Information and Computation 222 (2013) 93-107

Contents lists available at SciVerse ScienceDirect x

Information
Computation

Information and Computation

www.elsevier.com/locate/yinco

Approximation algorithms for spanner problems and Directed Steiner
Forest ™

Piotr Berman?, Arnab Bhattacharyya b.1 Konstantin Makarychev ¢, Sofya Raskhodnikova %2
Grigory Yaroslavtsev -2
4 Pennsylvania State University, University Park, PA 16802, United States

b princeton University, Princeton, NJ 08540, United States
€ Microsoft Research, Redmond, WA 98052, United States

ARTICLE INFO ABSTRACT
Article history: We present an O (+/nlogn)-approximation algorithm for the problem of finding the
Available online 26 October 2012 sparsest spanner of a given directed graph G on n vertices. A spanner of a graph is a sparse

subgraph that approximately preserves distances in the original graph. More precisely,
given a graph G = (V, E) with nonnegative edge lengths d : E — R>° and a stretch k > 1,
a subgraph H = (V,Ep) is a k-spanner of G if for every edge (s,t) € E, the graph H
contains a path from s to t of length at most k - d(s,t). The previous best approximation
ratio was O (n?/3), due to Dinitz and Krauthgamer (STOC '11).
We also improve the approximation ratio for the important special case of directed
3-spanners with unit edge lengths from 0 (/n) to 0 (n'/3logn). The best previously known
algorithms for this problem are due to Berman, Raskhodnikova and Ruan (FSTTCS '10) and
Dinitz and Krauthgamer. The approximation ratio of our algorithm almost matches Dinitz
and Krauthgamer’s lower bound for the integrality gap of a natural linear programming
relaxation. Our algorithm directly implies an O (n'/3 logn)-approximation for the 3-spanner
problem on undirected graphs with unit lengths. An easy O (/n)-approximation algorithm
for this problem has been the best known for decades.
Finally, we consider the Directed Steiner Forest problem: given a directed graph with edge
costs and a collection of ordered vertex pairs, find a minimum-cost subgraph that contains
a path between every prescribed pair. We obtain an approximation ratio of 0 (n%/3+¢)
for any constant € > 0, which improves the O (n€ - min(n*>, m?/3)) ratio due to Feldman,
Kortsarz and Nutov (JCSS'12).

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

A spanner of a graph is a sparse subgraph that approximately preserves distances in the original graph. This notion was
first used by Awerbuch [2] and explicitly introduced by Peleg and Schaffer [3].

* A preliminary version of this paper appeared in the proceedings of ICALP 2011 (Berman et al., 2011, [1]).
* Corresponding author.
E-mail address: sofya@cse.psu.edu (S. Raskhodnikova).
1 Arnab Bhattacharyya is supported by National Science Foundation grants CCF-1065125 and CCF-0728645.
2 Sofya Raskhodnikova and Grigory Yaroslavtsev are supported by National Science Foundation (NSF/CCF CAREER award 0845701). Grigory Yaroslavtsev is
also supported by a University Graduate Fellowship and a College of Engineering Fellowship.

0890-5401/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ic.2012.10.007


http://dx.doi.org/10.1016/j.ic.2012.10.007
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/yinco
mailto:sofya@cse.psu.edu
http://dx.doi.org/10.1016/j.ic.2012.10.007

94 P. Berman et al. / Information and Computation 222 (2013) 93-107

Definition 1.1 (k-Spanner). (See [2,3].) Given a graph G = (V, E) with nonnegative edge lengths d : E — R=? and a real
number k > 1, a subgraph H = (V, Ey) is a k-spanner of G if for all edges (s,t) € E, the graph H contains a path from s
to t of length at most k - d(s, t). The parameter k is called the stretch.

Spanners have numerous applications, such as efficient routing [4-8], simulating synchronized protocols in unsynchro-
nized networks [9], parallel, distributed and streaming algorithms for approximating shortest paths [10-13], algorithms
for distance oracles [14,15], property testing, property reconstruction and key management in access control hierarchies
(see [16-18], the survey in [19] and references therein).

We study the computational problem of finding the sparsest k-spanner of a given directed graph G, that is, a k-spanner
of G with the smallest number of edges. We refer to this problem as DIRECTED k-SPANNER and distinguish between the case
of unit edge lengths (i.e., d(e) =1 for all e € E) and arbitrary edge lengths. The UNDIRECTED k-SPANNER problem refers to
the task of finding the sparsest k-spanner of a given undirected graph. The natural reduction from UNDIRECTED k-SPANNER
to DIRECTED k-SPANNER preserves the approximation ratio.

Our main results are an algorithm with approximation ratio O(/nlogn) for DIRECTED k-SPANNER with arbitrary edge
lengths and an algorithm with approximation ratio O (n'/3logn) for DIRECTED 3-SPANNER with unit edge lengths, where n
is the number of nodes in the input graph G. Our approximation guarantee for DIRECTED 3-SPANNER almost matches the
integrality gap of £2(n'/3~€) by Dinitz and Krauthgamer [20] for a natural linear programming relaxation of the problem.
Our result also directly implies the same approximation ratio for the UNDIRECTED 3-SPANNER problem with unit edge lengths.

Our techniques also apply to the DIRECTED STEINER FOREST problem. Our result for this problem is discussed in Section 1.3.

1.1. Relation to previous work

DIRECTED k-SPANNER with unit edge lengths has been extensively studied. Note that in this case, we can assume that k is
a positive integer. For k = 2, the problem has been completely resolved: Kortsarz and Peleg [21] and Elkin and Peleg [22]
gave an O (logn)-approximation, and Kortsarz [23] proved that this approximation ratio cannot be improved unless P = NP.
Elkin and Peleg [24] gave an O(|E|'/3)-approximation for DIRECTED 3-SPANNER, which is an O (n?/3)-approximation for
dense graphs with @ (n?) edges. For general k > 3, Bhattacharyya et al. [16] presented an O (n'~'/%)-approximation; then
Berman, Raskhodnikova and Ruan [25] improved it to O (n'~1/¥/21) and recently Dinitz and Krauthgamer [20] gave O (n%/3)-
approximation, presenting the first algorithm with approximation ratio independent of k. For the special cases of k =3 and
k = 4, Berman, Raskhodnikova and Ruan’s algorithm gives an O (/n)-approximation. Dinitz and Krauthgamer also gave an
0 (/n)-approximation for the case k = 3, using different techniques than in [25]. Thus, our algorithms improve on [25] for
all k > 3, where k # 4, and on [20] for all k > 3.

Dinitz and Krauthgamer’s algorithms also work for DIRECTED k-SPANNER with arbitrary edge lengths. For this case, one
can no longer assume that k is an integer. Dinitz and Krauthgamer achieved an O (n?/3)-approximation for all k > 1 and
0(/n) for k=3 for arbitrary edge lengths. We improve this approximation ratio to O (/n) for all k > 1.

In contrast to the directed case, a simple approximation algorithm for UNDIRECTED k-SPANNER was known for decades. For
all integer k > 3 and for all undirected graphs G with arbitrary edge lengths, a k-spanner can be constructed in polynomial
time by a greedy algorithm proposed by Althéfer, Das, Dobkin, Joseph and Soares [26]. It follows from the Moore bound for

1
irregular graphs by Alon, Hoory and Linial [27] that the graph constructed by this greedy algorithm has O(nl+W) edges.

Since a k-spanner of a connected graph must have at least n — 1 edges, an approximation ratio O(n“ﬁ) follows. Our result
improves the ratio for UNDIRECTED 3-SPANNER from O (y/n) to O(n'/3) in the case of unit-length edges.

Elkin and Peleg [28,29], improving on [23], showed that it is quasi-NP-hard to approximate DIRECTED k-SPANNER, even
when restricted to unit edge lengths, with ratio better than 2081 for ke (3,n'%) and all 8, € € (0, 1). For UNDIRECTED
k-SPANNER with unit-length edges, such a strong hardness result does not hold since the problem is O(1)-approximable
when k = 22 (logn).

1.2. Our techniques

Our algorithms operate by combining two graphs: the first obtained from randomized rounding of a fractional solution
to a linear programming relaxation of the problem and the second obtained by growing shortest-path trees from randomly
selected vertices. The idea of combining a linear programming approach with sampling of shortest-path trees to solve
DIRECTED k-SPANNER first appeared in [16]. Dinitz and Krauthgamer [20] used the same approach in their main algorithm
(for arbitrary stretch k), but with a novel, flow-based linear program (LP). In this paper, we propose alternative randomized
LP rounding schemes that lead to better approximation ratios. Sampling and randomized rounding has been previously used
by Kortsarz and Peleg [30] to construct undirected low-degree 2-spanners. In that work, the sampling step selects uniformly
random edges, and the LP is different from ours.

We also give new LP relaxations of DIRECTED k-SPANNER, slightly simpler than that in [20], although they describe the
same polytope. Our LP relaxation for the general case is stated in terms of antispanners, a graph object “dual” to spanners.
An antispanner for an edge (s,t) is a set of edges whose removal from the graph destroys all paths of stretch at most k
from s to t. Like in [20], our LP has a polynomial number of variables and an exponential number of constraints. We use the
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ellipsoid algorithm with a randomized separation oracle to solve it. In the case of unit edge lengths, we present a different
LP that has an extra advantage: it has a polynomial number of constraints and thus can be solved quickly without using the
ellipsoid algorithm. We apply two different rounding schemes to the fractional solution of this LP: one for general stretch,
another for stretch k =3.

We note, however, that our method would yield the same approximation ratios with the LP of Dinitz and Krauth-
gamer [20] and, in the case of 3-spanners for graphs with unit edge lengths, with their rounding method as well. Dinitz
and Krauthgamer gave a separate algorithm for DIRECTED 3-SPANNER that uses randomized rounding, but does not combine
it with sampling. By combining with sampling, we obtain an algorithm with better approximation ratio for the case of unit
lengths. Our rounding method allows for simpler analysis.

1.3. Directed Steiner Forest

Finally, we apply our techniques to the DIRECTED STEINER FOREST (DSF) problem, a fundamental network design problem
on directed graphs. In this problem, the input is a directed graph G = (V, E) with edge costs and a collection D CV x V
of vertex pairs. The goal is to find a minimum-cost subgraph of G that contains a path from s to t for every pair (s, t) € D.
DSF is an NP-hard problem and is known [31] to be quasi-NP-hard to approximate with ratio better than 208" for a1
€ €(0,1). DSF is also known [32] to be as hard as MAX-REP, a basic problem used for hardness reductions, for which the
current best approximation ratio is 0 (n'/3) [33].

Previous to this work, the best known approximation ratio for DSF, independent of the size of D, was O(n¢ -
min(n??,m%/3)) due to Feldman, Kortsarz and Nutov [32]. Their algorithm has the same structure as the algorithms for
DIRECTED k-SPANNER in [16,20]: it combines two graphs obtained, respectively, by sampling and solving an LP. In addition,
the LP relaxation they formulate is closely related to that developed by Dinitz and Krauthgamer, with edge costs replaced by
edge lengths. Our technique for the spanner problem also applies to the DSF problem, yielding an improved approximation
ratio of 0(n?/3+€) for any fixed € > 0.

1.4. Organization

In Section 2, we explain the general outline of our algorithms, introduce antispanners and show how to find an 0 (n'/?)-
approximate solution to DIRECTED k-SPANNER in polynomial time. In Section 3, we present a more efficient algorithm for
the special case when all the edges of the graph are of unit length. In Section 4, we show the O (n'/3)-approximation for
DIRECTED 3-SPANNER with unit-length edges. Finally, Section 5 describes the O (n%/3*€)-approximation for DIRECTED STEINER
FoREsT. In Section 6 we give a conclusion and directions for future work.

2.An 0 (v/n)-approximation for DIRECTED k-SPANNER

Our first result is stated in the following theorem.

Theorem 2.1. There is a polynomial time randomized algorithm for DIRECTED k-SPANNER Wwith expected approximation ratio

0(s/nlogn).

All algorithms in this paper have the same structure. They break the problem into two parts and obtain separate solutions
to each part: one by random sampling and the other by randomized rounding of a solution to a linear program. We start
by explaining how we break DIRECTED k-SPANNER into two parts. In Section 2.1, we describe how to obtain a solution to
the first part using random sampling. Section 2.2 describes our randomized rounding scheme for DIRECTED k-SPANNER. In
Section 2.3, we introduce antispanners, a graph object used to formulate and analyze our linear programming relaxations. In
Section 2.4, we formulate our linear programming relaxation and separation oracle, and finish the description and analysis
of the algorithm, completing the proof of Theorem 2.1.

Let G = (V, E) be a directed graph with edge lengths d : E — R>°, given as an input to our algorithm, and OPT be the
size of its sparsest k-spanner. We assume that G is weakly connected. Otherwise, our algorithm should be executed for each
weakly connected component separately.

Definition 2.1 (Local graph G**). For an edge (s,t) € E, let Gt = (V>!, E%!) be the subgraph of G induced by the vertices
that belong to paths from s to t of length at most k - d(s, t).

We classify edges according to the sizes of their local graphs.

Definition 2.2 (Thick and thin edges). Let B be a parameter in [1,n]. If [V>t| >n/pB, the corresponding edge (s, t) is thick, and
otherwise, it is thin. The set of all thin edges is denoted by €. In Sections 2.1-3, we set 8 = 4/n and in Section 4, 8 =n'/3,

Definition 2.3. A set E' C E settles an edge (s,t) € E if (V, E’) satisfies the k-spanner property for this edge, i.e., it contains
a path of length at most k - d(s, t) from s to t.
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Our algorithm must find a small subset of edges that settles all edges in E. To accomplish this, it finds two subsets of
edges, E’ and E”, such that E’ settles all thick edges and E” settles all thin edges. The output of the algorithm is (V, E'UE").

2.1. Sampling

The following procedure uses random sampling to construct an edge set E’ that settles all thick edges. Recall that an in-
arborescence is a directed rooted tree where all edges are oriented towards the root; an out-arborescence is defined similarly.

Algorithm 1 SAMPLE(S)

1. E <2, o;
2: fori=1to Slnn do
3: v <« a uniformly random element of V;

4; T < a shortest path in-arborescence rooted at v;

5:  TO < a shortest path out-arborescence rooted at v;

6: E <« EUTIMUT, S« SU{v); [/Set S is used only in the analysis;
7: end for

8: Add all unsettled thick edges to E’;

9: return E’.

Lemma 2.2. Algorithm 1, in polynomial time, computes a set E’ that settles all thick edges and has expected size at most 38 1Inn - OPT.

Proof. After the execution of the for-loop in Algorithm 1, |E’| < 2(n — 1)BInn < 281Inn - OPT. The last inequality holds
because OPT >n — 1 for weakly connected graphs G.

If some vertex v from a set V5! appears in the set S of vertices selected by SAMPLE, then Tf,” and T% contain shortest
paths from s to v and from v to t, respectively. Thus, both paths are contained in E’. Since v € V5!, the sum of lengths of
these two paths is at most k - d(s, t). Therefore, if SN VSt £ @, then the edge (s, t) is settled. For a thick edge (s, t), the set
SN VSt is empty with probability at most (1 —1/8)#"" < e~I"" = 1/n. Thus, the expected number of unsettled thick edges
added to E’ in Step 8 of SAMPLE is at most |E|/n <n — 1 < OPT.

Step 8 ensures that the set E’, returned by the algorithm, settles all thick edges. Computing shortest path in- and out-
arborescences and determining whether an edge is thick can be done in polynomial time. O

2.2. Randomized rounding

To obtain a set E” that settles all thin edges, each of our algorithms solves a linear program and rounds the resulting
fractional solution. The LP is a relaxation of DIRECTED k-SPANNER for the set of all thin edges. It has a variable x, and a
constraint x, > 0 for each edge e € E. The variable x, in the corresponding optimal {0, 1}-solution indicates whether the
edge e is present in the smallest spanner for all thin edges. The following randomized rounding procedure is used in our
algorithms for DIRECTED k-SPANNER, both for arbitrary and for unit lengths. As an input it gets a fractional vector {X.} with
nonnegative entries.

Algorithm 2 RANDOMIZEDSELECTION(X,)
B2,

: for each edge e € E do

Add e to E” with probability min(v/nlnn - %, 1);
: end for

: return E”.

The following proposition shows that if the sum of values assigned by {X.} to edges in some A C E is at least 1 then E”
intersects A with high probability.

Claim 2.3. Let A C E. If Algorithm 2 receives a fractional vector {X.} with nonnegative entries satisfying Y _,.4 Xe > 1, the probability
that it outputs a set E” disjoint from A is at most exp(—~/nInn).

Proof. If A contains an edge e, such that X, > (v/nlnn)~!, then e € E” with probability 1. That is, E” is never disjoint
from A.

Otherwise, for all edges e € A, the probability that e € E” is exactly «/nlnn - X.. The probability that no edges of A are
in E” is, therefore,

1_[(1 —/nlnn-%.) < exp(—Zﬁlnn-&e> < exp(—+/nlnn).

ecA ecA
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The first inequality above follows from the fact that 1 — x < exp(—x) for x > 0. The second one holds because
ZeeA )A‘e > 1. O

2.3. Antispanners

In this section, we introduce antispanners, a graph object used in the description of our LP for DIRECTED k-SPANNER and
crucial in the analysis of the parts of our algorithms that settle thin edges. After giving the definition, we show how to
construct minimal antispanners (in Claim 2.4) and give an upper bound on their number (in Claim 2.5).

For a given edge (s,t), we define an antispanner to be a subset of edges of G, such that if we remove this subset of
edges from G, the length of the shortest path from s to t becomes larger than k- d(s, t).

Definition 2.4 (Antispanner). A set A C E is an antispanner for an edge (s,t) € E if (V, E \ A) contains no path from s to t
of length at most k - d(s, t). If no proper subset of an antispanner A for (s, t) is an antispanner for (s, t) then A is minimal.
The set of all minimal antispanners for all thin edges is denoted by A.

The edge set of a k-spanner of G must intersect all antispanners for all edges of G. In other words, it has to be a
hitting set for all minimal antispanners. Specifically, a set E” that settles all thin edges must be a hitting set for all minimal
antispanners in A. We now prove that if a set E” does not settle some thin edge, then we can efficiently find a minimal
antispanner A € A disjoint from E”.

Claim 2.4. There exists a polynomial time algorithm that, given a set of edges E” C E that does not settle some thin edge, outputs a
minimal antispanner A € A for some thin edge, such that A C E \ E”.

Proof. The algorithm first finds a thin edge (s, t) with no directed path from s to t of length at most k - d(s, t) in E”. Recall
that all paths from s to t of length at most k - d(s,t) in G lie in the local graph G%! = (V5f, ES!). (See Definition 2.1.)
Therefore, E>! \ E” is an antispanner for (s,t). The algorithm sets A = ES'\ E” and then greedily deletes edges e from A
while A\ {e} is an antispanner, that is, while (VS¢, ESt\ A) contains no paths of length at most k - d(s, t) from s to t. When
no more such edges can be deleted, the algorithm returns A. O

Next, we give an upper bound on the number of minimal antispanners for thin edges.

Claim 2.5. |A| < |E|- (n/B)MP. In particular, if B = /n, then |A| < ﬁﬁ+4.

Proof. Fix a thin edge (s,t) and a minimal antispanner A for (s,t). Let T4 be an out-arborescence (shortest-path tree)
rooted at s in the graph (V!, ESt\ A). Denote by dr, (u) the distance from s to u in the tree T,. If T4 contains no directed
path from s to u, let dr,(u) = co. We show that A = {(u,v) € ESt: dr,(u) +d(u,v) <dr,(v)}, and thus T, uniquely
determines A for a given thin edge (s, t).

Consider an edge (u,v) € A, and let A~ denote A\ {(u, v)}. Since the antispanner A is minimal, the graph (V,E\ A7)
contains a path from s to t of length at most k - d(s, t). This path must lie in (V! ES*\ A7) and must contain the edge
(u, v). Thus, the distance from s to ¢ in the graph (VS ESt\ A7) is at most k- d(s, t) and is strictly less than dr, (t). Hence,
T4 is not a shortest-path tree in the graph (V5¢, ES*\ A™). Therefore, dr, (u) +d(u, v) <dr,(v).

If (u,v) e ES' satisfies the condition dr,(u) + d(u, v) < dr,(v), then (u,v) ¢ ES\ A; otherwise, T4 would not be a
shortest-path tree. Hence, (u, v) € A.

We now count the number of out-arborescences rooted at s in (V>t, ESt \ A). For every vertex u € V>, we may choose
the parent vertex in at most |V>¢| possible ways (if a vertex is a not reachable from s, we choose it as its own parent).
Thus, the total number of trees is at most |VS{|IV*'1 < (n/g)V/A.

Since there are at most |E| thin edges, the claim follows. O

2.4. LP, separation oracle and overall algorithm

In this section, we describe a randomized algorithm for constructing a small subset of edges E” C E that settles all thin
edges. First, we formulate an LP relaxation of this problem. Then we describe how to solve it using the ellipsoid method with
a separation oracle (Section 2.4.1). Finally, in Section 2.4.2, we summarize the resulting algorithm for DIRECTED k-SPANNER
and complete the proof of Theorem 2.1.

A set E” that settles must intersect all minimal antispanners for all thin edges. This condition can be expressed using
linear program LP-A (see Fig. 1). LP-A has a variable x, for each edge e € E and a constraint (2) for each minimal antispan-
ner A for every thin edge. Recall that A is the set of all minimal antispanners for thin edges. In the integral solution {xé’“}
corresponding to a k-spanner with an edge set E” C E, we set xi,”[ =1ifeeE” and xi_,”t = 0 otherwise. All constraints in (2)
are satisfied for {xL"t} since E” intersects every antispanner. The value of the objective function }_, xé’" is equal to the size
of E”. Hence, LP-A is a relaxation of DIRECTED k-SPANNER.
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Minimize er subject to: (1)
ecE

> x> VAe A (2)
ecA

Xe >0 Ve € E 3)

Fig. 1. Linear program for the arbitrary-length case, LP-A. A is the set of all minimal antispanners for thin edges.

For ease of presentation, we assume that we have guessed OPT, the size of the sparsest spanner. (We can try all values

in {n—1,...,n%} for OPT and output the sparsest spanner found in all iterations). We replace the objective function (1)
with
> xe <OPT, (4)
ecE

and call the resulting linear program LP-A’.

2.4.1. Separation oracle

LP-A’ has a polynomial number of variables and, by Claim 2.5, an exponential in O (v/n) number of constraints. We solve
it using the ellipsoid algorithm with a separation oracle. Our separation oracle receives a fractional vector {X.}, satisfying (3)
and (4). If {X} is a feasible solution to LP-A’, then the separation oracle outputs a set E” of size at most 20PT - \/nlnn,
which settles thin edges. Otherwise, it outputs either a set E” with the same guarantee or a violated constraint from (2)
for some antispanner A. The separation oracle can also fail with small probability. If it happens during an execution of the
ellipsoid algorithm, we output the input graph with all its edges as a k-spanner.

Algorithm 3 SEPARATIONORACLE(X,)

1: //Sample a random set of edges E”, picking each e € E
//with probability min(X.+/nlnn, 1) (see Algorithm 2);
E” < RANDOMIZEDSELECTION(X, )

2: if E” settles all thin edges then

3: if |E”| < 20PT - \/ninn then return E”;

4:  else fail;

5: else

6:  Find an antispanner A C E \ E” from A using the algorithm from Claim 2.4;
7: if )_,caXe <1 thenreturn violated constraint ) ,., xe > 1;

8: else fail;

9: end if

The separation oracle is described in Algorithm 3. Next we analyze the probability that the separation oracle fails.
Lemma 2.6. The probability that the separation oracle fails during an execution of the ellipsoid algorithm is exponentially small in n.

Proof. The separation oracle can fail for two reasons:

1. The size of the sampled set E” is too large.
2. The minimal antispanner A found by the oracle does not correspond to a violated constraint.

To analyze the probability of the first event, note that the expected size of E” is at most v/nlnn , g X <OPT - \/nlnn.
By the Chernoff bound,

Pr[|E”| > 20PT - v/nlnn] < exp(—c - OPT - /nInn) = exp(—£2 (n/nlnn)).

Thus, the probability that the separation oracle fails because |E”| > 20PT - i/nlnn is exponentially small in n.
To analyze the probability of the second event, consider one call to the separation oracle. Fix a minimal antispanner A
satisfying >",., e > 1. Claim 2.3 shows that the probability that E” is disjoint from A is at most exp(—+/nInn). Claim 2.5

demonstrates that |A| < \/ﬁ*/ﬁM. Therefore, by a union bound, the probability that there is a minimal antispanner A € A

satisfying Y .., X > 1 and also disjoint from E” is at most \/ﬁ‘/ﬁ“‘ - exp(—~/nlnn) = exp —%Jﬁlnn + 2Inn). Thus, the
probability that the separation oracle fails during one call because }",., X, > 1 is exponentially small in n. Since the number
of iterations of the ellipsoid algorithm is polynomial in n, a union bound over all iterations gives that the overall probability
that the separation oracle fails during an execution of the ellipsoid algorithm is exponentially small in n. O
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Minimize er subject to:
ecE
Flow requirement Z fef(')[ >1 V(,t)e&
epe0ut(sg)
Flow conservation Z 8- Z f8E=0 Vs, e&, Vv e VP (5.1}
ej_1€n(v;) e;e0ut(v;)
k—1
Capacity constraints Xe — Z fesl_‘t >0 V(s,t)e &, VeeE
i=0
Xe >0 VeeE
5820 Ve, Ve e B

Fig. 2. Linear program for the unit-length case, LP-U.

Lemma 2.6 implies, in particular, that when the separation oracle is given a feasible solution to LP-A’, it fails to output a
set E” with exponentially small probability. Since E” is obtained by running Algorithm 2, we obtain the following corollary
that will be used in Section 3.

Corollary 2.7. Given a feasible solution to LP-A’, Algorithm 2 with all but exponentially small probability produces a set E” that settles
thin edges and has size at most 20PT - /nInn.

2.4.2. Overall algorithm for DIRECTED k-SPANNER

Proof of Theorem 2.1. We settle thick edges by running SAMPLE(/n ), according to Lemma 2.2. We settle thin edges by
running the ellipsoid algorithm as described in the beginning of Section 2.4 and Section 2.4.1. If the separation oracle fails,
which, by Lemma 2.6, happens with exponentially small probability, we output a spanner containing all edges E. Thus,
the expected size of the set E” is at most 20PT - \/nlnn + o(1), and the resulting approximation ratio of the algorithm is
0 (+/nInn). The ellipsoid algorithm terminates in polynomial time, so the overall running time is polynomial. O

3. LP and rounding for graphs with unit-length edges

In this section, we describe how to settle all thin edges, and thus prove Theorem 2.1, for the case of unit-length edges.
Our motivation for presenting this special case is two-fold. First, we show that for the unit-length case, one can directly
formulate a polynomial-sized LP relaxation, and this makes the approximation algorithm more efficient. Second, we also use
the LP from this section to present a better algorithm for 3-spanners in Section 4.

Our LP for the case of unit lengths, LP-U, is stated in terms of local layered graphs which we introduce next.

Definition 3.1 (Layered expansion). Given a directed graph G = (V, E), its layered expansion is a directed graph G = (V, E),
satisfying the following:

1. Let V ={v;: v €V and i € Z=%}, where v; denotes the i-th copy of v. The set of all the i-th copies of nodes in V is
the i-th layer of V.

2. Let L ={(u,u): u eV} be the set of loops. Define the i-th copy of an edge e = (u, v) to be e; = (u;, vi+1), and the i-th
copy of a loop e = (u, u) to be e; = (u;, uj+1). Let E={e;: ec EUL and i € Z>9).

Layered expansion G contains a path from sg to t; if and only if G contains a path from s to t of length at most k.
A local layered graph for a thin edge (s, t) is defined next. It consists of all paths in the layered expansion G that correspond
to paths from s to t of length at most k in the original graph G or, in other words, to paths in the local graph G%¢, defined
in Definition 2.1.

Definition 3.2 (Local layered graph). For a thin edge (s,t) and k > 1, the local layered graph is a subgraph Gt = (VS ESh
of G with a source 5§ =sg and a sink t = ty, such that G*! contains all nodes and edges on paths from s to t.

Our algorithm solves the linear program LP-U defined in Fig. 2. Recall that £ denotes the set of thin edges. LP-U has
variables of two types: x., where e € E, and fes,.’t, where (s,t) € & and e; € ES!. A variable x, represents whether the edge e
is included in the k-spanner. We think of a path from s to t of length at most k in G as a unit flow from 5 to f in G5t.
A variable fesl.‘t represents flow along the edge e; in G*f. We denote the sets of incoming and outgoing edges for a vertex
vi € GSt by In(v;) and Out(v;), respectively.
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Given X,, a fractional solution of LP-U, we construct the set E” by first running Algorithm 2 and then adding all unsettled
thin edges.

Lemma 3.1. The algorithm described above, in polynomial time, computes a set E” that settles all thin edges and has expected size at
most 2./nlnn - OPT + o(1).

Proof. We prove, in Claim 3.2, that in a fractional optimal solution {X.} U {};;f} to LP-U, the vector {X.} is a fractional
solution to LP-A’. Then we apply Corollary 2.7 to get the desired bound on the expected size of E”. At the end, we argue
that the algorithm runs in polynomial time.

Claim 3.2. In a fractional optimal solution {X.} U {fesi’t} to LP-U, the vector {X.} is a fractional solution to LP-A’.

Proof. First, we argue that LP-U is a relaxation of DIRECTED k-SPANNER for the unit-length case or, in other words, that an
optimal solution to this program has value at most OPT. Let H be a sparsest k-spanner of G. Assign x =1 if e is in H and
Xe = 0 otherwise. For each thin edge (s, t), consider a simple path from s to t in H of length ¢, where ¢ < k. Set fesl.’[ to 1
if either e is the i-th edge on that path or i € {¢ +1,...,k} and e; = (tj_1, t;); otherwise, set it to 0. Since the resulting
assignment is a feasible solution to LP-U, the optimal solution to this program has value ), p X, < OPT.

Next, we argue that if {X.} U {f;:‘} is a feasible solution to LP-U then {X.} satisfies the antispanner constraints for LP-A’,
given in (2). Consider a thin edge (s,t) and a minimal antispanner A € A for (s,t). Let A={e;: e € A and e; € E>!} be the
set of copies of the edges in A in the local layered graph. Let S C V5! be the set of nodes that can be reached from 5 in
(VSEESt\ A) and T = V5! \ S be the set of the remaining nodes. Since A is an antispanner for (s, t), node t is in T, and
thus (S, T) is an (5,f) cut in G*!. Note that only edges from A can cross the cut because for an edge (u;, Viy1) € A if u; is
reachable from s then so is vji.

For a fractional solution {k.} U {fes;t} to LP-U,

k—1
5 s, s, Fs.t Fsit
Sy ST Y e ¥ e 5
ecA ecA i=0 eieA ejecut(S,T) eoeOut(so)

The first inequality above follows from the capacity constraints in LP-U, the following equality holds by definition of A, the
second inequality holds because A contains the edges in the cut (S, T), the last equality follows from the flow conservation,
and the last inequality is the flow requirement.

We proved that in a fractional optimal solution {X.} U {fesi‘t} to LP-U, the vector {X.} satisfies constraints (2) and (4) of
LP-A'. Since constraints (3) are also in LP-U, vector {X.} is a fractional solution to LP-A’. O

By, Claim 3.2, vector {X} is a fractional solution to LP-A’. Corollary 2.7 says that, given such a solution, Algorithm 2 with
all but exponentially small probability produces a set E” that settles thin edges and has size at most 20PT - i/nInn. After
we add all unsettled thin edges, the expected size of the resulting set E” is at most 20PT - \/nlnn 4 o(1).

It remains to argue that the described algorithm takes polynomial time. To write down LP-U, we only need to know V,
E, k and the set of thin edges, £. The first three are inputs to the algorithm, and & can be computed in polynomial time.
LP-U can be written down and solved in polynomial time because it has O(|E|? - k) = O (n°) variables and constraints. O

Proof of Theorem 2.1 for the case of unit-lengths. We run Algorithm 1 to get E’. We construct E” by running Algorithm 2
and adding all unsettled thin edges. Let the edge set of our k-spanner be E’ U E”. By Lemmas 2.2 and 3.1, E’ settles all
thick edges, E” settles all thin edges, the expected size of E’ U E” is O(y/nlnn - OPT), and the resulting algorithm runs in
polynomial time, as required. O

4. An 0 (n'/3)-approximation for DIRECTED 3-SPANNER with unit-length edges

In this section, we show an improved approximation for the special case of DIRECTED 3-SPANNER with unit-length edges.
The algorithm follows the general strategy explained in Section 2. The LP rounding scheme here is different from that pre-
sented in Section 2.2 and used in the two algorithms for DIRECTED k-SPANNER in Sections 2 and 3. We note that Algorithm 2
from [20] with p = @ (n'/3) could also be used to prove our result. The rounding scheme we present is simpler and allows
for simpler analysis.

As in [20], we use random variables for vertices instead of edges to guide edge selection process. Intuitively, this allows
us to introduce positive correlations in selection of edges adjacent to the same vertex. Because the correlations are local,
the improvement in approximation deteriorates for larger values of k. To simplify analysis, instead of threshold rounding (as
in the previous sections) we use Poisson random variables.

Theorem 4.1. There is a polynomial time randomized algorithm for DIRECTED 3-SPANNER for graphs with unit edge lengths with
expected approximation ratio O (n'/3 logn).
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Proof. We define thick and thin edges as in Definition 2.2, with  =n'/3, and run SampLE(n'/3). By Lemma 2.2, the resulting
edge set E’ settles all thick edges and has expected size at most 3n'/3Inn - OPT. Then we obtain an optimal solution
{Xe}U{ fesi’t} of the linear program LP-U from Fig. 2. Our rounding scheme is stated in Algorithm 4. It consists of two stages:
first, we round {%.} to obtain a new solution {X.}, where every assignment %, is an integer multiple of n=2/3; second, we
round {X.} to obtain an edge set E” that settles all thin edges with high probability.

In the first step we sample a random variable from Poisson distribution for every edge. Recall, that a Poisson random
variable X with mean A is supported over nonnegative integers and has a probability density function:

k,—

AteT A
PriX=k]l=——

, Vke 720.
k!

The only properties of the Poisson distribution that we use in the analysis are concentration bound stated in Appendix A,
integrality of the support and the fact that the sum of Poisson random variables is again a Poisson random variable.

Algorithm 4 RANDOMIZED3SPANNERSELECTION(X, )
1: E' <« @;
//Obtain a new solution {X.}, where each coordinate X, is a multiple of n
2: for each edge e € E do
3: P, < sample from the Poisson distribution with mean X, = 6n%/3%,;
4: Re < Pen™2/3;
5: end for
//Round {%.} to get E":
6: for each vertex u € V do
7: 1y < uniform sample from (0, 1);
8: end for
9: for each edge e = (u,v) € E do
10:  if min(ry,ry) < Xean'/3Inn then add e to E”;
11: /la > 1 is an absolute constant
12: end for
13: return E”.

-2/3.

Lemma 4.2 below analyzes the first stage. Then Lemmas 4.3 and 4.4 analyze the set E” produced by the second stage.
Lemma 4.3 bounds the expected size of E” by O(OPTn'/3Inn). Lemma 4.4 shows that E” settles a given thin edge with
probability at least 1 — 1/n. Consequently, the expected number of unsettled thin edges is at most |[E|/n <n — 1< OPT, and
they can be added to the solution without affecting the approximation ratio. This completes the proof of Theorem 4.1. O

It remains to prove the lemmas that were used in the proof of Theorem 4.1.
Recall that 5 and £ are used to denote the source and the sink the local layered graph of an edge (s, t) as in Definition 3.2.

Lemma 4.2. Given a feasible solution {X.} U {fs 'Y of LP-U of cost LP, Algorithm 4 on lines 2-5 computes a vector {X} of cost at most
20LP (i.e, satisfying 3", X. < 20LP) such that all X, are integer multiples of n=2/3. Moreover, for every thin edge (s, t) and cut (S, T)
in the local layered graph G5t withs,s; € S and t,, t € T, vector {e} satisfies

Z ’A((u,v) > 1. (6)

(u,v)E€ESt: (uj,vip1)eSxT

This stage of the algorithm succeeds with probability 1 — exp(—cn?/3) for some constant ¢ > 0.

Proof. For every edge e, we independently sample a Poisson random variable P, with mean i, = 6n%/3%,, and set X, =
Pen—2/3. Since the support of the Poisson distribution is on nonnegative integers, all &, are integer multiples of n=%/3. We
need to verify that X, satisfies (6) and that its cost is bounded by 20LP.

Fix a thin edge (s,t) and a cut (5, T) in G5! with 5,57 €S and t,t € T. Let A= {(u,v) € ES': (uj,viy1) € S x T}. We
will show that it is an antispanner for (s, t). For every path p=s— u — v — t of length 3 in G*!, one of the edges on
the path § — uq — vy — f crosses the cut (S, T) and, consequently, one of the edges of p belongs to A. Similarly, for every
path p=s — u — t of length 2 (respectively, path p =s — t of length 1) one of the edges on the path § > u; — t) —t
(respectively, path § — s; — t, — ) crosses the cut (S, T), and one of the edges of p belongs to A. Therefore, A is an
antispanner for (s, t). By Claim 3.2, if {%} U {f5: e; '} is a feasible solution to LP-U then {%.} satisfies the antispanner constraints
for LP-A’, given in (2). That is, ) .. Xe > 1.

Next, we bound Y ,c4% =n"2/33", 4 Pe. The sum Y, 4 Pe is distributed as a Poisson random variable with mean
Aa = pcpre >6n23. By Lemma A.l in Appendix A,

Pr[che < 1j| = Pr[ZPe < n2/3] < Pr[ZPe < 6/e~n2/3} < exp(—6n2/3/4).

ecA ecA ecA
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Since (s, t) is a thin edge, |V5{\ (5, £}] < 2n2/3, and the number of cuts (5, T) in VS separating § and [ is at most 227"
exp(In4 - n?/3). Hence, by a union bound, (6) holds for all such cuts simultaneously with probability at least 1 — e*C”/ ,
where ¢ =6/4 — In4 > 0. By a union bound, the previous sentence is true for all thin edges (s,t) simultaneously with a
constant if ¢ is set to ¢/2 = %(6/4 —1In4).

Finally, observe that the cost of {X} is n7%/3 x 3, Pe. The sum 3, Pe is a Poisson random variable with mean
6n%/3 3" %, = 6n%/3LP. By Lemma A/,

Pr[z Pe > 20n2/3LP] < Pr[ZPe 6-e- n2/3LP] < exp(—6n*2LP) < exp(—6n*/3).

ecE ecE

Thus, the probability that the cost of {X.} exceeds 20LP is exponentially small. O

Lemma 4.3. (Analog of Lemma 4.1 in [20].) E[|E”|]1 = O (OPTn'/3 Inn).

1/3

Proof. By a union bound, the probability that an edge e belongs to E” is at most 2X.an'/? Inn. Therefore, since « is a

constant,

E[|E"|] Zeroml/3 Inn=0 (OPTn]/3 Inn). O

ecE

Lemma 4.4. (Analog of Lemma 4.2 in [20].) If (s, t) is a thin edge for which condition (6) holds, then E” settles (s, t) with probability
atleast1—1/n.

Proof. Fix a thin edge (s, t). Let

E"={e;: ec E"ande; € E*'} U{(, 51), (62, D)}

be the set of copies of the edges in E” in the local layered graph G>!. We show that, with probability at least 1 —1/n, there
is a path from § to t in (V>!, E”) and, consequently, the edge (s, t) is settled.

Let {fesl.’t} be the maximum flow from 5 to t in the graph G*! with capacities Xe; set to X,y on edges e; = (U, Vit1)
for u = v, infinite capacities (X,; = 0o) on edges e; € {(5, s1), (t2, )} and zero capacities (%¢; = 0) on edges e; = (u;, uj;1) for
ei ¢ {(5,s1), (t2,0)}. Note that this flow may be different from the flow {f:i‘[} obtained by LP-U. By (6), the capacity of the
minimum cut between § and ¢ is at least 1. Thus, the value of the flow {f;’t} is at least 1.

In the simplest case, the flow is routed along n?/3 disjoint paths of capacity n=2/3 each. The probability that a given path
5— uq — vy — t belongs to (VS E”) is at least Pr[r, < an~'3Inn and r, < an~3Inn] > (ean~/3Inn)2. The probability
that at least one path belongs to E” is 1 — (1 — a2n~2/3In2n)™” > 1 — 1/n. In the general case, however, we need a more
involved analysis.

To analyze the general case, we partition the set V! into two disjoint sets S and T such that at least 1/4 units of flow
{ﬂf;t} are routed along the paths § — u7 — vo — t, where u € S and v € T. To see that such a partition exists, randomly
add every vertex in V>t\ {s,t} to S or T with probability 1/2. Add s to S and t to T. Then for every path 5§ — u; — vy —t
(where u #v), Pr[u € S and v € T] > 1/4, so the expected contribution of every path to the new flow is at least 1/4 of the
original flow over the path. Because the total new flow from 3 to t can be represented as a sum of flows over such paths,
the expected flow routed from 5 to t through S and T (as described above) is at least 1/4. That is, for at least one partition
(S, T) the flow is at least 1/4. Fix this partition.

Let {fe;} be the maximum flow in GSt (with the same capacities as above) routed from 5 to t through S and T, such
that all f,; are multiples of n=2/3, Such a flow exists because all capacities are multiples of n=2/3. Observe that (u, v) € E”
if min(ry, ry) <X, vyan'/3Inn and, consequently, also if min(ry, ry) < fa,vyan'/3Inn, since fu vy < X

Consider the following two cases:

1. fGup =013 for some vertex u € S.

2. feuy <n~1/3 for all vertices u € S.

Case 1. Fix a vertex u € S for which f ;) > n~"/3. We will show that with probability at least 1 — 1/n there is a path
from S to £ via uy in G*!. The edge (5, u1) always belongs to E” because aX y;)n'/?Inn > a fs 4;yn'/3 Inn > 1 > ry,. Consider
an arbitrary path u; — v, — t. Note that Fy.b 2 fay.vy), since all flow from u; to v, must be routed to t along the edge
(v, t). Thus, if ry < ozf(u1 vl 1/3Inn, then (u1, v2) € E” and (va,t) € E”. Therefore, if there is no path from u; to t in E”,
then ry > o fy,,vy)n 1/31nn for all v e T. This happens with probability at most
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[ [ min(1 — & fuy.vyn"?Inn, 0) < | ] exp(—et fiuy,vyyn'/? Inn)

veT veT

- exp(—(Z f(usz))om]B lnn)

veT

< exp(—f.upan'/? Inn)
1
<exp(—Inn)=—.
n

Therefore, with probability at least 1 —1/n, there is a path from 5 to t in G*! and, consequently, the edge (s, t) is settled.
Case 2. For every u € S, define a random variable Fy, :

Fy, = Z far vz

VeT: 1y <« fuy vyynt/3Inn

This random variable gives a lower bound on the amount of flow that can be routed along the edges E” from the source §
to the set of copies of nodes in T through the vertex u7. (Recall that E” is a random set.)

. —1/3] 1
Claim 4.5. Prr,; yes[) yes Fuy 2 52121 — 5.

Proof. The value of F,, depends only on ry, and hence all random variables F,, are independent. If fq, v,) > O then
fauy vy =172 because f,.v,) is a multiple of n=2/3. Therefore, for all nodes u € S and v € T with positive flow f,.v,),

Prry < o fu,,vpyn'? Inn] =min(a fu,,v,yn'?Inn, 1) > an*?n'2Inn > an~'Inn.
Ty
This implies that for all nodes u € S and v €T,

fagvy - lr’r[ru < fuvyn'’? Inn] = fu,v,) ~an~"Inn.

Therefore,
E[ZFM] - Z(Zf(ul,vz) lr)r[r“ < O‘f(ulsvz)nl/3 lnf’l])
ues ueS “veT ¢
_ _ o
> Z(Zf(u1,v2))an Pinn = <Zf(g,u1)>om B1nn> " 13 1nn.
ueS “veT ues

Now we use the assumption that f ,,) < n~1/3 for all u € S. By flow conservation, it implies that all Fy, are bounded
from above by n—1/3. By the Hoeffding inequality> applied with € =1/2 and c =n~1/3,

—1/31 1
oan nn
prl S > P | <1 p Shu < 35 L]

ues ues ues

alnn 1
>1—exp—32 21—%. O

Next, we condition on the event that ", s Fu, > @n~'/3Inn/8, and bound the conditional probability that there exists
a path from s to t.

Claim 4.6. For any fixed {ry}ues, such that 3", s Fu, > an~1/31nn/8, we have

. _ - 1
Pr [thereis no paths — uy — vy —> tin E"] < —.
ry: veT n

3 Here we use the following variant of the Hoeffding’s inequality. Let X1, ..., Xn be independent random variables taking values in [0, c]. Let S, =) Xi,
let u =E[S]. Then, for every positive &,

Pr[S, < (1 — e)u] e 28°M/e,

For reference see, e.g., [34, Theorem 2.3(c) (p. 200)].
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Proof. For every v € T, let

Fy, = Z fai vy

uq: ru < fuy vyynt/3Inn

If for some ¥ € T we have Fy, > 0, then for some il € S, ry < o f(z, 3,)n"/3Inn, ry <o fz.5,n'/> Inn and, hence, the path
5 — 1l — v belongs to E”. Also,

b = Zf(ulﬁf’z) 2 Fy,.

ues

Now for a fixed {r,}yes and a vertex ¥ € T, we bound the probability that (¥, t) € E” from below by
1/3
l:vr[ <afi,pn'?Inn] > min(a f;, pn'/?Inn, 1) > min(aFy,n'?Inn, 1).

Note that we have a lower bound on the sum of F,,’s

1/3lr1n

S Fu =Y Fuy>

veT ues

Thus, we can use the same argument as in Claim 2.3 to get a lower bound on the overall probability:

Pr[(vz,t)¢E” forallveTw1thF.,2>0 exp( ZOva 1/31r1n>

veT

1
212
<exp(—a”In n/8)<—2n. O

By Claims 4.5 and 4.6, the probability that there exists a path § — uq — v, — f is at least (1 —1/(2n))2>1—1/n. O

5. An O (n?/3+€)-approximation for DIRECTED STEINER FOREST

Let us first recall the DIRECTED STEINER FOREST (DSF) problem. Given a directed graph G = (V, E), a cost function c: E —
Rt and a set D C V x V of ordered pairs, the goal is to find a min-cost subgraph H of G that contains a path from s to t
for every (s,t) € D. In contrast to spanners, there is no restriction on the paths used to connect pairs, but the objective to
be optimized depends on arbitrary edge costs.

Theorem 5.1. For any fixed € > 0, there is a polynomial time randomized algorithm for DIRECTED STEINER FOREST with expected
approximation ratio O (n%/3+€).

Our algorithm for DSF builds on the algorithm of Feldman, Kortsarz and Nutov [32] for the problem. We describe their
algorithm and most of their analysis, using notation compatible with previous sections of this paper, and show where we
make our improvement. As mentioned in [32], one can assume without loss of generality that D € S x T for two disjoint
subsets S and T of V and that the costs are metric.

Let T denote our guess for the optimal value of OPT. We start from 7 =1 and repeatedly double our guess each time
we find it is too small. Thus, it suffices to give the approximation guarantee for the iteration when OPT < t < 2 - OPT. The
algorithm has two parameters: 8 and £. We set 8 =n'/? and ¢ = 7 /n?/> below.

Let us adapt some terminology from the previous sections to this new setting.

Definition 5.1 (Thick and thin pairs). For a pair (s,t) € D, let GS' = (V5! ES!) be the subgraph of G induced by the vertices
on paths from s to t of cost at most £. A pair (s,t) € D is thick if |V>t| >n/8 and it is thin otherwise.

Definition 5.2. A set E’ C E settles a pair (s, t) € D if the subgraph (V, E’) contains a path from s to t.

The high-level structure of the algorithm is the same as for the spanner problem. We will describe how to find in
polynomial time two sets E’, E” C E, such that E’ settles all the thick pairs and E” settles all the thin pairs.

The thick pairs can be settled by random sampling, just as in Section 2.1. For p = O ((logn)/(n/B)), if each vertex is
selected with probability p to lie in a set R, then for every (s,t) € D, RN V! # @ with high probability. Let the set E’ be
constructed by adding, for each u e R, s€ S, t € T, the edges of a path from s to u of cost at most ¢ if one exists and the
edges of a path from u to t of cost at most ¢ if one exists. The expected number of thick pairs still not settled is at most
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Minimize Zc(e) - Xe subject to: (7)
ecE
> Yse>=1DIj2
(s,t)eD
> fr<xe V(s,t)eD, ecE
II(s,t)>P>e
> fr=yst V(sDeD
Pell(s,t)
0< yst, fr.xe <1 V(s,t)yeD, PeIl, ecE

Fig. 3. Linear program LP-DSF for the case |D — C| > |D|/2.

|D|/n? < 1. Thus, we can add the edges of a minimum-cost path from s to t for any unsettled thick pair (s, t) and still have
that the expected cost of E’ be O(n-pn-€+1)= 0nép + 1) = 0(n%>1), where we use t as an upper bound on the cost
of a minimum-cost (s, t)-path.

We remove the settled thick pairs from D, so that it only consists of the unsettled thin pairs. Next, we construct an
edge set E” that settles all the thin pairs. Define the density of a subset of E to be the ratio between the total cost of
the subset and the number of pairs in D settled by it. We show how to efficiently construct a subset K with expected
density 0 (n?/3t€) . t/|D|. This allows us to compute the set E”: starting from |D| unsettled thin pairs and E” = @, find K
of expected density O (n%/3+€).t/|D|, add the edges in K to E”, remove the settled pairs from D, and repeat. As shown
in Theorem 2.1 of [32], this greedy procedure produces a subset E” of expected cost 0(n%/3+€). t that settles all the thin
pairs, completing the proof of Theorem 5.1.

The edge set K is produced by constructing two sets K1 and K, and letting K be the set of smaller density. We guarantee
that one of K; and K, has expected density O(n%/3+€).1/|D|. Whether the guarantee is provided for K; or K, depends
upon which one of the two cases below holds. Suppose H is an optimal solution with cost T (we ignore the factor of 2 for
simplicity). Let C be the set of pairs (s, t) € D for which the minimum cost of an (s, t)-path in H is at least £; that is, these
are the costly pairs to settle. The two cases are: |C| > |D|/2 and |C| < |D|/2.

Case 1: |C| > |D|/2. This case relies on a result of Chekuri, Even, Gupta and Segev [35]. Define a junction tree to be
the union of an ingoing tree and an outgoing tree (not necessarily disjoint) rooted at the same vertex. Ref. [35] shows an
0 (n®)-approximation for the minimum density junction tree of a graph. Fortunately, there exists a junction tree of density
at most 2/(|C|¢). To see why, take the paths in H connecting the pairs in C. The sum of the costs of all such paths
is at least |C|¢. If we denote the maximum number of these paths that any edge belongs to as u, then the sum of the
costs of the paths is at most w - T and thus there exists an edge, which belongs to w > |C|¢/t paths. Therefore, there
must be a junction tree K; which contains this edge and connects at least |C|¢/T pairs in D. K; has density at most
7/(|C|¢/t) = t%/(|C|€). Thus, when |C| > |D|/2, the algorithm of [35] (deterministically) returns a junction tree of density
o€ -t/¢-7/|D|) =0m?*3*¢) . 7/|D|.

Case 2: [D — C| > |D|/2. In this case, we attempt to find a subgraph that connects many pairs of D using low-cost edges.
Consider the problem of connecting at least |D|/2 pairs from D using paths of cost at most £ while minimizing the total
cost of the edges. For (s,t) € D, let I1(s,t) be the set of (s, t)-paths of cost at most ¢, and let IT = U(sMDH(s,t). We
can formulate an LP relaxation for this problem, LP-DSF, shown in Fig. 3, which closely resembles the LP used by [20] for
DIRECTED k-SPANNER. Each edge e has a capacity x., each path P € IT carries fp units of flow, and y,, is the total flow
through all paths from s to t. Also, the total flow through all paths in I7 should be at least |D|/2. It is clear that LP-DSF is
a relaxation of the problem of connecting at least |D|/2 pairs in D while minimizing the cost of the edges. Ref. [32] shows
that in polynomial time, we can find a solution {X.} U {Js,} such that Y,z c(e) - X, is within (1 + €) factor of OPT, the
optimal solution to LP-DSF, for any fixed € > 0.

Our improvement comes in the analysis of the rounding algorithm for LP-DSF. Suppose {X.} U {Js.} is a feasible solution
to LP-DSF. Let K, be the edge set obtained by selecting each edge in E with probability min((8nlnn)/g - xe, 1).

Lemma 5.2. With probability > 1 — 1/n?, set K, settles every thin pair (s, t) with 5 > 1/4.

Proof. We reinterpret Definition 2.4 in terms of edge costs instead of lengths. More precisely, define a set A C E to be an
antispanner for a pair (s,t) € D if (V, E \ A) contains no path from s to t of cost at most ¢. By exactly the same argument
as in Claim 2.5, the set of all minimal antispanners for thin pairs is of size at most n%(n/g)"/”.

For every thin pair (s,t) € D with y5: > 1/4, if A is an antispanner for (s, t), then >, .4 Xe > Zpenm) ]‘p > 1/4, where

fp is the value of the variable fp in LP-DSF that corresponds to the solution {X.} U {Js}. So, the probability that K; is
disjoint from A is at most exp(—(nlnn)/8), by the same argument as in Claim 2.3. Thus, by the bound on the total number
of antispanners of thin pairs from above, the union bound, and Claim 2.4, it follows that with high probability, K, settles
every thin pair (s,t) with ys¢>1/4. O
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We add to K> a minimum-cost path between any pair (s, t) with ys: > 1/4 that is still not settled. In expectation, the
number of such pairs is |[D|/n? < 1, so that the total expected cost* of K, is at most (16nlnn)/8 - . A simple argument
shows that the number of pairs (s, t) in D for which ys: < 1/4 is at most 2|D|/3; assuming the opposite makes the total
amount of flow between all pairs strictly less than |D|/2. So, the expected density of K; is at most:

16nlInn _48nlnn T o 53
< 3 ~t)/(|D|—2|D|/3)_—ﬂ |D|_O(n )-t/IDI.

As we said earlier, the set K is taken to be either K; or K3, depending upon which has the smaller density. By the above,
expected density of K is at most O (n?/3*€). t/|D|. This concludes the proof of Theorem 5.1.

6. Conclusion

For general DIRECTED k-SPANNER, we obtained an approximation ratio of O(y/n) and for DIRECTED 3-SPANNER with unit
edge lengths we obtained an approximation ratio of O(n'/3). The second bound almost matches the LP integrality gap
of Dinitz and Krauthgamer [20]. It remains an interesting open question whether one can get an approximation ratio of
0(n'/3) for the general case.

All our algorithms are randomized and have an expected approximation factor. Our algorithms consist of multiple stages
and the analysis of concentration of the cost of the solution can be done using standard concentration bounds for each
stage separately in the same way as in the previous work (e.g. [16,20,32]), so we omit it to simplify presentation. It remains
open whether these algorithms can be derandomized.

Appendix A

We use the following standard concentration result on Poisson random variables, giving the proof for completeness.

Lemma A.1. Let P be a Poisson random variable with parameter A > 1. Then

Pr[P < [r/e]] <e /%

Pr[P > er] <e .

Proof. Let T = |1 /e]. Then

T-1 ¢ -2

Pr(P <i/e]=)_

t=0

t!

)\.[

. . . 1
The terms in the sum increase exponentially: %/W = t%

> e. Hence,

ATer & ATe™* AT
Pr[P < A/e] < d et < ————x2< e‘“‘”(—)
LR N2 (T/e)T T

A Xr/e
< ef()\fT) A < ef)»(]72/e) < ef)\/4.
rle

To estimate T! we use Stirling’s approximation.
Similarly, let T’ = [eA]. Then

> Ale™*
Pr(P >ei]=) .
=T’
The terms in the sum decrease exponentially: (?:L—Jrll),/(’}—;, = 77 < 1/e. Hence,

Pr[P >eA] < 22Te < 21Te < e"‘(e)L)T/ <e™* O
> I X X - X .
T V2 (T /e)T T

4 This is where we save over [32]. The cost of their comparable K; is 0 (n?/8% - ).



P. Berman et al. / Information and Computation 222 (2013) 93-107 107

References

[1] P. Berman, A. Bhattacharyya, K. Makarychev, S. Raskhodnikova, G. Yaroslavtsev, Improved approximation for the directed spanner problem, in: L. Aceto,
M. Henzinger, J. Sgall (Eds.), ICALP (1), in: Lecture Notes in Comput. Sci., vol. 6755, Springer, ISBN 978-3-642-22005-0, 2011, pp. 1-12.
[2] B. Awerbuch, Communication-time trade-offs in network synchronization, in: PODC, 1985, pp. 272-276.
[3] D. Peleg, A.A. Schiffer, Graph spanners, ]. Graph Theory 13 (1) (1989) 99-116.
[4] L. Cowen, Compact routing with minimum stretch, J. Algorithms 38 (1) (2001) 170-183.
[5] L. Cowen, C.G. Wagner, Compact roundtrip routing in directed networks, J. Algorithms 50 (1) (2004) 79-95.
[6] D. Peleg, E. Upfal, A trade-off between space and efficiency for routing tables, JACM (ISSN 0004-5411) 36 (3) (1989) 510-530.
[7] L. Roditty, M. Thorup, U. Zwick, Roundtrip spanners and roundtrip routing in directed graphs, ACM Trans. Algorithms 4 (3) (2008) 1-17.
[8] M. Thorup, U. Zwick, Compact routing schemes, in: SPAA, ACM, 2001, pp. 1-10.
[9] D. Peleg, ].D. Ullman, An optimal synchronizer for the hypercube, SIAM ]. Comput. 18 (4) (1989) 740-747.
[10] E. Cohen, Fast algorithms for constructing t-spanners and paths with stretch t, SIAM ]. Comput. 28 (1) (1998) 210-236.
[11] E. Cohen, Polylog-time and near-linear work approximation scheme for undirected shortest paths, JACM 47 (1) (2000) 132-166.
[12] M. Elkin, Computing almost shortest paths, in: PODC, 2001, pp. 53-62.
[13] J. Feigenbaum, S. Kannan, A. McGregor, S. Suri, J. Zhang, Graph distances in the data-stream model, SIAM ]. Comput. 38 (5) (2008) 1709-1727.
[14] S. Baswana, S. Sen, Approximate distance oracles for unweighted graphs in expected O (n?) time, ACM Trans. Algorithms (ISSN 1549-6325) 2 (4) (2006)
557-577.
[15] M. Thorup, U. Zwick, Approximate distance oracles, JACM (ISSN 0004-5411) 52 (1) (2005) 1-24.
[16] A. Bhattacharyya, E. Grigorescu, K. Jung, S. Raskhodnikova, D. Woodruff, Transitive-closure spanners, in: SODA, 2009, pp. 932-941.
[17] A. Bhattacharyya, E. Grigorescu, M. Jha, K. Jung, S. Raskhodnikova, D.P. Woodruff, Lower bounds for local monotonicity reconstruction from transitive-
closure spanners, SIAM J. Discrete Math. 26 (2) (2012) 618-646.
[18] M. Jha, S. Raskhodnikova, Testing and reconstruction of Lipschitz functions with applications to data privacy, in: FOCS, 2011, pp. 433-442.
[19] S. Raskhodnikova, Transitive-closure spanners: a survey, in: O. Goldreich (Ed.), Property Testing, in: Lecture Notes in Comput. Sci., vol. 6390, Springer,
Heidelberg, 2010, pp. 167-196.
[20] M. Dinitz, R. Krauthgamer, Directed spanners via flow-based linear programs, in: L. Fortnow, S.P. Vadhan (Eds.), STOC, ACM, ISBN 978-1-4503-0691-1,
2011, pp. 323-332.
[21] G. Kortsarz, D. Peleg, Generating sparse 2-spanners, ]. Algorithms 17 (2) (1994) 222-236.
[22] M. Elkin, D. Peleg, The client-server 2-spanner problem with applications to network design, in: SIROCCO, 2001, pp. 117-132.
[23] G. Kortsarz, On the hardness of approximating spanners, Algorithmica 30 (3) (2001) 432-450.
[24] M. Elkin, D. Peleg, Approximating k-spanner problems for k > 2, Theoret. Comput. Sci. 337 (1-3) (2005) 249-277.
[25] P. Berman, S. Raskhodnikova, G. Ruan, Finding sparser directed spanners, in: K. Lodaya, M. Mahajan (Eds.), FSTTCS, in: LIPIcs, vol. 8, Schloss Dagstuhl —
Leibniz-Zentrum fuer Informatik, ISBN 978-3-939897-23-1, 2010, pp. 424-435.
[26] 1. Althofer, G. Das, D. Dobkin, D. Joseph, J. Soares, On sparse spanners of weighted graphs, Discrete Comput. Geom. (ISSN 0179-5376) 9 (1) (1993)
81-100.
[27] N. Alon, S. Hoory, N. Linial, The Moore bound for irregular graphs, Graphs Combin. (ISSN 0911-0119) 18 (2002) 53-57.
[28] M. Elkin, D. Peleg, Strong inapproximability of the basic k-spanner problem, in: ICALP, 2000, pp. 636-647.
[29] M. Elkin, D. Peleg, The hardness of approximating spanner problems, Theory Comput. Syst. 41 (4) (2007) 691-729.
[30] G. Kortsarz, D. Peleg, Generating low-degree 2-spanners, SIAM ]. Comput. 27 (5) (1998) 1438-1456.
[31] Y. Dodis, S. Khanna, Designing networks with bounded pairwise distance, in: STOC, 1999, pp. 750-759.
[32] M. Feldman, G. Kortsarz, Z. Nutov, Improved approximation algorithms for Directed Steiner Forest, J. Comput. System Sci. 78 (1) (2012) 279-292.
[33] M. Charikar, M. Hajiaghayi, HJ. Karloff, Improved approximation algorithms for label cover problems, Algorithmica 61 (1) (2011) 190-206.
[34] M. Habib, C. McDiarmid, J. Ramirez-Alfonsin, B. Reed, Probabilistic Methods for Algorithmic Discrete Mathematics, vol. 16, Springer-Verlag, 1998.
[35] C. Chekuri, G. Even, A. Gupta, D. Segev, Set connectivity problems in undirected graphs and the directed Steiner network problem, ACM Trans. Algo-
rithms 7 (2) (2011) 18.



	Approximation algorithms for spanner problems and Directed Steiner Forest
	1 Introduction
	1.1 Relation to previous work
	1.2 Our techniques
	1.3 Directed Steiner Forest
	1.4 Organization

	2 An Õ(√n)-approximation for Directed k-Spanner
	2.1 Sampling
	2.2 Randomized rounding
	2.3 Antispanners
	2.4 LP, separation oracle and overall algorithm
	2.4.1 Separation oracle
	2.4.2 Overall algorithm for Directed k-Spanner


	3 LP and rounding for graphs with unit-length edges
	4 An Õ(n1/3)-approximation for Directed 3-Spanner with unit-length edges
	5 An O(n2/3+ε)-approximation for Directed Steiner Forest
	6 Conclusion
	References


