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Abstract

It was recently found that there are very close connections between the existence of additive
spanners (subgraphs where all distances are preserved up to an additive stretch), distance pre-
servers (subgraphs in which demand pairs have their distance preserved exactly), and pairwise
spanners (subgraphs in which demand pairs have their distance preserved up to a multiplica-
tive or additive stretch) [Abboud-Godwin SODA ’16, Godwin-Williams SODA ’16]. We study
these problems from an optimization point of view, where rather than studying the existence
of extremal instances we are given an instance and are asked to find the sparsest possible
spanner /preserver. We give an O(n3/5*¢)-approximation for distance preservers and pairwise
spanners (for arbitrary constant e > 0). This is the first nontrivial upper bound for either
problem, both of which are known to be as hard to approximate as Label Cover. We also
prove Label Cover hardness for approximating additive spanners, even for the cases of additive
1 stretch (where one might expect a polylogarithmic approximation, since the related multi-
plicative 2-spanner problem admits an O(logn)-approximation) and additive polylogarithmic
stretch (where the related multiplicative spanner problem has an O(1)-approximation)

Interestingly, the techniques we use in our approximation algorithm extend beyond distance-
based problem to pure connectivity network design problems. In particular, our techniques allow
us to give an O(n®/5*¢)-approximation for the Directed Steiner Forest problem (for arbitrary
constant € > 0) when all edges have uniform costs, improving the previous best O(n2/ 3te).
approximation due to Berman et al. [ICALP ’11] (which holds for general edge costs).

*Partially supported by ISF grant 1002/14.



1 Introduction

There has been significant recent progress on problems involving graph spanners: subgraphs which
approximately preserve distances. The traditional notion of spanner has involved multiplicative
stretch, in which all distances are preserved up to a multiplicative factor known as the stretch. If
this stretch factor is k then the subgraph is known as a k-spanner. It has been known for over
20 years that all undirected graphs admit sparse spanners if the stretch factor is at least 3, where
sparser and sparser spanners are possible as the stretch factor increases. More formally, Althofer
et al. [4] showed that for every graph G and integer k > 1, there is a (2k — 1)-spanner of G with at
most n!t/% edges. Moreover, this is tight assuming the Erdés girth conjecture [22].

A different but synergistic question involves optimizing spanners: given an input graph G and
a stretch value k, can we algorithmically find the sparsest k-spanner of G? After all, not all graphs
are those from the girth conjectures, and if some graph does have a sparse spanner, we would
like to find it. This is known as the BASIC k-SPANNER problem [I7], and similar optimization
problems can be defined for many other versions of spanners where tradeoffs do not exist, such as
for directed graphs [8, I8 [7, 20], when the objective is to minimize the maximum degree rather
than the sparsity [14] [I5], etc. Many of these problems can be thought of as standard network
design problems (e.g. Steiner Tree, Steiner Forest, etc.) but where the connectivity constraint is
augmented with a distance constraint: not only do certain nodes need to be connected, the distance
of the connecting path must be short. There has been significant recent progress, both positive and
negative, on many of these problems: in general they tend to be as hard to approximate as Label
Cover [5] (but not always), but it is still often possible to give nontrivial approximation algorithms.

In parallel with this work on optimizing spanners, there has been rapid progress on understand-
ing what other tradeoffs are possible. Three directions in particular have been the focus of much of
this work, and in fact have been shown to be related [2, [9]: additive spanners, distance preservers,
and pairwise spanners. In additive spanners we restrict attention to unweighted graphs, but ask
for the stretch to be additive rather than multiplicative (giving us more leeway for small distances,
but less flexibility for long distances). In distance preservers and pairwise spanners we make an
orthogonal change to the spanner definition: instead of preserving all distances, we are given some
subset of pairs of nodes T C V x V (known as the demands) and are only required to preserve
distances between demand pairs. In a preserver we must preserve these distances exactly, while in
a pairwise spanner we again allow some stretch (multiplicative or additive) for the demands. All
three of these objects exhibit somewhat surprising behavior (see Section for a more detailed
discussion), but have also shown to be related to each other (for example, preserver lower bounds
can imply pairwise spanner lower bounds [2], and some overlapping techniques have been useful for
both preservers and additive spanners [9]).

In this paper we bring together these lines of work, by studying the approximability of distance
preservers, pairwise spanners, and additive spanners. We provide the first nontrivial upper bounds
for distance preservers and pairwise spanners, while for additive spanners we provide the first known
hardness of approximation. Our hardness of approximation in some ways mirrors recent results on
tradeoffs for additive spanners [I], in that we can provide hardness for settings where the associated
multiplicative problem is actually easy. Moreover, the techniques required for our upper bounds
also yield new insight into classical network design problems, giving an improved approximation
for the Directed Steiner Forest problem when all edges have the same cost.



1.1 Owur Results and Techniques

We now give our results, and for each result some short intuition about the techniques used. Given
a graph G, we will let dg(u,v) be the shortest-path distance between u and v in G' (note that we
are assuming unweighted graphs throughout this paper, so the distance is the same as the number
of edges). If G is clear from context we may omit it, and simply refer to d(u,v).

Definition 1.1 Given a directed graph G = (V,E) and a collection P C V x V, a subgraph
H = (V,E') is a pairwise distance preserver if dg(u,v) = dg(u,v) for all (u,v) € P.

Definition 1.2 In the PAIRWISE DISTANCE PRESERVER problem we are given a graph G = (V, E)
(possibly directed and with edge lengths) and a collection P C V' x V', and are asked to return a
pairwise distance preserver H which minimizes |E(H)|.

Our first result is for distance preservers, where we give the first nontrivial upper bound.

Theorem 1.3 For any constant € > 0, there is a polynomial-time O(n3/5+5)-approzimation algo-
rithm for the PAIRWISE DISTANCE PRESERVER. problem.

The main difficulty in proving this theorem is the fact that n is not a lower bound on the
optimal solution. Most approximation algorithms for spanners (e.g. [8, 18] [7, 20]) involve randomly
sampling shortest-path trees: since n — 1 is a lower bound on OPT for spanners, sampling f trees
only costs us f in the approximation ratio. But for preservers, n is no longer a lower bound since
the optimal solution need not be connected. Hence sampling shortest path trees is no longer low
cost, and without this step any existing algorithm for spanners we might apply has unbounded
cost.

To overcome this, we replace shortest-path trees with junction trees. Junction trees are trees
which cover “significant” demand at “little” cost. Typically they involve a root node r, and a
collection of shortest paths into r and shortest paths out of r in order to satisfy some of the
demand. Due to their simple structure we can usually find the densest junction tree (the tree with
best ratio of demand covered to cost incurred) relatively efficiently, and then due to their high
density these junction trees can be combined into a global solution at low cost. They have been
used extensively in network design since their introduction by [12], but this is the first time (as
far as we are aware) that they have been used for spanner problems, or for any problem with a
hard distance constraint. We believe that bringing this technique into spanners is a significant
contribution of this work.

By using some of the ideas about junction trees that we developed for the PAIRWISE DISTANCE
PRESERVER problem, we can give an improved approximation algorithm for a classic network design
problem: DIRECTED STEINER FOREST with uniform costs.

Definition 1.4 In the DIRECTED STEINER FOREST problem we are given a directed graph G =
(V, E), nonnegative edge costs ¢ : E — RZ%, and a collection of node pairs P CV x V. If all edges
have the same cost, we say that the edge costs are uniform. We are asked to return a subgraph H of
G which minimizes } c gy c(€) subject to there being a directed path from s to t for all (s,t) € P.

Theorem 1.5 For any constant ¢ > 0, there is a polynomial-time O(n3/5+6)—appr0ximation algo-
rithm for the DIRECTED STEINER FOREST problem with uniform edge costs.



The current best approximation for DIRECTED STEINER FOREST is O(n?/3) [7], and also comes
from intuition about spanners (directed spanners rather than distance preservers). Note that while
our approximation is stronger, it is for a significantly simplified setting (uniform edge costs).

Our next result is for pairwise spanners, where we relax the exact distance requirement of
preservers but unlike in DIRECTED STEINER FOREST do still have a hard restriction on the length.

Definition 1.6 Given a directed graph G = (V, E), a collection P C'V x V', and an integer k, a
subgraph H of G is a pairwise spanner with multiplicative stretch k if dg(u,v) < k-dg(u,v) for all
(u,v) € P. If dg(u,v) < dg(u,v)+k for all (u,v) € P then we say that H has additive stretch k.

Our approximation algorithm will actually be for a much more general problem than finding
pairwise spanners with a given stretch bound: we will allow every demand pair to have its own
stretch bound. We can instantiate these bounds to give multiplicative or additive stretch, but
we can also be more flexible if desired. This makes the problem essentially DIRECTED STEINER
FOREST but with a distance bound for each demand.

Definition 1.7 In the PAIRWISE SPANNER problem we are given a graph G = (V, E) (possibly
directed), a collection P CV x V, and a function D : P — B. We are asked to return a subgraph
H minimizing |E(H)| subject to dg(u,v) < D(u,v) for all (u,v) € P.

Theorem 1.8 For any constant ¢ > 0, there is a polynomial-time O(n3/5+6)—appmximation algo-
rithm for the PAIRWISE SPANNER, problem.

As before, we would like to find a junction tree with a common root r through which we connect
many terminal pairs. However, because of the distance constraints, we cannot use the [13] algorithm
for junction trees as a black box (and the thresholding argument for DIRECTED STEINER FOREST
does not apply due to the hard distance constraints). If we had constraints on the distances between
each terminal and the root r, then this could be handled using a reduction which layers the graph.
However, the stretch bound for a terminal pair here translates to a bound on the sum of distances of
the two terminals in that pair to/from r. The need to coordinate these distance pairs across many
terminal pairs, when the LP of [I3] might spread its weight across many possible distances for each
terminal, makes it much more difficult to round this LP. So we need to go into the details of [13]
and significantly change the LP and the rounding in order to allow terminals to make individual
distance choices but in a way that their sums still satisfy the stretch requirements. This involves
major technical challenges and forms one of the main technical contributions of this paper.

Finally, we move to lower bounds by studying additive spanners.

Definition 1.9 A subgraph H of a (possibly directed) graph G = (V,E) is a +k-spanner if
di(u,v) <dg(u,v) +k for all u,v € V.

Definition 1.10 In the ADDITIVE k-SPANNER problem we are given a (possibly directed) graph
G = (V,E) and an integer k > 0, and are asked to return a +k-spanner H minimizing |E(H)|.

To the best of our knowledge, ADDITIVE k-SPANNER has never been considered before this pa-
per. But while not explicit in their paper, it is straightforward to see that the O(nl/ 2)-approximation
algorithm of [7] for the multiplicative version continues to hold in the additive setting.

Theorem 1.11 For any constant € > 0 and any value k > 1 (not necessarily constant), there is

no polynomial-time 21°g176”/kz?’—approximation algorithm for ADDITIVE k-SPANNER unless NP C
DTIM E(2relos(n)),



Note that this theorem implies strong hardness results for both small and large extremes of k:
the problem is hard when k£ = 1, but is also hard when k is polylogarithmic in n. The associated
multiplicative-stretch problem, of multiplicative 2 and polylogarithmic in n respectively, are actually
both easy: there is an O(log n)-approximation for the multiplicative 2 problem [26], and the classical
tradeoff of [4] implies an O(1)-approximation when the multiplicative stretch is at least Q(logn).
The +1-spanner hardness is particularly surprising, as many of the techniques that have been used
to prove hardness for multiplicative spanners in the past [14}, 21 27] break down for this problem. In
particular, essentially all previous hardness results for spanners have been reductions from LABEL
COVER [5] or MIN-REP [27] in a way where the key factor to the hardness is the difficulty of spanning
some set of crucial edges using paths of length at most the allowed stretch. This length must be
at least 3, since multiplicative 2-spanners are easier to approximate [26]. But for +1-spanners it
cannot be that edges are what are hard to span, for the same reason (multiplicative 2-spanners are
easy). Instead it must be pairs at longer distance which are hard to span. But the obvious ways
of turning an edge into a longer path (e.g. subdividing) run into something of a catch-22, since
spanning the intermediate edges of such a path is itself expensive. So we are forced to use a much
more complicated reduction which “unifies” these paths in such a way that intermediate edges are
no longer too costly, making our reduction significantly more complex.

Once we have these ideas, we can further modify them to allow us to prove hardness for much
larger stretch values. Without using the ideas from the +1 case it is easy to prove a theorem similar
to the hardness of BASIC k-SPANNER proved in [17] of 2(0s'~“n)/k  Thig involves starting with an
instance of MIN-REP and subsampling the superedges to get a high girth instance, but with this
technique it is not possible to prove hardness for stretch values that are logarithmic or larger. But
if we replace the superedges with longer paths, as we did in the +1 case, we can move the k from
the exponent to a multiplicative factor, allowing hardness for much larger stretch values. This
requires even more technical work than in the +1-case, as the longer paths introduce even more
troublesome complications.

1.2 Related Work

Distance preservers were introduced by Coppersmith and Elkin [16], who showed that extremely
sparse preservers exist if the number of demand pairs is not too large. The state of the art is due
to Bodwin and Williams [9], who gave a more fine-grained existential analysis and also (with [2])
demonstrated some connections to additive spanners. There has been much more work on additive
spanners (see [I1] for a recent survey); some upper bound highlights include a +2-spanner with
O(n?/?) edges [3], a +4-spanner with O(n"/%) edges [10], and +6-spanner with O(n*/?3) edges [6} 29).
From a lower bound perspective, Woodruff [28] gave the first lower bounds that did not depend on
the Erdés girth conjecture, and recently Abboud and Bodwin [I] showed that the 4/3 exponent is
tight: sparser spanners are not always possible even with the allowed additive stretch is a small
polynomial.

Work on optimizing spanners began over 20 years ago, with the first upper bounds provided
by Kortsarz and Peleg [26] for stretch 2 and the first lower bounds given by Kortsarz [27] and
by Elkin and Peleg [21I] (who in particular showed hardness for pairwise spanners; hardness for
distance preservers is folklore). There has recently been a spurt of progress on these problems,
including new algorithms for low stretch [7, 20], for directed spanners [8, [7), [18], for low-degree
spanners [14), [I5], and for fault-tolerant spanners [I8| 19} 20], as well as lower bounds which finally
provide strong hardness [17].



2 An n?/5*t_approximation for Pairwise Distance Preserver

In this section we prove Theorem [I.3 We begin with some definitions and previous results which
will help. For any pair (s,t) € P, let Ps; denote the collection of shortest paths from s to ¢, and
let the local graph G5' = (V' E5') be the union of all nodes and edges in Ps;. Note that every
path from s to t in G*! is a shortest path. For any k, we say a pair (s,t) € P is k-thick if |V > k
and otherwise, we call the pair k-thin. We say that an edge set F' C E satisfies a pair (s,t) € P is
F' contains a shortest path from s to ¢t. Consider the following standard LP relaxation (essentially
that of [I8] for spanners).

min ) pTe

st D pep., fp=21 V(s,t) € P
EpEPS t:e€P fp < Te V(S,t) € P,Ve € E*
Te >0 Veec E

Let LP denote the value of the optimal solution to this relaxation. The next claim is due to [7]
(here we adapt the wording for preservers).

Claim 2.1 ([7]) Independent randomized rounding where we retain each edge e independently with
probability min{1, z. - kInn} preserves the distance for every k-thin pair with high probability, and
the number of edges retained is at most O(k) - LP.

For thick pairs, we have a different guarantee. As noted in [8|, [I8] [7], the local graphs of thick
pairs have a small hitting set (this can be proved by random selection or through rounding a feasible
solution for a Hitting Set LP):

Claim 2.2 We can find in polynomial a hitting set of size O(n/k) for the vertex sets V! of all
k-thick pairs (s,t).

We assume that we know the value OPT (this is without loss of generality since we can just try
every possible value in [|E|] for OPT). We start with the following algorithm.

Algorithm 1: Set £ = n/v/OPT. Run independent randomized rounding as in Claim to get
a set of edges F. Find a hitting set X C V of cardinality O(n/k) using Claim for the vertex
sets V5! for k-thick pairs (s,t), and for every u € X, add to F' a shortest-path tree from u and a
shortest-path tree into u. Return F.

It is easy to see that the resulting set is a preserver, and that the cardinality of the set of edges
added to F in the final step is O(n?/k), and so we get the following guarantee:

Lemma 2.3 Algorithm 1 gives an O(n/v/OPT)-approzimation for PAIRWISE DISTANCE PRE-
SERVER.

Proof: By the above observation for thick pairs, and Claim for thin pairs, we get an approx-
(kLP)+O(n?/k)  O(-OPT)+O(n?/k) _ O(mvOPT) _ A (_n -

OPT = OPT oPT T JoPT )
Remark 2.4 For global spanner problems (when OPT = Q(n)), a similar algorithm and analy-
sis in [1] gives an approximation ratio of O(n/vOPT) = O(y/n). However, since we have no
lower bound on OPT for non-global spanning and connectivity problems, we cannot achieve such a
guarantee using just this algorithm.

. . O
imation guarantee of



When OPT > n*/®, the above guarantee immediately implies our desired O(n?/)-approximation.
So let us now consider the case when OPT < n*/5. We begin by partitioning our pairs P into logn
buckets, such that in each bucket, the distances d(s,t) in that bucket are all in the range [d*,2d*)
for some value d* associated with that bucket. We run our algorithm separately for each bucket, at
the cost of an additional logn factor in our approximation guarantee (relative to the approximation
that we will state). Let us focus on one such bucket Py« for a fixed value d*. Our next algorithm is
similar to Algorithm 1, but does not add a full shortest-path tree and works well for buckets where
d* is small. For the sake of this algorithm, let us define sets of nearby terminals for every vertex
weV: Sh ={s|d(s,u) <2d*,3t: (s,t) € P}, and T}, = {t | d(u,t) < 2d*,3s: (s,t) € Py}

Our second algorithm is as follows:
Algorithm 2: Set k¥ = v/d*n. Run independent randomized rounding as in Claim to get an
edge set F. Find a hitting set X C V of cardinality O(n/k) for the vertex sets V¢ for k-thick

pairs (s,t) € Py«, and for every u € X, add to F' a shortest path from u to every t € T, and from
every s € SY, to u.

It is easy to see that the resulting set preserves distances for all pairs in Py, and that the
cardinality of the set of edges added to F' in the final step is O(d*(maxyev (]S4 |+ [T |))n/k), and
so we get the following guarantee:

Lemma 2.5 Algorithm 2 satisfies all pairs in Py and has at most O(\/ d*n - OPT) edges.

Proof: Note that every terminal must have at least one incident edge in any preserver, and so
the number of terminals is always at most O(OPT). Thus, by the above observation for thick pairs,
and Claim [2.1/ for thin pairs, we get a total cost of O(k - LP) + O(d* (max,cy (|S% | + |TiL])n/k) <
O(k - OPT) + O(d*OPTn/k) = O(v/d*n - OPT). m

Note that for d* < n!/5, this gives us our desired O(n3/5) approximation guarantee. Finally,
we focus on the remaining case when d* > n%/° (and recall that OPT < n%/®). For this regime,
we use the junction tree approach which has been used until now only for problems without hard
distance constraints [13} 23, [7]. A junction tree is a disjoimﬂ union of an in-arborescence and an out-
arborescence with terminal leaves and a common root. In our case, the leaves of the in-arborescence
will come from the set Sg« = {s | 3t : (s,t) € Pg=} and the leaves of the out-arborescence will come
from the set Ty« = {t | s : (s,t) € Py+}. The density of a junction tree (in the context of preservers)
is the ratio between the number of edges in the junction tree, and the number of terminal pairs
in Py« such that the junction tree contains a shortest path connecting that pair. In order to find
such a junction tree, we construct a pair of graphs for every node u: we let Gidn* (u) be the union of
all shortest paths into u, let G3*(u) be the union of all shortest paths coming out of u. Note that
every path in these two graphs is a shortest path.

Chekuri et al. [13] show that for any fixed u, a least dense junction tree for general connectivity
problems can be approximated within an n® factor for any ¢ > 0. While their algorithm is only
designed to handle connectivity demands, and not distance-based demands, we can apply their
algorithm as a black box on the graph Gg+, which we define as the disjoint union of G (u) and
G9*(u) (connected through u), and the pairs Py(u) = {(s,t) € Py | d(s,u) + d(u,t) = d(s,t)}.
Since the only paths connecting such terminal pairs in this graph are shortest paths, we are guar-
anteed that every pair connected by the algorithm of [I3] will also be distance-preserved. Thus our
third algorithm is as follows:

!The two arborescences may overlap in the original graph, but we may think of them as coming from two distinct
copies of the graph.



Algorithm 3: As long as Py # (), repeat the following:

e For every u € V, use the algorithm of [I3] to find an approximately optimal junction tree in
graph Gg«(u) and pairs Py«(u), and let F* and P" be the set of edges used and terminals
connected by this algorithm, respectively.

e Choose u* minimizing the ratio |F*"|/|P""|, add edge set F"" to F, and remove pairs P"
from Pys.

The approximation guarantee of this algorithm is as follows:
Lemma 2.6 Algorithm 3 satisfies all pairs in Py« and adds at most n® - OPT?/d* edges.

Proof: As shown in [23], the above algorithm adds at most O(«- OPT) edges (for some o > 1) as
long as we have the guarantee that we can find a junction tree with density at most «- OPT /| Py= E]
Thus, by our adaptation of the algorithm of [I3], it suffices to show that there exists a junction tree
with density at most O((OPT/d*) - OPT/|Py+|), guaranteeing that we can find a junction tree with
at most the same density up to an additional n® factor. To see that such a junction tree exists, let
F C E be some optimum solution, for every pair (s,t) € Py fix a shortest path ps; in F', and for

every edge e € F, let Py(e) = {(s,t) € Py« | e € pss}. Thus, for the average edge in F' we have
1 2d* | Py .
opT Lcer | Par(€)] = o7 Xaner,. IPstl 2 b1 L(anep,. 24" = opt—- Thus there exists an

edge e with a junction tree going through it which connects at least Q(d*| Py« /OPT) pairs, and uses
at most OPT edges (since it is a subset of F), giving a density of at most O(OPT/(d*|Py|/OPT)) =
O(OPT?/(d*|Py)), as required. ]

So by applying Algorithm 2 for buckets where d* < n'/5 and Algorithm 3 for buckets where d* >
n/5, and using the fact that OPT < n#/® (or else Algorithm 1 is already sufficient), Lemmas and
imply that we get an approximation ratio of at most O(Vn!/5n)+O0(n°n*/> /n!/%) = O(n3/5+¢),
as claimed.

3 Directed Steiner Forest with Uniform Costs

We now turn to DIRECTED STEINER FOREST with uniform cost edges, but give only a brief
overview; details are in Appendix [A] For this problem, we would like to adapt our algorithm
for preservers and get an n3/5t¢-approximation. This could be done quite directly, if we knew, for
some optimum solution F' C E, what the distance in F' of every terminal pair is. However, since
these distances are not known (unlike for preservers), we need to be slightly more careful. We can
use the following standard LP relaxation:

min ) pTe
s.t. capacities x. support a one unit s — ¢ flow fs; V(s,t) € P
ze >0 Vee E

While we have no notion of local graphs independent of the LP, for every pair (s,t) € P, we can
define V! to be the set of vertices involved in the flow fs;, and we can define k-thick and k-thin

2They showed this in the context of Directed Steiner Forest, however the same proof applies for any terminal-pair
demand problem.



terminal pairs w.r.t. the cardinality of this set. It follows from the analysis in [7] that k-thin pairs
can be connected with cost O(k - LP)

The algorithm proceeds along the similar lines as before: We guess OPT. If OPT > n%/5, we
run Algorithm 1 (with the new definition of V**), and get an O(n?/%)-approximation as before (as
in Lemma . Otherwise, we repeatedly find an edge set with minimum density (relative to the
number of newly connected terminal pairs). We set D = n1/5, and try two options to find a sparse
set (corresponding to two cases), only using the sparser of the two sets. The cases are as follows: If
at least half the remaining unconnected pairs have distance at least D in F', we can run Algorithm
3 just as before, with the same density guarantee as in the proof of Lemma On the other hand,
if at least half the remaining unconnected pairs P’ have distance at most D in F, we can write an
LP relaxation in which the total flow along paths of length at most D is at least |P’|/2. On this
relaxation, we run Algorithm 2, with threshold k = v/Dn and bound D on the distance of shortest
paths to/from the hitting set. The analysis is very similar to that of Lemma

4 Pairwise spanners

Much of our algorithm for pairwise preservers can be used for pairwise spanners with almost no
change. In particular, Algorithms 1 and 2 work just as stated, with the same guarantees, up to
a small (but well known) change in the LP to allow paths within the stretch bound for each pair
rather than just shortest paths. However, Algorithm 3 does not work as stated. Recall that in
Algorithm 3, we constructed a graph of shortest paths through a root u for which we wanted to
find a sparsest junction tree using the algorithm of [I3] as a black box. This black box reduction
worked because we restricted our instance so that all paths were shortest paths. However, there
is no obvious graph we can restrict to for arbitrary distance bounds (or even when we only allow
additive or multiplicative stretch). Consider a single pair (s,t), and all paths of distance D(s,t)
that go through a proposed junction tree root u. Some of these paths could have a prefix of length
D(s,t)/2 to u and a suffix of length D(s,t)/2 from wu to ¢, while others may have a prefix of length
D(s,t)/2—1 to u and a suffix of length D(s,t)/2+1 from u to ¢t. Allowing the algorithm to connect
s and t using the edges from the union of such paths can result in a path of length D(s,t) + 1, or
even more, violating the required distance.

Thus handling these hard distance requirements introduces significant difficulties, and requires
us to modify the algorithm of [13] in a non-black-box manner. At a high level, their algorithm uses
height reduction and a reduction to (undirected) Group Steiner Tree via a density LP. Roughly
speaking, our version of their density LP has a flow fs to u for every left terminal s, and a flow
ft from u to t for every right terminal ¢t. Each flow is explicitly decomposed into flows on specific
path lengths. That is, f¥ only uses paths of length exactly &, etc. Our LP is roughly of the form

min = ) cpTe

s.t. capacities z. support s — u,u — t flows fs, fi V terminals s, ¢ (4.1)
S syep okre<n(sy mind | FELIf} =1
e >0 Vee E (4.3)

In order to apply the technique of [13], we need to make the choices of distances for left and

3In fact, the reason is simpler than in [7]: every minimal cut (separating s from t) corresponds to a partition of
V*¢ bounding the number of minimal cuts by 2*.



right terminals independent. In other words, we need to restrict every left or right terminal r to a
fixed set of distances A(r) such that for every pair (s,t) € P we have k+ ¢ < D(s,t) for every pair
of distances (k,¢) € A(s) x A(t), while still preserving a large (1/polylog(n)) LP value for these
pairs in Constraint . We show that this can be done via a subtle pruning argument which first
applies a standard bucketing technique, and then takes every left terminal s with a current set of
possible distances A\; < ... < A, and applies a non-uniform averaging to show that there is a prefix
set of distances {A1, A2,..., Ay} which are simultaneously good for many terminal pairs involving
s. The process is then repeated for right terminals. Details appear in Appendices [5] and

5 Junction Tree Algorithm for Pairwise Spanner

This section is a work in progress. For now, we're keeping a special subsection for the Chekuri et
al. lemmas, so we can work on those in parallel.

5.1 Lemmas from [13] and [24]

The following lemma is from [I3]: <Eden’s Comment 5.1: Needs a proof sketch>>

Lemma 5.1 (Height reduction) Let G = (V| E) be an edge-weighted directed graph with edge
weights w : E — ]Rg, let r € V be a source vertex of G, and let o > 0 be some parameter. Then we
can efficiently construct an edge-weighted undirected tree T, rooted at 7 of height o and size |V|O((’)
together with edge weights w : E(T,) — R, and a vertex mapping W : V(1;) — V(QG), such that

e For any arborescence J C G rooted at r, qnd terminal set S C J, there exésts a tree J - TT
rooted at 7 such that letting L(J) and L(J) be the set of leaves of J and J, respectively, we
have L£(J) = W(L(J)). Moreover, w(J) < O(a|L|Y7) - (J).

e Given any tree J C T rooted at #, we can efficiently find an arborescence J C G rooted at r

A ~

such that, for leaf sets L(J) and L(J) as above, we have L(J) = ¥(L(J)), and moreover,
w(J) < w(J).

EC 5.1

The following lemma is from [24]: <Eden’s Comment 5.2: Can we cite a specific lemma/theorem?>> &c s.2

Lemma 5.2 (Group Steiner Tree rounding in a tree) Given an edge-weighted undirected tree T

rooted at r, with edge weights w : E(T) — RY, a collection of vertex sets S C P(V(T)), and a
solution to the following LP:

min Z w(e)ze

eclE
s.t. capacities {x.} support one unit of flow from r to S vSeS
Te >0 Vee E

Then we can efficiently find a subtree T C T rooted at v such that for every S C S at least one
vertex of S participates in the tree T', and w(T") < O(lognlog|S| - > cpw(e)ze).



5.2 Everything else

In this section, we present our approximation algorithm for approximating Minimum Density Junc-
tion Tree for the PAIRWISE SPANNER problem, which we then use as part of Algorithm 3 in Section 4]
(replacing Algorithm 3 from Section . Formally, we prove the following theorem:

Theorem 5.3 For any constant € > 0, there is a polynomial time algorithm which, given an
unweighted directed n vertex graph G = (V, E), terminal pairs P C V x V', and distance bounds
D : P — N (where D(s,t) > d(s,t) for every terminal pair (s,t) € P, approzimates the following
problem to within an O(n) factor:

e Find a non-empty set of edges F C E minimizing the ratio

. |F|
eV [{(5,£) € P | dpp(s,t) < D(s, £)}]

where dp(s,t) is the length of the shortest path using edges in F' which connects s to t while
going through r (if such a path exists).

Although we solve the same Minimum Density Junction Tree problem as in PAIRWISE DISTANCE
PRESERVER and DIRECTED STEINER FOREST, there are key technical difficulties we run into when
trying to find junction trees for PAIRWISE SPANNER. In DIRECTED STEINER FOREST, we do not
have to concern ourselves with the length of the paths. In PAIRWISE DISTANCE PRESERVER, we are
able to restrict the graph to use only shortest paths. Here we have many choices of source-to-root
and root-to-sink paths with various distances, and we have to pick a pair of paths with the right
distances. Thus, it is not possible to use the algorithm of [13] for the Minimum Density Junction
Tree problem as a black box. While our algorithm follows the same overall structure as theirs, key
parts of the algorithm need to be applied in conjunction with a reduction, while others need to be
replaced.

In fact, we have two technical issues. First, a standard technique that reduces the Minimum
Density Junction Tree problem to a tree instance of the density version of the Group Steiner Forest
problem (GSF) does not work for us, as it does not keep track of distances. Secondly, the approach
of [?] is to bucket an LP relaxation for Density GSF, giving a relaxation for GSF itself, which can
then be rounded directly using the algorithm of [24]. Here, again, we cannot apply their technique
directly, because the bucketing needs to prune the possible distances for different terminals, so that
they can be picked independently while still respecting the total distance bound between terminal
pairs.

As usual, we will try all possibilities for a root » € V, and approximate a minimum density
junction tree rooted at r. For every such choice of r, we start by reducing our problem to an
instance of the following problem:

Definition 5.4 In the MINIMUM DENSITY STEINER LABEL COVER problem we are given a di-
rected graph G = (V, E), nonnegative edge costs w : E — R(J{, two collections of disjoint vertex
sets S, T C P(V), a collection of set pairs P C S x T, and for each pair (S,T) € P, a relation
R(S,T) C S xT. The goal is to find a set of edges F C E minimizing the ratio

w(F)
{(S,T) € P|3(s,t) € R(S,T) : F contains an s ~> t path}|
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Our reduction allows us to use the first part of [I3] by turning our distance problem into a
connectivity problem, albeit a considerably more complicated one. The reduction is as follows:
construct a layered directed graph with vertices

Vi=((V\r)x{-n+1,...,-2,-1,1,2,...,n—1}) U{(r,0)}

and edges
E, ={((u,1),(v,i+ 1)) | (u,i),(v,i+ 1) € V., (u,v) € E}.

Set all edge weights for e € F, to w(e) = 1. Now for every terminal pair (s,t) € P with distance
bound D(s,t), add new vertices (s', —i) and (%, j) for all 4, 5 > 0 such that (s, —i), (¢,5) € V,., and for
all such ¢ and j add zero-weight edges ((st, —1i), (s, —4)) and ((¢,7), (¢, 7)). Denote this final graph
by G,. Finally, for every terminal pair (s,t), define terminal sets Ss; = {(s*, —i)|i > 0}NV(G,) and
Tsr = {(t%, )7 > 0} NV(G,), and relation Rs; = {((s*, =), (t°,7)) € Sst x Tss | i + 7 < D(s,t)}.

To use our construction, we need one more, much simpler graph: Let G’ be a graph comprised
of two graphs G4 and G_ which are copies of G intersecting only in vertex r. Denote by u,u_ the
copies of u in G4, G_, respectively. The following lemma follows directly from our construction:

Lemma 5.5 For any f > 0, and set of terminal pairs P' C P, there exists an edge set F' C E(G')
of size |F| < f containing a path of length < D(s,t) from s_ to ty for every (s,t) € P’ iff there
exists a junction tree J C E(G,) of weight w(J) < f such that for every terminal pair (s,t) € P’,
J contains leaves (s', —i), (t%,7) such that ((s*,—i), (t%, 7)) € Rsyt.

Thus, to prove Theorem it suffices to show that we can achieve an O(n®)-approximation
for the MINIMUM DENSITY STEINER LABEL COVER instance (G, w,{Ss, Tst, Rst | (s,t) € P})
obtained from our reduction. We are now ready to apply the first part of the junction tree algorithm
of [I3]. We apply the algorithm of Lemma to our weighted graph (G,,w) with parameter
(constant) o > 1/e, and obtain a shallow tree T} with weights @, and mapping ¥ : V(T}) — V(G,.).
All terminals (s, —i), (%, ) in ‘G, are now represented by sets of terminals U—1((st, —i)) and

UL(¢%, —j), respectively, in V(7}). We can extend the relation R, in the natural way to
Frou = {(5,5) € U7(S0s) x UT00) | (9(5), 9(0) € Ru},
Therefore, by Lemma and Lemma [5.1] it suffices to show the following;:

Lemma 5.6 There exists a polynomial time algorithm which, in the above setting, gives an O(log3 n)
approximation for the following problem:
e Find a tree T C T} minimizing the ratio

B (E(T)) |
{(s,t) € P |3(3,t) € Ry : T contains an  ~ t path}|

The rest of this section is devoted to proving Lemmal5.6] In the original junction tree algorithm
of [13], with no distance constraints, the application of Lemma gave a MINIMUM DENSITY
GROUP STEINER FOREST instance, for which they formulated and rounded an LP relaxation.
However, our reduction yields a connectivity problem of a much more subtle nature, in which it is
not enough to choose representatives of various sets of terminals, but to also choose them in a way
that satisfies the relations R(s,t). Fortunately, the relations R(s,t) have a very specific structure,
which still allows us to obtain a polylogarithmic approximation (whereas for more general relations

11



the problem would be considerably harder). Nevertheless, these non-cross-product relations require
both a new LP relaxation, and a more subtle rounding. We use the following natural LP relaxation
for the problem described in Lemma

min Z w(e)ze

GGE(TT)

s.t. Z Z yé,f =1

(s;)EP (5,8)eRs .t

> yi<a V(s,t) € P,5 € U1(S,,)

t:(8,t)ERs ¢
Y i<z V(s,t) € Pt € U (Tyy)

( f)eRst
capacities x, support z; flow from § to 7 V(s,t) € P,s € U1(Sg )
capacities z. support z; flow from 7 to ¢ V(s,t) € Pt € \Ilfl(TS,t)
Ysi >0 V(S,t) € P, (§7tA) € Rs,t
Te >0 Ve € E(T})

This is easily seen to be a relaxation, by considering, for any tree T' C T,., the following solution: Let
= {(s,t) € P | 3(4,t) € Rs; : T contains an § ~» t path}. Let z. = 1/|Py| for every e € E(T),
and ze = 0 otherwise. Then clearly the objective function gives > . B @ w(e)re = w(T)/|Pr| as

required. Next, for every (s,t) € Pr, let (3,1) € Rs7t be a pair of representatives that is connected
by T', and set z5 = 2; = y;; = 1/|Pr|, and set all other y and z variables to 0. It is easy to check
that all constraints are satisfied by this solution.

Given an optimum solution to the above LP relaxation, our goal is to transform such a solution
to an LP relaxation for GROUP STEINER TREE (on the tree 7}), which can then be rounded using
known algorithms without losing too much in the LP value. In particular, for pairs (s,t) € P,
we need to prune the sets of representatives W~1(S;;) and W=1(Ts;), so that we can choose such
representatives independently while still respecting the problem structure. Formally, we need to
find representative sets Sst C U 1(Ss,) and Tst C U 1(Ts;) such that S, + X TS . C Rst (so that
there is no chance that we will pick a pair of representatives corresponding to a path of total length
greater than D(s,t)), but also make sure that these representative sets still cover a large LP value.
This representative set pruning is accomplished by sorting the representatives of each terminal,
and taking all representatives of a terminal up to the median representative. The formal pruning
procedure is as follows:

e For all terminal pairs (s,t) € P, define v, := E(§ ek, Ysiic

e For every terminal pair (s,t) € P, sort the representative sets W=1(S;:) and ¥~1(75;) by
non-decreasing order of distance labels:

— Sort \Ii_l(Ss,t) = {51, 89,...} such that if i < j, where ¥(5;) = (s*, —i) and U(s5) =
(st,—j), then i’ < j'.

— Sort W(Ty ) = {t1,12,...} such that if i < j, where U(¢y) = (¢5,i) and U({;) = (%, j),
then ¢/ < j'.

12



e Choose median prefix sets for all terminals: For every terminal pair (s,t) € P, define

k
p(s") ;= min < k | Z Z Ys, 0 = Vsit/2 ¢, and

=1 ft(§i,£)€é5,t

k
p(s') :=min < k | Z Z Yai, = Vst/2 ¢
i=1 §:(§7£i)€Rs,t
and let 5 .
Sspi={8|i¢€ [(sH]} and Tsp:={ti | i€ [pu()]}.

As we shall see, the choice of median representative prefix sets automatically guarantees that at
least half the LP value is preserved. However, we need to make sure that these sets do not contain
any pairs that are disallowed by the spanner constraints (formally, by the terminal relations R, ¢):

Lemma 5.7 In the above algorithm, for every terminal pair (s,t) € P we have gs,t X Ts,t C Rs,t.

Proof: Fix some terminal pair (s,t) € P. For the purpose of this proof, let us also define the

suffix set U = {8; | i € {u(st),...,|¥71(Ss+)[}}. By our choice of u(s') and definition of s, we
have that
u(st)—
Z Z Ys 0= Vst — Z Z Ys, & > Vst — 'Ys,t/2 = 7$,t/2-
3€U {:(3,0)eRs 1 =1 §:(3;,0)eRs

Now, let £ be such that ¥(8,,(,)) = (s*, —£), and note by our sorted ordering that for every § € U we
have W(§) = (s, —¢') for some ¢’ > /. Therefore for any representative § € U, for any representative
t € Ty4 such that (5,7) € Ry; we must have W(f) = (¢°, ) for some j < D(s,t) — £' < D(s,t) — L.
Thus, letting k = max{k’ | U({y) = (t°, D(s,t) — £)}, again by our sorted ordering we have

This immediately implies that k > u(ts). Moreover, for any § € Sst and t € Ts(C {t1,...,1}),
we have ¥(3) = (st, —¢') and W(f) = (st, j') such that ¢ < £ and j' < k = D(s,t) — £, and therefore
'+ j' < D(s,t), Wthh implies that (s, t) € Ry, thus proving the lemma. [ ]

With this pruning in place, we can run the remaining part of the classical junction tree algorithm.
By the definition of vs; and the LP constraints, we get that E( st)ep Vst = 1. We now bucket the
pairs P by their v values. That is, for all i € {0,1,..., [log|P|]}, define P; = {(s,t) € P | vs: €

(271279}, By a standard argument, there exists some i* such that z(s,t)ePi* Vot > m,

and so " /O(logn). Moreover, for every pair (s,t) € Py we have

and similarly



Now, scaling our LP solution to z* := max{1,2" *2.2.}, we get a (possibly suboptimal) solution
to the following LP:

min Z w(e)x;

eck

s.t. capacities {z}} support one unit of flow from # to S, V(s,t) € P
capacities {z*} support one unit of flow from 7 to Ty V(s,t) € P
xp >0 Vee E

By Lemma we can round this LP solution, and obtain a tree T C T} of weight

w(T") = O(log®n - Z w(e)z) <20 - O(log?n - Z w(e)xe))

ecE(T}) e€B(Ty)

such that for every pair (s,t) € P« at least one vertex § € SS , and at least one vertex t € T. st are
connected through 7 in the tree 7”. Recalling by Lemma that such (5,%) pairs also belong to

R+, we have the following bound on the “density” of the tree 7"
w(T") < w(T") B 1
[{(s,t) € P |3(5,1) € Ry, : T contains an § ~ f path}| ~ [P O(log®n - > ecE(T) w(e)we)’

thus rounding our original LP, and proving Lemma and in turn Theorem

6 Hardness Results for Additive Spanners

In this section we give our hardness results for additive spanners. We begin with an informal
overview of the result for +1-spanners, and then discuss how to extend the reduction to +k-spanners
for larger stretch values. All details can be found in Appendices [B] and [C}

In all of our reductions we will start from the MIN-REP problem, which was first introduced
by [27]. In MIN-REP we are given a bipartite graph G = (A, B, E) where A is partitioned into
groups Aj, Ao, ..., A, and B is partitioned into groups By, Bo, ..., B;, with the additional property
that every set A; and every set B; has the same size (which we will call |%| due to its connection to
the alphabet of a 1-round 2-prover proof system). This graph and partition induces a new bipartite
graph G’ called the supergraph in which there is a vertex a; for each group A; and similarly a vertex
b; for each group Bj. There is an edge between a; and b; in G’ if there is an edge in G between
some node in A; and some node in Bj. A node in G’ is called a supernode, and similarly an edge
in G’ is called a superedge.

A REP-cover is a set C' C AU B with the property that for all superedges {a;,b;} there are
nodes a € A;,NC and b € B;NC where {a,b} € E. We say that {a, b} covers the superedge {a;, b;}.
The goal is to construct a REP-cover of minimum size.

We say that an instance of MIN-REP is a YES instance if OPT = 2r (i.e. a single node is
chosen from each group) and is a NO instance if OPT > glog' "“n) Kortsarz [27] prove that unless
NP C DTIME(2P°¥1°8("))  for any constant € > 0 there is no polynomial-time algorithm that can
distinguish between YES and NO instances of MIN-REP. So the problem of distinguishing between

these instances is the starting point of our reduction.
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Intuition for +1-Spanners: In the basic reduction framework, due to [27, 2], we start with
a MIN-REP instance, and then for every group we add a vertex (corresponding to the supernode)
which is connected to vertices in the group by “connection” edges. We then add an edge between any
two supernodes that have a superedge in the supergraph. So there is an “outer” graph corresponding
to the supergraph, as well as an “inner” graph which is just the Min-Rep graph itself, and they are
connected by connection edges. The basic idea is that if we want stretch 3, the only way to span a
superedge is to use a path of length 3 that goes through the MIN-REP instance, in which case the
MIN-REP edge that is in this path corresponds to nodes in a valid REP-cover. So if we create many
copies of the outer nodes (i.e. of the supergraph), then in a YES instance each copy can be covered
relatively cheaply by using 3-paths corresponding to the small REP-cover, while in a NO instance
every copy requires many edges simply in order to 3-span the superedges. This can be generalized
to larger stretch values by changing the connection edges into paths of length approximately k/2.

Slightly more formally, suppose that we make x copies of the outer nodes. Then in the basic
reduction, in a YES instance we can find a 3-spanner that has total size of approximately x - 2r,

o : . 1—
while in a NO instance every 3-spanner has size at least z - 21°8° " "r-,

This reduction strongly depends on having canonical paths of length at least 3: since there
is an O(logn)-approximation for multiplicative stretch 2 spanners [26], no similar reduction can
exist. So if we want to prove hardness for +1-spanners, we need to make the true distance between
supernodes at least 2, rather than 1. The obvious way to do this would be to subdivide each
superedge into a path of length 2. But now consider these new vertices: clearly in the optimal
solution they must have degree at least one, and thus even in a YES instance the sparsest spanner
must have size at least = - |E(G')| =~ «x - 2log' "1y S we have entirely lost the hardness!

The intuitive solution is to subdivide superedges as before, except we use the same middle
vertex for all of the 2 copies. Thus we have to add only |E(G’)| extra nodes rather than x - |E(G’)|,
and so the fact that these nodes must have degree at least 1 in the optimal solution is no longer a
problem. Of course, now we have other problems: how do we span all of the new edges we added?
To do this we have to add yet another dummy node and paths of length 2 from each outer node
each of the middle superedge nodes, so it does not seem like we have much progress. This seems like
a catch-22: every time we add new vertices or edges to span other pairs, it becomes too expensive
to span what we’ve added. But now by carefully hooking these nodes up together, it turns out that
we can use the same extra dummy node for each of the z copies, so the total extra cost ends up
being only O(rz), which is still small enough that we maintain the hardness gap.

Hardness for +k-Spanners: To extend our hardness reduction to larger stretch values we will
want to use the same basic idea: instead of supernodes being at distance 1 from each other if they
have a superedge (as in the classical reductions [27, 21, [17]), we will make them further away initially
and make sure that canonical paths have length exactly £ more than the original lengths. But here
the reason we need large initial distance is very different from the reason that we needed it for +1-
spanners: when the additive stretch is larger than 1, then including superedges directly would lead
to the possibility of spanning a superedge using non-canonical paths made up entirely of superedges.
This was the main difficulty in proving hardness of approximation for multiplicative spanners, and
was overcome by [I7] by sparsifying the superedges so there are no short non-canonical paths (note
that allowing directed edges solves this problem, for both multiplicative and additive spanners, but
we want hardness for even the undirected setting). But we pay a price in the hardness for doing

1—e

this sparsification: the hardness drops to 957 n, which becomes negligible when k£ = Q(logn).
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Pushing past this boundary requires giving up on sparsifying. Thus the supergraph might have
girth 4, so if the original distance between two supernodes connected by a superedge is d, then the
spanner instance we construct might have a path of length 3d using only these superedge paths. To
prevent such paths from being a problem, we will have to make them be too long, i.e. we will need
3d — d = 2d to be greater than the additive stretch k. But again we have the same Catch-22 as in
+1-spanners: if we replace each superedge by a long path, then simply spanning all of the edges in
those paths is too expensive. Moreover, it now becomes difficult to span pairs that were innocuous
before, e.g. two copies of the same supernode. Overcoming these issues requires adding even more
extra paths and vertices, which create their own complications when trying to span them. But
these difficulties can be overcome with enough technical work; see Appendix [C] for details.
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A Directed Steiner Forest with uniform costs

We show here, in more detail, how our algorithm for preservers may be adapted for unweighted Di-
rected Steiner Forest, to give an n3/5*e-approximation. We start with our adaptation of Algorithm
1, for the corresponding case when OPT > n#/5. As mentioned in Section [3, we use the following
standard LP relaxation:

min - ) cpTe
s.t. capacities x. support a one unit s — ¢ flow fs; V(s,t) € P
Te >0 Vee E

For every pair (s,t) € P, we define its local graph w.r.t. this LP: let V5! be the set of vertices
involved in the flow fs:. We can define k-thick and k-thin terminal pairs accordingly — (s,t) is a
k-thick pair if |[V*!| > k, and otherwise it is k-thin. The guarantee of Lemma follows here with
the same analysis. The only difference is the justification of Claim from [7]. In their paper, the
proof of this claim relies entirely on showing that the number of minimal “antispanners” (edge sets
whose removal from the flow f,; increases the distance from s to t) is bounded by |E| - |Vt IV,
In our case, the proof is even simpler, since rather bounding the number of antispanners, we need
to bound the number of minimal cuts, which is clearly at most V! (since every minimal cut is
simply a partition).

Now suppose OPT < n*5. As discussed in the proof of Lemma as long as we have an
algorithm to find a junction tree (or really any edge set) with density at most o - OPT/|P|, we
can repeatedly apply such an algorithm to the set of remaining unconnected pairs, adding at most
O(a - OPT) edges overall. One way to find an edge set with good density is indeed via junction
trees, or by adapting one of our other algorithms to connect a constant fraction of pairs. Thus, we
need an algorithm which finds an edge set with density at most n®/°7¢.OPT/|P|. Rather than using
buckets as in Section [2 we use thresholding. While our approach at this point is very similar to
that of [7], the actual parameters and combination of algorithmic components is slightly different,
so we give the algorithm and analysis here for completeness. Set D = n!/®, and define a layered
graph Gp = (Vp, Ep) where Vp =V x {0,1,...,D}, and

Ep ={((v,j =1),(v,9)) [ 7 € [DIA(((u,0) € E)V (u=v € V))}
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We start with the following LP relaxation:

min ) pTe

s.t. ferisa(s,0)— (¢, D) flow V(s,t) € P (A.4)
D
> farle) < e Ve € E(s,t) € P (A.5)
j=1
|fstl <1 Y(s,t) € P (A.6)
7 |fatl > IP|/2 (A7)
(s,t)eP
e >0 Vee I (A.8)

While this LP seems to increase the number of vertices by a factor of D, it is simply a compact
way of formulating a flow LP on G where the flows are restricted to paths of length at most D,
and we may think of the flows f,; as such.

The algorithm now trades off a slight variant of Algorithm 2 and Algorithm 3, and chooses the
sparser of the two edge sets:

Algorithm 4

e Solve the above LP relaxation (if feasible), and run Algorithm 2 on pairs Py 4 := {(s,t) € P |
| fs.t] > 1/4}, where V! is the support (in V) of flow fs, and distance bounds D (w.r.t. the
hitting set), and let Fj be the edge set found by this algorithm.

e For every u € V, use the algorithm of [I3] to find an approximately optimal junction tree in
graph G and all pairs P, and let F'* and P“ be the set of edges used and terminals connected
by this algorithm, respectively.

e If the LP is infeasible, or |Fy|/|P| > min, |F,|/|P.|, then add output F;, that minimizes this
ratio. Otherwise, output Fj.

The following lemma gives the required guarantee:

Lemma A.1 Assuming OPT < n*/®, Algorithm 4 outputs an edge set F' which connects terminal
pairs P' C P such that |F'|/|P'| < n3/5t< . OPT/|P|.

Proof: For some optimum solution, let Pp be the set of terminal pairs in P which the solution
connects using paths of length at most D. Consider two cases.

Case 1: |Pp| > |P|/2.
In this case, the above LP is feasible, and has value at most OPT. Also note that constraints (A.6))
and (A.7) imply that [Py, > [P[/3, and so by the same analysis as Lemma the algorithm

connects these pairs using at most O(n*50PT) edges, giving a set of density O(n*/® - OPT/|P|).

Case 2: |Pp| < |P|/2.

In this case, at least P/2 pairs are connected by paths of length at least D, and so we find a junction
tree with density at most n° - OPT2/(|D||P|) < n/5t¢ . OPT/|P| by the exact same analysis as in
the proof of Lemma, 2.6 ]
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B Hardness Results for +1-Spanners

In all of our reductions we will start from the MIN-REP problem, which was first introduced
by [27]. In MIN-REP we are given a bipartite graph G = (A, B, E) where A is partitioned into
groups Ay, As, ..., A, and B is partitioned into groups B1, B3, ..., B, with the additional property
that every set A; and every set B; has the same size (which we will call |%| due to its connection to
the alphabet of a 1-round 2-prover proof system). This graph and partition induces a new bipartite
graph G’ called the supergraph in which there is a vertex a; for each group A; and similarly a vertex
b; for each group Bj. There is an edge between a; and b; in G’ if there is an edge in G between
some node in A; and some node in Bj. A node in G’ is called a supernode, and similarly an edge
in G’ is called a superedge.

A REP-cover is a set C' C AU B with the property that for all superedges {a;,b;} there are
nodes a € A;,NC and b € B;NC where {a,b} € E. We say that {a, b} covers the superedge {a;, b;}.
The goal is to construct a REP-cover of minimum size.

We say that an instance of Min-Rep is a YES instance if OPT = 2r (i.e. a single node is chosen
1—e

from each group) and is a NO instance if OPT > 2% “"p,

Theorem B.1 ([27]) Unless NP C DTIME(2P°W!08() | for any constant € > 0 there is no polynomial-
time algorithm that can distinguish between YES and NO instances of MIN-REP. This is true even
when the graph and the supergraph are regular, and both the supergraph degree and |X| are polyno-

. . 1—e
mial in 21°8 ",

B.1 The Reduction

Suppose we are given a MIN-REP instance G = (A,B,E) with associated supergraph G’ =
(U,V,E"). For any vertex w € U UV we let I'(w) denote its group. So I'(u) C A for u € U,
and I'(v) C B for v € V. We will assume without loss of generality that G’ is regular with degree
dq and G is regular with degree ds. Let x € N be a parameter which we will set later.

Our +1-spanner instance will have several kinds of vertices. We first define the following vertex
sets:

Vour = U x [a] Vour =V x [2]
S={sy:yeUUV} M = {myy : {u,v} € E'}.

In other words, the V,,; vertices are just x copies of the nodes in the supergraph, S consists
of one additional “special” node for each node in the supergraph, and M has a vertex for each
superedge (these are the “middle” nodes). Let Vg = V., UVE, UAUBUSUM be the “main”
vertex set. For technical reasons these vertices will not quite be enough, so we will also define a
single special node ¢ and a set of nodes T'= {t, : y € Vr}. The final vertex set of our instance will

be
Vo=VeU{tyuT =VE UVE UAUBUSUMU{t}UT.

out ou

Now that our vertices are defined, we need to define edges. We first add inner edges, which will
just be a copy of the Min-Rep instance G. Formally, since A, B C Vg, we just let E;;, = E. We
will next connect the outer nodes to the inner nodes using connection edges:

Econ = {{(u,i),a} :uc UUV Aa €T'(u) Ni € [z]},
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The next set of edges (the outer edges) form length-2 paths for each superedge:

Eouwt = {{(u,i),mu}:u € UAi € [z] AMu,v} € E'},
U, 5),mu} v €V AG € 2] Afu,0} € E'.

We next connect nodes in .S using three edge sets: one which connects S to the outer nodes,
one which connects S to the inner nodes, and one which connect S to the middle nodes M:

Eso = {{(u,1),84} :u € UUV N € [z]},
Esi={{a,su} :ucUUV ANael'(u)}

Espm = {{su,mu} :u € U A{u,v} € E'} U{{sv,muv} :v eV A{u,v} € E'}.

We next add group edges to form a clique inside each group:
Egroup = {{a,;b} : T7'(a) =T 7' (0)}.

Finally, we will add “star” edges to make the entire graph have diameter 4 by going through
the special node t:

Estar = {{taty} BNTIS VR} U{{ty,y} HYAS VR}

Our final edge set E¢ is the union of all of these sets: Eg = Eijp U Ecop U Egyr U Ego U Eg; U
Esm U Egroup U Estar-

B.2 Analysis
B.2.1 Soundness

We first analyze the soundness of this reduction: we want to show that the size any +1-spanner
is lower bounded by OPTyr (the optimal solution of the Min-Rep instance G). Let H be an
arbitrary +1-spanner of G = (Vg, Eq).

Definition B.2 A path between outer nodes (u,i) and (v,j) is called canonical if it has the form
(u,i) > a— b— (v,]), where a € y(u) and b € I'(v). In other words, it is a length 3 path whose
first and last edges are from E.o, and whose middle edge is from Ej,.

Note that if {u, v} is a superedge then (u, i) and (v, j) are at distance 2 in G because of the outer
edges. Thus in H they must be at distance 2 or 3. The intuition is that if {u, v} is a superedge then
H should contain a canonical path from (u,i) to (v,7) for all 4,j € [x]. Such a path exists, since
it corresponds to choosing nodes in a REP-cover to satisfy the {u,v} superedge. Unfortunately
this isn’t quite true, but it’s “true enough” — with only a small loss, we can guarantee that enough
paths are canonical.

For the purposes of lower bounding |E(H)|, it will turn out to be easier to only consider the
case of j = i. Note that (u, ) and (v, j) are also at distance 2 when j # i, but for the purpose of the
analysis we will only care about j = ¢. Thus we will not try to make all possible paths canonical,
but rather only when j =1
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Definition B.3 A +1-spanner H' of G is canonical if for all outer nodes (u,i) and (v,i) where
{u,v} € E' and i € [z], there is a canonical path between (u,i) and (v,i).

Lemma B.4 There is a canonical +1-spanner H' of G with |E(H')| < 4|E(H)|.

Proof: For each superedge {u,v} € E', let ay, € I'(u) and by, € I'(v) be arbitrary inner nodes
so that {ayuy, by} € E, i.e. so that there is a canonical path (u,i) — ayy — byy — (v,7) for all
i,j € [z]. We create a new graph H' by starting with H, and then for each ((u,i), (v,4)) pair of
outer nodes where {u,v} € E" and i € [x] but where there is no canonical path from (u,%) to (v, 1),
we add the connection edges {(u,i),ay,} and {(v,i),by,} and the inner edge {ayy, by} (if these
edges do not already exist). Since H' contains H, we know that H' is also a +1-spanner, and it is
canonical by construction.

So it remains to prove the size bound. How many edges did we add to H to get H'? Suppose
we added (at most 3) edges to canonically span the pair ((u, ), (v,4)). Then in H the path between
(u,i) and (v,i) already had length at most 3, but was not a canonical path. Since it was not a
canonical path but had length 3, it must have one of the following forms:

1. (u,i) = myy — (v,14), or
2. (u,1) = Myy — Sy — (v,1), or
3. (U, i) = Sy — Myy — (v,17).

This classification is easy to see by inspection. The unique path of type 1 is clearly the only
path of length 2. And the only nodes reachable in 2 hops from (u,7) are inner nodes, outer nodes
of the form (u,j), sy, My, (where ' is not necessarily equal to v), sy, (), and t. If a 2-hop
path to an inner node can be extended in one hop to (v,i) then we have a canonical path, so by
assumption no such path exists. Of the other nodes reachable in two hops, the only ones adjacent
to (v,4) are my, and s,. Hence no paths other than paths 2 and 3 exist of length 3.

This classification implies that either {(u, i), myy} or {(v,7), mgp} (or both) is an edge in E(H ).
Let eyy; be one of these edges (if both exist, choose one arbitrarily). When creating H', we added
up to three edges in order to add a canonical path between (u,i) and (v,7). We will charge those
edges to eyy;.

When we do this for all {u,v} € E' and i € [z], it is clear that we have charged a different
edge for each such (superedge, value) pair. Since each charge involves at most three new edges,
and every existing edge is charged at most once, we immediately get the lemma. [ |

Theorem B.5 Any +1-spanner H of G has |E(H)| > © - OPTyr/4.

Proof: By Lemma we just need to show that |[E(H')| > z- OPTyg.

For i € [z], let C; C AU B be the set of inner nodes which in H’ are adjacent to the associated
outer node, i.e. C; = {a € AUB : {(I'"Y(a),i),a} € E(H'")}. We first claim that C; is a REP-cover
of G for all i € [z]. To see this, fix i € [z] and a superedge {u,v} € E'. Since H' is canonical there
is a canonical path (u,i) = a — b — (v,) in H'. Thus a and b are both in C;, and since the middle

edge of the canonical path is an edge in F we know that C; covers the superedge {u,v}. Hence C;
is a valid REP-cover for all ¢ € [z], and thus |C;| > OPTygr

Now note that by definition, every node a € C; is incident on an edge {a, (I'"*(a),i)}. Since
this edge is different for all i € [z] and a € Cj, we immediately get that |E(H')| > "7 | |Ci| >
X - OPTMR |
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B.2.2 Completeness

We now show completeness: that there is a +1-spanner of G which does not cost too much more
than OPT)sr in the YES case. Recall that in a YES instance there is a valid REP-cover of size
|U| 4 |V'| where for each supernode we choose exactly one representative. Let C' be such a REP-
cover, for each u € U let a,, be the unique element of C' N I'(u), and for each v € V let b, be the
unique element of C N T'(v).

The subgraph H of G we will analyze will include E;;, U Eso U Eg; U Egp U Fgpor. It will also
include connection edges {(u,%),a,} for all i € [x] and v € U and connection edges {(v,1),by,}
for all ¢ € [z] and v € V. Finally, it will include a star of group edges in each group, with the
representative from C' as the center. More formally, for each v € U we will include the group edges
{{ay,a} :a € T'(u)} and for each v € V we will include the group edges {{b,,b} : b € I'(v)}.

We first analyze the size of H, and then later will prove that it is a +1-spanner of G. Recall
that dg is the degree of the supergraph G’ (which is regular). Let n’ be the number of nodes in

the supergraph, and let |X| denote the size of each group in G.
Theorem B.6 H has at most 8n'des S| 4 4n'z edges when G is a YES instance.

Proof: Clearly F;, = E has at most n/ de|X]? edges, Es, has at most n’x edges, Eg; has at most
n'|X] edges, Fsp, has at most n’dg edges, and Egq has at most 2|Vg| = 2(n'x +n' +n'dgr) edges
The number of group edges added is clearly at most n’|%|, and the number of connection edges is
at most n’z. Putting this together, we get that

|E(H)| <ndg|S)? + 'z + 0|3+ nldg + 2(n'z 4+ n' +n'dg) + 0/ |Z| + n'z
< 8n'dg |8 + 4n'x

as claimed. [ |
Theorem B.7 H is a +1-spanner of G.

Proof: Since H includes all star edges it has diameter at most 4, and hence any two vertices
which were originally at distance 3 or 4 are spanned by H. Thus we only need to analyze pairs
which were at distance 1 or 2 in G.

We begin by analyzing pairs which were at distance 1 in G, i.e. edges of G. If some edge is also
in H then it is trivially spanned. The only edges of G not in H are the outer edges, some group
edges, and some connection edges. Each outer edge has a length 2 path spanning it by using one
edge of E,, and one edge of E,,,. Each group edge has a length 2 path spanning it using the star
inside every group that is included in H. Similarly, each connection edge has a 2-path spanning it
using the included connection edge and an included star edge. Slightly more formally, consider a
connection edge {(u,i),a}. Then H includes the connection edge {(u,?),a,} and the group edge
{ay,a}. The same analysis holds for connection edges on the other side.

We now consider pairs which were at distance 2 in GG, and prove that they are at distance at
most 3 in H. To do this, first note that if the 2-path connecting two nodes in G has both edges
in H then it is trivially still spanned in H, and if one of the two edges are in H then it still has
distance at most 3 in H (since by the previous analysis all missing edges are replaced by a path of
length 2). So we only need to worry about pairs of vertices at distance 2 in G where both edges on
the 2-path in G are not in H.
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This leaves only a few cases to analyze, based on the types of the two edges in the path. We
consider them each.

1. Two outer edges. From an outer node (u,i) € V.k, any path involving two outer edges must
end at either an outer node (v,j) where {u,v} € E’ or at a node (u,j) with j # i. For the
first of these, we know by construction that there is a length-3 canonical path from (u,7) to
(v, 7). For the second, there is still a 2-path by going through s, and using two edges from
Eso. The same analysis holds for paths from outer nodes (v, j) € V.2

out*
The only other type of 2-path involving only outer edges are path between two middle nodes,
i.e. 2-paths from m, to m,. For such a path to exist, either «' = u or v = v, and hence
H still has a 2-path of the form my, — s, — My, or of the form my, — s, = My

2. Two connection edges. Any 2-path involving two missing connection edges must be either
between outer nodes (u,) and (u, j) with i # j, or between two inner nodes a, b with I'"!(a) =
I'~1(b). In the first case there is still a 2-path between the nodes by using edges in E,, and
in the second case there is still a 2-path by using the remaining edges of Egoup in T'(I'"1(a)).

3. Two group edges. This is trivial since any pair of nodes connected by such a 2-path are also
connected by a single group edge, so the analysis for a single edge holds.

4. Outer edge and connection edge. Any such path is from a middle node m,, to an inner node
a € I'(u) UT'(b). A 2-path between these nodes exists in H by using an edge in Fg,, and an
edge in Ej;.

5. Outer edge and group edge. No such path exists.

6. Connection edge and group edge. The two endpoints of such a path must be an outer node
(u,7) and an inner node a € I'(u). But G already has a connection edge between them, so
they are at distance 1 in G and the previous analysis applies.

Thus H is a +1-spanner of G. [ |

B.2.3 Putting it Together

We can now finish the proof of hardness.

Theorem B.8 For any constant € > 0, there is no polynomial-time 21°g176"-app7’oximation algo-
rithm, for the +1-spanner problem unless NP C DTIM E(2pPWles(®)),

Proof: We first instantiate o to be dg/|X|?. With this setting of z, it is obvious that the graph G
created by our reduction has size n which is polynomial in the size n'|X| of the Min-Rep instance

G (and that we can create G in polynomial time).

The standard Min-Rep analysis implies that under the given complexity assumption, there is no
polynomial-time algorithm which can distinguish between the YES case where OPT);r = n’ and the
NO case where OPTy g > n'2le’ (I3 Lot OPT denote the size of the optimal +1-spanner for G.
Then Theoremimplies that if G is a NO instance then OPT > 2-OPTyg/4 > an/-2l8' “0'[=) /
4. On the other hand, if GisaYES instance, then Theorems and imply that OPT < 12n’z.
Thus we cannot approximate the +1-spanner problem better than 48 - glog’ ~“(n|Z]) By using a
sufficiently smaller value of € (and restricting our attention to large enough input instances), this
implies hardness of 216" " as claimed. [ ]
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C Hardness for +k-Spanners

We now prove hardness for larger additive stretch, with the goal of proving Theorem [1.11

C.1 The Reduction

Suppose we are given a bipartite Min-Rep instance G = (A,B,E) with associated supergraph
G' = (U,V,E'). For any vertex w € U UV we let I'(w) denote its group. So I'(u) C A for u € U,
and I'(v) C B for v € V. We will assume without loss of generality that G’ is regular with degree
d, and let ' = |[U UV/|. Let z € N be a parameter which we will set later.

Our +k-spanner instance will have several kinds of vertices. We first define the following vertex
sets:

Voﬁt:UX[w]X[k—ll ‘/oqR;t:VX[.’II]X[k‘—l}
S={sy:yecUUV} L={;j:ueUUV,i€z],jek—1]}
M={mi, :{uvle Eniclk—2]} Vi.=AUB
k—1
Q={g:ycUUV} P:{mmwueUUKiGMJe[[ZZWb

Let the union of the above vertices be Vg = VA, UVE UAUBUSUMULUPUQ, which
will be the “main” vertex set. Note that |Vi| < kn'z + n/|X| + n' + n'kx + n/dk + n' + n'ka <
3n'kx +n'(|X] + 2 + dk) < 3n'kx + 2n/ (]3] + dk)

In order to decrease the diameter, we will also have an extra node ¢ and extra nodes

T=A{tyi:yeVgAielk—1]}

The final vertex set of our instance will be

Va=VrUT=VE UVEUAUBUSUMULUQUPUT U {t}.

Now that our vertices are defined, we need to define edges. We first add inner edges, which will
just be a copy of the Min-Rep instance GG. Formally, since A, B C Vi, we just let F,;,, = E.

We next define the crucial connection edges, we connect the inner nodes to the outer nodes:

Econ = {{(u,i,1),a} :u € UUV ANa € I'(u) Ni € [z]}.

We now need to define paths among the outer nodes:

Epatn = {{(u,4,7), (w3, + 1)} ruc UUV A € [x] Aj € [k —2]}

The next edges also form paths: Ep is set up to provide alternate bounded-length paths between
the outermost outer nodes, and E7, is set up to provide bounded-length paths from the outermost
outer nodes to S.

Er ={{(u,i,k—1),lyi1} :ucUUV Ai€E [z]}
U{luijsluijr1t i u € UUV A€ z]AjE[k—2]}
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U{{luik—1,8u} ru € UUV Ni€ [z]
Ep = {{(u,i,k —1),puin}:uc€ UUV Ai€ [z]}
E—1
U {{PuijrPuijr1} v €UUV Ai€[z]Aj € {2-‘ —1}
U {{pu,i’[kfl‘l,qu} cueUUV Ad € [z]}

2

We now connect the nodes in S using two edge sets:
Eoo = {{su,luir—1}:ucUUV AL € [z]}
Eon = {{su,ml,} :u e UA{u,v} € E'YU{{s,,m";%} ;v eV A{uv} € E}.

And now we connect the nodes in M via more paths. Note that the following edge set is empty
if k= 3.

Ey = {{m!,,m:T1Y : {u,v} € B' Ni € [k — 3]}

uv

We connect M to V,,; using outer edges:
Eout = {{(u,i,k—1),mL Yy :ueUniclz]A{uv}cE}

U{{(v,i,k—1),mF 2} v eV Aie[z]A{u,v} € E'}.

We now add group edges to form a clique in each group, and star edges to make the entire
graph have diameter 2k:

Egroup = {{a,b} :a,b € AUBAT ! (a) =T71(b)},
FEgor = {{t,tyyk_l} NS VR} U {{ty7i,ty7i+1} ryeVrAtE [k — 2]}
This completes the reduction: the final edge set is

EG = E@n U Econ U Epath U EL U EP U Eso U Esm U EM U Eout U Egroup U Estar-

C.2 Analysis
C.2.1 Soundness

We will first show that the size of any +k-spanner of G is lower bounded by OPT)/r (the optimal
solution of the Min-Rep instance GG). Let H be an arbitrary +k-spanner of G.

Definition C.1 Let {u,v} € E'. A path between outer nodes (u,i,k —1) and (v,j,k — 1) is called
canonical if it has the form

(u,i,k—1) = (u, 0,k —2) = -+ = (u,4,1) 2 a = b— (v,5,1) = (v,4,2) = -+ — (v,j,k — 1).

In other words, it goes through edges in Epqp, then through a connection edge, then an inner edge,
then a connection edges, and then more edges in Ejqp.
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Note that any canonical path has length exactly 2k — 1, and that a € I'(u) and b € I'(v). Since
the distance in G from (u,i,k — 1) and (v,j,k — 1) is k — 1 via the path (u,i,k — 1) — ml —
m2, — o — mk 2 (v,j,k — 1), a canonical path is a valid spanning path for this pair.

Definition C.2 A +k-spanner H' of G is canonical if for all outer nodes (u,i,k—1) and (v,i,k—1)
with {u,v} € E', there is a canonical path between (u,i,k — 1) and (v,i,k — 1)

Note that this definition of canonical uses the same value of ¢ on both sides — this is to simplify
the charging argument used in the proof of the next lemma.

Lemma C.3 There is a canonical +k-spanner H' of G with |E(H')| < 2k|E(H)|.

Proof: For each superedge {u,v} € F’, let ay, € I'(u) and by, € I'(v) be arbitrary inner nodes so
that {ayy, by} € E , i.e. an pair of nodes which would cover the superedge. We create a new graph
H' by starting with H, and then for each pair of outer nodes (u,i,k — 1) and (v,i,k — 1) where
{u,v} € E’ that do not have a canonical path, we add the canonical path between them through
Gyy and by,. Slightly more formally, if any edges in the following path are missing, we add them
(note that all of these edges are in G): (u,i,k —1) — (u,i,k —1) = -+ = (u,3,1) = ayy — byy —
(v,i,1) = (v,4,2) = -+ — (v,i,k — 1).

Since H' includes H, it is clearly a +k-spanner. It is canonical by construction: if it is not
canonical then there is a pair of outer nodes (u, i,k — 1) and (v,i,k — 1) with {u,v} € E’ which is
not spanned by a canonical path. But for every such pair we added a canonical path.

Thus it remains only to bound the size of H'. We do this by a charging argument: we will show
how to charge edges we added to already existing edges of H, in such a way that no edge of H is
charged more than 2k — 1 times. This will clearly prove the lemma.

Suppose to get H' we added a canonical path to span (u,i,k — 1) and (v,i,k — 1). Note that
this path has length exactly 2k — 1. In order to charge this path to an edge of H, we first need
to understand the way in which (u,i,k — 1) and (v,,k — 1) could have been spanned in H. Since
the distance between them in G is exactly k — 1 (using the path through M), in H there must be
a path between them of length at most 2k — 1, and this path must be non-canonical (or else we
would not have added a canonical path). It is easy to verify that there are only three non-canonical
paths between them of length at most 2k — 1:

L. (u,ik—1) = ml, - m2, =+ = mk 2 — (v,i,k —1) (length k — 1), and

2. (U,Z,ki ) - ‘gu,i,l — Eu,i,Z — o gu,i,k—l — Su — mzlw — m%w — o mﬁlTQ -
(v,i,k — 1) (length 2k — 1), and

3. (uyik—1) = ml, = m2, = - = mh2 5 sy 5 b1 = ik = = byl —
(v,i,k — 1) (length 2k — 1).

Hence H must include at least one of these paths. All three of these paths include an outer
edge: either {(u,i,k—1),mL,} or {(v,i,k—1),mk 2} or both. We charge all edges on the canonical
path we added to whichever of these outer edges exists in H (if they both exist in H, then we pick
one arbitrarily). Clearly any two canonical paths will be charged to different outer edges, and thus
each edge in H is charged at most 2k — 1 times, proving the lemma. [ |

This now makes it easy to prove soundness.
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Theorem C.4 Any +k-spanner H of G has |E(H)| > 5 - OPTyg

Proof: By Lemma we just need to show that |E(H')| > z - OPTyg.

For i € [z], let C; € AU B be the set of inner nodes which in H' are adjacent to the associated
outer node, i.e. C; = {a € AUB : {(I'Y(a),i,1),a} € E(H")}. We first claim that C; is a REP-
cover of G for all i € [z]. To see this, fix i € [z] and a superedge {u,v} € E'. Since H' is canonical
there is a canonical path (u,i,k —1) = (u,i,k —2) - -+ = (u,i,1) = a = b — (v,i,1) —
(v,4,2) = (--- = (v,4,k — 1) in H'. Thus a and b are both in C;, and since the middle edge of the
canonical path is an edge in E we know that C; covers the superedge {u,v}. Hence C; is a valid
REP-cover for all i € [z], and thus |C;| > OPTygr

Now note that by definition, every node a € C; is incident on a connection edge {a, (I'"*(a),i,1)}.
Since this edge is different for all ¢ € [z] and a € Cj, we immediately get that |[E(H')| > >"7 ;| |Ci| >
z-OPTyg. |

C.2.2 Completeness

We now show completeness: that there is a 4+1-spanner of G which does not cost too much more
than OPTyr. Let C be a REP-cover of size OPTy g, and for each wu e UUV let C,, = C N T'(u).

The subgraph H of G that we will analyze will include Ej, U Epq, UELUEpUE U Eg, UE U
Egroup U Estar. In other words, the only edge sets we defined which it does not entirely include are
FEeon and Eyye. Of these, we do not include any edges of E,,;. We include connection edges to inner
nodes in C, i.e. we also include all edges in the set {{(u,%,1),a} :u € UUV ANa € C, ANi € [z]}.

We first analyze the size of H, and the later will prove that it is a +k-spanner of G. Recall
that d is the degree of the supergraph G’ (which is regular), and |X| is the size of each group. Let
n' =|UUV].

Theorem C.5 H has at most x - Tk?*OPTyr + 8k*n'd|X|? edges

Proof: The following size bounds are direct from the definitions:

|Ein| < n/d|SP?, | Epatn| < (k —2)n'z, \EL| < kn'z,
|Eso < 'z, |Eom| < n'd, |En| < kn'd,
| Egrou| < /|SI, | Bstar| < 30'K2x + 20/ k(|3 + dk) |Ep| < kn'z

The number of connection edges we add is at most x - |C| = z - OPTyg. Adding these all up,
we get that
|E(H)| < 2(OPTyr + 7k*n') + 6kn/|S|% 4 20n/k%d
< 2(OPTyg + Tk*n') + 8k*n'd|%|?
< z-8k*OPTyp + 8k°n/d|S|

where for the last inequality we used the fact that OPTy g > n/'. [ |

Note that this implies that if x > d|X|? then |E(H)| < x - 8k?0OPTyp + x - 8k*0OPTyp <
z - 16k*OPTyg

Theorem C.6 H is a +k-spanner of G.
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Proof: Because of Ey,,, the diameter of H is at most 2k and thus we only need to worry about
spanning a pair of nodes if their distance in G is at most k — 1.

We first consider the simple case of nodes at distance 1 (i.e. edges of G). The only edges of
G missing from H are the outer edges and some connection edges. Consider a connection edge
{(u,i,1),a} which is not in H. Then since C,, # ) there is some a’ € C,, and thus H has a path
of length 2 spanning the missing edge: (u,i,1) — o’ — a, where the first is a connection edge and
the second is a group edge.

Now consider a missing outer edge {(u,i,k — 1),ml }. In H there is a path of length k + 1
between these nodes by using edges of £, and Eg,,, in particular the path (u,i,k —1) — £,;1 —
luio — - = Lyik—1 — Su — ml,. A similar path exists for missing outer edges of the form
{(v,i,k —1),mF>2}.

’ uv

For the next case, consider two nodes at distance 2 in G. If the shortest path between them
has zero or one edge in E(G) \ E(H), then we know that their distance in H is at most k + 2
as desired. The only pairs of nodes at distance 2 in G whose shortest path contains two edges
from E(G) \ E(H) are 1) outermost outer nodes corresponding to the same supernode, e.g. nodes
(u,i,k — 1) and (u,i’,k — 1) with ¢ # ¢/, and 2) innermost outer nodes corresponding to the same
supernode, e.g. nodes (u,%,1) and (u,i’,1) with ¢ # ¢’. The second case is simple: these nodes have
a 2-path in H using a different shortest path of two connection edges to the same inner node in
Cy. The first case is essentially why we added the P and @ nodes: there is a path of length either
kE+1 (if k is even) or k+ 2 (if k is odd) between (u, i,k —1) and (u,?, k — 1) by using edges in Ep.

Now consider two nodes who are at distance more than 2 (but less than k) in G. If their shortest
path contains at most 1 outer edge or connection edge, then the above discussion implies that they
are spanned in H. Since they are at distance less than k, their shortest path cannot include both
an outer edge and a connection edge. Hence we are only concerned with pairs whose shortest path
contains more than one connection edge or more than one outer edge.

It is easy to verify that every shortest path of length less than k includes at most two connection
edges, or at most two outer edges. Pairs that are connected by a shortest path with two connection
edges are spanned in H by a path of length at most 2 longer than in G by routing around the
missing connection edges.

The more interesting case is pairs of nodes that are connected by a shortest path which includes
two outer edges. If these two outer edges directly follow each other on the shortest path, then we
already showed that they are spanned by a path of length at most k + 2. Hence using this detour
only add at most +k to the length of the shortest path and thus H has a path at most k longer than
in G. On the other hand, if they do not directly follow each other on the shortest path, then the
fact that the shortest path has length less than k£ implies that in fact the two nodes are outermost
outer nodes (u,i,k —1) and (v, j,k — 1) where {u,v} € E' (no other pairs have distance between 3
and k — 1 in G with shortest path containing two non consecutive outer edges). By construction,
there is a canonical path of length 2k — 1 in H between these nodes, and in G their distance is
k — 1, so H does span them.

Since this exhausts all cases, we have shown that H is a +k-spanner of G. [ |

29



C.2.3 Putting it Together

Theorem C.7 For any constant € > 0 and any value k > 3 (not necessarily constant), there is

no polynomial-time glog’ ¢ " /K3 -approzimation algorithm for the +k-spanner problem unless NP C
DTIME (2p°1y1°g(”)).

Proof: We first instantiate = to d||?. This means that the size of our reduction is

\V(H)| < k|Vg| < k(3n'kz + 2n/(|1Z] + dk)) < 3n'k*d|S|* + 20/ |S| + 2n/dk
< TE* D2 < TEA(n|2))2

Let OPT denote the size of the sparsest +k-spanner of H. Then Theorems [C.4] [C.5] and [C.6]
imply that

% -OPTypr < OPT < x - 16k20PTyrn.

Putting the size and the approximation together (with the fact that the original Min-Rep
instance had size n’|X]), we get that an f(n)-approximation for the +k-spanner problem would
result in a 32k3 - f(7k?n?)-approximation for Min-Rep. Then the known hardness results for Min-
Rep imply that this is at least glog' Using a smaller value of € in order to dominate the constant
factors completes the proof. [ |

D The Proof of Height Reduction (Lemma |5.1])

In this section, we sketch the proof of the existence of the tree T; in Lemma whose subtrees
corresponding to an arborescence in the original graph with a bounded cost. In short, the tree
T: in Lemma in constructed by listing all paths rooted at r of length at most ¢ in the metric
completion of G and then form a suffix tree on these paths. Our reduction is, indeed, the same
as “path-splitting” technique in [13]. All we need is to show the cost guarantee using the famous
Zelikovsky’s Height Reduction Theorem.

Given a graph G, the metric-completion graph of G, denoted by A(G), is a complete graph on
the same vertex set as GG, where each edge uv in A(G) has weight equal to the distance of u,v in
G. Thus, each edge uv of A(G) is associated with a shortest u, v-path in G, denoted by ¢(uv).

Theorem D.1 (Zelikovsky’s Height Reduction Theorem [30, 25]) For any arborescence J
with edge weights w : E(J) — RJ, there exists an arborescence J' in the metric completion A(J) of
J with height o and edge weights w' : E(J') — R such that L(J) = L(J') where L(J) and L(J')
are leaves of J and J', respectively, and w(J) = O(c|L(T)|V/).

Proof: [Sketch of The Proof] We order vertices of J by depth-first-search order. Let ¢ = 0, and let
Vo = L(J) be the set of “leaves” of .J. We first add a copy of V; to J. Then we partition vertices of
Vi into blocks By, ..., By, each of size A, according to the depth-first-search order. For each block
Bj, we find the least common ancestor of vertices of B;, denoted by a;. We add edges from each
v € Bj to a; (which will be added to J’). Then we define Vi41 = {a;}; (remove duplicate) and
continue the same process on V;i; until |[V; ;| = 1. At the termination, if the only vertex left in
Vit1 is v # r, then we add a copy of r to J' and join v to r. We define the weight w’(uv) of an
edge uv € E(J') to be the weight of the unique u, v-path in J.
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In each step, we pay a factor of O(A-w(J)) because paths from the same block may share edges,
and they can also share edges with one block from the left and one from the right. Since there are
only loga (|£(J)]) steps, we pay a factor of O(A -loga(|£(J)])). By adjusting the parameter A so
that o = loga (|£(J)|) and thus A = |£(J)|'/?, we have the claimed upper bound. ]

Building the tree T:. Next, we construct the tree T; as in Lemma by listing all paths of
length (number of edges) at most o in the metric completion of G (denoted by A(G)) that start
from r and then form a suffix tree. Let P} denote the set of all paths in A(G) that start at r and
has length at most 0. We then define T = (V, E) as a suffix tree on the set P/, i.e., the vertex and
edge sets of T, are

V=P, and E={(Q,Qu):Q,QuelP}

The mapping is defined to be the end vertex (resp., edge) of each path in 7.

U(Qu) =, for all Qu € V where Q € P’ v e V(G)
?(Qu, Quv) = ¢(uw), for all Qu, Quv € V where Q € P’ u,v € V(G)
Wap = w(p(uv)), for all i € E where () = Qu and ¢(9) = Quov

Now consider any arborescence J in G, and the arborescence J' of height ¢ as in Theorem [D.1
It is easy to see that there is a tree J in T} such that V(J') = ®(V(J)), and E(J') = W(E(J)).
This simply follows by the construction of T that we list all the rooted-path of length at most o
in A(G). For any edge uv € E(J'), where v = ¢(4) and v = ¢ (0), we know that w(a0) < w'(uv)
because w(u0) is the weight of a shortest u, v-path in G whereas w’(uv) is the weight of a u, v-path
in the subgraph J of G. This proves Lemma [5.1
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