O(td)-time, §-approximation LCA for MWM.

Formally, in MWM we are given a graph G = (V, E) with a weight function
w : E — N, and we need to output a set of disjoint edges of (approximately)
maximum total weight. In MCM, the task is to find a set of disjoint edges of
(approximately) the largest possible cardinality.

The main idea in our reduction is a variant of the well-known technique of
scaling (e.g., [5,15,17]): partition the edges into classes of more-or-less uniform
weight, run an MCM instance for each class, and somehow combine the MCM
outputs. Motivated by local computation, however, we use a very crude combin-
ing rule that lends itself naturally to LCAs.
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Specifically, the algorithm is as follows (the “global” algorithm is presented
as Algorithm 3). Let v = 4. Partition the edges by weight to sets E;, such that
E; = {e:w(e) € [y""1,+")}. For each 4, find a maximum cardinality matching
M; on the graph G; = (V, E;), using any MCM algorithm. Let M = U;M,.
Given an edge e, our LCA for MWM returns “yes” iff e is a local maximum in
M, ie., iff (1) eisin M, and (2) for any edge €’ in M which shares a node with
e, w(e') < w(e) (no ties can occur).

Algorithm 3. Reduction of MWM to MCM
Input : A graph G = (V,E), with w: E — N, and v > 2
Output: A matching M

Partition the edges into classes
E;={e:w(e) € [y 1,4} fori=1,2,...
In parallel, compute an unweighted matching M; for each level i;
M= UZ M;;
for each edge e € M do
L if e has a neighbor €' € M, with class(e’) < class(e) then
| Remove e from M;

Return M.

Our main result for this section is the following theorem, whose proof can be
found in the full version of the paper.

Theorem 16. Let A be a LCA for unweighted matching, requiring t(n) time,
p(n) probes and em(n) enduring memory, and producing an a-approzimation to
the mazimum matching. Then given a graph G = (V, E) with mazimal degree
d and arbitrary weights on the edges, there is a LCA that computes a «/8-
approximation to the maximum weighted matching, requiring O(d - t(n)) time,
O(d - p(n)) probes and O(d - em(n)) enduring memory.

Acknowledgements. The authors would like to thank the anonymous reviewers for
their useful feedback.
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Abstract. Let Cy be the class of graphs containing some fixed graph H
as a minor. We define ¢y (G) (resp. c¢%(G)) as the minimun number of
vertices (resp. edges) whose removal from G produces a graph without
any subgraph isomorphic to a graph in Cg. Also p%(G) (resp. py(GQ)) is
the the maximum number of vertex- (resp. edge-) disjoint subgraphs of
G that are isomorphic to some graph in Cx. We denote by 6, the graph
with two vertices and r parallel edges between them. When H = 0., the
parameters c%e and p\ge are NP-complete to compute (for sufficiently
large ). In this paper we prove a series of combinatorial and algorithmic
lemmata that imply that if p;ie(G) < k, then c‘é{ve(G) = O(klogk). This
means that for every r, the class Co, has the vertex/edge Erdés-Pésa
property. Using the combinatorial ideas from our proofs we introduce a
unified approach for the design of an O(log OPT)-approximation algo-
rithm for cj_, py,, c§,. and pj, that runs in O(n - log(n) - m) steps.

Keywords: Erd&s-Pésa properties -+ Minors - Graph packing - Covering

1 Introduction

All graphs in this paper are undirected, do not have loops but they may contain
multiple edges. We denote by 6, the graph containing two vertices x and y
connected by r parallel edges. Given a graph class C and a graph G, we call
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C-subgraph of G any subgraph of G that is isomorphic to some graph in C. In
this paper, when giving the running time of an algorithm with input some graph
G, we agree that n = |V(G)| and m = |E(G)|.

Coverings and Packings. Paul Erdés and Lajos Pésa, proved in 1965 [12] that
there is a function f: N — N such that for each positive integer k, every graph
either contains k vertex-disjoint cycles or it contains f(k) vertices that intersect
every cycle in G. Moreover, they proved that the “gap” of this min-max relation
is f(k) = O(k - log k). This result initiated an interesting line of research on the
duality between coverings and packings of combinatorial objects. To formulate
this duality, given a class C of connected graphs, we define by c%(G) (resp. ¢&(G))
the minimun cardinality of a set S of vertices (resp. edges) such that each C-
subgraph of G contains some element of S. Also, we define p}(G) (resp. pg(G))
as the maximum number of vetex- (resp. edge-) disjoint C-subgraphs of G.

We say that C has the vertex Erdds-Pdsa property (rvesp. the edge Erdds-
Pdsa property) if there is a function f : N — N, called gap function, such that
for every graph G, c((G) < f(P{(G)) (resp. c&(G) < f(p&(G))). Using this
terminology, the original result of Erdés and Pdsa says that the set of all cycles
has the vertex Erdés-Pdsa property with gap O(k - log k). The general question
in this branch of Graph Theory is to detect instantiations of G which have the
vertex/edge Erdds-Pdésa property (in short, v/e-EP-property) and, when this is
the case, minimize the gap function f. Several theorems of this type have been
proved concerning different instantiations of G such as odd cycles [22,28], long
cycles [3], and graphs containing cliques as minors [11] (see also [17,20,30] for
results on more general combinatorial structures).

A general class that is known to have the v-EP-property is the class Cy of
the graphs that contain some fixed planar graph H as a minor'. This fact was
proven by Robertson and Seymour in [31] and the best known general gap is
f(k) = Ok - 10g°Y k) due to the results of [9] (see also [14,15] for better gaps
for particular instantiations of H). Moreover, the planarity of H appears to be
the right dichotomy, as for non-planar H, Cy does not have the v-EP-property.
Besides the near-optimality of the general upper bound of [9], it is open whether
the lower bound £2(k - log k) can be matched for the general gap function, while
this is indeed the case when H = 6, [14].

The question about classes that have the e-EP-property has also attracted
some attention (see [3]). According to [10, Exercice 23 of Chapter7], the original
proof of Erdds and Pésa implies that cycles have the e-EP-property with gap
O(k-log k). Moreover, as proved in [29], the class Cy, has the e-EP-property with
the (non-optimal) gap f(k) = O(k? - log@M k). Interestingly, not much more is
known on the graphs H for which Gy has the e-EP-property and it is tempting
to conjecture that the planarity of H provides again the right dichotomy. Other
graph classes that are known to have the e-EP-property are rooted cycles (here
the cycles to be covered and packed are required to intersect some particular set

1 A graph H is a minor of a graph G if it can be obtained from some subgraph of G
by contracting edges.
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of terminals of G) [27] and odd cycles for the case where G is a 4-edge-connected
graph [21], or a planar graph [24], or a graph embeddable in an orientable
surface [22].

Approzimation Algorithms. The four graph parameters defined above are already
quite general when C := Cp. For simplicity, form now on, we use the notations
€y, €y Py, and py instead of cg, , ¢z, , P¢,, and pg, . From the algorith-
mic point of view, the computation of p\ge corresponds to the general family

of graph packing problems while the computation of c\ge belongs to the gen-

eral family of graph modification problems where the modification operation is
the removal of vertices/edges. Interestingly, particular instantiations of H = 6,
generate known, well studied, NP-hard problems. For instance, asking whether
cgr < k generates VERTEX COVER for r = 1, FEEDBACK VERTEX SET for
r =2, and DiaAMOND HITTING SET for r = 3 [13,16]. Moreover, asking whether
P;,(G) > k corresponds to VERTEX CYCLE PACKING [6,23] and EDGE CYCLE
PACKING [1,25] when x = v and x = e respectively. Finally, asking whether
|E(G)| — c§,(G) < k corresponds to the MaXxiMum CACTUS SUBGRAPH?. All
parameters keep being NP-complete because the aforementioned base cases can
be reduced to the general one by replacing each edge by one of multiplicity r —1.
From the approximation point of view, it was proven in [16], that when H
is a planar graph, there is a randomized polynomial O(1)-approximation algo-
rithm for cy;. For the cases of ¢ and py , O(log n)-approximations are known
for every 7 > 1 because of [19] (see also [32]). Moreover, ¢, admits a determin-
istic 9-approximation [13]. About pj (G) it is known, from [26], that there is a
polynomial O(y/log n)-approximation algorithm for the case where r = 2. Notice
also that, it is trivial to compute cj, (G) in polynomial time. However, to our
knowledge, nothing is known about the computation of cj (G) for r > 3.

Our Results. We introduce a unified approach for the study of the combinatorial
interconnections and the approximability of the parameters ¢y , cg , pp , and
p§, - Our main combinatorial result is the following.

Theorem 1. For every r € N>o and every x € {v,e} the graph class Cy, has
the x-EP-property with (optimal) gap function f(k) = O(k -logk).

Our proof is unified and treats simultaneously the covering and the packing
parameters for both the vertex and the edge cases. This verifies the best, so far,
combinatorial bound for the case where x = v [14] and optimally improves the
previous bound in [29] for the case where x = e. Based on the proof of Theorem 1,
we prove the following algorithmic result.

2 The MaxiMUuM CACTUS SUBGRAPH problem asks, given a graph G and an integer
k, whether G contains a subgraph of k£ edges where no two cycles share an edge. It
is easy to reduce to this problem the VERTEX CYCLE PACKING problem on cubic
graphs which, in turn, can be proved to be NP-complete using a simple variant of
the NP-completeness proof of the ExacT COVER BY 2-SETS [18]).
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Theorem 2. For everyr € N>o and every x € {v,e} there exists an O(n-log(n)-
m)-step algorithm that, given a graph G, outputs a O(log OPT)-approzimation
for c’gr and p’ér.

Theorem 2 improves the results in [19] for the cases of ¢j and pj and, to our
knowledge, is the first approximation algorithm for cj and pg_for r > 3.

Our Techniques. Our proofs are based on two lemmata: a combinatorial (Lemma 1)
and an algorithmic one (Lemma 2). The combinatorial Lemma 1 asserts that given
a graph G, one of the following holds:

1. either G contains k disjoint Cy,-subgraphs; or

2. it contains a Cy, -subgraph J of at most O(log k) edges; or

3. it contains a subset X on at least f(r) vertices that induces a “tree-like”
subgraph that is separated by 2r — 2 edges from the rest of the graph (we call
these subgraphs edge-protrusions, in analogy to the notion of vertex protru-
sions that where introduced in [4,5]).

Moreover, each of the three above possible outcomes can be produced in |E(G)|
steps.

Intuitively, the above result says that we can reduce the inputs of the problem
of computing cj or py to “loosely connected” graphs, i.e., graphs where the
removal of O(r) edges cannot break them into two parts of “big” size (as a
function of r). In such graphs, we can restrict our attention to packings or
coverings of Cy, -subgraphs that have at most O(log(py, (G))) edges. This easily
yields that Cy, has the x-EP-property for every x € {v,e} with gap O(k - logk).
Our main algorithm is doing the following for each k& < |V(G)|. If the first case
of the above combinatorial result applies on GG, we can safely output a packing
of k Cg,-subgraphs in G. In the second case, we make some progress as we may
remove the vertices/edges of J from G and then set k := k — 1. In the third case,
we again progress as we can prove that if X is big enough then we can replace
G, in a linear number of steps, by another smaller graph G’ where both packing
and covering numbers stay the same.

Notice that the second step reduces the packing number of the current graph
by 1 to the price of reducing the covering number by O(logk) and this is the
main argument that supports the claimed O(log OPT)-approximation algorithm.
Finally, the third step is supported on the algorithmic Lemma 2 whose proof is
based on a dynamic programming encoding of partial packings and coverings
that is designed especially for the corresponding tree-like graphs.

2 Definitions and Preliminaries

As graphs in this paper may have multi-edges, they are represented by a pair
G = (V, E) where V is its vertex set, denoted by V(G) and F is its edge multi-set,
denoted by E(G).

Let x € {v,e} where v is interpreted as “vertex” and e will be interpreted as
“edge”. Given a graph G, we denote by A,(G) the set of vertices or edges of G
depending on whether x = v or x = e. We set n(G) = |V(G)| and m(G) = |E(G)].
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Topological Minors. Two paths of a graph P are internally vertex disjoint if the
one does not contain any of the internal vertices of the other. We say that H is
a topological minor of G if there exits some collection P of pairwise internally
vertex disjoint paths in G and a injection ¢ : V(H) — V(G) such that

— no path in P has an internal vertex that belong to some other path in P;

— ¢(V(H)) is the set of endpoints of the paths in P; and

— for every two distinct v,u € V(H), {v,u} is an edge of H of multiplicity [ if
and only if there are | paths in P between ¢(v) and ¢(u).

Packings and Coverings. If G is a graph and H is a (finite) class of connected
graphs, an H-model of G is a subgraph M of G that is a subdivision of a graph,
denoted by M, that is isomorphic to a member of H. Clearly, the vertices of M
are vertices of G and its edges correspond to paths in G between their endpoints
such that internal vertices of a path do not appear in any other path. We refer
to the vertices of M in G as the branch vertices of the H-model M , whereas
internal vertices of the paths between branch vertices will be called subdivision
vertices of M. A graph which contains no H-model is said to be H-free. Notice
that G has a H-model iff G contains a graph of H as topological minor. Given
a x € {v,e}, an x-H-packing of a graph G is a collection of pairwise x-disjoint
‘H-models of G. We define PXZ;C{ (G) as the set of all x-H-packings of G of size at
least k. An x-H-covering of a graph G is a set C' C A,(G) such that G\ C does
not contain any H-model. We define Cff{(G) as the set of all x-H-coverings
of G of size at most k. We define x-covery(G) = min{k, Cff{(G) # 0} and
x-packy (G) = max{k, PXZZ(G) # (}. Given a graph H, we define by ex(H)
the set of all topologically-minor minimal graphs that contain H as a minor.
Notice that the size of ex(H) is bounded by some function of m(H). It is easy
to verify that H is a minor of G if and only if it contains a member of ex(H) as
a topological minor. An H-minor model of G is every minimal subgraph of G
that contains a member of ex(H) as a topological minor. Notice that

¢y (G) = x-covere, (1) (G) and  pY(G) = x-packe, i) (G). (1)

The above equalities gives us the right, in the rest of this paper, to deal with
our results and describe proofs in terms of x-covere () and x-packe, ) instead
of ¢}; and p}.

Edge-protrusions and Tree Partitions. A rooted tree is a pair (T,s) such that
s € V(T). A rooted tree partition of a graph G is a triple D = (X, T, s) where
(T, s) is a rooted tree and X = {X;, i € V(T)} is a partition of V(G) where
either n(T) = 1 or for every {z,y} € E(G), there exists an edge {i,j} € E(T)
such that {z,y} C X, U X;. Given an edge f = {i,j} € E(T), we define Ey
as the set of edges with one endpoint in X; and the other in X;. Notice that
all edges in Ey are non-loop edges. The width of D is defined as max{|X;|, i €

V(T)} U{|Es|, | e E(T)}
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Let G be a graph and let Y C V(G). We say that Y is a t-edge-protrusion
of G with extension w if the graph G[Y U Ng(Y')] has a rooted tree partition
D = (X,T,s) of width at most ¢ and such that Ng(Y) = X, and n(T) > w.

2.1 Two Basic Lemmata

Let z1,...,2; € Nand ¢, x : N — N. We say that x(n) = O, ... 4, (¢(n)) if there
exists a computable function ¢ : Nl — N such that x(n) = O(¢(x1, ..., 21)-(n)).

Our results are based on the following two lemmata (the fool proofs are in [7]
and [8] respectively).

Lemma 1 (Combinatorial Lemma — Theorem 3in [7]). There is an algo-
rithm that, with input three positive integers r,w,z and an n-vertex graph W,
outputs one of the following:

— a 0.-model of W of at most z edges;
— a connected (2r — 2)-edge-protrusion Y of W with extension > w; or

— an H-minor model of W for some graph H where 6(H) > TT1124T?27“511>,
in Or(m) steps.

Lemma 2 (Algorithmic Lemma — Lemma [ in [8]). Let x € {v,e}, h,t €
N. There exists a function fi: N> — N and an algorithm that receives as input
a collection 'H of connected graphs that, in total, have h edges, a graph W, and
a t-edge protrusion'Y of W with extension at least fi(h,t) and outputs

— either an H-model of W of at most f1(h,t) edges;
—or a graph W' where x-covery(W) = x-covery(W'), x-packy (W) =
x-packy, (W'), and n(W') < n(W),

in Op(n(Y)) steps.

3 Algorithms for Theorems 1 and 2

For the purposes of this section we define ©, = ex(6,.). In this section we give
the proofs of Theorems 1 and 2. Because of (1), all proofs will use the terms
x-coverg, and x-packg instead of ¢j (G) and pj (G). For every 4, j € N, we use
[, 7] to denote the interval {t € N, ¢ <t < j}.

3.1 Erds-Pésa propery for 6,

We need the following result.

Proposition 1 (Theorem 12 of [2]). Given k,r € N>1 and an input graph
G such that 6(G) > k(r + 1) — 1, a partition (V1,..., Vi) of V(G) satisfying
Vi € [1,k], 6(G[Vi]) > r can be found in O(n®) steps for some c € N.

Combining Lemmas 1 and 2, we get the following result.
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Lemma 3. There is an algorithm that, with input x € {v,e}, r € N>o, k € N
and an n-vertex graph W, outputs one of the following:

- a ©,-model of W of at most O,(logk) edges;

— a graph W' where n(W') < n(W), x-covery (W') = x-covery (W), and x-packy,
(W) = x-packy (W);

- an H-minor model in W for some graph H where 6(H) > k(r + 1),

in Or(m) steps.

Proof. We set t = 2r — 2, w = fi(h,t), z = 2r(w — 1) log(k(r + 1)(r — 1)) + 5r
and h = m(0,). Remark that z = O,(logk) and h,t,w = O,(1). Also observe
that our choice of z ensures that 2 (@-1 /(r—1)=k(r+1).

By applying the algorithm of Lemma 1 to r,w,z and W, we obtain in
O,(m(W))-time:

First case: either a ©,-model in W of at most z edges;

Second case: or a (2r — 2)-edge-protrusion Y of W with extension > w;
Third case: or an H-minor model M in W for some graph H where
O(H) > k(r+1).

e In the first case, we return the obtained ©,-model.

e In the second case, by applying the algorithm of Lemma 2 on Y, we get in
O(n(W))-time either a ©,-model of W on at most w = O,(1) vertices, or a
graph W’ where, for x € {v, e}, x-covery (W') = x-covery (W), x-pack,,(W') =
x-packy, (W) and n(W') < n(W).

e In the third case, we return the model M.

In each of the above cases, we get after O(m) steps either a model of a graph
with minimum degree more than k(r + 1), or a ©,-model in W of at most z
edges, or an equivalent graph of smaller size. O

It might not be clear yet to what purpose the the model of a graph of degree
more than k(r+ 1) output by the algorithm of Lemma 3 can be used. An answer
is given by the following lemmata, which state that such a graph contains a
packing of at least £ models of ©,. These lemmata will be used below for the
design of the approximation algorithms.

Lemma 4. There is an algorithm that, given k,r € N>; and a graph G with
0(G) > kr, returns a member of Pez,gr(G) in G in O(m) steps.

Proof. Starting from any vertex u, we grow a maximal path P in G by iteratively
adding to P a vertex that is adjacent to the previously added vertices but does
not belong to P. Since §(G) > kr, any such path will have length at least kr + 1.
At the end, all the neighbors of the last vertex v of P belong to P (otherwise P
could be extended). Since v has degree at least kr, v has at least kr neighbors
in P. Let wy,...,wk-—1 be an enumeration of the kr first neighbors of v in
the order given by P, starting from u. For every ¢ € [0,k — 1], let S; be the
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subgraph of G induced by v and the subpath of P starting at w;,. and ending
at w(i41)r—1. Observe that for every i € [0,k — 1], S; contains a ©,-model and
that the intersection of every pair of graphs from {S;}icjo,r—1] is {v}. Hence P
contains a member of Pigr(G), as desired. Every edge of G is crossed at most
once in this algorithm, yielding to a running time of O(m) steps. O

Corollary 1. There is an algorithm that, given r € N> and a graph G with
d(G) > r, returns a O,-model in G in O(m)-steps.

An analogue of Lemma 4 for vertex-disjoint packings can be proved using
Proposition 1.

Lemma 5. There is an algorithm that, given k,r € N>, and a graph G with
0(G) > k(r+1) — 1, outputs a member of Pvz’gr(G) in O(n®+m) steps, where
c is the constant of Proposition 1.

Proof. After applying the algorithm of Proposition 1 on G to obtain in O(n°)-
time k graphs G[V1],...,G[Vi], we extract a ©,-model from each of them using
Corollary 1. O

Theorem 1 follows immediately from the following more general result.

Theorem 3. There is a function fo: N — N and an algorithm that, with input
x € {v,e}, r € N>o, k € N and an n-vertex graph W, outputs either a x-©,-
packing of W of size k or an x-©,.-covering of W of size fo(r)-k-log k. Moreover,
this algorithm runs in O(n-m) steps if x = e and in O(n°+mn-m) steps if x =v,
where c 1s the constant Proposition 1.

Proof. Let fy be a function such that each ©,-model output by the algorithm
of Lemma 3 has size at most f(r) - log k. We consider the following procedure.

1. G:=W; P:=0;
2. apply the algorithm of Lemma 3 on (x,r, k, G):
Progress: if the output is a ©,-model M, let G := G\ Ax(M) and P =
PU{M};
Win: if the output is a H-minor model M in W for some graph H where
0(H) > k(r 4+ 1), apply the algorithm of Lemma 4 (if x =€) or the one
of Lemma 5 (if x = v) to H to obtain a member of sz,(]f)r (H). Using M,

translate this packing into a member of PEgT(W) and return this new
packing;
Reduce: otherwise, the output is a graph G’ then let G := G’.
3. if |P| = k then return P which is a member of PEgT(W);

4. if n(W) = 0 then return P which, in this case, is a member of Ci(’;i(r)k ok 7y,
5. otherwise, loop to line 2.

This algorithm clearly returns the desired result. Furthermore, the loop is exe-
cuted at most n(W) times and each call of the algorithm of Lemma 3 takes
O(m(W)) steps. When the algorithm reaches the “Win” case (which happen
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at most once), the calls to the algorithm of Lemma 4 (if x = e) or the one of
Lemma 5 (if x = v) respectively take O(m(H)) and O ((n(H))°) steps. Therefore
in total, this algorithm terminates in O(n-m) steps if x = e and in O (n° +n - m)
steps if x = v. O

3.2 An Approximation Algorithm for Theorem 2

Observe that if the algorithm of Theorem 3 reaches the “Win” case, then the
input graph is known to contains a x-0,.-packing of size at least k. As a conse-
quence, if we are only interested in the existence of a packing or covering, the
call to the algorithm of Lemmas 4 or 5 is not necessary.

Corollary 2. There is an algorithm that, with input x € {v,e}, r € N>o, k € N
and an graph W, outputs 0 if W has a x-©,.-packing of G of size k or 1 if W
has a x-0,.-covering of G of size fo(r)-k-logk. Furthermore this algorithm runs
in O(n - m) steps.

We are now ready to prove Theorem 2.

Proof. (Proof of Theorem 2). Let us call A the algorithm of Corollary 2. Let kg €
[1,n(W)] be an integer such that A((x,r, ko, W) =1 and A(x,r, kg — 1,W) = 0.
Our purpose is to prove that the value kg log kg is a O(log O PT')-approximation
of p(W).

First, notice that for every k >x-packg (W), the value returned by A(x, r, k, W)
is 1. Symmetrically it holds that, for every k such that & log k < x-coverg, (W), the
value of A(x, r, k, W) is 0. Therefore, the value ko is such that: kg—1 < x-packg (W)
and x-coverg (W) < kg log ko.

As every minimal covering must contain at least one vertex or edge (depend-
ing whether x = v or x = e) of each model of a maximal packing x-packg (W) <
x-coverg, (W), we have the two following equations:

x-packg (W) < kolog ko < (x-packg (W) + 1) log(x-packg (W) +1) (2)
x-coverg, (W) < kglog ko < (x-coverg, (W) + 1) log(x-coverg, (W) + 1) (3)

Dividing (2) by x-packg (W) and (3) by coverg, (W), we have that: 1 <
. log x-packg (W)
7»;2212?:?1)&/) < log(x-packg (W) + 1)+ 75_p;k®f)(’w) = O(log(x-packg (W))).

Moreover, 1 < % < log(x-coverg, (W) + 1) + %

O(log(x-coverg, (W))). Therefore the value kglogko is both a O(log OPT)-
approximation of x-packg (W) and coverg, (W). The value kg can be found by a
binary search in the interval [1,n], in O(logn) calls to Algorithm A. Hence our

approximation runs in O(n - log(n) - m) steps. O

4 Discussion

Notice that Lemma 2 holds for every finite collection H of connected graphs.
This means that the approximation algorithms of this paper could be extended
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for x-packex( my for every connected graph H, provided that Lemma 1 holds for
H instead of 6,.. We conjecture that this is the case for every planar graph H.
This would also imply that the class of graphs containing H as a minor has
the vertex/edge Erdés-Pésa property if and only of H is a planar graph. In our
opinion this is one of the more general open questions on the combinatorics of
Erdés—Posa dualities.
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Abstract. We consider the problem of maximizing a submodular func-
tion on the bounded integer lattice. As a direct generalization of submod-
ular set functions, f:{0,...,C}" — Ry is submodular, if f(z)+ f(y) >
fleny)+f(zvy) for all z,y € {0,...,C}" where A and V denote element-
wise minimum and maximum. The objective is finding a vector x maxi-
mizing f(x). In this paper, we present a deterministic %-approximation
using a framework inspired by [2]. We also provide an example that
shows the analysis is tight and yields additional insight into the possibil-
ities of modifying the algorithm. Moreover, we examine some structural
differences to maximization of submodular set functions which make our
problem harder to solve.

1 Introduction

Recall that a set function f : 2 — R is called submodular if f(U) + f(W) >
FUNW)+ f(UUW) for all U, W C N. Optimization problems with submod-
ular objective functions have received a lot of attention in recent years. Sub-
modular objectives are motivated by the principle of economy of scale, and thus
find many applications in real-world problems. Moreover, submodular functions
play a major role in combinatorial optimization. Several combinatorial optimiza-
tion problems have some underlying submodular structure, for example, cuts in
graphs and hypergraphs, or rank functions of matroids.

As a breakthrough result, the problem to find a subset S C N minimizing
a submodular function f has been shown to be solvable in strongly polynomial
time in [11]. In contrast, the corresponding maximization problem

max{ f(S): S C N} (1)

for a nonnegative submodular function f is easily seen to be NP-hard, as it con-
tains, for example, MAX CUT as a special case. We refer to (1) as UNCONSTRAINED
SUBMODULAR MAXIMIZATION (USM). For USM, Buchbinder et al. presented a
deterministic %—approximation and a randomized %—approximation in [2]. Both
algorithms use a “Double Greedy” framework that starts with two different sets
and, for a fixed order of the elements, decides in each step which of the two sets
should be modified using the given element. On the other hand, Feige et al. [5]
showed that no approximation ratio better than % can be achieved.
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We consider a generalization of submodular set functions: Submodular func-
tions on a subset of the integer lattice Z™. For z,y € Z" let (x V y). denote
max{z.,y.} and (z Ay). denote min{z.,y.} for e € {1,...,n}. Then, a function
f: D — R on a finite set D of the form D = {z € Z"|l; < z; < w; Vi €
{1,...,n}} is called submodular if

f@)+ fly) = flzVvy)+ f(x Ay) Yo,y € D.

Clearly, this captures submodular set functions since vectors with entries 0 and
1 can be seen as incidence vectors of sets and in that case A and V correspond
to intersection and union. D is called bounded integer lattice.

Submodular functions on the integer lattice have been studied before, for
example, in discrete convex analysis, Li-convex functions are of this type. We
provide more details in “Related Work”.

Submodular Maximization on Integer Lattices. Given a bounded integer
lattice D = {x € Z"|l; < x; < w; Vi € {1,...,n}} and a submodular function
f:D — Ry, we consider the problem of maximizing f on D:

max{f(x): x € D}. (2)

We will refer to (2) as SUBMODULAR MAXIMIZATION ON A BOUNDED INTEGER
LATTICE (SMBIL). For ease of notation, we will from now on assume that I; = 0
and u; = C Vi € {1,...,n}. Thus, we prove all results for a bounded integer
lattice of the form {0,1,...,C}", but all results in this paper can be easily
generalized to any bounded integer lattice as defined above.

As mentioned before, SMBIL generalizes USM, thus the hardness of approx-
imation holds as well.

There is another way to interpret the bounded integer lattice as well: Let
x € 727} denote the incidence vector of a multiset where entries in x specify the
multiplicity of individual elements. Then SMBIL can be seen as maximizing a
submodular function on multisets containing at most C copies of each element
which gives rise to possible applications. Consider for example, a version of the
sensor deployment problem presented in [9] where we also can decide how many
sensors we want to deploy at a location, perhaps operating under the assumption
that a sensor can malfunction and thus backup sensors at vital points make sense.

Our Contribution. Interestingly, SMBIL turns out to be considerably harder
than USM. In contrast, minimization of submodular functions on the bounded
integer lattice can be solved in pseudopolynomial time since the bounded inte-
ger lattice is a distributive lattice over which a submodular function can be
minimized efficiently (see e.g. [7]).

As our main result, we present a pseudopolynomial %—approximation for
SMBIL which is tight in the sense that there exists an instance for which the
performance ratio is achieved. Notice that the pseudpolynomial running time
depends on C, i.e. in a multiset interpretation of SMBIL, it depends on the
maximal possible number of elements in a multiset.
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Our algorithm generalizes the Double Greedy approach from [2], but the
tightness example we provide for SMBIL is in some sense stronger than the one
presented for the algorithm in [2]: While that example relies on a specific bad
order in which the elements are processed, our example remains tight even if the
order of elements is not prescribed but instead the next element to be processed
is the one that improves the objective function the most.

While a randomized version of the Double Greedy provides a %—
approximation for the Boolean case, the question whether we can achieve
that approximation guarantee for SMBIL remains open. We discuss several
approaches for randomizing our algorithm and identify the underlying struc-
tures that render SMBIL considerably harder than USM. For example, [5] relies
upon a property of local maxima for submodular functions which does not hold
for SMBIL.

Related Work. The study of USM goes back to the sixties and has occupied
researchers ever since. A comprehensive study on USM has been done by Feige,
Mirrokni and Vondrak in [5] who provide and analyze several constant approx-
imation algorithms for USM. In particular, they present a simple Local Search
algorithm that yields a %—approximation. Using a noisy version of f as objective
function, they could improve the performance guarantee to % Feige et al. in [5]
also showed that we cannot hope for a performance guarantee lower than %
They could prove that any % + ¢ -approximation would require an exponen-
tial number of queries to the oracle. For symmetric submodular functions, they
already show that the ratio is tight. Subsequently, Oveis Gharan and Vondrak
[14] and Feldmann, Naor and Schwartz [6] improved the approximation ratio to
0.41 and 0.42 respectively and finally Buchbinder, Feldmann, Naor and Schwartz
closed the gap and gave a randomzied %—approximation for USM in [2]. Recently,
Buchbinder and Feldman ([3]) also showed how to derandomize this algorithm
to obtain a deterministic %—approximation.

Inaba et al. ([12]) examined the problem of maximizing monotone submodu-
lar functions subject to a knapsack constraint on the bounded integer lattice and
obtained an approximation guarantee of 1— i, which is identical to the guarantee
for set functions. Soma and Yoshida considered maximizing monotone submod-
ular functions that satisfy an additional property subject to various constraints
in ([16]).

While our main interest in SMBIL is of a theoretical nature with the ulti-
mate goal to gain a better understanding of submodular function maximization,
there are applications where submodular functions on the integer lattice play
a crucial role. For example, Bolandnazar et al. ([1]) showed that Assemble-to-
Order Systems for supply chain management can be optimized by minimizing a
submodular function on the integer lattice. [12] discusses several applications of
their problem as well, e.g. budget allocation and sensor placement.

In discrete convex analysis, several special cases of submodular functions
on the integer lattice have been investigated. For example, Li-convex and M-
concave functions are submodular and M%-concave functions can be maximized

in polynomial time ([13]).
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Preliminaries. As usual, we assume that a submodular function f is given
by an oracle. Moreover, Feige et al. mention in [5] that for general submodular
functions, it is NP-hard to decide whether there exists a set S such that f(S) > 0.
Since our main goal is finding good approximation algorithms, restricting to non-
negative submodular functions makes sense.

For a vector x € Z™ we denote by (z|x; = k) the vector where all but
the entry z; remain the same and z; is set to k. As usual, [n] denotes the set
{0,1,...,n} and ¢’ € {0,1}" denotes the vector where e} = 1 and ¢} = 0 for all

Jj# i

2 Approximating SMBIL
In this section, we first present a %—approximation for SMBIL which is inspired
by [2]. Then, we show that our analysis is tight and discuss approaches for a
randomized Double Greedy algorithm. “Double Greedy” refers to the idea that
we start with two vectors a and b and modify them until both vectors are equal,
while ensuring f never decreases. In the beginning a; = 0 and b; = C' Vi €
{1,...,n}, i.e. initially, a (resp. b) is the unique minimal (maximal) element in
D. Now, we traverse the components in a fixed order: For a given index i, we
change a; and b; while maintaining a < b without decreasing the submodular
function f.

In the scenario where the integer lattice is bounded by 1, our Algorithm 1
coincides to the one in [2] when vectors are interpreted as characteristic vectors
of sets.

Theorem 1. Let f : [C]" — Ry be a nonnegative submodular function. Then

Algorithm 1 is a %—approm'mation for SMBIL and has running time O(CnT)

where T is the time for one call to the oracle representing f.

2.1 Proof of Theorem 1

The proof of Theorem 1 relies upon two lemmas. First, we show that Algorithm 1
really is a Greedy algorithm in the sense that f never decreases:

Lemma 1. Let f: [C]" — Ry be a submodular function. Then for all 1 < i <
2n and vectors a®, b* as in Algorithm 1 the following holds: f(a') > f(a*~1) and

fO) = fO77).

Proof. Let k be the component in which the vectors a*~* and b*~! will be changed
in an iteration of the loop.

By definition, d,; and 6y ; are nonnegative. Suppose that a is changed first,
i.e. 0q,; > 0pq, then clearly, the lemma holds for a'~! and a* and b* = b~ !. Now
we show that the change from b* to b*T! does not lead to a decrease in f:

We have f(bi71|bi " = al) + f(a Yal * = C) > f(a Y al * = al) + f(0'7Y)
by submodularity of f.
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Algorithm 1. Generalized Double Greedy for SMBIL
Input: A bounded integer lattice defined by a bound C' and a dimension n, a
nonnegative submodular function f on [C]" Output: A vector a € [C]™ Choose
an order lq,...,[l, of the n components of the vectors. Set
a) =0, =CV1<j<n,i=1
for £k =1 tondo

5az—maXcEC]f( a’” 1|a1 ! C) .f( )

8b,i = maxeeio] f(b'~ l\blk =) - f0'Y)

if §a,i 2 61,’1' then
Let ¢’ be the maximal number among those for which &, ; is obtained.
ai — (ai—1|a;;1 — C/)7 bz — bi—l

| ot =a, o = (bfby, = )

else
Let ¢’ be the minimal number among those for which dp,i is obtained.
@ =a b= (bi*1|bf_1 =)
pitl — i gitl — (ai|a;’k =)

L ’ k

| i=i+2

return o>"

As f(a' Y ai ' =al) > f(a Y al ' =¢) VY al ' <c <O, the above implies
FEE = af) — 6 > f@ ™ = al) - f@a =€) 2 0

Since b = b® and b = (b1, ! = ab), it follows that f(b'T!) > f(b?) as
desired.

Moreover, defining b*t! as in the algorithm also yields the biggest increase
in f: Assume there exists ¢ > af, such that f(b'[bj, = c) > f(b'|b}, = a’). Then,
by submodularity,

0> f(b[b} = af) — OB = ¢) > f(a') — fla'lal = o),
which contradicts the definition of J,; as the maximal increase in f for a1
The case where d; ; > 0,,; can be shown in the same way. a

Let OPT denote a fixed optimal solution for SMBIL. In order to bound
the value of a solution of Algorithm 1 with respect to the optimum, we define
OPT! = (OPT V a') A b analogous to [2]. Consequently, OPT" = OPT and
OPT?*" = @® = b*. In Lemma 2, we show f(OPT"1) — f(OPT?) < f(a*) —
fl@=1) + £(b") — f(b'71), i.e. the increase in OPT" is bounded for each change
of the vectors a or b.

Then, we can use Lemma 2 to prove Theorem 1: f(OPTO) f(OPT?™) =

S (J(OPT') — J(OPTY) < z (f(@') — f(a >)+2( (b)) — 1) =

i=1

F@®)+f(6*)—f(a®)—f(b°) < f( 2n) 4 f(b®"). This is equlvalent to f(OPT) <
3f(a®") and the algorithm returns a®". Since the running time is obvious, this
concludes the proof of Theorem 1 except for Lemma 2:
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Lemma 2. For a submodular function f : [C]" — Ry the following holds in
Algorithm 1 for all 1 <i < 2n where OPT® := (OPT V a*) A b*:

FOPT™™Y) = f(OPT) < f(a') — f(a’™1) + f(b') — f(b'71).
Proof. Let us consider the case where a’ # a’~! and let k be the index, where
the vectors differ. If a}‘c < OPTy, then OPT,if1 = OPT,i since bfC = b}:l and
thus OPT*! = OPT". Since Lemma 1 implies that the right-hand side of the
equation is nonnegative, the inequality holds.
So we assume now that af > OPT. Since b}, > at, we have OPT} = ak, all
other entries of OPT*~! remain unchanged. Moreover ak =0, so OPTZ 1=

OPTy.
Submodularity of f implies

FOPT') + f(b"'|by~" = OPTy) = fF(OPT™ ) + f(b" |y " = ay)  (3)
& FOPTY) + f(b "o = OPTY) — f(b'~")
> f(OPT™™ ) + f(b" o~ = ap) — f(O').
Suppose that f(OPT"1) — f(OPT?) > f(a') — f(a'"1!), otherwise we are done.
Using this assumption and (3) yields
FOHbt = OPTy) — f(0° 1) + f(OPT™ ) = (f(a’) = f(a'™1))
> = OPTy) — f(b' 1) + f(OPTY)
>fOPT™!) + fb' b = ay) = F(O').
But we have f(a') — f(a’™1) > f(bi71oy " =¢) — f(bIY) Val t <e< bl
This is true by design of the algorithm for the first change in an iteration of
the loop. For the second change in an iteration, the other vector cannot improve
further, so the claim holds as well.
This implies
0> fO' by = OPTy) — f(b'™1) = (f(a') — f(a'™)) (4)
> fOTHb = ag) = £,
But in the proof of Lemma 1, we have shown that f(b*=1|b; " = ai)—f(b'"1) > 0,
so (4) is a contradiction.

The case b* # b*~! can be treated analogously and if neither case applies,
then clearly OPT? = OPT*"! as well. 0

2.2 The Guarantee of % is tight

Since Algorithm 1 generalizes the deterministic algorithm in [2], the tight exam-
ple they provide also works for our algorithm. But our example has a few addi-
tional properties: First, even if we do not prescribe the order of the components
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in advance and instead choose the index that results in the biggest increase in
f for each step, the algorithm does not yield a better solution (see Theorem 2
below) which is not true for the example provided in [2]. Second, we will show in
the next section that our example also implies that an analogue to the analysis
of the randomized algorithm in [2] is not possible for bounded integer lattices.

Theorem 2. For an arbitrarily small constant ¢ > 0 there exists a submodu-
lar function for which Algorithm 1 provides only a % + e-approzimation. This
result still holds if the components are ordered such that at any time the chosen
component yields the biggest increase in f.

Fig. 1. Each node corresponds to a vector in {0, 1,2}3, written next to it, with the
value of f within the node. The picture can be read similar to Hasse diagrams of
posets: There is a line connecting two vectors, if their Li-distance equals 1. If we think
of the edges as being directed upwards, then the meet of two vectors is their biggest
common predecessor, and their join the smallest common successor.

Proof. Consider the following submodular function f : {0,1,2}3 — R,. Let
f'(a) = min{|[{a; : a; > 0}|,|{a; : a; < 2}|}. Now we define f(a) = 1+ ¢ if
a consists of either the entries 2,0,2 or 2,0,0 in any order. We set f(2,1,0) =
£(0,1,2) = 1 + . For all other vectors, we set f(a) = f'(a). It can be checked
that f is indeed submodular. To give a better intuition, Fig.1 illustrates this
function.
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We analyze Algorithm 1 for this instance: Obviously, the optimum is the
vector (1,1, 1) of value 3, but depending on the order in which the entries of the
vectors are processed, Algorithm 1 may terminate with a set of value 1+ &: Let
l1,12,13 be the predetermined order. In the first iteration, the maximal possible
gain in fis 1 +¢€ = g1 = 0p,1. So we we set alll = 2 and blg1 = 2. Next,
b3 = 14 > dq,3 and thus b} = 0 and a;, = 0. What happens now depends on
the chosen order of indices, consider 1,3,2. Then a* = (2,0,0) and b* = (2,2,0),
both of value 1 + ¢ and the algorithm returns the vector a® = b% = (2,2,0) of
value 1+ ¢. Since the maximal possible gain in f is 1+ ¢ for the first two indices
we consider, independent of the order, the same order could have been chosen
by an algorithm that always processes the index which maximizes the gain in f.

Notice that the order 3,1,2 works analogously and that the tie-braking rule
for § does not influence the value of the output, independent of the order of
indices. O

2.3 Difficulties in Randomizing the Algorithm

For the USM case, [2] also presents a randomized “Double Greedy” algorithm
which gives a guarantee of %: They decide with probability proportional to the
increase in f whether to add a given element to one set or delete it from the
other. In our context, this is equivalent to choosing whether entries a; and b;
are set to 0 or 1. We show that a similar analysis cannot work if we adapt their
idea to our algorithm. We consider two possible strategies of generalizing the
algorithm above. One is the following: For given vectors a,b and an index i we
can consider all possibilities to increase a; or decrease b; such that a < b remains
true and choose one of these possibilities at random (again proportional to the
increase in f). We will show this leads to arbitrarily bad solutions.

The other alternative is more similar to our previous algorithm: We deter-
mine the best choice for a and b and then choose between the two options with
probability proportional to the d-values, i.e. the maximal possible gain in f.
While it is possible that this actually is a %—approximation, we can so far only
show that this randomized algorithm gives the same guarantee as the deter-
ministic version. Indeed, we will show that an analysis as in [2] which bounds
the expected decrease of f(OPT?) in each step cannot prove a guarantee better
than % by examining the tight example for the deterministic algorithm which
was given in Sect.2.2. So, while it might still be true that this randomized ver-
sion of our algorithm actually is a %—approximation (for example, the worst case
expected value in the given example is 1.5 + ), we would require an analysis
that takes a more global view.

We should note that for the Boolean lattice, both these approaches are iden-
tical and correspond to the randomized algorithm in [2].

Randomized Choice over All Possible Solutions

Lemma 3. Consider the following randomized version of Algorithm 1: Assume
an order in which we iterate over the indices is given, consider index i. While
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a; < b;, randomly set either a = (ala; = ¢) or b = (b|b; = ¢) where the choice is
made over all a; < ¢ < b; proportional to the increase in f if it is positive. If the
increase in f is non-positive for all possibilities, we arbitrarily choose an option
where the increase in f is 0, but a or b are changed. This algorithm for SMBIL
can perform arbitrarily bad.

Proof. First, we remark that in the case where the increase in f is non-positive
everywhere, a choice as above exists. We now analyze the following instance:
Given C € N, ¢ > 0, define a submodular function f : [C]?> — R as follows:

0, ifz=(0,0)o0rz=(C,C)
flxy=41 ifz=(C,0)

e else

Our randomized algorithm starts with ¢ = (0,0) and b = (C,C). We fix an
index, say 1. Until a; = by, we change entry a; or b; and choose a value such
that a; < by at random proportional to the increase in f. L.e., for the first step,
we have 2C options where the increase in f is positive, all but one (setting
a; = C) will be taken with probability m

After the first step, either b; < C or a; > 0. In the second case, if a1 < C,
the only options now to increase f are changing by or setting a; = C. Therefore,
after two steps either a; = C or b; < C and depending on which of these holds,
the return value will be 1 or €. Thus, the probability for the algorithm to return
a vector of value ¢ is

c—1
Pr[b is changed first] + Z Prla; is set to i first, then b is changed|
i=1

Cs c-1
+

:(2C—l)e+1 (20—15—1—11:1 —zs+1—5

Since for C' — oo this expression converges to 1, the expected return value of
the algorithm converges to e, for details we refer to the extended version. O

Note that variations like randomizing over combinations of values for a; and
b; and choosing proportional to the sum of the increases in f show a similar
behavior.

Randomized Choice over the Best Possible Solutions

Lemma 4. Consider the following randomized version of Algorithm 1: Instead
of deciding to change a'=" or b'~! depending on whether 6,; > &, randomly

change a or b proportional to max{0,d,;} and max{0,6;}. Then adapt the
other vector as before. For this algorithm, there is no constant ¢ < 1 such that

E[f(OPT™™!) = f(OPT")] < c- E[f(a’) = f(a'™") + f(b") = f(bi1)].
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In particular, unlike in [2], an analysis that bounds the expected decrease of
OPT" by the expected increase in a and b in each step can not yield an approx-

imation factor better than %

Proof. As before, OPT" is defined as (OPT V a') Ab for a fixed optimal solution
OPT. Consider the example presented in the previous section in Fig. 1. No mat-
ter how we choose the first index j, a; = 2 or b; = 0 both with equal probability.
Thus, OPT" consists of the entries 0,1,1 or 2,1,1 and thus has value 2in both
scenarios which implies E[f(OPT®) — f(OPT")] = - ((3-2)+(3-2)) =1
and E[f(a') — f(a®) + f(b*) — f(bo)] = 2- 3 - (1 +¢). Note that the statement
is true no matter how the order of indices is chosen. O

3 Structural Differences in SMBIL and USM

There are a number of interesting differences between properties of submodular
set functions and of submodular functions on the integer lattice. First of all,
note that for n = 1 we cannot expect f to have any structure since all functions
are submodular for n = 1. Therefore, we investigate the case where n > 1. We
will present a examples to give an intuition what are the challenges of SMBIL
compared to USM. First of all, note that for n = 1 we cannot expect f to have
any structure, since in that case, all functions are submodular. Therefore, we
investigate the case where n > 1.

The local search approach presented in [5] uses a generalization of the
following result (Theorem 3) about local optima. For a submodular function
f:[C]" — R4, we follow the definition used in [13] and say that z is a local
optimum if f(x) > max{f((x —p)V0), f((x+p) AC)} for all p € {0,1}". Here,
0 (resp. C) denote the vectors consisting of all Os, (resp Cs). These ensure that
all values are within the domain of f. This definition is more general than the
one commonly used on the Boolean lattice, where a local optimum is compared
to all sets that can be constructed by adding or deleting one element.

Theorem 3 [8]. Given a submodular function f : {0,1}" — Ry, if x is a
local optimum (w.r.t. the Boolean lattice) of f and if y > = or y < z, then

f(x) = f(y).

But the above theorem is no longer true for the integer lattice even for the
stronger definition of local optima:

Proposition 1. There exists a submodular function [ : [C]" — R4, n > 1 with
a local optimum x and a vector y with y > x such that f(y) > f(x).

Consider a submodular function f : {0,1,2}? — R* defined as follows: f(0,0) =
1, f(1,0) = 2, f(2,0) = 1. Now f(i,1) = f(3,0) — 1, f(¢,2) = f(¢,0) + 1 except
for f(0,2) = X for some A > 2. This function is submodular and (1,0) is a local
optimum, but 3 = f(1,2) > 2 = f(1,0). For an illustration, see Fig. 2.
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Moreover, a simple Greedy algorithm also shows
different behaviors for USM and SMBIL:

Proposition 2. Let f : [C]" — R4 be a submod-
ular function. Consider the following Greedy algo-
rithm: Start with the all-zero vector a = (0,...,0).
While it is possible to not decrease a by increasing
an entry by one (i.e. there exists i with f(a+ e*) >
f(a)), choose the best variant and update a (i.e. set
a=a+e fori=argmazi<i<,(f(a+e’)— f(a))).
This is an O(n)-approximation for C =1 and arbi-

Fig.2. Fach node O trarily bad for C > 1.
responds to a vector in

{0,1,2}?, the values in the In the Boolean case, this is the simplest possible
nodes define a submodular  Greedy: We start with the empty set and add the
function f for any A > 2. best element as long as that is possible without

decreasing f. It is folklore that this is an O(n)-
approximation and there are instances where this bound is tight even for the
special case of DIRECTED MAX CUT. For SMBIL on the other hand, such an
algorithm can be arbitrarily bad, as we can see by examining the previous sub-
modular function. Such a Greedy algorithm will never increase the second entry
in the vector from 0, so it can never reach the element of value A, no matter how
large A is.

4 Discussion and Open Problems

One of the main remaining questions is, of course, whether there is a 1/2- approxi-
mation for SMBIL or whether the problem is harder to approximate than USM.
One could rightfully ask why we use a Greedy strategy instead of e.g. using
multilinear relaxation introduced in [4] which was successfully applied to USM.
Generalizing this to our setting, however, induces several problems. In partic-
ular, for the natural generalization of the multilinear relaxation to the domain
[0, C]™ the partial derivatives do not exist everywhere.

Furthermore, maximizing a submodular function on distributive lattices is
an interesting generalization of SMBIL with connections to algorithmic game
theory: In [15] Schulz et al. used USM as a subroutine to approximate the least
core in cooperative games with supermodular costs. If we consider this problem
for distributive games as introduced by Grabisch et al. ([10]) with supermodular
cost functions, a good approximation for maximizing submodular functions on
distributive lattices would be helpful. Unfortunately, our results do not easily
generalize to submodular functions on distributive lattices.

Acknowledgement. We thank S.Thomas McCormick and Kazuo Murota for fruitful
discussions.
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Abstract. We study several natural instances of the geometric hitting
set problem for input consisting of sets of line segments (and rays, lines)
having a small number of distinct slopes. These problems model path
monitoring (e.g., on road networks) using the fewest sensors (the “hitting
points”). We give approximation algorithms for cases including (i) lines
of 3 slopes in the plane, (ii) vertical lines and horizontal segments, (iii)
pairs of horizontal/vertical segments. We give hardness and hardness of
approximation results for these problems. We prove that the hitting set
problem for vertical lines and horizontal rays is polynomially solvable.

1 Introduction

The set cover problem is fundamental in combinatorial optimization. It is NP-
hard and has an O(log n)-approximation algorithm, which is best possible (unless
P = NP, [13]). Equivalently, set cover can be cast as a hitting set problem:
given a collection, C, of subsets of set U, find a smallest cardinality set H C U
such that every set in C contains at least one element of H. Numerous special
instances of set cover/hitting set have been studied. Our focus in this paper is on
geometric instances that arise in covering (hitting) sets of (possibly overlapping)
line segments using the fewest points (“hit points”). A closely related problem is
the “Guarding a Set of Segments” (GSS) problem [3,5,6,25], in which the seg-
ments may cross arbitrarily, but do not overlap. Since this problem is strongly
NP-complete [5] in general, our focus is on special cases, primarily those in which
the segments come from a small number of orientations (e.g., horizontal, verti-
cal). We provide several new results on hardness and approximation algorithms.

We also are motivated by the path monitoring problem: given a set of trajec-
tories, each a path of line segments in the plane, place the fewest sensors (points)
to observe (hit) all trajectories. To gain theoretical insight into this challeng-
ing problem, we examine cleaner, but progressively harder, versions of hitting
trajectory/line-like objects with points. If the trajectories are on a Manhattan
road network, the paths are (possibly overlapping) horizontal/vertical segments.

© Springer International Publishing Switzerland 2015
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DOI: 10.1007/978-3-319-28684-6_13
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Alternatively, one wishes to place the fewest vendors or service stations in a road
network to service a set of customer trajectories.

Our Results. We give complexity and approximation results for several geo-
metric hitting set problems on inputs S of line “segments” of special classes,
mostly of fixed orientations. The segments are allowed to overlap arbitrarily.
We consider various cases of “segments” that may be bounded (line segments),
semi-infinite (rays), or unbounded in both directions (lines). Our results are:

(1) Hitting lines of 3 slopes in the plane is NP-hard (greedy is optimal for 2
slopes). For set cover with set size at most 3, standard analysis of the greedy
algorithm gives an approximation factor of H(3) = 1+(1/2)+(1/3) = (11/6),
and there is a 4/3-approximation based on semi-local optimization [15]. We
prove that the greedy algorithm in this special geometric case is a (7/5)-
approximation.

(2) Hitting vertical lines and horizontal rays is polytime solvable.

(3) Hitting vertical lines and horizontal (even unit-length) segments is NP-hard.
Our proof shows hitting horizontal and vertical unit-length segments is
also NP-hard. We prove APX-hardness for hitting horizontal and vertical
segments.

(4) Hitting vertical lines and horizontal segments has a (5/3)-approximation
algorithm. (This problem has a straightforward 2-approximation).

(5) Hitting pairs of horizontal /vertical segments has a 4-approximation. Hitting
pairs having one vertical and one horizontal segment has a (10/3)-approx-
imation. These results are based on LP-rounding. More generally, hitting
sets of k segments from r orientations has a (k- r)-approximation algorithm.

(6) We give (in the full paper) a linear-time combinatorial 3-approximation
algorithm for hitting triangle-free sets of (non-overlapping) segments. A 3-
approximation for this version of GSS was recently given [25] using linear
programming.

Related Work. There is a wealth of related work on geometric set cover and
hitting set problems; we do not attempt here to give an exhaustive survey. The
point line cover (PLC) problem (see [23,27]) asks for a smallest set of lines to
cover a given set of points; it is equivalent, via point-line duality, to the hitting
problem for a set of lines. The PLC (and thus the hitting problem for lines) was
shown to be NP-hard [30]; in fact, it is APX-hard [7] and Max-SNP Hard [28].
The problem has an O(log O PT)-approximation (e.g., greedy — see [26]); in fact,
the greedy algorithm for PLC has worst-case performance ratio £2(logn) [16].
Hassin and Megiddo [22] considered hitting geometric objects with the fewest
lines having a small number of distinct slopes. They observed that, even for cov-
ering with axis-parallel lines, the greedy algorithm has an approximation ratio
that grows logarithmically. They gave approximations for the problem of hitting
horizontal /vertical segments with the fewest axis-parallel lines (and, more gen-
erally, with lines of a few slopes). Gaur and Bhattacharya [19] consider covering
points with axis-parallel lines in d-dimensions; they give a (d — 1)-approximation
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based on rounding the corresponding linear program (LP) formulation. Many
other stabbing problems (find a small set of lines that stab a given set of objects)
have been studied; see, e.g., [14,17,20,21,26,29].

A recent paper [25] gives a 3-approximation for hitting sets of “triangle-
free”segments. Brimkov et al. [3,5,6] have studied the hitting set problem on line
segments, including various special cases; they refer to the problem as “Guarding
a Set of Segments”, or GSS. GSS is a special case of the “art gallery problem:”
place a small number of “guards” (e.g., points) so that every point within a geo-
metric domain is “seen” by at least one guard [32,34]. Brimkov et al. [4] provide
experimental results for three GSS heuristics, including two variants of “greedy,”
showing that in practice the algorithms perform well and are often optimal or
very close to optimal. They prove, however, that, in theory, the methods do not
provide worst-case constant-factor approximation bounds. For the special case
that the segments are “almost tree (1)” (a connected graph is an almost tree (k)
if each biconnected component has at most k£ edges not in a spanning tree of the
component), a (2 — ¢)-approximation is known [3].

An important distinction between GSS and our problems is that allow over-
lapping (or partially overlapping) segments (rays, and lines), while, in GSS, each
line segment is maximal in the input set of line segments (the union of two dis-
tinct input segments is not a segment). A special case of our problem is interval
stabbing on a line: Given a set of segments (intervals), arbitrarily overlapping on
a line, find a smallest hitting set of points that hit all segments. A simple sweep
along the line solves this problem optimally: when a segment ends, place a point
and remove all segments covered by that point.

If no point lies within three or more objects, then the hitting set problem
is an edge cover problem in the intersection graph of the objects. In particular,
if no three segments pass through a common point, the problem can be solved
optimally in polynomial time. (This implies that in an arrangement of “random”
segments, the GSS problem is almost surely polynomially solvable; see [3]).

Hitting axis-aligned rectangles is related to hitting horizontal and ver-
tical segments. Aronov, Ezra, and Sharir [2] provide an O(loglog OPT)-
approximation for hitting set for axis-aligned rectangles (and axis-aligned
boxes in 3D), by proving a bound of O(c~!loglog(¢~1)) on the e-net size of
the corresponding range space. The connection between hitting sets and e-
nets [8,11,12,18] implies a c-approximation for hitting set if one can compute an
e-net of size ¢/e; recent major advances [1,33] on lower bounds on e-nets imply
that associated range spaces (rectangles and points, lines and points, points and
rectangles) have e-nets of size superlinear in 1/e. Remarkably, improved (1 +¢)-
approximation algorithms (i.e., PTASs) for certain geometric hitting set and set
cover problems are possible with simple local search. For example, Mustafa and
Ray [31] give a local search PTAS for computing a smallest subset, of a given
set of disks, that covers a given set of points. Hochbaum and Maas [24] used
grid shifting to obtain a much earlier PTAS for the minimum unit disk cover
problem when disks can be placed anywhere in the plane, not restricted to a
discrete input set.
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2 Hitting Segments

Suppose S is a set of line segments in the plane. If all segments are horizontal,
then we can compute an optimal hitting set by independently solving the interval
stabbing problem along each of the horizontal lines determined by the input.

If the segments are of two different orientations (slopes), then the problem
becomes significantly harder. Without loss of generality, assume the segments
are horizontal and vertical. We show the problem is hard even if the axis-parallel
segments are all the same length. This result (Corollary 1) is a consequence of
an even stronger result, Theorem 4, which we establish in Sect. 5.

We get an immediate 2-approximation algorithm by solving optimally each
of the two orientations, and using the union of the hitting points for both. (This
generalizes to a k-approximation for hitting sets of segments of k orientations).

3 Hitting Lines

When S is a set of n lines in the plane, greedy gives an O(log OPT) approxi-
mation factor; any approximation factor better than logarithmic would be quite
interesting. (See [16,27].) If the lines have only 2 slopes, then greedy is optimal.

3.1 Hardness of Hitting Lines of 3 Slopes in 2D

We prove that the hitting set problem is NP-hard when lines have more than
two orientations. Consider the dual formulation: (3-SLOPE-LINE-COVER, 3SLC)
Find a minimum-cardinality set of non-vertical lines to cover a set P of points
(duals to the set S of lines), which are known to lie on three vertical lines.

We prove (in the full paper) that 3SLC is NP-hard from 3-SAT, using variable
gadgets and clause gadgets that rely on carefully placed points on three vertical
lines. “Propagation” of variable assignments is determined by triples of points
on distinct vertical lines coverable by a single line.

Theorem 1. The problem 3SLC is NP-complete.

3.2 Analysis of the Greedy Hitting Set Algorithm for Lines of 3
Slopes in 2D

If no point lies in more than & sets, the greedy algorithm’s approximation factor

is H(k) = Zle(l/i) [10]. This property holds for lines of 3 slopes with k = 3,

giving a greedy approximation factor H(3) = 11/6. We give a new analysis,

exploiting the special geometric structure of the hitting set problem for lines of

3 slopes, to obtain an approximation factor (7/5); see the full paper.

3.3 Axis-Parallel Lines in 3D

While in 2D the hitting set problem for axis-parallel lines is easily solved, in
3D we prove (in the full paper) that the corresponding hitting set problem is
NP-hard, using a reduction from 3-SAT.

Theorem 2. Hitting set for axis-parallel lines in 3D is NP-complete.
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4 Hitting Rays and Lines

Hitting rays is “harder” than hitting lines, since any instance of hitting lines has
a corresponding equivalent instance as a hitting rays problem (place the apices of
the rays far enough away that they are effectively lines). Unlike lines, there can
be many different collinear rays. Divide collinear rays into two groups according
to the direction they point along the containing line, ¢; because of nesting, we
need keep only one of the rays pointing in each of the two directions along /.

We show that the special case with horizontal rays and vertical lines (abbre-
viated HRVL) is exactly solvable in polynomial time:

Theorem 3. The hitting set problem for vertical lines and horizontal rays can
be solved in O(nT) time, where n is the number of entities and T is the time for
computing a mazimum matching in a bipartite graph with n nodes.

We begin with a high-level overview of the algorithm. A point can cover at most
3 objects: a vertical line, a left-facing ray, and a right-facing ray. This requires
the two rays to intersect in a segment, and the vertical line to intersect this
segment. We call these points 3-hitters. We can compute the maximum possible
number of 3-hitters via maximum matching in a bipartite graph, where edges
represent intersections between vertical lines and horizontal segments. We prove
there exists an optimal solution with this maximum number of 3-hitters. The
algorithm performs a sweep inward from the left and right, finding a suitable
set of 3-hitters, ensuring the remaining lines have the best possible chance to
share a point with the remaining rays. Once everything that is 3-hit is removed,
the remaining objects intersect in at most pairs. So we can finish the hitting by
solving an edge cover problem between rays and lines. We prove this is optimal.

We now give additional algorithmic and proof details. We call a horizontal
ray to the left (resp., right) an l-ray (resp. r-ray). In this section, all lines are
vertical. If two collinear rays are disjoint, we shift one ray slightly up or down,
so no two disjoint rays are collinear. These rays cannot be covered by a single
point, so this does not fundamentally alter the optimal solution.

If a line only contains one ray, we add a ray to pair with it. For example, if an
r-ray intersects no l-ray, we add an intersecting l-ray whose right endpoint is to
the right of all vertical input lines. This additional ray won’t change the optimal
solution. If an l-ray and r-ray intersect, their intersection is a segment. Since all
rays intersect another ray, we represent each pair of rays by their segment.

Let H and V' denote the number of segments and lines respectively. Any solu-
tion requires V' points to cover the lines. Those points can help “hit” segments in
two possible ways: (1) Place a point on the segment. We call the corresponding
line a 3-hitter and say the segment is 3-hit by the line. (2) Hit each ray outside
its intersecting segment. This requires two points. We call the left(right) line an
l-hitter(r-hitter). We say the segment is double-hit by those two lines.

Let v; and vy be the number of segments hit by the V' points in the first and
second ways respectively. Then the number of points in the solution is H +V —
v1 — v2. We must put a point on each line to hit as many segments as possible.
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Given an instance of HRVL, we can calculate the maximum number of 3-
hitters. We construct a bipartite graph G where one set of nodes is the lines and
the other set of nodes is the segments. There is an edge between two nodes if
and only if the line and segment they represent intersect. Maximum matching
in a bipartite graph is solvable in polynomial time. A matching in the graph
represents a set of independent intersections in the corresponding HRVL. That
is, a set of M edges in a matching corresponds to a way to cover M segments and
M lines with M points. These are coverages of type 1. The following intuitive
lemma shows it is better to adopt the first way to hit segment.

Lemma 1. For any instance of HRVL, there is a mazximum matching between
lines and segments that can be augmented to be an optimal solution.

Proof Sketch. We use contradiction. Let v] be the largest v; for any minimum
hitting set. We assume that v} is less than m, the cardinality of the maximum
matching between lines and segments. Thus, there is an augmenting path in
the bipartite graph G, such as the green path in Fig.1. Because the current
solution is optimal, any augmenting path cannot improve it. This allows us to
infer some properties of the first segment and the last line on the augmenting
path. We consider the augmenting path P with the shortest length and the
shortest horizontal distance between the last two lines. Then by case analysis
on path P, we argue there exists another augmenting path that increases v] or
violates a minimality condition of P. The proof appears in the full paper.

Vg A
A A
. A A A A A
€2 —
€1
\/ \/ v v v v
l4 11 12 ZS 14
Fig.1. A green augmenting path: the Fig. 2. Swapping l» and I3 makes
matching size increases by replacing both of them more useful (Color figure

blue circles with red crosses (Color online).
figure online).

Lemma 2. Given an optimal solution S, there is an optimal solution S’ that
has the same set of 3-hitters as S, with its I-hitters all left of its r-hitters.
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Proof. In Fig. 2 two segments are double-hit by two pairs of lines; the blue lines
are l-hitters and the red lines are r-hitters. When we pair [y to I3 and pair [y
to l4, the two segments are still double-hit, because this swap moves the l-hitter
further left and the r-hitter further right. A sequence of such swaps moves all
l-hitters to the left of all r-hitters. O

In the full paper, we give details of an algorithm for HRVL. The algorithm
maximizes the number of 3-intersections and “balances” the remaining lines
between the left and right sides as much as possible. In the algorithm, we test
the criticality of a line: given the previous choices, if a critical line is not used as a
3-hitter, there is no way to extend the previous choices to a maximum matching.

We now argue that the left-right-balanced approach gives lines that obey
Lemma 2. Let S be the solution given by our HRVL algorithm, and let S’ be
an optimal solution with the maximum set of 3-hitters. We know that S and S’
have the same number of 3-hitters. Let D and D’ denote the lines left behind
(not 3-hitters) in S and S’ respectively. We order lines in D and D’ from left to
right. Let k be L%j Thus, there are at most k pairs of double-hitters in S and
S’. Let lh; (resp., Lh}) be the ith line of D (resp., D).

Given a solution P and a line [, let E(l, P) denote the number of segments
on the left side of [ not hit by 3-hitters in P. A line having more segments on its
right side is more likely to be an l-hitter. We will show that line lh; is at least
as capable of being an l-hitter as is line Ih)}.

E(lh;,S) < E(R,,S"), i=1,2,..,k (1)
We split the proof of (1) into two lemmas; proofs appear in the full paper.
Lemma 3. [h; cannot be on the right side of Ik}, i =1,2,.., k.
An immediate result from this lemma is
E(lh;,S") < E(Ih}, S"). (2)

Given a solution P and a line [, let C(l, P) denote the number of segments
on the left side of I that have been 3-hit in P. Let N(I) be the total number of
segments on the left of line . The following lemma shows that the segments that
S leaves to be used as 2-hitters are the segments that are easier to double-hit.

Lemma 4. C(lh;,S) > C(lh;,S"), i =1,2,.., k.
Therefore we obtain

E(lh;, S) = N(lh;) — C(ih;, S)
< N(lh;) = C(lh;, 8') = E(Ih;, ') < E(IK}, S).
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5 Hitting Lines and Segments

5.1 Hardness

Theorem 4. Hitting set for horizontal unit segments and vertical lines is NP-
complete.

Proof. The reduction is from 3SAT. See Fig. 3.

Each variable is represented by a collinear connected set of horizontal unit
segments, and each clause is represented by a red vertical line that intersects
appropriate pairs of horizontal variable segments (if that variable occurs in a
clause) or just single segments (in case a variable does not occur in a clause).
Setting appropriate parities for the literals in a clause is achieved by appropriate
horizontal shifting of the segments, as shown in the figure. This results in a
construction in which the only place where three of the elements (segments or
lines) can be hit involves a vertical line representing a clause, corresponding

X1

Ty

Fig. 3. A set of horizontal unit segments and vertical lines that represents the 3SAT
instance I = (z1 Vx2 V x3) A (z2 V 23 VT1) A (T1 V Tz V x4). For better visibility,
collinear segments are slightly shifted vertically, with red and green points indicating
overlapping segments. In an optimal hitting set, the point covering a labeled horizontal
segment induces a truth value for the corresponding variable: selecting one of its grey
points (e.g., in the indicated green manner) assigns a value of “true”; selecting a red
point, a value of “false”. Overall, truth assignments for each variable correspond to a
set of green or red points, respectively. Literals occurring in clauses are indicated by
magenta circles; these are the only places where a point can hit three segments or lines
at once (Color figure online).
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to literals occurring in the respective clauses. (These are indicated by magenta
circles in the figure). The N elements excluding the red vertical lines associated
with clauses are called variable components.

We show that any feasible hitting set with exactly N/2 points induces a truth
assignment and vice versa. There is no point that hits more than two of the vari-
able components at once. Therefore, stabbing all N of them requires at least
N/2 points, and any solution consisting of exactly N/2 points must hit each vari-
able component exactly once. Consequently, the black vertical lines and the black
collinear sets of connected horizontal segments in Fig. 3 may be reordered so that,
without loss of generality, a solution with exactly N/2 points does not pick any
of the gray points. Eliminating the gray points results in a natural partition of
the instance into point-disjoint even-cardinality loops of variable components for
each variable, where the points in each loop alternate between red and green. Thus
any solution of size N/2 hitting the variable components must select all red or all
green points from each variable’s loop, corresponding to a truth assignment. We
get an overall feasible hitting set if and only if the points also stab the vertical
clause lines, corresponding to a satisfying truth assignment. O

After appropriate vertical scaling, we can replace the vertical lines by vertical
unit segments, immediately giving the following corollary.

Corollary 1. Deciding if there exists a set of k points in the plane that hit a
given set S of unit-length azis-parallel segments is NP-complete.

We show in the full paper, using a reduction from MAX-2SAT(3), that the
hitting set problem is APX-hard for vertical lines and horizontal segments.

5.2 Approximation

We give a 5/3-approximation for hitting a set V' of vertical lines and a set H
of horizontal segments. We start by looking at the lower bounds: v = |V| is the
number of vertical lines. It is a lower bound. Let h be the lower bound on hitting
horizontal segments only. We can compute h exactly; it is the minimum number
of hit points for the horizontal segments (computed on each horizontal line). At
any stage of the algorithm, we let h and v be the current values of these lower
bounds for hitting the current (remaining unhit) sets H and V.
In stage 1, we place two kinds of points:

(a) We place hitting points on vertical lines that reduce h (and v) by one. These
points are “maximally productive” since no single hitting point can do more
than to reduce h and v each by one. As vertical lines are hit, we remove
them from V. Similarly, as horizontal segments are hit, we remove them
from H.

(b) Look for pairs (if any) of points, on the same horizontal line and on two
vertical lines (from among the current set V'), that decrease h by one.
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Let k; and ko be the number of type(a) and type(b) points placed in this
stage, respectively. Therefore, for the remaining instance, the lower bound h
decreases by k1 + k2/2, and v decreases by ki + ko.

In stage 2, we now have a set of vertical lines V' and horizontal segments H
such that no single point at the intersection of a vertical line and a horizontal
segment (or segments) reduces h, and no pair of points on two distinct vertical
lines reduces h.

Lemma 5. For such sets V and H as in stage 2, an optimal hitting set has size
at least v+ h, where v = |V| and h is the minimum number of points to hit H.

Proof. The hit points we place on V' (one per line) might conceivably decrease
h. We claim that this cannot happen. Assume to the contrary that it happens.
Let {q1,¢2,--.,qx} be a minimum-cardinality set such that each of them is on
some line of V' from left to right and h is decreased by 1 after placing the set.
Since the set is minimum, the points in it should be on a horizontal line L.

Since we have found all productive points and pairs of points in stage 1, K
should be at least 3. Consider the hit point g3. The segments on L that are
not hit by ¢ are either completely left or right of ¢o; let H; and H, be the
corresponding sets. Points to the left of g2 do not hit H,., and points to the
right of g2 to not hit H;. If adding ¢; decreases H, that means ¢; and ¢ is a
productive pair, which should be found in stage 1; otherwise this means that the
point ¢; is unnecessary, contradicting the minimality of K.

Theorem 5. There is a polynomial-time 5/3-approximation algorithm for geo-
metric hitting set for a set of vertical lines and horizontal segments.

Proof. The total number of points selected by our algorithm is k; + ko from the
first stage and h — k1 — ko /2 + v — k1 — ko from the second stage. By Lemma 5,
the points chosen in stage 2 is a lower bound on the cost of an optimal solution:

h—kl—kg/Q—l—’U—]ﬁ—]{}QSOPT. (3)
We also have h < OPT and v < OPT. There are two cases.

(i) k1 + k2 < 2/3 - OPT: In this case we select at most 2/3 - OPT points in
Stages 1, and we use (3) to bound the number of points selected in Stage 2.
We conclude that our algorithm selects at most 5/3 - OPT points.

(ii) k1 + ko2 > 2/3 - OPT: The total number of points selected by our algorithm
is h*k17k2/2+1} < 20PT*(1€1+I€2/2) Since k1+k2/2 > k1/2+k2/2 >

1/3 - OPT, we obtain a 5/3-approximation in this case as well. 0O

Theorem 6. There is a polynomial-time 5/3-approximation algorithm for geo-
metric hitting set for a set of vertical (downward) rays and horizontal segments.

Proof. The 2-stage approximation algorithm described above works for this case
as well. The key observation is that among any set of collinear downward rays,
we may remove all but the one with the lowest apex from the instance. Therefore
after Stage 1, the hitting points we place on the rays not yet hit will not decrease
h. The argument is analogous to that in Lemma 5.
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6 Hitting Pairs of Segments

We consider now the hitting set problem for inputs that are unions of two seg-
ments, one horizontal and one vertical. While we are motivated by pairs (and
larger sets) of segments that form paths, our methods apply to general pairs of
segments, which might meet to form an “L” shape, a “+”, or a “T” shape, or
they may be disjoint. This hitting set problem is NP-hard, since it generalizes
the case of horizontal and vertical segments.

Theorem 7. For objects that are unions of a horizontal and a vertical segment,
the hitting set problem has a polynomial-time 4-approximation.

Proof Sketch. For ease of discussion, we call the union of two segments an “L.”
We use a method similar to those used in [9,20]. Solve the natural set-cover linear
programming (LP) relaxation. Create two new problems: one that has only the
horizontal piece of some of the Ls and another that has only the vertical pieces of
the remaining Ls. Place an L into the vertical problem if the LP vertical segment
has value at least 1/2, and into the horizontal problem otherwise. Solve the two
new problems in polynomial time using the combinatorial method for the 1D
problem, or solving the LPs, which are totally unimodular, and thus will return
integer solutions. Take all the points selected by either new problem. We prove
in the full paper that these points are a 4-approximation.

The above idea naturally extends to a 4-approximation for the weighted
version of the problem. For unions consisting of at most k segments drawn from
r orientations, the approach yields a (k-r)-approximation. Using similar methods
and a stronger version of Theorem 5, we also have the following (see full paper):

Theorem 8. For objects that are unions of a horizontal segment and a vertical
line, the hitting set problem has a polynomial-time 10/3-approzimation.
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Abstract. In this paper we consider the Maximum Independent Set
problem (MIS) on B:-EPG graphs. EPG (for Edge intersection graphs
of Paths on a Grid) was introduced in [8] as the class of graphs whose
vertices can be represented as simple paths on a rectangular grid so that
two vertices are adjacent if and only if the corresponding paths share
at least one edge of the underlying grid. The restricted class By-EPG
denotes EPG-graphs where every path has at most k& bends. The study
of MIS on Bi1-EPG graphs has been initiated in [6] where authors prove
that MIS is NP-complete on B1-EPG graphs, and provide a polynomial
4-approximation. In this article we study the approximability and the
fixed parameter tractability of MIS on Bi-EPG. We show that there
is no PTAS for MIS on B:-EPG unless P=NP, even if there is only one
shape of path, and even if each path has its vertical part or its horizontal
part of length at most 3. This is optimal, as we show that if all paths have
their horizontal part bounded by a constant, then MIS admits a PTAS.
Finally, we show that MIS is FPT in the standard parameterization on
B1-EPG restricted to only three shapes of path, and Wi-hard on Ba-
EPG. The status for general B;-EPG (with the four shapes) is left open.

1 Introduction and Related Work

In this paper we consider the Maximum Independent Set (MIS) on B;-EPG
graphs. EPG (for Edge intersection graphs of Paths on a Grid) was introduced
in [8] as the class of graphs whose vertices can be represented as simple paths on a
rectangular grid so that two vertices are adjacent if and only if the corresponding
paths share at least one edge of the grid. More precisely, for every EPG-graph
G = (V, E), there exists an EPG-representation (P,G) where P = {P,,v € V'}
is a set of paths on the grid G, and two paths P,, P, share a grid edge of G if and
only if {u,v} € E (see example depicted Fig. 1). Notice that two paths can cross
on a grid vertex without creating an edge. Thus, given an EPG-representation,
the objective of the MIS is to find the largest set of paths that do not share a
common grid edge. For any integer k > 0, the class Bx-EPG denotes EPG-graphs
having an EPG-representation where every path has at most k bends. Moreover,
the class X-EPG C B;-EPG (with X C {7, 7,1, 4}) denotes the subset of Bj-
EPG graphs where the paths can only have shapes in X (and thus B;-EPG =
{TJ}-EPG).
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0 1

Fig.1l. B1-EPG representation of G = ({1,2,3,4},{{1,4},{2,4},{3,4}}) where
ver(P1) = [3,4], ver(Pr) lies on column 1, hor(P1) = [1,3], hor(P:) lies on row 3,
and cor(Py) = (1,3). P, and P> do not create an edge: even if hor(P;) = [3,5] and

hor(P2) also lies on row 3, P; and P> do not share a common grid edge. P, and Ps do
not create an edge either.

For any path P with 0 or 1 bend, we define hor(P) (resp. ver(P)) as the
interval corresponding to the projection of P on the horizontal (resp. vertical)
axis. Moreover, to describe the position of a path we will say that hor(P) (resp.
ver(P)) lies on a given row (resp. column) (see Fig.1). Finally, we denote by
cor(P) = (z,y) the coordinates of the corner of P. If P has no corner, let cor(P)
be the coordinates of some end of P.

Related work on class inclusions. It is proved in [8] that every graph G is an
EPG-graph, and that the size of the underlying grid is polynomial in the size of
G. The maximum number of bends used in the representation has been improved
in [10] where authors show that every graph of maximum degree A is in Ba-
EPG.

Let us now consider graphs with small number of bends. Notice first that
Bo-EPG graphs coincide with interval graphs. Several recent papers started the
study EPG graphs with small number of bends. For example, it has been proved
that B1-EPG contains trees [8], and that By-EPG and B;-EPG respectively
contain outerplanar graphs and planar graphs [9]. We can also mention that the
recognition of B1-EPG graphs is NP-hard, even when only one shape of path is
allowed [4].

In terms of forbidden induced subgraphs, it is also known that B;-EPG
graphs exclude induced suns S,, with n > 4, K33, and K33 — e [8].

There is also a close relation between EPG graphs and multiple interval
graphs. A t-interval is the union of ¢ disjoint intervals in the real line. A t-track
interval is the union of ¢ disjoint intervals on ¢ disjoint parallel lines (called
tracks), one interval on each track. Then, a t-interval graph (resp. a t-track
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column 1 :
horizontal track J

[ |i

vw - _ - horizontal track

row 1 row 2 Tow 3 /

/§ vertical track

vertical track

Fig. 2. (Left) B;-EPG C 2-track: one track (horizontal here) is used for the horizontal
parts, and the second track (vertical here) is used for the vertical parts. (Right) 2-track
C B3;-EPG

graph) is the intersection graph of a set of ¢-intervals (resp. t-track intervals).
Notice that ¢-track interval graphs is a subclass of t-interval graphs. It is not hard
to see that t-interval graphs are By;_1)-EPG graphs, and that B;-EPG graphs
are (t+1)-interval graphs [10]. Note also that B;-EPG graphs are 2-track graphs
(use one track for the rows and one track for the columns), which in turn are
B;-EPG graphs (see Fig. 2).

Related work on MIS: Approximability. The main related article is [6] where
authors show that MIS is NP-complete on B1-EPG graphs, and provide a poly-
nomial 4-approximation. As B1-EPG graphs are 2-track graphs, related work
on MIS on t-track graph is of interest as well. MWIS (the generalization of
MIS where each vertex have an arbitrary weight) admits a 2¢-approximation
on t-interval graphs [2] (see also [7]). Notice that this answers the open problem
of [6] about finding approximation algorithm for maximum weighted indepen-
dent set on B;-EPG graphs. It is also proved in [2] that MIS is APX-hard
on 2-track graphs, even when every vertex is represented by two intervals
of length 2. We can also mention [12] that aggregates and classifies several
approximation algorithms for MIS on intersection graphs by introducing several
parameters. In particular the authors define the notion of k-simplicial graphs.
A graph is k-simplicial if and only if there exists an order vy,...,v, of the ver-
tices such that, for each vertex v;, the subset of neighbors of v; contained in
{vj]j > i} can be partitioned into k sets Si,..., Sk such that G[S; U{v;}] is a
clique for each j € {1,...,k}. Then they recall that MWIS is k-approximable
in k-simplicial graphs. The k-simplicial graphs are related to B;-EPG graphs.
Indeed the proof of the 4-approximation of MIS on B;-EPG graphs [6] amounts
to showing that {4 }-EPG graphs are 2-simplicial graphs, and thus that MIS
has a 2-approximation on {iL}-EPG graphs, and a 4-approximation on B;-EPG
graphs. Finally, notice that the known approximation algorithms for maximum
independent set on pseudo disks intersection graphs [5] do not directly apply
here, as two paths can cross on a grid vertex without creating an edge.
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Related work on MIS: Fized Parameter Tractability. In this article we only
consider the decision problem OPT < k 7 parameterized by k. The main related
result is [11] where the author proves that M 1S is W{[1]-complete on unit 2-track
graphs. This immediately implies that MIS is W/[1]-hard on B3-EPG graphs.
About positive results (FPT algorithm), to the best of our knowledge it seems
that there is no known F PT algorithm on B;-EPG or a superclass of it.

Contributions. In this article we study the approximability (in Sect.2) and the
fixed parameter tractability (in Sect. 3) of MIS on B;-EPG. Our main results are
the following. We first show that there is no PTAS for MIS on {"}-EPG unless
P=NP, even if each path has its vertical part or its horizontal part of length
at most 3 (i.e. VP, (Jhor(P)| < 3 or |ver(P)| < 3)). This improves the NP-
hardness of [6]. Then, we show that this result cannot be improved by showing
that if VP, |hor(P)| < ¢, or if VP, |ver(P)| < ¢ (where ¢ is a constant), then MIS
admits a PTAS on B;-EPG graphs. In Sect. 3, we show that MIS is FPT on
B1-EPG restricted to only three shapes of paths, and Wi-hard on Bo-EPG. The
status for general B;-EPG (with the four shapes) is left open. Proofs marked
with a x are omitted due to space constraints, and we refer the reader to [3] for
the full version of this article.

2 Approximability

The objective of this section is to prove that there is no PTAS for MIS on {"}-
EPG graphs. Let us first recall that the NP-hardness proof of MIS on {" ' }-
EPG graphs of [6] is a reduction from MIS on planar graphs. As there is a
PTAS for MIS on planar graphs, this is not a good candidate to reduce from
when looking for inapproximability. Moreover, the proof of [2] showing the APX-
hardness of MIS on unit 2-track graph cannot be adapted too. Indeed, this proof
consists in proving that the class of unit 2-track graphs (more precisely 2-track
graphs where every vertex is represented by two intervals of length 2) contains all
graphs of degree at most 3 (for which MIS is APX-hard), but this class contains
K3 3 and is hence not included in B1-EPG [10].

Our reduction is based on the classical approximation preserving reduction
from MAX-3-SAT to MIS (see for example [14], Theorem 29.13).

Let us define MAX-3-SAT(3):

— Input:

o A set of nyg, variables {z;, 1 <@ < nygr}-

o A set of m clauses {C},1 < j < mg}, where each clause is of the form
1 VI, v 1L, where for any 1 <t < 3, 3i such that I] = z; or I] = not(;)
(in both cases we say that C; contains variable ;).

e Furthermore, each variable appears at most 3 times (Vi, [{C;|C; contains
x;}| < 3). Moreover, we can assume that for any 4, the positive form z;
appears exactly 2 times, and the negative form appears exactly 1 time.
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— Output: a truth assignment of the variables that maximizes the number of
satisfied clauses

Let us define the same function f as in [14] (Theorem 29.13) that maps any
instance I o of MAX-3-SAT(3) to a graph f(Ilsa:) = G, where G = (V, E).
For each clause I} V I} V I} we create a trlangle {vl, v, v}, and thus we have
|V| = 3mg. For any j and t, we say that v/ corresponds to variable z; (resp. to
the negation of variable ;) if and only if I = z; (resp. I = not(x;)). For any
1,1 <1 < nygr, we add an edge {v{, vg,,} if and only if 37 such that l{ corresponds
to x; and lf: corresponds to the negation of x;.

Let F = {f(Isat), Isar instance of MAX-3-SAT(3)} be the set of graphs
obtained from instances of MAX-3-SAT(3).

Proposition 1 (x Folklore). There is a strict reduction from MAX-3-SAT(3)
to MIS on graphs F.

Proposition 2. F C {""}-EPG.

Proof. Let us draw a graph G € F using only paths of the form {", }. See Fig. 3
for an example. Informally, each clause j corresponds to column 37, and each
variable x; corresponds to line 7. Let us now define more precisely the shapes of
the paths.

|

Fig. 3. Example for Ci = not(z1) V 22 V 23, C2 = 21 V not(xz2) V x3, and C3 =
z1 V22 V not(zs)}

6 9

~ Let (V,E) be the vertex and edge set of G, with [V| = n. For each vertex
v! € V corresponding to a variable x; or its negation, we define a path Pvg, with
'U@T(Pvtj) = [0, 4] lying on column 3j. Notice that we already have all the vertices
of V, and the edges corresponding to the % triangles. It remains now to define
the horizontal parts of the paths to encode the adjacencies between a variable
and its negation. Let i in {1,...,nyq,}, and let {v]!, v}, v{%} be the vertices of
G corresponding to variable x; or to its negation, with j; < jo < j3. There are
now three cases, according to the position of the clause containing the negative
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form of z; (recall that without loss of generality we suppose that not(z;) appears
exactly one time).

Recall that the horizontal part of {vt A 2,vtg} will lie one line 4, and thus
we just have to define the corresponding intervals. If C}, contains not( i), then
hOT‘(Utl) = [3j1,3j3 + ].] hOT‘(’Utz) = [3j2,3j2 + 1] hOT’(’l)tl) = [3j3,3j3 + 1] If
Cj;, contains not(x;), then hor(vtl) = [3j1, 352 + 1], hor(vtz) = [3j2, 345 + 1],
hor(vtl) = [343,3j3 + 1]. If C}, contains not(x;), then hor(vtl) = [3j1, 351 + 1],
hor(v{?) = [3j2,3j2 + 1], hor(vtl) = [341,373]. This concludes the description of
G as an {""}-EPG graph. O

Notice that this construction is not possible from instances of MAX-3-SAT(4),
as we could have for example C; containing z1, Co containing not(zy), Cs con-
taining x71, and Cy containing not(xy).

As MAX-3-SAT(3) remains MAXSNP-complete [13] (Theorem 13.10), we get
the following corollary.

Corollary 1. Any (1+¢€)-approzimation for MIS on {"}-EPG implies a (1+¢€)-
approzimation for MAX-3-SAT(3), and thus there is no PTAS for MIS on {"7}-
EPG graphs unless P=NP.

Our objective is now to prove that there is no PTAS for MIS, even when only
one type of shape is allowed. Notice that the only case we need the "' shape in
the previous reduction is when C}, contains not(z;).

Let G € F, G = (V,E), with |V| = n and |E| = m. Let us partition
E = E; | B2, where E; contains the n edges corresponding to the % triangles,
and Fs contains the remaining edges corresponding to edges between a variable
and its negation. To avoid using ', we will subdivide each edge of E5 into 5 edges,
introducing thus 4 new vertices for each such edge. More formally, let us define
G' = (@), G = (V',E"). We start by setting V' =V and E’ = E. Moreover,
for any e = {v/, ’Ug,/} € Ey (with j # j'), we add four new vertices w§, w§, w§, w§
to V', and we add edges {vi,wﬁ},{{wf,wfﬂ},l <i< 3},{wi,vf,/} to E'.
Finally, let 7' = {f'(G),G € F}.

Observation 1. Let G = (V,E) € F, G' = f'(G). Let m = |E]|.

e For any solution S of G, there is a solution S" of G’ such that |S’| > |S|+2m,
and thus Opt(G") > Opt(G) + 2m

e For any solution S’ of G', we can find in polynomial time a solution S of G
such that |S| > |S’| — 2m

From the previous observation we see that solutions of G' and G’ are simply
shifted by an additive term of 2 m. This extra term may look too large to preserve
approximability. However, the next observation shows that it only represents a
constant fraction of Opt(G).

Observation 2. Let G = (V,E) = f(Isat) € F, with n = |V|, m = |E|, nyar

the number of variables of I, and me the number of clauses of Isq:. As G has



164 M. Bougeret et al.

mazximum degree 4, m < 2n. By construction n = 3mg;. For any 3-SAT instance
it is known that %mcl < Opt(Isqt). Finally, as Opt(Is4:) = Opt(G), one obtains
that Jzm < Opt(G).

For the next proposition, the reader might refer themselves to [3] where we recall
the definition of an AP-reduction.

Proposition 3. There is an AP-reduction from MIS on F to MIS on F'.

Proof. Point (1), (2) and (3) of the definition of an AP reduction are clearly
verified. Let us prove (4) with » = 1 4 €. Let S’ be a solution of an instance G’

Opt(G’
such that |S’| > ﬁfre))

at least |S'| —2m = Opli(?/) —2m > O’%(EG) — 2m(15;). Using Observatio 2, we

deduce |S| > O’%(f)(l — 2¢22), which concludes the proof. O

. According to Observation 1, we get a solution S of size

Proposition 4. (x). 7/ C {"}-EPG.

We are ready to state the main inapproximability result, whose proof is now
immediate.

Theorem 1. There is no PTAS for MIS on {"}-EPG unless P=NP, even
if each path has its vertical part or its horizontal part of length at most 3
(i.e. VP, (lhor(P)| <3 or |ver(P)| < 3)).

As MIS is APX-hard on 2-track graphs [2], even when every vertex is represented
by two intervals of length 2, it is natural to ask the same question here, i.e. to
determine if Theorem 1 can be extended to paths whose vertical and horizontal
intervals have constant length. Let us first notice that this restriction remains
NP-hard.

Proposition 5 (x). MIS remains NP-hard on {"}-EPG graphs, even if all
the paths have their horizontal part and their vertical part of length at most
2 (i.e. VP,|hor(P)| <2 and |ver(P)| < 2).

As shown in the following theorem, it is not possible to improve the inapprox-
imability, even if only one direction (but always the same) is bounded, and even
if the four shapes are allowed.

Theorem 2. MIS admits a PTAS on B1-EPG graphs where all the paths have a
horizontal part of length at most ¢, where ¢ is a constant (i.e. ¥YP,|hor(P)| < c).
More precisely, we can find an independent set of size at least (1 — €)|OPT| in
O*(n3%) time.

We will prove Theorem 2 using the classical Baker shifting technique [1]. We
could expect that such a PTAS is already known, as MIS has been widely studied
on intersection graphs (see for example the PTAS of [5] for MIS on intersection
of Pseudo-Disks). However, as two paths can cross without creating an edge in
the EPG model, this requires an ad-hoc adaptation of the shifting technique.
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Fig. 4. R, is the set of paths crossing one of the gray strips. We solve MIS exactly in
all the white strips, i.e. between column d 4 ack + 1 and d + (a + 1)ck with a > —1.

Proof. Let G = (V, E) be a B1-EPG graph where all the paths have an horizontal
part of length at most c¢. Without loss of generality, let us suppose that all
the paths are drawn in the positive quadrant of the plane (i.e. with positive
coordinates), and that the underlying grid is a square of size s < poly(n), where
n=|V|.

Let us consider a given optimal solution OPT. Let k € N*. Our goal is to
get a solution of size at least [OPT|(1 — 1).

For any integers i € N, let X; be the set of paths P of G such that [i,i+1] C
hor(P). For any d € {0,...,kc — 1}, let Rq = U,cy Xatake (see Fig.4). Let
OPT; = OPT(\Rg, i.e. OPTy is the set of all paths of OPT which cross one
of the vertical strips, between column d + akc and d + akc + 1 for some a € N.

Let dy = ming|OPTy|. Observe first that |OPTy,| < +|OPT|. Indeed,

ch YOPT,| < c|OPT|, as each vertex v* of OPT belongs to at most ¢ differ-
ent R, and thus kc|OPTy, | < ¢|OPT.

Thus, for each d the algorithm solves optimally the problem on G\ R4 and
gets a solution Ag. Then, it returns the largest solution among the A4. Let us
now see how we solve MIS optimally on G’ = G\ Rg.

Observe that removing the vertices of R4 disconnects the graph. Indeed, paths
at the left of the strip (i.e. P such that hor(P) C [0, d+akc]) cannot be connected
to paths on the right of the strip (i.e. P such that hor(P) C [d+ akc+ 1, +o0)).
Thus, each connected component of G’ correspond to a B1-EPG graph defined
on a grid with 8 = kc columns. Naturally, we compute an optimal solution on
G’ by taking the union of optimal solutions of each connected component.
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It remains now to solve MIS on a B1-EPG graph where the underlying grid
has a constant number 3 of columns. To that end we write a dynamic program-
ming algorithm and refer the reader to [3] where we provide the details. ]

3 Fixed Parameter Tractability

In this section we consider the MIS problem in the standard parameterization,
and thus we consider the decision problem OPT < k 7 parameterized by k.
Recall first that as B;-EPG C 2-track C Bs-EPG and as it is proved in [11]
that MIS is Wi-hard in unit 2-track graphs, we already know that MIS is Wi-
hard in B3-EPG graphs.

In this section we prove that MIS is FPT on B;-EPG restricted to only
three shapes of paths, and Wi-hard on By-EPG graphs. The status for general
B1-EPG (with the four shapes) is left open.

3.1 FPT Algorithm for MIS on B;-EPG with Three Shapes

The principle of our FPT algorithm is to repeat the following process: locate
a set of 17k? paths of the instance which contains an element of an optimal
solution, and then branch on these 17k2. If the instance is positive (i.e. has a
MIS of size at most k) then the algorithm will find a solution after at most
17k%* choices. Before detailing the algorithm, we need the following definitions
and lemmas which will useful to find an element of an optimal solution.

We refer the reader to Fig.5 for the next definitions. Notice that a purely
vertical path P with ver(P) = [a,b] lying on column c is considered as a path of
shape L with hor(P) = [¢, ¢] lying on row a. In the same way, a purely horizontal
path P with hor(P) = [a,b] lying on row r is considered as a path of shape L
with ver(P) = [r,r] lying on column a.

Notice also that if G is a B;-EPG with a path P entirely containing another
path P’ then Opt(G) = Opt(G \ {P}) for the MIS problem. Indeed, if an inde-
pendent set I of G contains P then (I'\ {P})U{P’} is also an independent set
of G with the same size than I. Thus in every B;-EPG instance of MIS we will
consider, we assume that there is no path entirely contained in another path.

A subset G, of paths is a group if and only if all paths of G, have the same
shape and the same corner (i.e. V P, P, € G, cor(Py) = cor(Py)).

Let G, be a group of paths of shape L. As we can remove from the instance
any path P that contains entirely another path P’, we have for any P, P’ € G,
hor(P) C hor(P') = ver(P') C ver(P). We say that P € G, is the rightmost
path of G, (resp. topmost) if and only if for every P’ € G, we have hor(P’) C
hor(P) (resp. ver(P') C ver(P)). We also adapt the definition for the three other
shapes of groups (for example for a group of shape 7, we define the leftmost and
the downmost path).

Let S be an independent set of a B1-EPG. Let « € S with hor(x) = [a, ],
lying on row r. We say that the right side of x is free in S (or simply that
the right side of z is free) if there is no y € S, y # x, lying on row r such
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that hor(y) = [c,d] and ¢ > b. We define in the same way that the left, up, and
down side of z is free in S.

The main sides of a path are the ones given by its shape: a path of shape
L (resp. 7, 7 or 1) has main sides up and right (resp. down and right, down and
left or up and left).

The two following lemmas provide conditions allowing us to guess in FPT
time a vertex of an optimal solution.

Lemma 1. Let r be a fized row, and let X be a subset of paths such that every
P € X has shape L and hor(P) lies on row r. We can construct in polynomial
time a set f1(X) = X' C X with |X'| < k verifying the following property.

If there exists an independent set S, |S| =k and a * € SN X such that the
right side of x* is free in S, then there exists S, |S'| = k such that S'N X' # (.

Proof. Let {a; : 1 <i<ipe}={j : IP € X with ver(P) lying on column
J} be the set of columns used by the vertical parts of paths of X. Let us suppose
without loss of generality that a; > a;41 for any i. We partition X into (maximal)
groups G; for 1 < i < 4,4 we define G; as the set of all paths of X having
their corner at coordinates ¢; = (a;, r) (see Fig. 5). We denote by i* the index of
the group of z* (i.e. z* € G;»). Let X' = {P{,..., P/ where P/ is the

»C min(imax,k )}

rightmost path of G;. Finally, let hor(P}) = [a;, b;] and hor(x*) = [a*, b*].

TOW 7

Fig. 5. Example of a group and of the case where the right of 2* is free, and z* € G;»
with ¢* > k in Lemma 1.

Suppose first that i* < k. As the right side of z* is free in .S, we can remove
z* from S and chose P}. to get another solution S’ of size k.

Suppose now that ¢* > k. Notice first that in this case by construction of
the groups, we have a* < a; for any i < k (as we collected first paths with
rightmost left endpoint). If there exists « € S\ {*} with hor(z) lying on row
r, then we have hor(z) = [a,b] with b < a* (because the right side of z* is
free in OPT'). So we have b < a; for any i < k and = does not intersect paths
of X'. Equivalently paths of X’ can only intersect S\ {z*} by sharing vertical
edges of the underlying grid. Thus as |S| = k, there exists ig < k such that
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(S\{z*})U{P] } is an independent set (i.e. we swap z* and P; to get '), and
X' satisfies the claimed property.
O

Lemma 2 (x). Let r be a fixzed row, and let X be a subset of paths such that
every P € X has shape s and hor(P) lies on row r. We can construct in polyno-
mial time a set fo(X) = X' C X with |X'| < k verifying the following property.

If there exists an independent set S, |S| =k and a x* € SN X such that the
right side and the top side of x* are free in S, then there exists S', |S'| = k such
that 8" N X" # 0.

Lemma 3. Let X be a subset of paths such that every P € X has shape L.
We can construct in polynomial time a set f3(X) = X' C X with |X'| < 4k?
verifying the following property.

If there exists an independent set S, |S| = k and a z* € SN X such that
the two orthogonal sides of x* are free in S, and one of this side is a main side
of x* (i.e. the free sides of x* are right/up, right/down or up/left), then there
erists S, |S'| = k such that 8" N X' # (.

Proof. Let z* € S. We first construct greedily, in polynomial time, a maximal
independent set A = {P1,..., Py}, |A] < k (if |[A| > k we define X’ as k
arbitrary vertices of A). Let SY°" be the set of paths P in the input with shape .
and which intersects P; by sharing a vertical edge of the underlying grid. Let also
Sher be defined in the same way for horizontal edges (notice that we may have
Sver m Shor £ (). As A is maximal, there exists i such that * intersects P;,,
and thus such that z* € S*" or z* € Sﬁ)"’”. Let us suppose first that z* € S{"‘j‘”.

If the right side of z* is free in S, then by Lemma 1l we know that we can
replace z* by a z* € fl(SihOOT). Otherwise, the topside and the leftside of x*
are free in S. In this case we know by Lemma2 that we can replace z* by a
o' € fo(Shor).

Considering also the case z* € SP", we know that 2* can be chosen in
X' = UL (f1(SPomY U f2(SPOm) U f1(SPeT) U f2(SPeT)) which of size at most 4k2.
0

Lemma 4. Let (G, k) be a instance of MIS on {"_,}-EPG graphs. We can con-
struct in polynomial time a set X' with |X'| < 17k% werifying the following
property.

If there exists an independent set S, |S| = k, then there exists S', |S'| = k
such that S’ N X' # (.

Proof. Let z* € S (with cor(z*) = (a*,b*)) be the top-right most path of S
(i.e. for any z € S with cor(z) = (a,b), either b < b* (Case 1) or b = b* and
a < a* (Case 2). Notice that the only case where b = b* and a = a* is when z*
has shape 1 and there exists a unique « € S with shape 7, and cor(z) = cor(z*).

(Case 1) Let us first consider the case where for any « € S with cor(x) =
(a,b), either b < b* or (b = b* and a < a*). Whatever the shape of z*, z*
has always two orthogonal free sides in S, and one of this side is a main side
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(for instance, if «* has shape L then his two main directions are free, if x* has
shape ™ or J, one of his main direction and another orthogonal direction are
free). Thus, we apply three times Lemma3 (one time for X containing all the
paths of a given shape), and we construct in polynomial time a set Y of size at
most 12k? verifying the desired property.

(Case 2) This case is treated in the full version [3].

To summarize, if we want to ensure that we capture a vertex of a solution S’
of size k, we set X’ =Y U Z, leading to set of at most 17k? paths. a

We are now ready to prove the main result of this section whose proof is imme-
diate using Lemma 4.

Theorem 3. The question OPT > k can be solved in time O(k**poly(n)) in
B1-EPG graph with three shapes of paths.

3.2 W]J1]-Hardness of MIS on B2-EPG Graphs
Theorem 4 (x). MIS is W/[1]-hard, even restricted to Ba-EPG graphs.
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Abstract. We study the smoothness of paging algorithms. How much
can the number of page faults increase due to a perturbation of the
request sequence? We call a paging algorithm smooth if the maximal
increase in page faults is proportional to the number of changes in the
request sequence. We also introduce quantitative smoothness notions
that measure the smoothness of an algorithm.

We derive lower and upper bounds on the smoothness of determinis-
tic and randomized demand-paging and competitive algorithms. Among
strongly-competitive deterministic algorithms LRU matches the lower
bound, while FIFO matches the upper bound.

Well-known randomized algorithms like PARTITION, EQUITABLE, or
MARK are shown not to be smooth. We introduce two new randomized
algorithms, called SMOOTHED-LRU and LRU-RANDOM. SMOOTHED-
LRU allows to sacrifice competitiveness for smoothness, where the trade-
off is controlled by a parameter. LRU-RANDOM is at least as competitive
as any deterministic algorithm while smoother.

1 Introduction

Due to their strong influence on system performance, paging algorithms have
been studied extensively since the 1960s. Early studies were based on probabilis-
tic request models [1-3]. In their seminal work, Sleator and Tarjan [4] introduced
the notion of competitiveness, which relates the performance of an online algo-
rithm to that of the optimal offline algorithm. By now, the competitiveness of
well-known deterministic and randomized paging algorithms is well understood,
and various optimal online algorithms [5,6] have been identified.

In this paper, we study the smoothness of paging algorithms. We seek to
answer the following question: How strongly may the performance of a paging
algorithm change when the sequence of memory requests is slightly perturbed?
This question is relevant in various domains: Can the cache performance of
an algorithm suffer significantly due to the occasional execution of interrupt
handling code? Can the execution time of a safety-critical real-time application
be safely and tightly bounded in the presence of interference on the cache? Can
secret-dependent memory requests have a significant influence on the number
of cache misses of a cryptographic protocol and thus give rise to a timing side-
channel attack?

We formalize the notion of smoothness by identifying the performance of
a paging algorithm with the number of page faults and the magnitude of a
perturbation with the edit distance between two request sequences.

© Springer International Publishing Switzerland 2015
L. Sanitad and M. Skutella (Eds.): WAOA 2015, LNCS 9499, pp. 170-182, 2015.
DOI: 10.1007/978-3-319-28684-6_15
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We show that for any deterministic, demand-paging or competitive algo-
rithm, a single additional memory request may cause k + 1 additional faults,
where k is the size of the cache. Least-recently-used (LRU) matches this lower
bound, indicating that there is no trade-off between competitiveness and smooth-
ness for deterministic algorithms. In contrast, First-in first-out (FIFO) is shown
to be least smooth among all strongly-competitive deterministic algorithms.

Randomized algorithms have been shown to be more competitive than
deterministic ones. We derive lower bounds for the smoothness of randomized,
demand-paging and randomized strongly-competitive algorithms that indicate
that randomization might also help with smoothness. However, we show that
none of the well-known randomized algorithms MARK, EQUITABLE, and PARTI-
TION is smooth. The simple randomized algorithm that evicts one of the cached
pages uniformly at random is shown to be as smooth as LRU, but not more.

We then introduce a new parameterized randomized algorithm, SMOOTHED-
LRU, that allows to sacrifice competitiveness for smoothness. For some
parameter values SMOOTHED-LRU is smoother than any randomized strongly-
competitive algorithm can possibly be, indicating a trade-off between smooth-
ness and competitiveness for randomized algorithms. This leaves the question
whether there is a randomized algorithms that is smoother than any determin-
istic algorithm without sacrificing competitiveness. We answer this question in
the affirmative by introducing LRU-RANDOM, a randomized version of LRU
that evicts older pages with a higher probability than younger ones. We show
that LRU-RANDOM is smoother than any deterministic algorithm for k = 2.
While we conjecture that this is the case as well for general k, this remains an
open problem.

The notion of smoothness we present is not meant to be an alternative to
competitive analysis for the evaluation of the performance of a paging algorithm;
rather, it is a complementary quantitative measure that provides guarantees
about the performance of an algorithm under uncertainty of the input. In general,
smoothness is useful in both testing and verification:

— In testing: if a system is smooth, then a successful test run is indicative of the
system’s correct behavior not only on the particular test input, but also in its
neighborhood.

— In verification, systems are shown to behave correctly under some assumption
on their environment. Due to incomplete environment specifications, operator
errors, faulty implementations, or other causes, the environment assumption
may not always hold completely. In such a case, if the system is smooth,
“small” violations of the environment assumptions will, in the worst case,
result in “small” deviations from correct behavior.

An example of the latter case that motivates our present work appears in
safety-critical real-time systems, where static analyses are employed to derive
guarantees on the worst-case execution time (WCET) of a program on a par-
ticular microarchitecture [7]. While state-of-the-art WCET analyses are able
to derive fairly precise bounds on execution times, they usually only hold for
the uninterrupted execution of a single program with no interference from the
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environment whatsoever. These assumptions are increasingly difficult to satisfy
with the adoption of preemptive scheduling or even multi-core architectures,
which may introduce interference on shared resources such as caches and buses.
Given a smooth cache hierarchy, it is possible to separately analyze the effects of
interference on the cache, e.g. due to interrupts, preemptions, or even co-running
programs on other cores. Our results may thus inform the design and analysis
of microarchitectures for real-time systems [8].

Interestingly, our model shows a significant difference between LRU and
FIFO, two algorithms whose theoretical performance has proven difficult to
separate.

Our results are summarized in Table1. An algorithm A is («, 3, §)-smooth,
if the number of page faults A(c”) of A on request sequence ¢’ is bounded by
a - A(o) + 8 whenever o can be transformed into ¢’ by at most ¢ insertions,
deletions, or substitutions of individual requests. Often, our results apply to a
generic value of §. In such cases, we express the smoothness of a paging algorithm
by a pair («, 3), where « and ( are functions of §, and A is («(d), (d), d)-smooth
for every §. Usually, the smoothness of an algorithm depends on the size of the
cache, which we denote by k. As an example, under LRU the number of faults
may increase by at most 6(k + 1), where ¢ is the number of changes in the
sequence. A precise definition of these notions is given in Sect. 3.

Table 1. Upper and lower bounds on the smoothness of paging algorithms. In the
table, k is the size of the cache, § is the distance between input sequences, Hy denotes
the k" harmonic number, and + is an arbitrary constant.

Algorithm ‘ Lower bound ‘ Upper bound
Deterministic, demand-paging (1,0(k+ 1)) C)

Det. c-competitive with additive constant 8| (1,d(k + 1)) (c,20c+ B)
Deterministic, strongly-competitive (1,6(k+1)) (k,20k)
Optimal offline (1,29) (1,20)

LRU (1,6(k+1)) (1,6(k+1))
FWF (1, 26k) (1,26k)

FIFO (k,v,1) (k,20k)
Randomized, demand-paging (1, Hy —|— ,1) oo
Randomized, strongly-competitive (1,0Hx) (Hg,20Hy)
EQUITABLE, PARTITION (1+¢€7,1) (Hy,20Hy)
MARK (QHr),~,1) (2H, — 1,6(4H, — 2))
RANDOM (1,0(k+ 1)) (1,6(k+ 1))
Evict-On-Access (1,6(1+ 325)) | (1,6(1+ 3£5))
SMOOTHED-LRU}, ; (Lo(325 +1) | (1,653 + 1)
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2 Related Work

2.1 Notions of Smoothness

Robust control is a branch of control theory that explicitly deals with uncer-
tainty in its approach to controller design. Informally, a controller designed for
a particular set of parameters is said to be robust if it would also work well
under a slightly different set of assumptions. In computer science, the focus has
long been on the binary property of correctness, as well as on average- and
worst-case performance. Lately, however, various notions of smoothness have
received increasing attention: Chaudhuri et al. [9] develop analysis techniques to
determine whether a given program computes a Lipschitz-continuous function.
Lipschitz continuity is a special case of our notion of smoothness. Continuity is
also strongly related to differential privacy [10], where the result of a query may
not depend strongly on the information about any particular individual. Differ-
ential privacy proofs with respect to cache side channels [11] may be achievable
in a compositional manner for caches employing smooth paging algorithms.

Doyen et al. [12] consider the robustness of sequential circuits. They deter-
mine how long into the future a single disturbance in the inputs of a sequential
circuit may affect the circuit’s outputs. Much earlier, but in a similar vein,
Kleene [13], Perles, Rabin, Shamir [14], and Liu [15] developed the theory of
definite events and definite automata. The outputs of a definite automaton are
determined by a fixed-length suffix of its inputs. Definiteness is a sufficient con-
dition for smoothness.

The work of Reineke and Grund [16] is closest to ours: they study the maxi-
mal difference in the number of page faults on the same request sequence starting
from two different initial states for various deterministic paging algorithms. In
contrast, here, we study the effect of differences in the request sequences on the
number of faults. Also, in addition to only studying particular deterministic algo-
rithms as in [16], in this paper we determine smoothness properties that apply to
classes of algorithms, such as all demand-paging or strongly-competitive ones,
as well as to randomized algorithms. One motivation to consider randomized
algorithms in this work are recent efforts to employ randomized caches in the
context of hard real-time systems [17].

2.2 The Paging Problem

Paging models a two-level memory system with a small fast memory known
as cache, and a large but slow memory, usually referred to simply as memory.
During a program’s execution, data is transferred between the cache and memory
in units of data known as pages. The size of the cache in pages is usually referred
to as k. The size of the memory can be assumed to be infinite. The input to the
paging problem is a sequence of page requests which must be made available
in the cache as they arrive. When a request for a page arrives and this page is
already in the cache, then no action is required. This is known as a hit. Otherwise,
the page must be brought from memory to the cache, possibly requiring the
eviction of another page from the cache. This is known as a page fault or miss.
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A paging algorithm must decide which pages to keep in the cache in order to
minimize the number of faults.

A paging algorithm is said to be demand paging if it only evicts a page from
the cache upon a fault with a full cache. Any non-demand paging algorithm can
be made to be demand paging without sacrificing performance [18].

In general, paging algorithms must make decisions as requests arrive, with
no knowledge of future requests. That is, paging is an online problem. The most
prevalent way to analyze online algorithms is competitive analysis [4]. In this
framework, the performance of an online algorithm is measured against an algo-
rithm with full knowledge of the input sequence, known as optimal offline or
OPT. We denote by A(c) the number of misses of an algorithm when process-
ing the request sequence o. A paging algorithm A is said to be c-competitive if
for all sequences o, A(o) < ¢-OPT(c)+ [, where [ is a constant independent of
o. The competitive ratio of an algorithm is the infimum over all possible values
of ¢ satisfying the inequality above. An algorithm is called competitive if it has
a constant competitive ratio and strongly competitive if its competitive ratio is
the best possible [5].

Traditional paging algorithm are Least-recently-used (LRU)—evict the page
in the cache that has been requested least recently— and First-in first-out
(FIFO)—evict the page in the cache that was brought into cache the earli-
est. Another simple algorithm often considered is Flush-when-full (FWF)—
empty the cache if the cache is full and a fault occurs. These algorithms are
k-competitive, which is the best ratio that can be achieved for deterministic
online algorithms [4]. An optimal offline algorithm for paging is Furthest-in-the-
future, also known as Longest-forward-distance and Belady’s algorithm [1]. This
algorithm evicts the page in the cache that will be requested at the latest time
in the future.

A competitive ratio less than k can be achieved by the use of randomization.
Important randomized paging algorithms are RANDOM—evict a page chosen
uniformly at random— and MARK [19]—mark a page when it is unmarked and
requested, and upon a fault evict a page chosen uniformly at random among
unmarked pages (unmarking all pages first if no unmarked pages remain). RAN-
DOM achieves a competitive ratio of k, while MARK’s competitive ratio is 2Hy —1,
where Hy, = Zle % is the k' harmonic number. The strongly-competitive algo-
rithms PARTITION [5] and EQUITABLE [6] achieve the optimal ratio of Hy,.

3 Smoothness of Paging Algorithms

We now formalize the notion of smoothness of paging algorithms. We are inter-
ested in answering the following question: How does the number of misses of
a paging algorithm vary as its inputs vary? We quantify the similarity of two
request sequences by their edit distance:

Definition 1 (Distance). Let ¢ = zy,...,2, and o' = af,... 2" be two
request sequences. Then we denote by A(o,0’) their edit distance, defined as
the minimum number of substitutions, insertions, or deletions to transform o

into o’.
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This is also referred to as the Levenshtein distance. Based on this notion of
distance we define (a, 3, §)-smoothness:

Definition 2 ((«, 8,9)-Smoothness). Given a paging algorithm A, we say that
A is («, B,8)-smooth, if for all pairs of sequences o,0" with A(c,c') < 6,

Aldy<a-A(o)+

For randomized algorithms, A(c) denotes the algorithm’s ezpected number of
faults when serving o.

An algorithm that is (a, 8, §)-smooth may also be (a/, §’, §)-smooth for o’ >
a and 8’ < 3. As the multiplicative factor o dominates the additive constant 3
in the long run, when analyzing the smoothness of an algorithm, we first look
for the minimal « such that the algorithm is («, 3, §)-smooth for any .

We say that an algorithm is smooth if it is (1, 3, 1)-smooth for some §. In this
case, the maximal increase in the number of page faults is proportional to the
number of changes in the request sequence. This is called Lipschitz continuity
in mathematical analysis. For smooth algorithms, we also analyze the Lipschitz
constant, i.e., the additive part § in detail, otherwise we concentrate the analysis
on the multiplicative factor a.

We use the above notation when referring to a specific distance §. For a
generic value of § we omit this parameter and express the smoothness of a
paging algorithm with a pair (a, 3), where both « and 3 are functions of 4.

Definition 3 ((«, 3)-Smoothness). Given a paging algorithm A, we say that
A is (a, B)-smooth, if for all pairs of sequences o,0’,
A(o’) < a(0) - A(o) + B(9),

where « and B are functions, and 6 = A(o,0”).

Often, it is enough to determine the effects of one change in the inputs to
characterize the smoothness of an algorithm A.

Lemma 1. If A is (o, 3,1)-smooth, then A is (045752?;8 at)-smooth.
All proofs can be found in the full version of this paper [20].

Corollary 1. If A is (1, 8,1)-smooth, then A is (1,03)-smooth.

4 Smoothness of Deterministic Paging Algorithms

4.1 Bounds on the Smoothness of Deterministic Paging Algorithms

Before considering particular deterministic online algorithms, we determine
upper and lower bounds for several important classes of algorithms. Many nat-
ural algorithms are demand paging.
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Theorem 1 (Lower Bound for Deterministic, Demand-Paging
Algorithms). No deterministic, demand-paging algorithm is (1,0(k+1—¢))-
smooth for any €>0.

The idea of the proof is to first construct a sequence of length k + d(k + 1)
containing k41 distinct pages, such that A faults on every request. This sequence
can then be transformed into a sequence containing only k distinct pages by
removing all requests to the page that occurs least often, which reduces the
overall number of misses to k, while requiring at most J changes. While most
algorithms are demand paging, it is not a necessary condition for an algorithm to
be competitive, as demonstrated by FWF. However, we obtain the same lower
bound for competitive algorithms as for demand-paging ones.

Theorem 2 (Lower Bound for Deterministic, Competitive Paging
Algorithms). No deterministic, competitive paging algorithm is (1,0(k+1—¢))-
smooth for any € > 0.

By contraposition of Corollary 1, the two previous theorems show that no deter-
ministic, demand-paging or competitive algorithm is (1, %k + 1 — ¢, 1)-smooth for
any € > 0.

Intuitively, the optimal offline algorithm should be very smooth, and this is
indeed the case as we show next:

Theorem 3 (Smoothness of OPT). OPT is (1,26)-smooth. This is tight.

With Theorem 3 it is easy to show the following upper bound on the smoothness
of any competitive algorithm:

Theorem 4 (Smoothness of Competitive Algorithms). Let A be any pag-
ing algorithm such that for all sequences o, A(c) < c-OPT (o) + 3. Then A is
(¢,20c + B)-smooth.

Note that the above theorem applies to both deterministic and randomized algo-
rithms. Given that every competitive algorithm is (o, 3)-smooth for some «
and (3, the natural question to ask is whether the converse also holds. Below,
we answer this question in the affirmative for deterministic bounded-memory,
demand-paging algorithms. By bounded memory we mean algorithms that, in
addition to the contents of their fast memory, only have a finite amount of addi-
tional state. For a more formal definition consult [18, page 93]. Paging algorithms
implemented in hardware caches are bounded memory.

Theorem 5 (Competitiveness of Smooth Algorithms). If algorithm A
is deterministic bounded-memory, demand-paging, and (a, 3)-smooth for some
«a and B, then A is also competitive.

4.2 Smoothness of Particular Deterministic Algorithms

Now let us turn to the analysis of three well-known deterministic algorithms:
LRU, FWF, and FIFO. We show that both LRU and FWF are smooth. On
the other hand, FIFO is not smooth, as a single change in the request sequence
may increase the number of misses by a factor of k.
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Theorem 6 (Smoothness of Least-Recently-Used).
LRU is (1,5(k + 1))-smooth. This is tight.

So LRU matches the lower bound for both demand-paging and competitive
paging algorithms. We now show that FWF is also smooth, with a factor that is
almost twice that of LRU. The smoothness of FWF follows from the fact that
it always misses k times per phase, and the number of phases can only change
marginally when perturbing a sequence.

Theorem 7 (Smoothness of Flush-When-Full).
FWF is (1,26k)-smooth. This is tight.

We now show that FIFO is not smooth. In fact, we show that with only a single
difference in the sequences, the number of misses of FIFO can be k times higher
than the number of misses in the original sequence. On the other hand, since
FIFO is strongly competitive, the multiplicative factor k is also an upper bound
for FIFO’s smoothness.

Theorem 8 (Smoothness of First-in First-Out).
FIFO is (k,25k)-smooth. FIFO is not (k —€,v,1)-smooth for any € > 0 and ~.

FIFO matches the upper bound for strongly-competitive deterministic paging
algorithms. With the result for LRU, this demonstrates that the upper and lower
bounds for the smoothness of strongly-competitive algorithms are tight.

5 Smoothness of Randomized Paging Algorithms

5.1 Bounds on the Smoothness of Randomized Paging Algorithms

Similarly to deterministic algorithms, we can show a lower bound on the smooth-
ness of any randomized demand-paging algorithm. The proof is strongly inspired
by the proof of a lower bound for the competitiveness of randomized algorithms
by Fiat et al. [19]. The high-level idea is to construct a sequence using k + 1
distinct pages on which any randomized algorithm faults at least k + Hjy + %
times that can be converted into a sequence containing only %k distinct pages by
deleting a single request.Notice that the lower bound only applies to § = 1 and
so additional disturbances might have a smaller effect than the first one.

Theorem 9 (Lower Bound for Randomized, Demand-Paging Algo-
rithms). No randomized, demand-paging algorithm is (1,Hk+%—e, 1)-smooth
for any €>0.

For strongly-competitive randomized algorithms we can show a similar statement
using a similar yet more complex construction:

Theorem 10 (Lower Bound for Strongly-Competitive Randomized
Paging Algorithms). No strongly-competitive, randomized paging algorithm
is (1,0(Hy — €))-smooth for any € > 0.
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In contrast to the deterministic case, this lower bound only applies to strongly-
competitive algorithms, as opposed to simply competitive. So with randomiza-
tion there might be a trade-off between competitiveness and smoothness. There
might be competitive algorithms that are smoother than all strongly-competitive
ones.

5.2 Smoothness of Particular Randomized Algorithms

Two known strongly-competitive randomized paging algorithms are PARTI-
TION [5] and EQUITABLE [6]. We show that neither of the two algorithms is
smooth.

Theorem 11 (Smoothness of Partition and Equitable). For any cache
size k > 2, there is an € > 0, such that neither PARTITION nor EQUITABLE is
(14¢€,7,1)-smooth for any ~. Also, PARTITION and EQUITABLE are (Hy, 20 Hy,)-
smooth.

The lower bound in the theorem above is not tight, but it shows that neither of
the two algorithms matches the lower bound from Theorem 10. This leaves open
the question whether the lower bound from Theorem 10 is tight.

MARK [19] is a simpler randomized algorithm that is (2Hj, — 1)-competitive.
We show that it is not smooth either.

Theorem 12 (Smoothness of Mark). Let @ = maxj<s<k { L+ Hy— He) } =

{—1+Hy—Hy_1
O(Hy), where k is the cache size. MARK is not (o —€,y, 1)-smooth for any € > 0
and any . Also, MARK is (2H), — 1,5(4Hy — 2))-smooth.

We conjecture that the lower bound for MARK is tight, i.e., that MARK is («, §)-
smooth for o as defined in Theorem 12 and some J.

We now prove that RANDOM achieves the same bounds for smoothness as
LRU and the best possible for any deterministic, demand-paging or competitive
algorithm. For simplicity, we prove the theorem for a non-demand-paging defin-
ition of RANDOM in which each page gets evicted upon a miss with probability
1/k even if the cache is not yet full. Intuitively, the additive term k + 1 in the
smoothness of RANDOM is explained by the fact that a single difference between
two sequences can make the caches of both executions differ by one page p. Since
RANDOM evicts a page with probability 1/k, the expected number of faults until
p is evicted is k.

Theorem 13 (Smoothness of Random).
RANDOM s (1,6(k + 1))-smooth. This is tight.
5.3 Trading Competitiveness for Smoothness

We have seen that none of the well-known randomized algorithms are particularly
smooth. RANDOM is the only known randomized algorithm that is (1, ¢)-smooth
for some c. However, it is neither smoother nor more competitive than LRU, the
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smoothest deterministic algorithm. In this section we show that greater smooth-
ness can be achieved at the expense of competitiveness. First, as an extreme
example of this, we show that Evict-on-access (EOA) [17]—the policy that evicts
each page with a probability of % upon every request, i.e., not only on faults
but also on hits—beats the lower bounds of Theorems 9 and 10 and is strictly
smoother than OPT. This policy is non-demand paging and it is obviously not
competitive. We then introduce SMOOTHED-LRU, a parameterized randomized
algorithm that trades competitiveness for smoothness.

Theorem 14 (Smoothness of EOA).

EOA is (1,5(1 + 5£+))-smooth. This is tight.

Smoothed-LRU. We now describe SMOOTHED-LRU. The main idea of this
algorithm is to smooth out the transition from the hit to the miss case.

The following notion of age is convenient in the analysis of LRU: The age
of page p is the number of distinct pages that have been requested since the
previous request to p. LRU faults if and only if the requested page’s age is
greater than or equal to k, the size of the cache. An additional request may
increase the ages of k cached pages by one. At the next request to each of these
pages, the page’s age may thus increase from k — 1 to k, and turn the request
from a hit into a miss, resulting in k additional misses.

By construction, under SMOOTHED-LRU, the hit probability of a request
decreases only gradually with increasing age. The speed of the transition from
definite hit to definite miss is controlled by a parameter i, with 0 <14 < k. Under
SMOOTHED-LRU, the hit probability P(hitsyoorusn-LRU, ; (@)) of a request to a
page with age a is: '

1 ra<k—i
P(hitSMOOTHED-LRUk,i(a)) = k;;i—la k—i<a<k+i (1)
0 ca>k+1

where k is the size of the cache. Figure 1 illustrates this graphically in relation
to LRU for cache size k = 8 and i = 4.
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01 2 3 45 6 7 8 9 1011 12 13 14 15
Age of requested page

Fig. 1. Hit probabilities of LRU and SMOOTHED-LRU in terms of the age of the
requested page
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Theorem 15 (Smoothness of Smoothed-LRU).

SMOOTHED-LRUy, ; is (1, 5(2’“;?1 + 1))-smooth. This is tight.

For i = 0, SMOOTHED-LRU is identical to LRU and (1, §(k+1))-smooth. At the
other extreme, for ¢ = k — 1, SMOOTHED-LRU is (1,24)-smooth, like the opti-

mal offline algorithm. However, for larger ¢, SMOOTHED-LRU is less competitive
than LRU:

Lemma 2 (Competitiveness of Smoothed-LRU). For any sequence o and
I <k-—i,

k—i
< v
T k—i—-1+1
where OPTy(0) denotes the number of faults of the optimal offline algorithm

processing o on a fast memory of size l. Forl >k — 1 and any « and (3 there is
a sequence o, such that SMOOTHED-LRUy, ;(0) > a- OPT,(0) + 3.

SMOOTHED-LRU}, ;(0) -OPTy(0) + 1,

So far we have analyzed SMOOTHED-LRU based on the hit probabilities given
in (1). We have yet to show that a randomized algorithm satisfying (1) can
be realized. In the full version of the paper [20], we construct a probability
distribution on the set of all deterministic algorithms using a fast memory of
size k that satisfies (1). This is commonly referred to as a mized strategy.

5.4 A Competitive and Smooth Randomized Paging Algorithm:
LRU-Random

In this section we introduce and analyze LRU-RANDOM, a competitive random-
ized algorithm that is smoother than any competitive deterministic algorithm.
LRU-RANDOM orders the pages in the fast memory by their recency of use; like
LRU. Upon a miss, LRU-RANDOM evicts older pages with a higher probability
than younger pages. More precisely, the i*" oldest page in the cache is evicted
with probability ——. By construction the eviction probabilities sum up to 1:

i-Hy
i = 7 Y-+ = 1. LRU-RANDOM is not demand paging: if the
cache is not yet entirely filled, it may still evict cached pages according to the
probabilities mentioned above.

LRU-RANDOM is at least as competitive as strongly-competitive determin-

istic algorithms:

Theorem 16 (Competitiveness of LRU-Random). For any sequence o,

LRU-RaNDOM(0) < k- OPT (o).

The proof of Theorem 16 applies to an adaptive online adversary. An analysis
for an oblivious adversary might yield a lower competitive ratio.

For k = 2, we also show that LRU-RANDOM is (1,dc)-smooth, where c is
less than k + 1, which is the best possible among deterministic, demand-paging
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or competitive algorithms. Specifically, ¢ is 1+ 11/6 = 2.83. Although our proof
technique does not scale beyond k = 2, we conjecture that this algorithm is in
fact smoother than (1,5(k + 1)) for all k.

Theorem 17 (Smoothness of LRU-Random).
Let k = 2. LRU-RANDOM is (1, 116)-smooth.

Conjecture 1 (Smoothness of LRU-Random).
LRU-RANDOM is (1, O(H?)§)-smooth.

6 Discussion

We have determined fundamental limits on the smoothness of deterministic and
randomized paging algorithms. No deterministic competitive algorithm can be
smoother than (1,6(k + 1))-smooth. Under the restriction to bounded-memory
algorithms, which is natural for hardware implementations of caches, smoothness
implies competitiveness. LRU is strongly competitive, and it matches the lower
bound for deterministic competitive algorithms. LRU is strongly competitive,
and it matches the lower bound for deterministic competitive algorithms, while
FIFO matches the upper bound. There is no trade-off between smoothness and
competitiveness for deterministic algorithms.

In contrast, among randomized algorithms, we have identified SMOOTHED-
LRU, an algorithm that is very smooth, but not competitive. In particular,
it is smoother than any strongly-competitive randomized algorithm may be. The
well-known randomized algorithms MARK, PARTITION, and EQUITABLE are not
smooth. It is an open question, whether there is a randomized “LRU sibling”

Bounded mem. (a, 3)-smooth det. demand paging

Smoothness
0o |-
FIFO
(k. 71) —
PARTITION, EQUITABLE Deterministic
(O(Hk),72) | © e demand paging
(1,58) | MARK Deterministic strongly comp. or competitive
| Randomized strongly comp. FWF RANDOM, LRU
1,0(k+1 - . .
(1,5(k+1)) ° Smooth
(1,6Hk) | : LRU-RANDOMp—2 algorithms
(1,26) | x : x* 5 EOA
A OPT MOOTHED-LRUg i
(1, (1 + z=5)9) | : : ‘ ; ] ol
1 Hy 2Hx—1 k Y o0 Competitiveness

Fig. 2. Schematic view of the smoothness and competitiveness landscape. Crosses indi-
cate tight results, whereas ellipses indicate upper bounds. Braces denote upper and
lower bounds on the smoothness or competitiveness of classes of algorithms. For sim-
plicity of exposition, y1 and 72 are left unspecified; v can be chosen arbitrarily. More
precise statements are provided in the respective theorems.
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that is both strongly-competitive and (1,dHy)-smooth. With LRU-RANDOM
we introduce a randomized algorithm that is at least as competitive as any
deterministic algorithm, yet provably smoother, at least for & = 2. Its exact
smoothness remains open. Figure 2 schematically illustrates many of our results.

Acknowledgments. This work was partially supported by the DFG as part of the
SFB/TR 14 AVACS.
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Abstract. Online scheduling of parallelizable jobs has received a signif-
icant amount of attention recently. Scalable algorithms are known—that
is, algorithms that are (1+¢)-speed O(1)-competitive for any fixed £ > 0.
Previous research has focused on the case where each job’s parallelizabil-
ity can be expressed as a concave speedup curve. However, there are cases
where a job’s speedup curve can be convex. Considering convex speedup
curves has received attention in the offline setting, but, to date, there
are no positive results in the online model. In this work, we consider
scheduling jobs with convex or concave speedup curves for the first time
in the online setting. We give a new algorithm that is (14¢)-speed O(1)-
competitive. There are strong lower bounds on the competitive ratio if
the algorithm is not given resource augmentation over the adversary,
and thus this is essentially the best positive result one can show for this
setting.

Keywords: Online scheduling - Convex and concave parallelizability -
Competitive analysis

1 Introduction

Scheduling jobs online arises in numerous applications and, for this reason, there
has been extensive research on the topic. See [14,20] for an overview of recent
work. In general, there are n jobs that arrive over time. Each job J; has a
processing time p; and a release date r;. Each job J; can only be processed after
its release date and is completed once it receives p; units of processing. In the
online setting, the scheduler is only aware of the job after it is released.

In this study, the objective is to minimize average (total) flow time, the
most popular and well-studied objective in the online setting. If a scheduler A
completes job J; at time C{* the flow time for job J; is FA = C#* — r;. This is
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the amount of time the job waits to be satisfied. A scheduler A that minimizes
average flow time optimizes Y, F/*/n, which is the average waiting time of jobs.

In the most basic setting, the jobs are to be scheduled on a single machine.
In this case, it is well-known that the simple algorithm Shortest-Remaining-
Processing-Time (SRPT) is optimal. Recently, there have been many results
focusing on optimizing average flow time in a variety of multiple machine models;
for example, see [5,6,11,13]. Much of this work has focused on the case where
jobs are to be scheduled on at most one machine at any point in time. However,
a significant amount of attention has also been paid to scheduling jobs that are
parallelizable across m identical processors.

One of the most popular models is the arbitrary speedup curves model [7],
where each job J; has a speedup function I'(x) : m — RY*. Here I;(x) is the rate
at which job J; is processed when given x processing units.

It is assumed in previous work on online scheduling that the speedup I7;
is a non-decreasing concave function. It is interesting to note that this model
captures the classic identical machine scheduling setting where a job can only be
processed by at most one machine any point in time. To see this, let I;(z) = x
for z € [0,1] and 1 for x > 1 for all jobs J;.

Since no algorithm can be O(1)-competitive for the arbitrary speedup curve
model [17], previous work has focused on the resource augmentation model [16],
where a job is given faster processors than the adversary. An algorithm is said
to be s-speed c-competitive if the algorithm is given processors of speed s, the
adversary has processors of speed 1 and the competitive ratio is c¢. In the speedup
curve setting, this can be interpreted as I;(x) being increased by a factor s for
the algorithm. An ideal algorithm is one that is (1 4 ¢)-speed O(1)-competitive
for every fixed ¢ > 0. That is, the algorithm has a constant competitive ratio
while using an arbitrarily small amount of extra resources over the adversary.
Such an algorithm is called scalable.

It was first shown that the algorithm Round Robin, or processor sharing,
is (2 + ¢)-speed O(1)-competitive for any fixed € > 0 [7]. This was the best
positive result for roughly a decade, until a breakthrough result of Edmonds
and Pruhs [9] showed an algorithm, called LAPS, is scalable. This algorithm
has been extremely influential since its introduction, being shown to be the best
possible algorithm in numerous scheduling environments [1,8,12].

Recently, there has also been work on determining the best competitive ratio
that can be achieved if the algorithm is not given resource augmentation [15].
In this model, for concave polynomial speedup functions, there is an O(log P)-
competitive algorithm that is a hybrid algorithm between SRPT and Round
Robin (here P is the size of the largest job); this bound is essentially tight.

Convex Speedup Functions. We offer a model of online scheduling for arbi-
trary speedup curves which allows speedup functions to be convex as well as
concave. All of the previous work on the online arbitrary speedup curves set-
ting only allow speedup functions to be concave. However, several works have
considered convex speedup functions in the the malleable task model, the offline
equivalent of our setting [3,4,18].
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Blazewicz et al. in [4] give some examples of applications of parallel computer
systems in scientific computing of highly parallelizable tasks to justify the consid-
eration of convex speedup curves. Their examples include (1) simulation of mole-
cular dynamics, (2) Cholesky factorization, and (3) operational oceanography.

For completeness, we summarize the molecular dynamics problem and why it
experiences convex speedup. Simulation of molecular dynamics of large organic
molecules (like proteins) is usually a very complicated task, because the simula-
tion must calculate interactions between hundreds of thousands of atoms at each
step. These simulations require massive amounts of space, and when an instance
does not fit in main memory the cost of repeatedly writing/reading from disk
dictates the time of execution. As a result, increasing the number of processors
working on the problem decreases these disk accesses. This leads to a convex
speedup (see Fig. 1 in [4]).

Several other studies report convex speedup curves in practice. For example,
Beaumont and Guermouche in [2] report that implementing the sparse matrix
factorization method of Prasanna and Musicus [19] in a real multifrontal solver
results in a measured speedup function of p'1®. They state that this superlin-
ear speedup originates from unusual requirements on processor utilization: the
algorithm generates master and slave tasks which must be scheduled on different
Processors.

Our Contributions. In this work, we consider scheduling jobs in the online
setting with speedup curves that may be convex or concave for the first time.
In our model, each job J; is comprised of phases (J}, JZ, -+, JI") and each
phase can have an arbitrary speedup curve. We assume that the parallelizability
of phase g of job 4, JI is either a convex or concave function and each job
must be assigned an integral number of processing units at each time. Note
that each phase of each job can have different parallelizability, and can change
from convex to concave or visa versa. Since this setting is more general than
the parallel identical machines setting, there are strong lower bounds on the
competitive ratio of any online algorithm.! Thus, we consider algorithms in the
resource-augmentation model.

We assume the scheduler is online and does not know of a job until it arrives.
We further assume that the scheduling algorithm does not know the size of a
job nor the specific function of its speedup curve. However, we assume that the
algorithm knows whether I’; , for each phase p of job 4, J! is convex or concave.
That is, while that algorithm unaware of I, for each job J; and phase y, it is
aware if I , is convex or concave. We refer to such an scheduler as a convezity-
sensitive scheduler. We note that a convexity-sensitive scheduler has only one
bit per phase of each job more information than non-clairvoyant LAPS algorithm
in [9]. Here we show the following result.

Theorem 1. There exists a (1+Ae)-speed O(51z )-competitive convexity-sensitive
scheduling algorithm for minimizing average flow time in the arbitrary speedup

! Specifically, [17] gives an 2(logn/m) lower bound.
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curves setting when the speedup curves can be a concave or convex function, for
any 0 < e <1/2 and X\ > 7/3.

Thus, for any fixed &', we can achieve a (1 + &’) speed, O(1)-competitive algo-
rithm by appropriately choosing € and A in the above theorem. Given the strong
lower bound on the competitive ratio for any algorithm without resource aug-
mentation, this is essentially the best positive result that can be shown in the
worst-case analysis setting.

Organization. Section2 outlines some preliminary tools for our analysis. In
Sect. 3, we present our convexity-sensitive algorithm. Section 4 provides the proof
for Theorem 1.

2 Preliminaries

In our setup we consider n jobs that arrive over time. Each job J; has a release
time r; and a sequence of phases x; = (J}!,JZ,---, J¥). Each phase p of job i
has a processing time p;,, which means that it needs this amount of process-
ing to be completed. We assume that there are m available processing units
and that when phase p of job ¢ is given z (integral) units of processing it is
processed at a rate of I, (x). We assume that I ,(0) = 0. If the algorithm
is given resource augmentation s, then we assume I5 ,(z) is scaled by s for
the algorithm (whose performance is then compared to the unscaled optimal
solution).

Our algorithm assigns fractional units of processing units to jobs, which might
seem to contradict the model described above. We describe how this assumption
is justifiable. First, since I ,(x) is only defined on integral =, we can extend the
definition to where x can be fractional. This is naturally defined by making I5 ,
a piecewise linear function. Consider any fractional = 2’ + A where X\ € (0,1)
and z’ is fractional. We assume that I ,(z) = (1 — NI . (2") + A (2" +
1). Note that this preserves convexity and concavity of I ,. In this case, [10]
has shown that an online O(c)-competitive algorithm that fractionally assigns
processors to jobs can be converted to an O(c)-competitive online algorithm that
integrally assigns processors to the jobs without knowing the functions I5 ;. In
short, one can simulate fractional processor assignments by assigning jobs to an
additional processor for a small amount of time, leading to equivalent speedup.
Thus, we assume WLOG that our algorithm can assign processors fractionally to
the jobs. Furthermore, by scaling I5 ,, we may assume that m = 1 throughout
the analysis.

We will also extend this problem definition to allow phases of jobs J!* where
I; . (x) =1 for all x € [0,00). We note that this implies that phase p of job
i, J!" is processed even though no processor is assigned to it. Although this is
not realistic in practice, this only makes our problem harder, yet, in fact, it will
help to simplify our analysis. We will call such phases sequential. Note that in
this case, these phases are not explicitly identified to the algorithm (since it is
convexity-sensitive and does not know the functions I5 ,,), so the algorithm may
waste processing power on them.
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The following simple proposition about concave and convex functions will be
useful throughout the analysis.

Proposition 1. - For any positive value x, any positive a < 1, and any con-
cave function f where f(0) =0, we have that af(z) < f(az).
— Also, for any values a and b where b > a > 0, we have that % < g.
— Likewise, for any positive value x, any positive value o < 1, and any convex
function g where g(0) = 0, we have that ag(x) > g(ax).

— Also, we have that for b>a >0 % > g.

2.1 Amortized Local Competitiveness

We let F4(I) and FO(I) refer to the objective values of the algorithm and OPT
on input I. A scheduling algorithm is said to be d-competitive if

FA(I
max ( )

<d.
1 FO(I) <d

To prove the competitiveness of an online algorithm, we use an amortized local
competitiveness argument. See [14] for a tutorial on this technique. To incorpo-
rate such an argument it suffices to show for an algorithm A that a potential
function @(t) with the following properties exists, where &(¢) is continuous at
all times except possibly when jobs arrive or are completed:

Boundary Condition: Before any job is released ¢(0) = 0, and after all jobs
are finished ®(o0) > 0.

Completion Condition: Summing over all job completions by the optimal
solution and the algorithm, @ does not increase by more than a; F© for some
ap Z 0.

Arrival Condition: Summing over the arrival of all jobs, ® does not increase
by more than ap F© for some ay > 0.

Running Condition: At any time ¢ when no job arrives nor is completed,

OFA(t)  0d(t) OFO(t)
o T ST ()

By integrating Eq. 1 over time and applying the boundary, arrival, and com-
pletion conditions we get

FA - &(0) + P(00) < (a1 + 2 + ag)FO (2)
FA < (a1 + ag + a3) FO — &(c0).

Equation 2 implies that algorithm A is (a; + a2 + asg)-competitive.
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3 A Convexity-Sensitive Scheduling Algorithm

In this section, we present a convexity-sensitive scheduling algorithm that is
O(1/\e*)-competitive with (1 4+ Ae)-speed augmentation for every 0 < ¢ < 1/2
and A > 7/3. Note that £ can be set independent of \. For the remaining portion
of the algorithm definition and analysis, fix a pair of such A and .

We introduce some definitions and then present our scheduling algorithm.

Definition 1. We say that phase p of job i, J!' is sequential if Vo > 0, I,
(x) = 1. A linear phase of job j is a phase JJ‘-‘ with speed-up function I ,(x) =
x. We define both of these phases to be concave.

Definition 2. Fix a unit time step at time t. For a given scheduling algorithm,
we let A(t) be the set of unsatisfied jobs at time t. Also let A’(t) be the eA(t)
latest arriving jobs. Let (1 — ;) be the fraction of alive jobs that are currently
in a convexr phase at time t and a vy fraction are in a concave phase at time t.

Algorithm 1. The Convexity-sensitive Scheduling Algorithm.
1: On each time step ¢t do the following:
2: Give each of the (1 — ~;)|A’(t)| jobs in a convex phase all of the processing units
for 1/|A’(t)| fraction of the unit time slot.
3: Give each of the jobs in a concave phase 1/(y:|A’(t)|) of the processing units for a
7 fraction of the unit time slot.

4 Proof of Theorem 1

We first define our potential function in Subsect.4.1. Then, in Subsect. 4.2 we
argue the amortized local competitiveness conditions for our potential function,
proving that the convexity-sensitive scheduling algorithm is O(1)-competitive.

4.1 The Potential Function &

Definition 3. Let pfu (t), and pg“ (t) be the remaining processing time for J;’s
u-th phase in the algorithm’s schedule, and OPT’s schedule at time t respectively.

If job J; is processed using x; processing units by the algorithm when it is in
phase p in the algorithm’s schedule at time ¢ then pfu(t) decreases at a rate of
(I+Xe)I3 (). Similarly, if job J; is processed using x; processing units by the
optimal solution in phase p at time ¢ then pgu(t) decreases at a rate of I ,(z;)

Definition 4. We define the lag of the algorithm on job J;’s p-th phase, JI,
compared to OPT as following:

Zi,u (t) = max{pf}u(t) - pio,u (t)7 O}

Note that z; ,, 1s never negative.
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Definition 5. We define the rank of job J;, rank;(t), as the number of jobs
in A(t) that arrived before job J; in the system.

Definition 6. We define 3;,,.(x) to be equal to

B () = I, (1/ex) if I, is concave;
o (1) /ex  if I, is conve.

Finally, we are ready to define our potential function.

Definition 7. Let ¢ = 20/e%(9\ — 21). We define the potential function ®(t)

sy=c Y Y -zl

i€ A(L) HEX Bi,u(rank; (t))

4.2 Amortized Local Competitiveness of &

In this subsection, we show that our potential function @ satisfies the four condi-
tions laid out in the Sect. 2 and thus the convexity-sensitive scheduling algorithm
is constant competitive.

The following lemma shows that the algorithm has the first three conditions.
Its proof is rather straightforward and is omitted due to space constraints.

Lemma 1. The potential function, ®(t), satisfies the boundary, arrival and
completion conditions. In particular, the potential does not increase at any of
these events.

To prove Theorem 1, we need to show the running condition for @. To
do this, we show that we can focus on certain classes of problem instances. The
following is a simple extension of a lemma proven in [9].

Lemma 2. Let S be a convexity-sensitive scheduler with s-speed augmentation.
Let I be an instance of jobs with phases that have concave or convex speed up
functions. There exists an instance I' that includes the same set of convex phases
for jobs in I, and for every concave phase J!' in I' it is the case that either J!
is sequential (IG5, = 1), or linear (I ,(x) = x). Furthermore, such an I' exists
where F9(I) = F5(I') and FO(I') < FO(I) where FO is the objective of the
optimal solution and F® is the objective of the convezity-sensitive scheduler.

The proof of the above lemma is implied immediately by the proof of Lemma 3.1
in [9]. Specifically, the proof proceeds constructively, by substituting each con-
cave phase that is not sequential or linear with one that is; in each case, the
objective of the optimal solution decreases, while that of the convexity-sensitive
scheduler stays the same. Our construction does not change the convex phases.

This lemma implies that if an instance has concave phases that are not
sequential or linear, the performance of our algorithm can only improve rela-
tive to the optimal solution. Thus we assume throughout the proof that concave
phases are either sequential or linear.
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Definition 8. Let U (t) be the set of unsatisfied jobs in the optimal solution,
OPT, at time t.

First we show how much & can increase at time t due to the optimal solu-
tion processing jobs. Then, later, we bound the decrease due to the algorithm
processing separately.

Recall that for total flow time, the increase in the objective at any point in
time is the number of unsatisfied jobs. Thus, for an instantaneous time ¢ we have

OFA(t) OFO(t)

Lemma 3. The total increase in @(t) at any time t due to the optimal solution
processing jobs is at most c|U(t)| + ce A(¥)].

Proof. Our goal is to show that the optimal solution cannot increase the potential
function too much. To show this, consider the number of processing units the
optimal solution assigns to the jobs.

Definition 9. Let m? (t) be the number of processing units OPT assigns to job
J; at time t.

Let 19 (t) be the phase of job J; in OPT’s schedule at time ¢. Job J; is processed
by OPT at the rate of Fi,HO(t)(mio(t)) (the remaining processing time p?#O(t) (t)
of phase uf(t) for job i would decrease at this rate). Then 2,10 (1) (1) could
increase by this amount in the worst case. Hence,

ob(t) oy I o 1y (m (1))
ot — ieu(t) Bi o v (ranki(t))

Let U,(t) be the alive jobs in OPT at time ¢ that are in a conver phase at
time ¢ in OPT’s schedule and U, (t) be ones that are in a concave phase.

OD(t) <. I o (m@ (1))
ot~ ieU(t) /BixH?(t) (ranki (t))
oy I o () (m (1)) I 0 1y (Mg (1))
~ i Binow(ranki(t)) L S Bi o (ranki(t)
<e Fi,u?(t) (mv,o(t)) L Z ra'nki(t)Fi,u?(t) (m?(t))
- i€U,(t) Fi"‘?(t)(l/granki(t)) i€U, (t) Fi’”?(t)(l)

We now bound each of these terms separately.

First Summation Term. If m{(t) < 1/(erank;(t)), then the corresponding
term in the first summation is at most 1. Note that this is true even if the job
is in a sequential phase and we can assume OPT does not assign any processors
to sequential jobs since it does not increase the rate they are processed.
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On the other hand, if m$ (t) > 1/(erank;(t)), then by Proposition 1, we have

Lo (m? ()
Fzm? #(1/erank,(t)) < erank; (t)m{ (t).

due to the concavity of any job J;’s phase in the first sum. Therefore,

I o0y (m (1))

rank; mo .
T, o (1 /eraniy () = VoW ie%;(t)& ki (m (1)

i€U.(t)

Second Summation Term. As for the second term we know that m{ (¢) < 1.
Hence, due to the convexity of the jobs phases, Proposition 1 implies that

(t)) o

Flul (t)( 4 m

Thus, we get that

2.

€U, (1)

rank; (1)1 04 (m$ (t))
I o (1)

< Y rank(t)m(t).

€U, (t)

Substituting the above simplifications, we get

92(t) <cerank(t) [ > ml(t)+ Y mP(t) | +clUe(t)]

ot , )
i€U.(t) 1€U, (1)

< U()] + el A@D)] Y- mE ().

ieU(t)

The last line follows because the rank of each job is at most A(t) at time ¢, by
definition of the ranks of the jobs and because there are only A(t) unsatisfied
jobs in the algorithm’s schedule at time ¢.

Finally, we know that ZZEU(t) m@(t) < 1, because the amount of processing
units divided between jobs at any time can not exceed m = 1. Hence,

P90 < qu(e)] + ecl A)] < AU W)+ ecl A,
O

We divide the rest of the analysis into two cases depending on the relation-
ship between U(t) and A(t). First, we consider the easier case where |U(t)| >
2| A(t)]/10.

Lemma 4. If |U(t)| > £2|A(t)|/10, then OF4(t)/0t + 0®(t)/0t is at most
O(1/Xe*) (OF©(t)/0t).
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Proof. By Lemma 3 we know that the most OPT can increase @(t) is c|U(t)| +
ce|A(t)]. Hence,

clU#)| + ce|A(t)] < e(1 +10/e)|U(t)] since e|A(t)] < 10|U(t)]/e.
Therefore we have,

OFA(t)  0d(t)

<c(1410/e +10/)|U(t)|  since |A(t)] < 10U (t)|/?,
OF°(t) ) B 20
S O(l/)\€4) <8t> sice ¢ = m

Now we consider the more challenging case where |U(t)| < 2| A(t)|/10.

Lemma 5. If |U(t)] < v?|A(t)|/10, then OFA(t)/0t + 0®(t)/Ot is at most
O(1/Xe?) (OF©(t)/0t).

Proof. In the proof of Lemma 4 we focused on how OPT can increase ¢ (by
assuming that the algorithm didn’t decrease the p?ﬂo( " (t) variables at all). Let

pi(t) be the phase job J; is in at time ¢ in the algorithm’s schedule. In this
proof, we focus on how the algorithm can decrease z; ,4(,(t) and thus &(t)

as well as OPT increasing ®(t). Let CP(t) be the change in @(t) due to the
optimal solution processing jobs at time ¢ and let C4(t) denote the change
in @(t) due to the algorithm processing of jobs at time ¢. Lemma 3 says that
CO(t) < c|U(t)| + celA(t)|.

Now, we bound C4(t) at a time ¢ where |U(t)| < £2|A(t)|/10. Recall that
zwiA(t)(t) = max{pfué(t) (1) —pfw(t)(t), 0}. Therefore, Zi A (r) can only decrease
due to the algorithm’bs processiné. Further, z; ,a,)(t) will decrease at the rate
the algorithm process job J; at time t if the optimal solution has completed J;
by time t. That is, for jobs not in U(t). Since OPT only has U(t) < 2| A(t)|/10
unfinished jobs, the algorithm’s processing on at least a (1 — &/10) fraction of
the jobs in A'(t) causes z; 4, to decrease at the rate they are processed.

Let A.(t) be the set of jobs in A’(¢) that are in a concave phase at time ¢
in the algorithm’s schedule. Let A, (¢) be the set of jobs in A’(t) that are in a
convex phase at time ¢ in the algorithm’s schedule. A'(t) = A.(t) U A,(t). We
assume that at time ¢ a (1 — ;) fraction of jobs in A’(¢) are in A,(¢) and a
fraction are in A.(t)

By Lemma 2, we may assume that any concave phase for a job is either
sequential or linear. Therefore, to bound C4(t) we can assume that all the jobs
in A.(t) are either sequential or linear. Let S(t) be the jobs in A.(t) that are in
a sequential phase at time ¢t and the others are in L.(t). A.(t) = Se(t) U L(¢).
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Here are the progress rates of the algorithm on A, (t), Sc(t), and L.(¢).

— The algorithm processes each convex job in A, (t) at arate of I; ,a () (1)/e[A(t)].

— For each linear job in L.(t), the rate of progress is 7tFi7M?(t)(l/%5|A(t)|) =
1/e|A(t)].

— For each sequential job in S.(t), the rate of progress is always 1 no matter
how many processing units are assigned to the job (even if there are 0 units
assigned).

The algorithm is (1 4+ Ae)-speed augmented; therefore we multiply its change
in the potential function by (1 + Ae). Combining all the above, we get

I, a(1)/e|lA(t
C(t)* < —c(1+ e) w1/l A®)] R
1€ AL (D\U(t) 61”“1“” (rank;(t)) i€Se(H\U(t) ﬂivuf‘(t)(ranki(t))
1/e|A®)]
’ B, A (rank;()) |’ (3)
iELc(Zt):\U(t) Bi (1) (ranki(t))

Note that since the algorithm works on the latest A’(¢) arriving jobs, the
rank of each job in A’(¢) is bounded between

(IA@)] = [A'(1)]) < rank;(t) < [A(t)|

(1 —e)|A(t)] < rank;(t) < |A(2)|.
By starting from Inequality 3, replacing the definition of 3; pA() and using
the above bounds on the rank of each job in A’(t), we can show the following

proposition. The proof is omitted.

Proposition 2. Let CA(t) be the change in ®(t) due to the algorithm processing
of jobs at time t. For e < 1/2 and |U(t)| < €2|A(t)|/10 we have
CA(t) < —cel A(t)] (1 + (9N — 21)230) .
Using Proposition 2, we can upper bound 9®(t)/ot.
OP(t)

T CO(t) +CA(t)

< (U] + el AW)]) — (ceA<t>| T (” . 21) |A<t>>

20
< U(D)] e (”2021) A1),

With this we get the running condition (Eq.1) which finishes the proof of
Lemma 5:

A _

OF©(t) . 20
< - . .
< c|U(t)] c( 5 ) since ¢ 20N —21)’ A>T/3

O
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Lemmas 4 and 5 together imply the running condition and complete the proof
of Theorem 1.
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Abstract. We study a preemptive single machine scheduling problem
where the machine speed is externally given and depends on the number
unfinished jobs. The objective is to minimize the sum of weighted com-
pletion times. We develop a greedy algorithm that solves the problem
to optimality when we work with either unit weights or unit processing
times. If both weights and processing times are arbitrary, we show the
problem is NP-hard by making a reduction from 3-partition.

1 Introduction

In queueing theory, many studies have been made about queues with state-
dependent service speeds, see e.g. Bekker and Boxma [4] or Bekker, Borst, Boxma
and Kella [13] and the references therein. This model is among others motivated
by Bertrand and Van Ooijen [5] through human servers who may be slow when
there is much work to do, due to stress, or when there is little work to do due to
laziness. For state-dependent server speeds in packet-switched communication
systems, we refer to [6,7,11,14].

Although these models have been extensively studied in queueing theory, not
much is known about algorithms that solve these models to optimality nor the
computational complexity of this type of problem. During the 2013 Scheduling
workshop in Dagstuhl, Urtzi Ayesta [3] posed it as an open question how optimal
policies look like and what the computational complexity is. In this paper, we
settle this open problem for one variant of state-dependent machine speeds,
namely when the speed of the machine varies with the number of jobs in the
system. This number of jobs is a good measure for the total workload in the
system, when the service requirements of the jobs are i.i.d. Moreover, in this
setting the speed of the server only changes at discrete times, see e.g. [4].

1.1 Previous Work

Models with workload dependent server speeds originate from queueing theory.
Bertrand and Van Ooijen [5] assume in their paper that the workload level
affects the effective processing times in a job shop. This assumption is based on
the results of empirical research on the relationship between workload and shop
performance. Bekker, Borst, Boxma and Kella [13] consider two types of queues

© Springer International Publishing Switzerland 2015
L. Sanitad and M. Skutella (Eds.): WAOA 2015, LNCS 9499, pp. 196-208, 2015.
DOI: 10.1007/978-3-319-28684-6_17
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with workload dependent arrival rate and service speed. Bekker and Boxma
[4] consider a queueing system where feedback information about the level of
congestion is given right after arrival instants. When the amount of work right
after arrival is at most some threshold, then the server works at a low speed
until the next arrival instant.

Related work in deterministic scheduling with varying machine speeds includes
the following. Research into speed scaling algorithms started with the work of Yao,
Demers and Shenker [8], where each job is to be executed between its arrival time
and deadline by a single processor with variable speed. The difference with the
previous mentioned models as well as ours is that the scheduler in this setting
also needs to decide on the speed of the machine at any time t. A review paper on
speed scaling algorithms is written by Albers [1].

Megow and Verschae [12] also study scheduling problems on a machine of
varying speed, but they assume a speed function that depends on the time which
is known a priori. They developed a PTAS for minimizing the total weighted
completion time.

The machine speed model we consider, was previously investigated by Gaw-
iejnowicz [10] and Alidace and Ahmadian [2]. Though both papers discussed
the non-preemptive case instead of the preemptive case we are looking at. Here
Gawiejnowicz considered the makespan objective whereas we study the goal to
minimize the sum of (weighted) completion. Alidaece and Ahmadian studied the
sum of completion times where jobs have equal weights.

1.2 Problem Definition

In the model under consideration, n jobs need to be scheduled on a single
machine. A job j is associated with a strictly positive processing requirement
denoted by p; and depending on the variant that we consider also with a weight
w;. All jobs as well as the machine are available from the beginning. The machine
is allowed to preempt a job, i.e., the processing of a job may be interrupted and
resumed later on the machine. By allowing infinitesimally small processing on a
job before preempting it, the preemption model can be viewed as one in which
during each time interval the processing capacity of the machine is divided over
one or more jobs. The goal is to minimize the total (weighted) completion time,
>~ w;C}, where C; denotes the completion time of job j. In our scheduling model,
the speed at which the machine processes its jobs varies with the number of jobs
in the system. For notational convenience, we represent the speed at which the
machine is processing as a function of the number of completed jobs. Hereto, we
are given a speed function s; (i = 1,...,n), where s; denotes the speed of the
machine between the (i —1)th and ith completion. From now on we refer to this
problem as JDMS.

When the machine speed does not vary, i.e. s; = 1 for all ¢, the problem is a
standard problem where the total weighted completion time should be minimized
on a single machine. This problem is solved by Smith’s rule [15].
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1.3 Our Results

When we know the order in which the jobs complete, we can formulate the
problem as an LP with two types of constraints. The first type of constraints
ensures that the amount of processing done during an interval is not more than
the capacity of the machine in that interval. The second type of constraints
ensures that the jobs complete in the order that is assumed. Any solution to our
scheduling problem can be represented as a solution to the LP and vice versa.
Using this fact, we can prove that there exists an optimal solution such that at
every completion time C;, any job k is already completed by time C} or it has
not received any processing yet by this time.

Intuitively this lemma means that there exists an optimal solution where the
jobs are partitioned in groups and all jobs in a group start and finish at the
same time. Given the order of job completions, we still need to decide on how
to partition the jobs into groups. Although this follows from the optimal LP
solution, we also develop a combinatorial greedy algorithm. For the case of the
total completion time objective, it is easy to show that jobs will complete in
shortest processing time (SPT) order, whereas the case of unit processing times
the optimal order will be sorting according to non-increasing weight. When both
weight and processing times can be arbitrary, the problem is strongly NP-hard
and we make a reduction from 3-partition.

2 Structural Property

In this section we show that an optimal schedule has a certain block structure
in which the jobs are processed in groups and that the jobs in one group start
and finish at the same time. Note that we view the preemption model as one
in which the processing capacity of the machine is divided over one or more
jobs. Therefore, we may assume that a set of jobs can complete at exactly the
same time. In case that the order in which the jobs need to complete is given,
we can formulate the problem of minimizing the total weighted completion time
as a linear program. Assuming w.l.o.g. that the order of completion is given by
the index of jobs, i.e., C7 < --- < (), the variables in the LP denote the time
between the ith and the i 4+ 1st completion. That is, we use variable 4;, where:

A _{C ifi=1,
T C; —Ci4 if 1 <i<n.

Hence, the completion time of job j can be written as C; = Y 7_; A;. At the
interval [0, C4], the machine is operating at speed s; and during the intervals
[C;i-1,C;], the machine is operating at speed s;. The sum of weighted completion
times can be rewritten as:

n n

J
ijC'j:_ ijAi:Z ij'Ai

Jj=1 Jj=1 =1 i=1 Jj=t
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To make sure the requested order on the completion times is enforced, we have
the constraint A; > 0 for all i. Lastly we want to make sure that by time C; at
least jobs 1,...,% have been fully processed. Thus the total amount of processing
up to time C; needs to be at least the processing requirements of the first i jobs:

i %
Y Akcsk=) pr,  0<i<n
k=1 k=1

The LP is as follows:

n n
minimize g E wj - A
i=1 \ j=i

i i

subject to Zﬂk'SkZij, 1<i<n
k=1 j=1

A; >0, 1<i<n.

Note that a feasible solution for this LP does not correspond to a unique
schedule, but with a non-empty set of schedules for which the completion times
are set. Any feasible schedule leads to a unique solution of the LP. For any given
order on the completion times, we can find an optimal schedule in polynomial
time using this LP.

We use this LP to show that an optimal solution to the general JDMS has a
block structure. We first prove that there exists an optimal solution, such that
at all completion times, each job that has started is finished.

Lemma 1. There exists an optimal schedule such that at every completion time
C;, for every job j one of the following holds:

1. Job j is already completed at time C;.
2. At time C; job j has not received any processing yet.

Proof. Given an order of completion times, we make a corresponding LP and
reformulate this lemma in terms of this linear program. For this linear program
we prove that for each job k one of the following holds:

— Ag41 =0, and thus Cy, = Ci41.

— If Cxq1 > Ck, then it has to hold that Z?:l 5;A0; = Z§=1 p;. If that is not
the case, we use the fact that a solution must satisfy the requested order on
the completion times in combination with the assumption that a machine is
always working at full speed. Then there exists a job [ > k + 1 that is not yet
completed, but already received some processing.

Thus we want to prove that for K =1,...,n — 1 either:

k k
Ak+1 =0 (1) or Z SjAj = ij. (2)
J=1 J=1
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Suppose we have an optimal solution o such that there exists a k with:

k k
Ak-{-l >0 and ZSjAj > ij.
j=1 j=1

We define / as:
¢ =max{j < k|4, > 0}.

Note that ¢ exists as prosessing times are strictly positive. We define two new
feasible solutions, for some e > 0:

1. We define ¢’ as the solution where A‘g, = A7 — £ and Ag;_l =A7  +
Sy Sk+1
The change in the objection value is:

n n
/
E w; CZJ — E w; Cf
i=1 i=1

>owAr = N wAY

1<i<j<n 1<i<j<n
n n
€ €
w; — w; —.
Z s Z s
i=k+1 k+1 i=¢ ¢

Note that o' is still feasible, as we can do ¢ amount of work less in Ag,

compared to A7, but € amount of work extra in A‘,:;l compared to A7, ;.
2. We define ¢” as the solution where AZ” = A+ fé and Ag;l = Apyi1—
The change in the objection value is:

n n
"
E Ww; Cf — E w; CZU
i=1 i=1

_€
Sk4+1 "

Soowial = 3T wA7

1<i<i<n 1<i<i<n
n n
€ €
(Zm)—(Z wi) '
s s
it L ikl k1

Note that o’ is still feasible, as we can do ¢ amount of work extra in Ag”

compared to A7, but € amount of work less in AZ:A compared to A7 ;.

As:
n n n n
E o’ E o __ E o’ E o
=1 i=1 i=1 i=1

at least one of the two solutions is better than or equal to . As ¢ is optimal,
we actually know that both new solutions are also optimal.
Suppose k is the smallest value such that neither (1) or (2) holds. Let:

k k
e = min{Agy1, ZsjAj — ij},
j=1 =1
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then either o’ or ¢ will give an optimal solution where either (1) or (2) holds
for job k. We repeat this procedure until this property holds for all & € {0...n}.

Thus given an order on the completion times, we can find an optimal schedule
satisfying the requested order such that for all 4, j, where 1 < 4,5 < n it holds
that at time C; either job ¢ is completed or did not receive any processing time
yet. As this holds for any order, this will also hold for the order of some optimal
solution. Therefore there exists an optimal solution such that or all 4, j, where
1 <14,j <mn, it holds that y;(C;) € {0, p;}. O

Lemma 1 implies that we can divide the jobs into groups of consecutive jobs,
such that all jobs in a group will start and end at the same time. We use G; to

denote the ith group of jobs and we denote an optimal solution as [Gy, ..., Gg]
(Fig. 1).
| Job1 | Jobk+1 _Jobq
_Job k o Job qg—1 _Job n o
Group Gy Group Go Group k—1 Group k

Fig. 1. Schedule in which the jobs are divided into k groups.

3 JDMS is Strongly NP-hard

From the previous section it follows that once we know the order in which the
jobs complete in an optimal solution, we can find such an optimal solution in
polynomial time. The only question that remains is how to find an order such
that there exists an optimal solution that satisfies this order? When there are
no restrictions on weights and processing times, it is strongly NP-hard to find
such an order.

Theorem 1. JDMS is strongly NP-hard.

Proof. We make a reduction from 3-partition [9] to JDMS. We take an instance
of 3-partition with 3m elements of size a;, and B = % Zf;”l a;. The reduction
to JDMS is as follows: we define 3m jobs, with p; = w; = a;. The machine speed
is 1 when there are 0 (mod 3) jobs completed, and 0 otherwise. Now we claim
that there is a solution for 3-partition if and only if we can find a schedule where

the sum of weighted completion times is at most 1m(m + 1)B2.

Suppose we have a yes-instance for 3-partition, then there are sets S1,...,S5,
that contain exactly three elements, and Ziesj a; = B for all j. Then for JDMS
we make the schedule where we process the jobs in groups [Si,...Sp,]. In this

schedule the machine runs always at speed 1, as we always process three jobs at
the same time. Group S; has weight B and completion time i B, thus the objective
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value is in this case Y., iB?, which equals £m(m + 1)B?. Thus indeed there
exists a schedule with completion time at most 1m(m + 1)B2.

Suppose we have a schedule in JDMS with objective value at most %m(m +
1)B2. According to Lemma 1 the jobs are processed in groups, and the sizes
of these groups have to be a multiples of three. Therefore we have at most m

groups. Now let z; be the length of group i, then the total weighted cost is:

This can be rewritten as:

i=1 i=1

We know that >_!" | 2; = mB, thus we have objective value:

1 m
i=1

The sum of squares is minimized when z; = --- = x,, = %B = B. Note
that this will give us exactly objective value %m(m +1)B2, and is therefore the
only schedule we could have found. This implies that every group has exactly
processing time B. Note that we need to use all m groups, and we know that
every group has to contain a multiple of 3 jobs. As we have 3m jobs in total, every
group has to contain exactly three jobs. Thus these groups form a 3-partition of

the jobs a;.
This implies that the decision variant of JDMS is NP-complete, and therefore
JDMS is NP-hard. O

4 Combinatorial Algorithm for Special Cases

In the previous section we proved that JDMS is strongly NP-hard. As the par-
titioning problem can be solved within polynomial time, the problem lies in
finding a suitable order on the job completions. In some special cases, when
working with either unit weights or unit processing requirements, such an order
can be found within polynomial time.

4.1 Solving the Sequencing Problem in Special Cases
In the first special case we assume all jobs have an equal weight.

Theorem 2. Suppose w; = -+ = w,, then there exists an optimal schedule
for JDMS in which the jobs are completed in order of non-decreasing processing
time.
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Proof. Assume w.l.o.g that p; < --- < p, and we have an optimal schedule o for
which it does not hold that C7 < ... < 7. Then we look at the smallest 4 such
that C7,; < C7. We change o to o* by only changing o at job ¢ and 7 + 1. We
let job i finish at time CY = 7r1 and job i + 1 finish at time Coy = CY. As
pi < pir1 and CFy < C7, we know that there needs to be a time ¢ at which in
schedule o the remaining processing time of a job i is the same as the remaining
processing time of job ¢ + 1. We define the schedule o* as follows. It processes
all jobs j # 4,7+ 1 the same as in ¢ as it does with jobs ¢ and i + 1 up to time
t. From time t onwards, o* processes job ¢ 4+ 1 whenever o processes job ¢ and it
processes job i whenever job i+ 1 is processed by o. All other jobs are processed
in o* the same way as in o.

As the time points where jobs finish stay the same, it holds that the speed of
the machine is equal in o and ¢* at every point in time. Therefore per time unit
the same amount of work can be done in ¢ and ¢*. So there is exactly enough
space for job i + 1 to be finished at time C7. Thus Y1 , C7 = 32" C¢" and
o* will remain optimal.

Iterating this process implies that there is an optimal schedule ¢’ such that
cf <--.<cy. O

Thus for JDMS with equal weights there exists an optimal solution that satisfies
the SPT order.

When we work with unit processing requirements instead of weights, we again
can find an order on the completion times that guarantees an optimal solution.

Theorem 3. Suppose py = -+ = p,, then there exists an optimal schedule for
JDMS in which the jobs completed in order of non-increasing weights

Proof. Suppose we have an optimal schedule ¢ and it does not hold that C{ <
--» < C7. Then we look at the smallest 7 such that C7, ; < C7 and w; > w;41 (if
w; = w;41 then job ¢ and ¢ + 1 are identical and therefore switching job ¢ with
job j will result in an optimal schedule as well). We change o to o* by processing
job 7 + 1 whenever o processes job ¢ and job 7 whenever o processes job ¢ + 1.
All other jobs are processed as in 0. As p; = p;+1, we know that Cf_:l =C7
and CY" = C¢,; and C’]‘-’* = Cf for all j # 4,7+ 1. Thus w;C7 = ij;’*
for all j # i,i+ 1. Furthermore, as w; > w;1, Cf, > €7, Cf = C7; and

7.1 = Cf7 , some simple rewriting learns us that:

wiCy + w107 = wi1CY +w; zg+1
— w1 O +w, O — (w0, CY 4w CF)
-|—(wZC;7* + w¢+1cf+*1)
= (wi = wit1)(CFLy = OF ) + (iCf " + w1 CFy)

> U)ZC;T + wiHCfH.

Thus >0, w,C{ > Y7 w,C¢, which contradicts the fact that o is
optimal. O
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So when we number the jobs in order of non-increasing weights we know that
there exists an optimal solution satisfying this order.

4.2 Combinatorial Algorithm

We have split the problem up in two parts: we need to find a good sequence for
the order on the job completions (secuencing problem) and then decide how to
make the groups (partitioning problem). In Sect.4.1 we solved the sequencing
problem for some special cases. To find an optimal solution it remains to solve
the partitioning problem. In Sect. 2 we showed that we can rewrite the problem
as an LP to find the exact completion times, and hence make an optimal solution.
In this section we develop a combinatorial algorithm that solves the partitioning
problem in linear time. We first give a intuitive explanation of this algorithm,
and thereafter a formal definition of the algorithm in pseudo code is given.

The algorithm finds an sequence of groups that fits in the block structure of
an optimal solution for the given order. This sequence indicates which groups
of jobs should be processed in what order. Again we assume w.l.o.g. that the
order on the completion times is C; < --- < C),. The algorithm determines for
each job i, whether it is better to schedule this job in the same group as job
i — 1 or to start a new group for job ¢. Hereto, we determine what the effect
of job i is on the total weighted completion time is when it is scheduled in the
same group as job i — 1 and also for the case when a new group is started for
job i. When job i is scheduled in the same group as job ¢ — 1 the contribution is
(X jeq, wit E?:i w;)(pi/sa,), as it delays all jobs processed in or after group
G. Here we use sq, to refer to the speed at which G, is processed. When job
1 starts a new group the contribution is (Z?:i w;)(pi/si), as it delays job i and
all jobs that complete after job i. Therefore we determine whether or not the
following equation holds:

diec, Wit D wj < Dz w5 )

SGu Sq

If so, then job i is scheduled to be processed together with the group of i — 1.
Otherwise a new group is started. The pseudo code of this greedy algorithm can
be found in Algorithm 1.

Theorem 4. Algorithm 1 finds an optimal solution for a given order of job
completions in JDMS.

Proof. Suppose ¢ is an optimal schedule for an instance of JDMS with n jobs
satisfying C; < --- < C,,. Let o* be the solution according to the algorithm.
Then we want to show that a schedule according to the algorithm will give a
solution with an equal objective value. Let job i be the first job in ¢ that is not
scheduled according to the algorithm. Then there are two possible situations:

1. In o, job i is scheduled in a new group Gy, whereas in ¢* it is still processed
in group Gi_1.
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Input: n jobs with processing requirements pi, ..., p,, weights w1, ... wy,
speeds s1,..., S, and an order on the completion times C; < --- < C),.
Output: an optimal sequence of groups [G1, ..., G|

initialization: G1 = {1},k =1, E = w1,s = $1 ;
for i =2 until i = n do

if (B+327_,wj)si < (2], w;)s then
E — E+ w;, ;

Gr — G U {’L},

else

E — w;;

s — 8i;

Gr+1 — {i}

k—k+1;

end

end
Return [G1,. .., Gi]
Algorithm 1. GREEDY ALGORITHM

2. Job i is scheduled in the previous group Gy, while it should be scheduled in
a new group.

Suppose we are in the first situation: in o, job ¢ is scheduled in a new group
G, whereas in o* it is still processed in group Gx_1. Then we change o to ¢’
by merging Gy and Gg_1. Then in ¢’ , jobs 1,...,7 are scheduled the same as
in o*.

We look at the total value that groups G, Gx—1 and Gy U G_1 contribute
to the objective value of o and ¢’. Here the contribution of a group S is not
ZjeS w;C;, but instead the time it takes to process all jobs in the group mul-
tiplied by the weight of all unfinished jobs at that point. As the other groups in
o' are the same as in o, the contribution of these groups are the same in both o
and o’. Let ¢ be the function that computes the value that a group contributes
to the objective value. Let W be the total weight of all the jobs scheduled after
Gj. Then:

Yicc, . Di
¢o(Gr) + co(Gr—1) = Z ijrijJrW IEGk T

JEGK-1 JEGK 5Gr—1
Y ica, P
Y w+w % (2)
JEGK G
Z'G Gr_1 Pi
co(GrU Grr) = | Y wi+ Y wj+W % (3)
k—1

JEGK_1 JE€EGK
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According to Algorithm 1 it should hold that:

n
ZJEGIC71 w; + Zj:i Wy < SGr_1

S < . (4)

j=i Wj Si

Combining the fact that 35, w; +W =37, w; and (4) we know that:

djec Wit 2jeq, Wit W < 5Gia

< 5)
ZjEGk w] + W Si (

We rewrite (5), and as job 7 is the first job of G we can replace s; by sq,:

ZjeGk_l wj + ZjeGk wj + W < ZjeGk wj + W
SGk_l a SGk

(6)

Multiplying both sides with >, pj:

Z w; + Z wy + W 7Zj€Gk Pi < Z w + W 7Zj6Gk pj. (7)

) ; SGy_ o\ SGy,
JEGK-1 JEGK k=1 JEGK k

Adding (Zjeck,l Wi+ ieq, Wit W) Zicoin P yields:

SGr—1

i Dj i Pj
Z U/j+ ij+W deGkqu,l J S ij-l-W Z]GGk J

S S
JE€EGK-1 JEGK Gr—1 JEGK G

+ Z ’w]' + Z U)j +W 72j€6k_1pj. (8)

J€Gr jeCx 8Gr—1
Combining (2), (3) and (8) yields:
CU/(Gk U Gk71) < Cg(Gk) + CJ(kal). (9)

Thus the value of our changed schedule ¢’ is smaller or equal than the objec-
tive value of o, thus ¢’ is optimal as well. The proof for the second situation is
similar and will therefore not be fully written out here. O

5 Concluding Remarks

In this paper, we considered the problem JDMS in which jobs need to be sched-
uled preemptively on a single machine of which the speed varies with the number
of jobs that have been completed. We showed this problem to be NP-hard and
that the main issue is to decide in which order the jobs need to complete. Once
this order is known, we can find the optimal schedule in polynomial time through



Scheduling with State-Dependent Machine Speed 207

a greedy algorithm. This algorithm uses a structural property that tells that the
jobs are processed in blocks. For two special cases, JDMS with unit weights or
unit processing times, we found the orders that guarantee us to find an optimal
solution. The optimal order to complete unit weight jobs is shortest processing
time and the one for unit processing times is largest weight.

One question that remains is how well the general problem can be approxi-
mated. In case that the speed is constant, it is well known that the WSPT rule
that processes the jobs in order of non-increasing ratio of weight over processing
time is optimal [15]. However, the following example shows that this order can
be arbitrarily bad for JDMS.

Ezxample 1. In this example, there are two jobs with w; = 0, p; = € and wy =

p2 = A. According to the WSPT order job 2 precedes job 1, and the optimal

schedule has value A2. If we consider the opposite order the optimal schedule
A

has value Tre Letting € go to 0 and A be arbitrarily large, we see that this ratio

can be arbitrarily large.
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