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—— Abstract

Given an undirected possibly weighted n-vertex graph G = (V, E) and a set P C V? of pairs, a
subgraph S = (V, E') is called a P-pairwise a-spanner of G, if for every pair (u,v) € P we have
ds(u,v) < a-dg(u,v). The parameter « is called the stretch of the spanner, and its size overhead is
|E|
[Pl
A surprising connection was recently discussed between the additive stretch of (1+ ¢, 3)-spanners,

define as

to the hopbound of (1 + €, 8)-hopsets. A long sequence of works showed that if the spanner/hopset

log k
1+1/k for some parameter k > 1, then 8 & (%) °¢% In this paper we establish a new

1+1/k
7

has size = n
connection to the size overhead of pairwise spanners. In particular, we show that if |P| = n
then a P-pairwise (1 + €)-spanner must have size at least 3 - |P| with 8 ~ (%)logk (a near matching
upper bound was recently shown in [18]). That is, the size overhead of pairwise spanners has similar
bounds to the hopbound of hopsets, and to the additive stretch of spanners.

We also extend the connection between pairwise spanners and hopsets to the large stretch regime,
by showing nearly matching upper and lower bounds for P-pairwise a-spanners. In particular, we
show that if [P| &~ n'*1/ then the size overhead is 3 ~ k)

A source-wise spanner is a special type of pairwise spanner, for which P = A x V' for some
A C V. A prioritized spanner is given also a ranking of the vertices V' = (v1, ..., vn), and is required
to provide improved stretch for pairs containing higher ranked vertices. By using a sequence of
reductions: from pairwise spanners to source-wise spanners to prioritized spanners, we improve
on the state-of-the-art results for source-wise and prioritized spanners. Since our spanners can be
equipped with a path-reporting mechanism, we also substantially improve the known bounds for
path-reporting prioritized distance oracles. Specifically, we provide a path-reporting distance oracle,
with size O(n - (loglogn)?), that has a constant stretch for any query that contains a vertex ranked
among the first n'~° vertices (for any constant § > 0). Such a result was known before only for
non-path-reporting distance oracles.
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1 Introduction

Spanners and hopsets are basic graph structures that have been extensively studied, and found
numerous applications in graph algorithms, distributed computing, geometric algorithms,
and many more. In this work we study pairwise spanners, and prove an intriguing relation
between pairwise spanners, general spanners, and hopsets. We then derive several new results
on source-wise and prioritized spanners and distance oracles.
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On the Size Overhead of Pairwise Spanners

Let G = (V, E) be an undirected n-vertex graph, possibly with nonnegative weights on
the edges. An (a, §)-spanner is a subgraph S = (V, E’) such that for every pair u,v € V

ds(u,v)ga-dg(uw)—kﬂ, (1)

where dg, dg stand for the shortest path distances in G, S, respectively. A spanner is called
near-additive if its multiplicative stretch is & = 1 + € for some small € > 0.! Given a set
P C V2 of pairs, a P-pairwise a-spanner for G has to satisfy Equation (1) (with 8 = 0) only
for pairs (u,v) € P. The size overhead of a pairwise spanner is defined as %. A source-wise
spanner? is a special type of pairwise spanner, in which P = A x V for some set A C V.

An (a, 8)—hopset for a graph G = (V, E) is a set of edges H C (‘2/) such that for every
u,v €V,

d(g&H(u,v) <a-dg(u,v) .

Here, G U H denotes the graph G with the additional edges of H, and the weight function
w(z,y) = da(z,y) for every {z,y} € H. The notation d(Ci)JH (u,v) stands for the weight of
the shortest u — v path in this graph, among the ones that contain at most 5 edges. A hopset
is called near-exact if its stretch is @ = 1 + € for some small € > 0.

1.1 Pairwise Spanners, Near-additive Spanners, and Hopsets

In [16, 21], a connection was discussed between the additive stretch 8 of near-additive
spanners, to the hopbound S of near-exact hopsets. Given an integer parameter k > 1, that
governs the size of the spanner/hopset to be ~ n!t1/% a sequence of works on spanners
[17, 29, 26, 2, 13, 12] and on hopsets [8, 6, 19, 23, 14, 20, 15], culminated in achieving

logk log k 1\logk—1
=0 ( ) for both spanners and hopsets. In [2] a lower bound of 8 > Qy ( )

€ €

was shown. So whenever ¢ is sufficiently small, we have that § =~ (%)logk. As spanners
and hopsets are different objects, and 8 has a very different role for each, this similarity is
somewhat surprising (albeit comparable techniques are used for the constructions).

In this paper we establish an additional connection, to pairwise spanners. Here the
parameter k governs the number of pairs, |P| = n'*t1/k 3 and we show that P-pairwise
(1 + €)-spanners must have size at least 5 - |P| with 8 ~ (%)logk. So the parameter 5, which
is the additive stretch for near-exact spanners, and is the hopbound for hopsets, now plays
the role of the size overhead for pairwise spanners.

An exact version of pairwise spanners (i.e., with & = 1) was introduced in [9], where
they were called distance preservers. The sparsest distance preservers that are currently
known are due to [9, 7]. For an n-vertex graph and a set of pairs P, they have size
O (min{n*?|P|,n|P|*/?} + n). So whenever |P| < n?~? for some constant § > 0, the size
overhead f is polynomial in n.

When considering near-exact pairwise spanners, following [21], in [18] a P-pairwise
logk
(1 + ¢)-spanner of size = 3 - |P|, with 8 = O (g) was shown (where k is such that
|P| ~ niti/k),

Spanners with additive stretch 8 > 0 are usually defined on unweighted graphs. A possible variation for
weighted graph has also been studied [12, 3|, in which § is multiplied by the weight of the heaviest edge
on some u — v shortest path.

Source-wise spanners were called terminal spanners in [11].

In this paper we focus on P-pairwise spanners with [P| > n. Note that for |P| < n there is a trivial
Q(n) lower bound on the size.
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Our Results

In this paper we show a near matching lower bound for P-pairwise (1 + €)-spanners, that

logk—1
5>0 (@211?) , establishing that the size overhead must be § ~ (%)logk. We derive

this lower bound by a delicate adaptation of the techniques of [2] to the case of pairwise
spanners.

1.1.1 Larger Stretch Regime

As the stretch grows to be bounded away from 1, the connection between spanners and
hopsets diminishes (note that the lower bound of [2] is meaningless for large stretch). For
size &~ n**t1/% and constant stretch «, one can obtain (a, B)-spanners and hopsets with
B & kit1/loga [5, 24]. However, as the stretch grows to a = k° (for some constant 0 < § < 1),
there is a hopset with 8 ~ k'~ [5, 24], while spanners must have 3 = Q(k).* In [24], a lower
bound of g = (s) for hopsets was shown.

Our Results

In this work we exhibit a similar tradeoff for pairwise spanners, as is known for hopsets.®
In particular, we devise a P-pairwise a-spanner with size 5 - |P| where § ~ w (and
k is such that [P| ~ n!*1/*). We also show a lower bound 8 = Q (£) on the size overhead
of such pairwise spanners. Note that this lower bound nearly matches the upper bound for
a > k% for any constant § > 0, and in this regime we have  ~ g for both hopsets and

pairwise spanners.

1.2 Source-wise and Prioritized Spanners and Distance Oracles

Source-wise spanners were first studied by [27, 25]. Given an integer parameter £ > 1 and a
subset A C V of sources, they showed a source-wise spanner with stretch 2k — 1 and size
O(kn - |S|**) (the spanners of [27] could also be distance oracles, while [25] had slightly
improved stretch 2k — 2 for some pairs). By increasing the stretch to 4k — 1, [11] obtained
improved size O(n 4 /n - |S|'T1/*). The current state-of-the-art result is by [21]. For any
0 < € < 1, they gave a source-wise spanner with stretch 4k — 1+ € and size O(n 4+ |S|*+/%). 5,
where 3 ~ (M)loglogn.
€

Given an undirected possibly weighted graph G = (V| E), a prioritized metric structure
(such as spanner, hopset, distance oracle) is also given an ordering of the vertices V =
(v1,...,0y,), and is required to provide improved guarantees (e.g., stretch, hopbound, query
time, etc.) for higher ranked vertices.

In [10], among other results, prioritized distance oracles for general graphs were shown.%

For an n-vertex graph with priority ranking (vi,...,v,), a distance oracle with size

logn

O(nloglogn), query time O(1), and stretch O (m

for any pair containing v; was

shown.” Note that the stretch is constant for any pair containing a vertex ranked among

Note that an («, B)-spanner is also an (a+ 3, 0)-spanner. Thus, with size n'T/% it must have o+ 8 > k
[4].

For stretch 3+ ¢ with 0 < € < 1, a pairwise spanner of size § - |P| with § ~ k'°8 3+0(0g(1/€)) wag shown
in [18]. However, we are not aware of any result for larger stretch.

A distance oracle is a data structure that can efficiently report approximate distances. The parameters
of interest are usually the query time, the size, and the multiplicative stretch.

Additional results with even smaller size and larger stretch were shown in [10] as well.

N1
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the first n!~? vertices (for constant § > 0). However, that distance oracle could only return
distances, and could not report paths. In [10] an additional path-reporting distance oracle

was shown. Given an integer parameter k > 1, it had size O(knlﬂ/k), stretch 2 Hé‘;gnj—‘ -1

klogj
logn

for pairs containing v;, and query time O ([ ) Note that this oracle size is Q(nlogn)

for any k, and with size O(nlogn) it has prioritized stretch 2logj — 1, which is much worse
than the stretch that the previous oracle had for higher ranked vertices.

Our Results

By using a sequence of reductions, from pairwise spanners to source-wise spanners to
prioritized spanners, we improve on the state-of-the-art results. In particular, for any integer
parameter k£ > 1, any 0 < € < 1, and a subset A C V', we obtain a source-wise spanner with
loglogn
. 1+1/k ~ [ loglogn
stretch 4k — 1 4 ¢ and size O(nloglogn + |S|**1/% . B) where § ~ (f)

that 3 only multiplies the term |S|*+'/* which could be much smaller than n, while in [21]
the size is always at least Q(n - ).

. Note

Using the fact that the constructions of pairwise spanners can also be path-reporting, and
that our reductions preserve this property, we devise path-reporting distance oracles with size

O(n(loglogn)?), query time O(1), and prioritized stretch O (log n_logjl,o_gorélog 1ogn)2)' That

is, we nearly achieve the improved parameters of the non-path-reporting oracles of [10] (in
particular, we get constant stretch for any pair containing a vertex ranked among the first

n'~? vertices).

1.3 Technical Overview
1.3.1 Lower Bound for Near-Exact Pairwise Spanners

In [2], a series of lower bounds was shown for graph compression structures, such as near-

additive spanners, emulators, distance oracles and hopsets. Specifically, for the first three,
1

[2] proved that for any positive integer x, any such structure with size O(n'*2%=1), that

preserves distances d up to (1 + ¢)d + 3, must have § = (i)ﬁ_l. Almost the same lower
bound® was proved by [2] for (1 + ¢, 3)-hopsets of size O(nHﬁ).

All the lower bounds mentioned above were demonstrated in [2] on essentially the same
graph. The construction of this graph relied on a base graph B, that was presented in [1]
and had a layered structure. That is, the vertices of B are partitioned into 2/ + 1 subsets,
such that any edge can only be between vertices of adjacent layers. The first and the last
layers of B are called input ports and output ports respectively. This graph also had a set P
of pairs of input and output ports (u,v) such that there is a unique shortest path P, , from
u to v in B, that visits every layer exactly once. Moreover, each edge of B is labeled by a
label from a set £, such that the edges of every such path P, are alternately labeled by a
unique pair of labels a,b € £ (meaning that no other pair (u/,v’) € P has its shortest path
P, alternately labeled by the same labels a, b).

On top of the base graph B, a graph H, was constructed, for every positive integer k.
In fact, for hopsets, a slightly different graph was constructed in [2] than for near-additive
spanners (denoted as H, in both cases). The two constructions are recursive, with different

8 For hopsets of size O(n1+2“1*1) and stretch 1+ ¢, the actual lower bound on 3 that was proved in [2]

was = (G%K ) Fﬁl, instead of Q (i) 11t was suggested though, that a more careful analysis might

achieve the same lower bound as of (1 + €, §)-spanners.
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base cases. Moreover, since the construction for near-additive spanners must be unweighted,
edges with large weight in the construction for hopsets, must be replaced by long unweighted
paths. In this paper, we construct a graph, still denoted as H,, that is actually a combination
of their two constructions. In particular, we use the same base case as for near-additive
spanners, which is simply a complete bipartite graph K, ,,, while using edges of large weight,
similarly to the construction of H, for hopsets. In addition, we shift the indices of the
sequence {H,} by 1. We describe here the construction of H;, as the general construction is
more involved and appears fully in Section 3.1.

The graph H; is the same graph as B, where every vertex in its 2/ — 1 middle layers is
replaced by a copy of the complete bipartite graph K, ,, where p is the number of labels in
L (for k > 1, these vertices are replaced by copies of H,_1). Each vertex in each side of the
copy of K, , is mapped to a label in L. An original edge of B, that had label a, now connects
these copies of K, ,, by their vertices that correspond to the label a (see Figure 1 in Section
3.1 for a detailed illustration). In addition, these edges are assigned with a large weight of
21 — 1 (for & > 1, this weight is (20 — 1)*). This means that any shortest path in B between a
pair (u,v) € P now must pass through 21 — 1 copies of K, p. Other paths that connect u, v,
on the other hand, must visit a layer more than once, and therefore their weight is larger than

dy, (u,v) by at least 2(2] — 1). Choosing | ~ £ (for & > 1, I ~ (i)ﬁ), this means that paths
other than the unique shortest path have stretch more then 1+ 2(5(2;)1)) ~1+ 221((22ll:11)) ~1l+e

Hence, any P-pairwise (1 4 €)-spanner must contain the unique shortest paths between any
pair (u,v) € P.

In our proof of a lower bound for pairwise spanners, we utilize an additional property
of the graph #;. Recall that the edges of P, , (a shortest path in B that connects some
(u,v) € ’P) are alternately labeled by a unique pair of labels a,b € £. This means that in 1,
shortest paths that connect different pairs (u,v), (u’,v’) € P cannot share an edge of a copy
of K, ,. This is due to the fact that if such path goes through the edge (z,y) of a copy of
K, p, and x corresponds to a label a, and y to a label b, then it uniquely determines the pair
of labels a, b of the path P, ,. The result is that any P-pairwise (1 + €)-spanner for H; must
contain a disjoint set of 21 — 1 edges, for every (u,v) € P. Hence, its size must be at least

(21—1)-|75—Q<1-75|> .

For larger s, the number of the edges that these paths do not share grows to 8 = €, (1)",
therefore the lower bound for the size is 5|P,|, where P,; is the corresponding set of pairs of
the graph H,. It can be proved that the number of pairs in P, is approximately nHm,
where n is the number of vertices in H.

1.3.2 Lower Bound for Pairwise Spanners with Large Stretch

Our proof of a lower bound for pairwise spanners with stretch larger than 1 + € (typically a
constant stretch, or stretch between 2 and k, where k is such that |P| =~ nH%) is demonstrated
on an unweighted graph with high number of edges and high girth (the length of the minimal
cycle). This kind of graphs was used in [28, 24] to show lower bounds for spanners, distance
oracles and hopsets. Specifically, we use a graph G = (V, E) from [22], that is regular, has
Q(n”%) edges, and has girth larger than k.

Given a desired stretch o > 1, we consider pairs of vertices in G of distance § = {ai-s-l ,
henceforth J-pairs. The useful property of d-pairs is that due to the high girth of G, they
have a unique shortest path that connects them, while any other path must have stretch

83:5

ITCS 2024



83:6

On the Size Overhead of Pairwise Spanners

more that a. Note the similarity of this property to the property of the unique shortest
paths from the lower bound for near-exact pairwise spanners. This property implies that any
P-pairwise a-spanner, for any set P of d-pairs, must contain all the unique shortest paths
that connect the §-pairs of P. We call such paths the §-paths that correspond to the J-pairs
in P.

Then, we use the regularity of the graph G = (V, E), as well as the high girth of G, to prove
some combinatorial properties of G. We prove that there are many J-pairs - approximately
nlt% pairs - and that each edge e € E participates in a large number of corresponding
d-paths - approximately on T

To finally prove our lower bound for pairwise a-spanners, we sample a set P of O (”1;’“ )

d-pairs out of all the possible nl+% such pairs. This means that the sample probability is
5—
%n*Tl. But since the number of §-pairs whose corresponding d-path pass through a specific

edge e € F is approximately 5n5%, we expect that a constant fraction of the edges of G still
participate in a unique shortest path of the é-pairs in P. Every P-pairwise a-spanner must
contain these edges, and therefore must have size

1 k
0(E1) = 20 H) = a01P) = 2 (£171)
This proves our lower bound of 5 = §2 (%)

1.3.3 Upper Bound for Pairwise Spanners with Large Stretch

The state-of-the-art pairwise (1 4 €)-spanners and pairwise (3 + €)-spanners of [18] were
achieved using the following semi-reduction from hopsets. Suppose that the hopset H has
stretch o and hopbound 8, for a graph G = (V, E). Given a set of pairs of vertices P, we
construct a pairwise spanner S that consists of all the S-edges paths in G U H that connect
pairs in P and have stretch a. Of course, these paths include edges of H that are not allowed
to be on the final pairwise spanner S (as they don’t exist in G). Therefore, an additional
step is required, that adds more edges to S, such that every edge (z,y) € H will have a
path in S with weight w(z,y). This way, the distance between every pair (u,v) € P is the
same distance as in the graph G U H, which is at most « - dg(u,v). The size of the pairwise
spanner S is 8 - |P|, plus the number of edges that are required to preserve the distances
between every (x,y) € H.

In [18], preserving the distances between pairs in H is done by relying on the specific
properties of the hopset H. Namely, it was observed that the relevant hopset H has small
supporting size - the minimal number of edges required to preserve the distances in H. We,
however, take an alternative approach. Instead of relying on specific properties of the hopset
H to preserve it accurately, we use a pairwise spanner with low stretch, to preserve the
distance in H approzimately. In fact, we use the very same H-pairwise (1 + €)-spanner of [18]
to do that.

Considering the process described above, we are only left to choose the hopset H that we
use, to achieve a pairwise spanner with relatively large stretch. The advantage of having
a large stretch «, is that the hopbound § can be much smaller, and as a result, so is the
size overhead of the resulting pairwise spanner. In particular, for pairwise (1 + ¢)-spanners,
we know by Section 3.1 that the size overhead must be (%)logk
O(«), we can get a much smaller hopbound, and therefore a much smaller size overhead,
of = @ This is done by using the state-of-the-art hopsets with this type of stretch,
from [5, 24].

. But for a larger stretch
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However, the process of directly applying a pairwise spanner with low stretch on a hopset
described above, results in a somewhat large size of the pairwise spanner. This is because
the size of the hopset, which is roughly n1+%, is multiplied by the size overhead coefficient 3,
which is at least poly(k). To reduce this size, and avoid the additional term of poly(k) -n“‘%,
we eventually do use certain properties of the hopsets of [24]. Specifically, we prove that their
hopsets could be partitioned into three sets Hy, Ho, H3, such that Hy, Ho can be efficiently
preserved, while Hj is relatively small. Thus, we can use a pairwise spanner with low stretch
only on Hj, instead of using it on the whole hopset H. Then, the coefficient 8 = poly(k)

multiplies only the size of Hs, which is significantly smaller than nt.

1.3.4 Subset, Source-wise and Prioritized Spanners

Our new results for subset, source-wise and prioritized spanners are achieved via a series
of reductions. These reductions implicitly appeared in [18, 10]. The first reduction receives
a pairwise spanner and uses it in order to construct a subset spanner. A subset spanner is
a special type of pairwise spanner, for which P = A x A for some A C V. The second is a
quite simple reduction that turns a subset spanner into a source-wise spanner with almost
the same properties. The last reduction uses source-wise spanners to construct prioritized
spanners. Using the new state-of-the-art pairwise spanners, we achieve new results for each
of these types of spanners.

Besides these new results, we believe that these reductions themselves could be of interest.
It is immediate to find backwards reductions, from prioritized spanners to source-wise
spanners, and from source-wise spanners to subset spanners. This means that, in a sense,
these three” types of spanners are equivalently hard to construct. Every new construction of
one of these spanners immediately implies new constructions for the others.

Next we shortly describe the three reductions mentioned above.

From pairwise to subset spanners

Let G = (V, E) be an undirected weighted n-vertex graph, and let A C V be a subset, for
which we want to construct a subset spanner. We consider the graph K = (A, (’3)), where
every pair of vertices u,v € A is connected by an edge of weight dg(u,v). On the graph K,
we apply a known construction of emulator. That is, we find a small graph R = (4, E’), such

that
da(u,v) = dk (u,v) < dr(u,v) < ag - dg(u,v) ,

for any u,v € A. The parameter ag is the stretch of the emulator R. For this purpose, we
use either the distance oracle of Thorup and Zwick from [28], which can be thought of as
an emulator with stretch oy = 2k — 1 and size O(k|A|** %), or the emulator from [18], that
has stretch ap = O(k) and size O(JA|***). Here, k is a positive integer parameter for our
choice. These two emulators are path-reporting, meaning that given u,v € A, they can also
efficiently report a path of stretch ag inside the emulator itself.

Next, we consider the set R as a set of pairs of vertices from G, and apply a pairwise
spanner on this set. We use the existing pairwise spanners from [18] that have stretch either
ap=1+e€or ap =3+e¢, and size'®

O(|R| - B+ nloglogn) .

9 Note that the reduction that constructs a subset spanner, given a pairwise spanner, remains a one-way
reduction, in the sense that no efficient reduction in the other direction is known.

011 [18], the size of these pairwise spanners was presented as O(|P| - 8 + nlogk + n1+i), where
log k
B~ (@) 8% or B = (O (los %)7 and P is the set of pairs. We choose here k = logn since for small
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Here, 5 =~ (logl#)loglogn when ap = 1+4+¢, and § = (logn)o(log%) when ap = 3+ ¢
(there is also additional dependency on € in the size of the pairwise spanner, in case that
ap =14 ¢€). These two pairwise spanners are also path-reporting.

Now fix a pair of vertices (u,v) € A%. In the graph K, the shortest path between u, v is
the single edge (u,v), that has weight dg(u,v), and thus in R there is a path between u,v
that has weight ag - dg(u, v). Note that this path consists of edges of R, which are not actual
edges of the graph G. For that reason, we use our pairwise spanner, to find, for every edge e
on this path, a path in G that replaces e and has weight of at most ap - w(e). The result is
a path in G, with stretch ag - ap. That is, the resulting spanner has a ag - ap-stretch path
for every pair of vertices in A. Hence, this is a subset spanner. Note that since both the
emulator R and the pairwise spanner we used were path-reporting, then so is the resulting
subset spanner.

From subset to source-wise spanner

Let G = (V, E) be an undirected weighted graph, and let A C V be a subset. Suppose that
S is an A-subset spanner with stretch «. To construct a source-wise spanner for A, we just
add to S a shortest path, from every vertex v € V to its closest vertex p(v) in A. If the
shortest paths and the vertices p(v) are chosen in a consistent manner, it is not hard to prove
that the added edges form a forest. Thus, the increase in the size of the spanner S is by at
most n — 1 edges, and also we can easily navigate from a vertex v € V' to the corresponding
p(v) € A (we simply go towards the root of v’s tree).

Given any v € V and a € A, the spanner contains the v —p(v) shortest path, concatenated
with the path in S from p(v) to a. It can be shown that it has at most 2a: 4 1 stretch. Also,
if the subset spanner S is path-reporting, then so is the new source-wise spanner.

From source-wise to prioritized spanner

In the setting of prioritized spanners, we get a priority ranking of the vertices of V:
(v1, v, ...,vp). To construct a prioritized spanner based on source-wise spanners, we consider
a sequence of non-decreasing prefizes of this list:

Al = {1}1, ...,’Uf(l)}7 A2 = {’Ul7 ...,’Uf(l), ...,’Uf(g)}, e AT = {’Ul7 ...,’Uf(l), ...,’l}f(g)7...7’l)f(T)} 5

where f is some non-decreasing function, and we apply a source-wise spanner on each of
them. The idea is that in the construction of the source-wise spanners for the first prefixes
in the list, we may use a smaller stretch. Then, since these prefixes are small enough, the
size of the resulting source-wise spanners will not be too large.

Specifically, our path-reporting prioritized spanner with size O(n(loglogn)?) is achieved

by using a sequence of prefixes of sizes n%7n%,n%7 ...,n'737. Recall that the size of an
A-source-wise spanner with stretch O(k) is O(JA|'*% - B+ nloglogn), where 8 = n°). Note
201 ot

that for A = A;, by choosing k = 2' — 1, the first term is |4;|'T# <n 2" -1 =n. Thus,

we must choose k a bit larger than 2! — 1, in order to obtain an Aj;-source-wise spanner

with size O(nloglogn) (this is the sparsest A;-source-wise spanner we can obtain, since our

pairwise/subset /source-wise spanners always have an additive term of nloglogn in their
201

size). Namely, for cancelling the factor 8, we must choose k = T=aro(l):

enough P, this is the most sparse that these spanners can get. In our case, the set P is the emulator R,
which is indeed small enough.
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In the choice of k above, the o(1) factor in the denominator is actually iggg . This

means that we cannot make this choice for prefixes A; with i > loglogn — loglog s =
(1 —o(1))loglogn. For this reason, we cannot choose T such that the prefixes Ay, ..., Ar

will cover the entire priority ranking (vy,...,v,), or most of it (to cover § vertices, we need

T = loglogn). Instead, we choose T to be roughly loglogn — loglog 8. The size of the

resulting prioritized spanner is T - O(nloglogn) = O(n(loglogn)?), and the covered vertices

are the vertices v; such that j < % For queries that include a covered vertex v;, the stretch
is roughly O(2%), where i is the minimal integer such that j < n'~3 . That is, the stretch is
approximately O (ﬁ).

For uncovered vertices (i.e., vertices v; such that j > %), we simply add a (non-prioritized)

spanner, that has stretch O (bgiﬁ%) for all the vertices of G. The size of such spanner
may be as low as O(n(loglogn)?), using results from [18]. This spanner, as well as all the
source-wise spanners we used, are path-reporting, therefore the resulting prioritized spanner
is also path-reporting.

We provide another variation of a path-reporting prioritized spanner with reduced stretch,
at the cost of increasing the size to O(nlogn). To achieve that, we change the sequence

_1 .
1=%. This sequence

o 1 2 3
of prefixes we use, to a sequence of prefixes with sizes nz,n3,n%,...n
grows slower than the previous one. While increasing the size of the resulting prioritized

spanner, this enable us to control the stretch of each source-wise spanner more carefully.

1.4 Organization

After some preliminaries in Section 2, we prove our new lower bounds for pairwise spanners
in Section 3 (lower bounds for pairwise spanners with stretch 1 + € are in Section 3.1, while
Section 3.2 is for higher stretch).

In the full version of this paper, we prove our new upper bounds for pairwise spanners in
the high stretch regime, and we show the reductions between pairwise, subset, source-wise
and prioritized spanners, which result in new upper bounds for these types of spanners.

2 Preliminaries

Given an undirected weighted graph G = (V, E), we denote by dg(u, v) the distance between
the two vertices u,v € V. When the graph G is clear from the context, we sometimes omit
the subscript G and write d(u,v).

When the given graph is weighted, w(e) > 0 denotes the weight of the edge e. For every
set of edges P (e.g., a tree or a path), we denote w(P) = > _.pw(e). If P is a path, we
denote by |P| the length of P, i.e., the number of its edges.

3 Lower Bounds for Pairwise Spanners

3.1 Near-exact Pairwise Spanners

To prove our lower bound for pairwise (1 + €)-spanners, we use almost the same construction
of a graph as the one appears in [2]. Our argument that achieves this lower bound, however,
is somewhat different. Before we go into the specific details of the construction, we overview
the properties of the graph of [2].

The authors of [2] constructed a sequence of graphs {H,}52,, each with a layered
structure. The first and last layers of H, serves as input and output ports (respectively),
while the interior layers are made out of many copies of H,_1. Then a relatively large set
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P.. of input-output pairs is defined, such that for every (u,v) € P, there is a unique shortest
path in H, between u, v, that passes through each layer exactly once. The edges between the
layers of H,; are heavy enough, such that any other path from u to v suffers a large stretch,
since it must visit at least two layers more than once (in the unweighted version, the edges
between the layers are replaced with long paths).

We now construct a sequence {H,} with the same properties. The construction is
essentially the same as in [2]. However, we fully describe it in details here, because (1) there
are slight differences from the original construction, and (2) our lower bound proof refers to
the specific details of this graph and the way it was constructed. We do use the second base
graph from Section 2.2 in [2] as it is (this graph is actually originated in [1]).

The second base graph is an undirected unweighted graph, denoted by B [p, 1], where
p,l > 0 are two positive integer parameters. The vertices of this graph are organized in 27 + 1
layers, each of them with size p, such that all the edges of the graph are between adjacent
layers. The vertices on the first layer of B [p,1] are called input ports, and the vertices on
the last layer of B [p, 1] are called output ports. Aside from the graph itself, there is a set of
pairs of input-output ports P[p, 1], such that every pair in this set is connected in B [p,{] by
a unique shortest path. The size of P[p, 1] is p>~°(M) | thus it contains a large portion of all
the p? possible input-output pairs. Lastly, the graph B [p, 1] has labels on its edges, such
that the edges on the unique shortest path of every input-output pair in P[p, 1] are labeled
alternately by two labels. One can think of these labels as routing directions to get from an
input to an output.

Formally, the graph B [p,1] is described in the following lemma. The proof of this lemma
is implicit in [2], in which the construction of the graph Blp, ] is described.

» Lemma 1. Letp,l > 0 be two integer parameters. There is a function &(p,l) = 20(y/logplogl)

which is non-decreasing in the parameter p, and there is an undirected unweighted graph

Blp, 1], with the following properties.

1. The vertices of the graph B[p, 1] are partitioned into 21 + 1 disjoint layers Lo, L1, ..., Loy,
each of them of size p, such that every edge of B[p, l] is between vertices that belongs to

adjacent layers.

2. There is a set of edge-labels L[p,1] of size |L[p,1]| € [WL;J)’ g}, such that for every
1 < 21, every vertex x € L;, and every label a € L:[p, 1], there is exactly one edge from x to
a vertex y € Liy1, that is labeled by a (the vertex y is different for every label a € ﬁ[p, 7).

3. Given a vertex u € Lo and a pair of labels (a,b) € (L[p,1])?, let P, . be the path that starts
at u, and its edges are labeled alternately by the labels a,b (starting by a). Here, v € Lo
is the vertex in which the path P, ., ends, and we denote v = out(u,a,b). Then, P, , is
the unique shortest path in Blp,1). Moreover, for any other u' € Lo\ {u}, the path Py o,
that is alternately labeled by the same labels a,b and ends in v' = out(u’,a,b) € Loy, is
vertez-disjoint from P, .

We define the set P[p,1] C Lo x Loy as

Plp, 1] = {(u, out(u,a,b)) | u € Lo, a,b € L[p,1]} . (2)

. 2
The size of this set is p - |L[p, ]|, which is at least p - ( VD ) = E(;;l)Q and at most

2
p- (g) = %, by Lemma 1.
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The specific details of the construction of the graph B[p, ] appear in [2]. We, however,
only use the properties that are described in Lemma 1, and do not need these details for our
proof. We now define the sequence of graphs {H,[p,1]}52, recursively, where p,l > 0 are
any two integer parameters. For every k, we also define a corresponding set P, [p, ] of pairs
of vertices from H,[p,].

The graph Ho[p, ] is defined to be the complete bipartite graph K, ,. The corresponding
set of pairs Px[p,!] is defined to be all the pairs (u,v), of a vertex u from the left side of
Holp,!] = K, , and a vertex v from its right side.

To construct H,[p,l] for k > 0, we start with the graph Blp,l] from Lemma 1. The
vertices of this graph are partitioned into layers Lg, L1, ..., Ly, where edges only exist in
between adjacent layers. We call the vertices in the first layer Lg input ports, and the vertices
in the last layer Lo; output ports. The rest of the vertices of B[ ,1] are called internal vertices.
The input and output ports also serves as the input/output ports of the graph H[p,!] (in
particular, there are p input ports and p output ports in H,[p,]). Let L[p,1] be the set of
edge-labels, as described in Lemma 1, and let 73’[ ,1] be the corresponding set of pairs from
Definition 2. Let p’ = |£[p,]|. We fix an arbitrary bijection 7 : L[p,1] — {1,2,...,p'}.

Consider the graph H,,—1[p’,1]. Using 7, we match each input/output port of this graph to
a label in L[p,1]. We replace each internal vertex of B[p, 1] by a copy of the graph H,._1[p’, 1].
For a vertex u in B[p, 1], denote this copy by HY_,[p’,1]. Let (u,v) be an edge in B[p, ] with
label a € L[p, 1], such that u € L;, v € Liy1. In H,[p, 1], we replace this edge by an edge of
weight (21 — 1)" as follows.

If i is even, the new edge is added from the m(a)-th input port of H*_,[p’,1] (or, in case

that ¢ = 0, from w itself) to the 7(a)-th input port of HY_4[p’,1].

If 4 is odd, the new edge is added from the 7(a)-th output port of H¥_;[p',1] to the

m(a)-th output port of H”_,[p’,1] (or, in case that i = 21 — 1, to v itself).

In other words, we can imagine that the copies of H,_1[p’,[] are inserted as they are in
odd layers, and reversed in even layers. This way, input ports are connected to input ports,
and output ports are connected to output ports. See Figure 1 for an illustration.

This completes the description of the graph H,[p,!]. We define the corresponding set
P.[p, 1] as follows. Given some (u,v) € Plp, 1], let (a,b) € (L[p,1])? be the unique pair of
labels such that the u — v shortest path in B[ ,1] is labeled alternately with a,b. Henceforth,
we call (a,b) the corresponding labels to (u,v). Denote by u' the 7(a)-th input port of
H._1[p’,1], and by v’ the 7(b)-th output port of H,_1[p’,1]. We say that (u,v) € Px[p,l] if
and only if (u/,v") € Pe_1[p,1].

The following lemma is our version of Lemma 2.2 from [2]. We prove it here since our
construction of H[p, ], Px[p, ] is slightly different.

» Lemma 2.

2
Pulp,ll] > e

§(vp 1>

Proof. We prove the lemma by induction on k. For k = 0, by definition

2 p°
Polp, || =p" = -—55 -
| [p ]| E(\/ﬁv Z)Q-O
Fix k > 0, and fix an input port v of H,[p,{]. Denote by A,, the set of pairs (u,v) € Px[p,],
i.e., the set of pairs in Py[p,!] with u as their input port. We show a bijection between

the sets A, and P,_1[p/,1]. Let (u,v) be a pair in A,, and let (a,b) € (ﬁ[p, 1])? be the
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Figure 1 An illustration of the graph H.[p,]. The internal vertices of B[p, ] are replaced by
copies of H,—1[p',1], where p’ is the number of edges-labels in B[p,l]. An edge of B[p,[] that had
label a, and is from an even layer to an odd layer, is replaced by an edge that connects the 7(a)-th
input ports of the corresponding copies of H,.—1[p’,!] (input port are represented in the figure by a
square shape). If the edge is from an odd layer to an even layer, the same happens for the output
ports of these copies (represented by circular shape).

corresponding labels to (u,v). By the definition of P,[p,l], the 7(a)-th input port v’ and
the 7(b)-th output port v' of H[p,!] satisfy (uv/,v") € Py_1[p’,1]. Thus, we map the pair
(u,v) € A, to the pair (v/,v") € Peo_1[p',1].

To prove that this mapping is a bijection, we now show the inverse mapping. Note that
for any (u',v') € Pe_1[p', 1], there are unique labels a,b € L[p, ] such that v’ is the 7(a)-th
input port and v’ is the 7(b)-th output port of H,_1[p’,{]. This is true since 7 is a bijection.
Let v be the output port of H,[p, ], such that v = out(u, a,b) (using the notation out() from
Lemma 1). Then, (a,b) are the corresponding labels to (u,v), and since (v/,v") € Pe_1[p’, 1],
we conclude that (u,v) € Px[p,!]. That is, (u,v) € A,.

The two mappings that were described in the two paragraphs above are the inverse of each
other, hence our mapping is a bijection, and we conclude that |A,| = |Px—1[p’,!]|. Summing
over all the input ports u of H,[p, ], and using the induction hypothesis, we get

, p/ 2
Palpilll = 3l = S Pacli U > - A
By Lemma 1, we know that p’ = |£[p, ]| > 6(\%!)’ and that {(v/p,1) < &(y/p, 1), since € is a

non-decreasing function in the first variable (and p’ < % < p). Hence,

(p')? p p?
eV 07 =P (B DRV D © E(B D <

Next, we estimate the number of vertices in H,[p,]. Denote this number by n[p, [].

Pulp, ]l = p
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» Lemma 3. For every k > 0,

22 -1)" , "
D P S Ny 7l S 2(21 Hp 28,
§(v/p, )% Ip,1] < 220
Proof. We again prove the lemma by induction on . For k = 0, the graph Hg[p, ] is the
complete bipartite graph K, ,. Therefore,

2(20 — 1)° e
£y, )*°
For k > 0, recall that #,[p,[] was obtained by replacing each of the (2] — 1)p vertices in

the interior layers of B [p, 1], by a copy of H,_1[p’,1]. The number of vertices in any of these
copies is

T =2p= nolp,l] = 2p = 2(21)0]92750 .

x""

2

2
nea 1] < 2020 ()T < 2020 <\§ﬁ) <2020 p T

On the other hand, this number is also

IR I ) P S TC R0 ) Lo GV S C I VL
P 2 e )T 2 e (wm) z i P

In these bounds we used the induction hypothesis, the fact that £ is a non-decreasing function,
and the bounds on p’ from Lemma 1.
We conclude that the number of vertices in H,[p,] is

nep, ] < 2p4+(20-1)p- 2(21)”_1])1—2%

= 2p—2(2) PP 4 2(2) P

HZI 1 1
< 2p—2-1-p7 4 2(2)"p T < 2(2)7p

and also
2020 — 1) L 202 —1)% 5 o
NP, ) >2p+ 2l —1)p ————p 2 > ——p°“ 27 .
[ ] ( ) 6(\/]3,[)2n E(\/ﬁyl)Z{
This completes the inductive proof. <

In [2], the authors showed that any (1 + ¢, 3)-spanner for this graph'!, that has less than
|P.[p, ]| edges, must have 8 = Q (i)'{fl. But note that by Lemma 3, the number of vertices
in H,[p, 1] is n = n,[p,1] ~ p?~ 2, while Lemma 2 proves that the number of pairs in Py |p, (]
is roughly

2
L ortl 1
p2 ~ <n221'<) =n2rti-1 = 1’L1+2”+171 .

1+

1
Thus, the result of [2] means that less than n™ " 2"7T=1 edges in a near-additive spanner

implies 8 = Q (i)nfl.

1 For the lower bound for near-additive spanners, one need to use an unweighted graph. Thus, [2] actually
used a similar graph where the edges between the copies of H.—1[p’,[] are replaced by paths of length
(21 — 1)*~1. This graph has essentially the same properties as the graph H[p, 1] described here.
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In our case, we will show that any Py [p, {]-pairwise (1 + €)-spanner for H,[p,!] must have
at least B|Px[p, ]| edges, for 8 =Q (#)K Otherwise, the stretch guarantee will not hold
for at least one of the pairs in Py[p,].

To achieve this goal, we prove some properties of the shortest paths that connect the

pairs in P, [p,l]. A key notion will be that of a critical edge, which also appears in [2].
» Definition 4. An edge e of H,[p,l] is said to be critical if it lies in a copy of Holp,!].
The following lemma is parallel to Lemma 2.3 in [2].

» Lemma 5. The distance between any input and output port of Hs[p,l] is at least (2lx +
1)(2 — 1)~

Moreover, for every pair (u,v) € Py[p, ], there is a unique shortest path P, , in H[p,!]
that connects u,v, and has weight w(P, ) = (2lk + 1)(21 — 1)*. This path does not share
a critical edge with any other shortest path Py ., for (u',v") € Py, ] \ {(u,v)}. That is,
there are no critical edges in Py, N Py o, for any pair (u/,v") # (u,v) in Pklp,1].

Proof. We prove the Lemma by induction over x > 0. For x = 0, the graph Hq[p, ] is the
complete bipartite graph K, ,. One of its sides consists of the input ports, and the other
consists of the output ports. Thus, the distance between any input port and output port
is at least 1 = (20 -0+ 1)(20 — 1)°. For every (u,v) € Poy[p,l], the edge (u,v) is clearly
the unique shortest path between w,v that has weight 1. In addition, this path does not
share its only critical edge (u,v) with any other v’ — v shortest path in Ho[p,!] = K, p, for
(w',v") € Polp, 1].

Fix k > 0. Every path that starts from an input port of H,[p,!] and ends in an output
port must visit at least 2/ — 1 copies of H,_1[p’, ], each one of them replaces a vertex from a
different layer of Bp,l]. By the induction hypothesis, passing through a copy of H,[p', ],
from an input port to an output port (or vice versa), requires a path of weight at least
(2l(k — 1) +1)(21 — 1)"~!. The edges that connect the different copies are of weight (21 — 1)*.
Note that any path from the input layer of H,[p, ] to its output layer must pass through at
least 21 of these edges. Overall, such path must have weight of at least

20(20— 1)+ (21— 1) (2l(k—1)+1)(2A—1)*"* = (2A+21(k—1)+1)(21—1)" = (2lK+1)(2A—1)" .

Now fix a pair (u,v) € Px[p,l]. Recall that by definition, we know in particular that
u,v are vertices of B[p,1], and (u,v) € P[p,l]. By Lemma 1, in the graph Blp,[] there is
a unique u — v shortest path P = (u = wg, u1, u2, ..., ugy; = v), labeled by some two labels
a,be C[p, l]. Denote by Hy, Ha, ..., Ho—1 the copies of H,_1[p’,[] that replaced the vertices
Uy, Uz, ..., uz;—1 in the construction of H,[p,].

Recall that by its construction, the graph #[p,[] contains the following edges. For every
even i € [0,2] — 1], it contains an edge of weight (21 — 1)* from the 7(a)-th input port of H;
(or from w itself if ¢ = 0) to the 7(a)-th input port of H;,. For every odd i € [0,2] — 1], it
contains an edge of weight (21 — 1)* from the 7(b)-th output port of H; to the 7(b)-th output
port of H;yq (or to v itself if ¢ = 21 — 1). Also, recall that since (u,v) € Py[p, 1], it means
that (m(a), (b)) € Px—_1[p’,1] (here, and in the rest of this proof, we identify w(a), 7(b) with
the m(a)-th input port and 7 (b)-output port of H,_1[p’,]). Thus, when using the 2 edges
described above, we can also find paths inside the copies Hy, ..., Hy;_1, each of them with
weight (2(k — 1) +1)(20 — 1)®~1. We conclude that there is a path in H,[p, ] with weight

2020 — 1) + (21 = 1)(2l(k — 1) + 1)(21 = 1)t = (2lk + 1) (20 — 1)* .
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Denote this path by P, ,. Since we already proved that the distance between any input
port and any output port is at least (2ix + 1)(20 — 1)* = w(Py.), we deduce that P, , is a
shortest path between u,v.

Let P,’W be a different path than P, , between u and v in H,[p,!]. Consider the list of
copies of H,—1[p', 1] that P, , passes through, by the same order they appear on P, . Since
P{W # P, v, there are two cases: either this list is identical to Hy, Ha, ..., Hy—1, but for at
least one j the path P, , passes through Hj using a different path than P, ,, or this list is
not identical to Hy, Ho, ..., Ho;_1.

In the first case, by the induction hypothesis, the path that P, , uses inside H; has weight
strictly larger than (2[(x — 1) +1)(2{ — 1)*~!. The path inside the other copies has weight of
at least (2[(k — 1) + 1)(21 — 1)*~1, again by the induction hypothesis. Together with the
20 edges with weight (2] — 1)* that connect these copies, we get that the weight of P;_yv is
strictly more than

20(21 — 1)% + (21 — 1)(2U(k — 1) + 1)(20 — 1) = (20K + 1) (20 — 1)" .

In the second case, we “translate” the path P{M into a path @ in B[p, 1], by replacing
each copy of H._1[p/,1] it passes through by the corresponding vertex of B[p,!]. The path
Q is different from the path P = (u,u1, ug, ..., ug;—1,v). Since the latter is the unique u — v
shortest path in B[p,1], the path @ must pass through a layer of B[p,!] more than once
(otherwise its weight would be equal to the weight of P). That is, @ passes through at least
21 + 1 internal vertices of B[p,] and contains at least 2/ + 2 edges. This means that the path
P, , contains at least 21 + 2 edges of weight (2/ —1)". Also, note that P, , (like any other
input-output path in H,[p,]) must pass through at least 21 — 1 copies of H,_1[p’,1]. By the
induction hypothesis, the weight of P, , is at least

(20 — 1)(2l(k — 1) + 1)(20 — 1)1 4 (20 + 2) (2 — 1)* > (2K + 1)(20 — 1)~ .

In conclusion, the path P, , has length (2{x + 1)(2] — 1)*, while any other u — v path in
M. [p, 1] has a larger weight. Thus, P, , is a unique shortest path between u, v in H,[p,].

To complete the proof, we have to show that if P, , and P, ., share a critical edge, for
some (u,v), (u',v") € Pxlp,!], then it must be that (u,v) = (uv/,v). Let (u,v), (v,v") be
such two pairs. Since their paths share a critical edge, they must pass through the same
copy of H,—1[p’,1]. Denote this copy by H. We saw that the path P, , is originated in a
path P in the graph B [p, 1], which is the unique shortest path between u,v that satisfies
(u,v) € Pp, 1], and that the edges of P are alternately labeled by some a, b € L[p, 1]. Moreover,
(m(a), (b)) € Pe_1[p',1], because (u,v) € P[p,l] (recall that we still identify the numbers
m(a), 7(b) with input and output ports of H,_1[p’,!]). Symmetrically, the path P’ and the

labels a’, b’ that correspond to the path P, in B[p,1] satisfy (m(a’), 7(b)) € Pe_1[p,1].

Note that the unique shortest paths between 7(a), 7(b) and between w(a’), w(b') still share a
critical edge. Thus, by the induction hypothesis, (7(a), 7 (b)) = (7(a’), 7(V')), or equivalently
(a,b) = (a’,b).

Notice that the two paths P, P’ pass through the same vertex in Bp, [], because Py v, Py o
pass through the same copy H. We also know that they are alternately labeled by the
same to labels (a,b) = (a/,0'). By Lemma 1, it must be that P = P’; and in particular
(u,v) = (u/,v"), otherwise they cannot have the same pair of labels a,b. This completes the
inductive proof. |

We are now ready to prove our main theorem.
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» Theorem 6 For infinitely many integers n > 0, and for any integer 1 < k < loglogn and

real 0 < € < 12 , there is an n-vertex graph G = (V, E) and a set of pairs P C V? with size

at least n' +aeF 0(1), such that any P-pairwise (1 + €)-spanner for G must have at least
B - |P| edges, where = (m2> .

Proof. Fix x and 0 < € < 73— Let G,P be Hy[p, ], Pulp, 1], for | = || > 1 and some
arbitrary p. Denote b = | 21 1J + 1. We will show that any 73 pa1rw1se (1 4 €)-spanner for G
must have size of at least b*|P|. This proves the theorem for

A—1\"_ (= -3 = — =\ " 1 \"
= b > > 3ek > 3ek 12ek — )
s (M) = (50) = () - ()

For the size of P, recall that the number of vertices in G is n < 2(21)”}72_2%, by Lemma, 3.
Thus,

% —2K
>2—2n > it @)

P> —
= 2@ 1

Therefore, by Lemma 2, the size of P is at least

( 21)2 S n1+2~+1 - ((2l)—21€ ) _ n1+m '2—2;—@10g(2l)—2—0(n\/10gnlogl)
\/> K 420 rk4/log plogl

I+ = —o(1)

=N

Here we used Lemma 1 to bound £(,/p, 1), we used the fact that x < loglogn, and we used
the fact that p < n (this is trivial, by the construction of H,[p,!]).

Let S be a subset of the edges of G = H,[p, ], with |S| < b*|P| = b*|P.[p,{]|]. By
Lemma 5, for every pair (u,v) € P, the unique u — v shortest path in G has a disjoint set of
critical edges that it goes through. Therefore, there must be some (u,v) € P such that S
contains less than b* of its critical edges.

We prove by induction on « > 0 that in the graph H,[p, ], if a pair (u,v) € Px[p, (] has
less than b" of its critical edges in S, then

ds(u,v) > (21K + 1)(20 — 1)" + 2(21 — b)"

For k = 0, a pair (u,v) € Py[p,[] that has less than b° = 1 of its critical edges in S, means
a pair such that (u,v) ¢ S. Since the graph Hy[p,l] = K, , is bipartite, dg(u,v) > 3 =
(20-0+1)(20 — 1)° +2(21 — b)°.

Fix £ > 0, and let P, be a u — v shortest path in S, for a pair (u,v) € Pg[p,!] that
has less than b" of its critical edges in S. Consider the path @ in B[p7 I] that is obtained
by replacing each copy of H,_1[p’,!] that P{w passes through by the corresponding vertex
of Blp,1]. If Q is not the unique shortest path P between u,v in B[p, ], then the path Q
must pass through a layer of B [p, ] more than once (otherwise its weight would be equal to
the weight of P). That is, Q passes through at least 2/ + 1 internal vertices of B[p, ] and
contains at least 2/ + 2 edges. This means that the path P, , contains at least 2/ + 2 of
weight (20 — 1)*. Note that P/, must pass through at least 20 — 1 copies of H,_1[p’,1], just

u,v

to get from u to v. By Lemma 5, the weight of P,  is at least

(20 — 1) (2l(k — 1) + 1) (20 — )"~ + (20 + 2)(21 —1)"
(21 — 1)(21(k — 1) 4+ 1)(20 — 1)1 4 21(20 — 1)~ +2(21 — 1)~
= (2k+1)(20—1)" +2(20 —1)* > 2k 4+ 1)(20 — 1)* + 2(20 — b)*
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If the path @ equals to P, the unique u — v shortest path in B[p, 1], then it passes through
exactly 2] — 1 internal vertices of B[p, I]. Hence, P{w passes through exactly 2/ — 1 of copies of
H.—1[p',1]. We would like to know how many of them contain less than b*~1 critical edges of
(u,v). Note that there cannot be less than 21 — b such copies: otherwise the number of copies
with at least b*~! critical edges of (u,v) is more than 21 — 1 — (21 —b) = b— 1, i.e., at least b,
so there are at least b-b*~! = b* critical edges of (u,v) in S, in contradiction. Therefore, the
number ¢ of copies in which there are less than b"~1 critical edges of (u,v) is at least 21 — b.
In these copies, P, suffers a weight of at least (2[(xk — 1) 4+ 1)(2l — 1)"~ ! 4+ 2(21 — b)* 1,
by the induction hypothesis. In the other 2/ — 1 — ¢ copies, P, , must have a weight of at
least (20(k — 1) 4+ 1)(21 — 1)*~1, by Lemma 5. Together with the 2/ edges that connect these
copies and have weight of (21 — 1)", we get

ds(u,v) = w(P,,)=20(20—1)"+ (20 =1 —t)(2l(k — 1) + 1)(20 — 1)*~*
(205 — 1) + 1)(20 — 1)" 1 4 2(20 — b)" 1]

2020 — 1) 4+ (20 = 1)(2(k — 1) + 1)(20 — 1) +¢-2(20 — b)* !
(20K + 1) (20 — 1)" + ¢ - 2(21 — b)~*

(20K +1)(20 — 1)" + (21 — b) - 2(21 — b)"~*

(20K + 1) (20 — 1)" +2(21 — b)~

AV

This completes the inductive proof. It shows that there is a pair (u,v) € Pi[p,l] =P
with

ds(u,v) = (2 +1)(2 = 1)" +2(20 - b)"
= (r+1)20-1)" <1 T 2fl)(2lz)i 1)“)
= dc(uw)'( 2m+1 @H)))
- e (ol (12375
> dG(%“)'( 2zn+1 ( )) - dG(u’U)'(H(Zl:“).D

> da(u,v) - (1+; D_dc( v).- (1—}—6;)>dg(u,v)~(1+e),

Where in the last step we used the definition of I = L%J Thus, S cannot be a Py[p,]-
pairwise (1 + €)-spanner. In other words, any Py [p, []-pairwise (1 + ¢)-spanner must have size
of at least B|P|, where 5 > (12552)H. <

» Remark 7. Notice that the proof of Theorem 6 also works for every subset of the pairs
P.[p,1]. Therefore, the phrasing of Theorem 6 may be strengthen as follows.

For infinitely many integers n > 0, and for any integer 1 < xk < loglogn and real
0<e< ﬁ, there is an n-vertex graph G = (V, FE) and a number Q = nH_F”%Tl_O(l),
such that for every integer ¢ < @, there is a set of pairs P C V? with size ¢, such that any

P-pairwise (1 + €)-spanner for G must have at least § - |P| edges, where § = (m2) .

3.2 Large Stretch

The lower bound for pairwise spanners with large stretch is achieved using a graph with
high girth and large number of edges. This properties of a graph were used for proving
lower bounds for distance oracles and spanners (see [28]) and also for hopsets (see [24]). In
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particular, we use the same graph that was used in [24], which was introduced by Lubotzky,
Phillips and Sarnak in [22]. This graph has the additional convenient property of being
reqular, besides its high girth and large number of edges. Its exact properties are described
in the following theorem.

» Theorem 8 ([22]). For infinitely many integers n € N, and for every integer k > 1, there
exists a (p + 1)-regular graph G = (V, E) with |V| =n and girth at least k(1 — o(1)), where
p=D- n%, for some universal constant D.

Fix a,k > 1 such that £ > o + 1, and a large enough n € N as in Theorem 8. Let
G = (V, E) be the corresponding (p + 1)-regular graph from Theorem 8. The girth of G is at

least 3k(1 — o(1)), thus larger than k. Denote § = LXL_HJ Define the following set of pairs
Py C V2.

Po = {(u,v) € V? | dg(u,v) =6} .

» Lemma 9. For every (u,v) € Py, there is a unique shortest path P, , between u,v in
G. Furthermore, for every tour P, between u,v, that has length |P, | < ad, we have
P.,,CP,,.

Proof. Let P, , be some u—v shortest path in G, and let P, , be a u—wv tour with |P; | < ad.
If P,, Z P, ,, then the union P, , U P;yv contains a cycle. This cycle is of length at most

,U0

|Puwl + P, | <0+ad=(a+1) <k,

by the definition of § = {ﬁJ This is a contradiction to the fact that the girth of G is

larger than k. Hence, P, , C P, ,. In case P, , is also a u — v shortest path, i.e., [P, | =0,
then P, , C Pz’w implies P, , = P;’U. That is, P, is the unique shortest path between u,v

in G. |

Henceforth, we use the notations from Lemma 9, that is, we denote by P, , the u —v
shortest path in G.

» Lemma 10. Let P C Py be some subset, and suppose that S is a P-pairwise a-spanner
for G. Then,

U Pwcs.
(u,v)EP

Proof. Fix some (u,v) € P C Py. Since S has stretch « for every pair in P, we know
that there is a u — v path P, , C S with [P, | < a|P,,| = a. By Lemma 9, the u — v
shortest path satisfies P, , C P, , € S. In conclusion, P, , C S for every (u,v) € P, thus
Utu,vyep Puw € 5. <

The following lemma describes several combinatorial properties of the graph G.

» Lemma 11. The number of edges in G = (V,E) is |E| = % The number of paths in

5—1
Po is %. For every edge e € E, there are 6p°~" pairs (u,v) € Py such that e € Py

Proof. The number of edges |E| is half the sum of the degrees in G. Since G is (p+1)-regular,
— n(p+1)
we get |E| = =5,

Now fix some u € V, and consider its BF'S tree up to distance §. The root u has p+ 1
children in this tree, and every other internal vertex has a set of p children, disjoint from the
children set of any other vertex in this tree. This is true since otherwise there would be a
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cycle of length at most 20 < (a+ 1)d < k, in contradiction to the girth of G being larger
than k. Thus, the number of vertices v in the é-th layer of this tree, is (p + 1)p°~!. That is,
the number of v € V such that dg(u,v) = § is (p+ 1)p° . Hence,

Y Hve ldaw,v) =6} = (p+1)p" " =nlp+1)p°".

ueV ueV

§—1
In this sum, each pair (u,v) € Py is counted exactly twice, therefore |Py| = %.

The proof of the third property is very similar. Fix some edge e = (v1,v2) € E. For every
integer i € [0,d — 1], consider the BFS tree T} of v; up to distance i. Symmetrically, T4
denotes the BFS tree of vy up to distance i. As before, the children sets of the vertices in
Tj UT{ 17" are disjoint - otherwise there would be a cycle of length at most

max{i+1+06—-1-142i,20—-1-i)}<20<k,

in contradiction. Hence, the number of vertices in the i-th layer of T} is p’ (note that v; has
p children in this tree), and the number of vertices in the (§ — 1 — )-th layer of 79"~ is
p° =1~ For every pair (u,v) € Py such that e € P, ,, the path P, , has one end in the i-th
layer of T/ and the other end in the (§ — 1 — )-th layer of 72 '~ for some i € [0,d — 1].

See Figure 2 for an illustration. Thus, the number of such pairs is

6—1
Zpl 'péflfz — 5p571 ) <
=0
i 5—-1-i
T T
U1 U2
L | \
[ 6—1—1i

Figure 2 Given an edge e = (v, v2) (colored orange in the figure), we consider the BFS trees T+
and Tgil*i rooted at v1 and ve respectively, up to distance i and § — 1 — ¢ respectively. There are
no cycles within these two trees, because of the girth guarantee. By regularity, we know that each
vertex in these trees, except the leaves, has exactly p children. Every path of length § that passes
through e, such as the blue path in the figure, is determined by a leaf of T¥ and a leaf of TZ‘S 1=

We are now ready for the main theorem of this section.

» Theorem 12. For infinitely many integers n > 0, and for any real a > 1 and integer
k such that a +1 < k < logn, there is an n-vertex graph G = (V, E) and a set of pairs

P C V2 with size © (% -nH%), such that any P-pairwise a-spanner for G must have at

least Q(n“'%) edges, that is, the size overhead is § = Q (2)

83:19

ITCS 2024



83:20

On the Size Overhead of Pairwise Spanners

Proof. By Theorem 8, for infinitely many integers n > 0, there is a (p + 1)-regular graph
G = (V,E) with n vertices and girth larger than k, where p = @(n%). We use the same
notations for 4 and Py as in the beginning of this section.

Let P C Py be a subset that is formed by sampling each pair in Py independently with
probability (W%l' The expected number of pairs in P is

Po| _np+1)p°~" _np+1) _|E]

opd—1 20po—1 20 5’

by Lemma 11. Moreover, by Chernoff bound,

Pr H|P| - 2] > |E|} 1EL _n(p+1)

T 2% < 2e 125 = Qe T 245 < 26_ﬁ/g’n, < 2672 , (3)

for large enough n, where we used the fact that 6 < k < logn.

We say that a pair (u,v) € Py covers an edge e € E if e € P, ,,. For an edge e € E, the
number of pairs in Py that cover e is 6p°~!, by Lemma 11. Therefore, the probability that
none of the pairs that cover e are in P is (1 — 5p},1 )51’571 < e~!. Hence, If we denote by
E’ C E the set of edges that are not covered by any (u,v) € P, then E[|E’|] < |E|-e~!. By
Markov’s inequality,

L2 1
Z < Z
Pr [|E> “|E|| <5 (4)

Now, by the union bound, the probability that either

Pl - 2l > B or B > 21E], s
at most 272 + 1 < 1, using Inequalities (3) and (4). Therefore, there is a way to choose the
subset P C Py, such that the number of edges in E that are not covered by any (u,v) € P is

at most 2|E|, and such that % <|P| < %. In particular,

Pi=o () =0 (") :@<n15+;> oG

For this choice of P, the number of edges e € E that satisfy e € P, ,, for some (u,v) € P is
at least (1 — 2) |E|. Notice that these are exactly the edges in J,, ,)ep Pu,o- By Lemma 10,
any P-pairwise a-spanner for G must contain this set, and therefore must have size at least

2 1 1 26 )
_z >Z|IE| > Z Pl = 2P| .
(1-2)1m12 1812 - Frpi= P

e 4
This proves the theorem for g = % =0 (g) <
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