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Abstract

A reachability preserver is a basic kind of graph sparsifier, which preserves the reachability
relation of an n-node directed input graph G among a set of given demand pairs P of size
|P| = p. We give constructions of sparse reachability preservers in the online setting, where G
is given on input, the demand pairs (s,t) € P arrive one at a time, and we must irrevocably
add edges to a preserver H to ensure reachability for the pair (s,t) before we can see the next
demand pair. Our main results are:

e There is a construction that guarantees a maximum preserver size of
|E(H)| <0 (n0'72p0'56 + n0.6p0.7 T n) .

This improves polynomially on the previous online upper bound of O(min{np°®3, n%5p})+
n, implicit in the work of Coppersmith and Elkin [SODA ’05].

e Given a promise that the demand pairs will satisfy P C S x V for some vertex set S of
size |S| =: o, there is a construction that guarantees a maximum preserver size of

|E(H)| <O ((npa)1/2 + n) .

A slightly different construction gives the same result for the setting P C V x S. This
improves polynomially on the previous online upper bound of O(on) (folklore).

All of these constructions are polynomial time, deterministic, and they do not require knowl-
edge of the values of p,o, or S. Our techniques also give a small polynomial improvement in
the current upper bounds for offline reachability preservers, and our results extend to an even
stronger model in which we must commit to a path for all possible reachable pairs in G before
any demand pairs have been received. As an application, we improve the competitive ratio for
Online Unweighted Directed Steiner Forest to O(n?/°+¢), improving on the previous bound of
O(n?/3+¢) [Grigorescu, Lin, Quanrud APPROX-RANDOM 21].

*This work was supported by NSF:AF 2153680.



1 Introduction

We study reachability preservers, a basic graph sparsifier that has found applications in graph
spanners and shortcut sets [25], property testing algorithms [2], flow/cut approximation algorithms
[18], Steiner network design algorithms [1], etc (see [8] for more discussion and applications).

Definition 1 (Reachability Preservers). Given a directed graph G = (V, E) and a set of demand
pairs P C V x V', a reachability preserver is a subgraph H C G with the property that, for all
(s,t) € P, there is an s ~» ¢ path in H iff there is one in G.

The study of reachability preservers goes back at least to Directed Steiner Network (DSN), a
classic NP-hard graph algorithm, which can be phrased as the computational task of computing the
sparsest (or minimum weight) reachability preserver of a given instance G, P [26]. More recently
they have been intensively studied from an extremal perspective, where the goal is to determine
the worst-case number of edges needed for a reachability preserver, typically as a function of n (the
number of nodes in the input graph) and p := |P| (the number of demand pairs) [1,5,8,12,13,17,24].

Almost all previous work on reachability preservers operates in the offline model, where G, P
are given on input and the goal is to construct a sparse preserver H. However, there is also a long
line of algorithmic work on online Steiner network design [3,4,9-11,21,23,24]. Here the model is
that G is given on input, and the demand pairs (s,t) € P arrive one at a time. We must irrevocably
add edges to H to preserve reachability for the current demand pair before the next one arrives,
and the process can halt at any time without warning. These papers typically try to achieve a
small competitive ratio, that is, the goal is design an efficient online algorithm that achieves an
upper bound on preserver size of the form |E(H)| < OPT - f(n,p) where OPT is the best offline
solution for the given instance G, P and the function f is as small as possible.

We study extremal bounds for reachability preservers in the online model. This problem has
been previously explicitly considered only in a stronger non-standard online model (see Theorem
3), or implicitly as an internal ingredient inside the aforementioned algorithms (see Section 1.2).
There is one previous paper that implies results in this setting, which is by Coppersmith and Elkin
[19], and it more strongly studies distance preservers (which must preserve exact distances among
demand pairs). Although not explicitly discussed, one can use a folklore reduction of reachability
preservers into the setting of DAGs (see Theorem 9), and then apply the analysis of Coppersmith
and Elkin to show an online upper bound of

|E(H)| <0 (min {npl/Q,nl/Qp} + n) .

Meanwhile, in the source-restricted setting where the demand pairs satisfy P C SxV (or P C V' x.S)
for some set of source nodes S, we have the online bound

|[E(H)| <O (n]S]).

This construction is folklore; one simply selects paths for demand pairs in a “consistent” fashion
[7,19], meaning that they will all lie within a set of in- and out-trees rooted at the nodes in S,
which have O(n|S|) edges in total. This simple construction remains state of the art, and has been
used recently as an ingredient in online Steiner network algorithms [21,24], thus motivating further
investigation. We note that neither of these constructions require any advance knowledge of P or
S (not even their size); this is typically considered to be an essential feature of the online model.
Although there are many more previously-known extremal bounds for offline reachability pre-
servers (see Table 1), they all rely on one or more technical tools that inherently require advance



knowledge of the demand pairs; we discuss these tools in more detail in Section 3.3. We develop a
framework in which to analyze online reachability preservers, and we use it to prove two new upper
bounds, improving on both of the results mentioned above:

Theorem 1 (Online Pairwise Reachability Preservers). Given an n-node directed graph G, there
is an online algorithm that constructs a reachability preserver H of |P| = p total demand pairs of
size at most

24«
|E(H)| <O (ngiﬁﬂ(l)pﬁ 4 p220to()y0 n) < O (n072p056 1 06,07 4 Y

where o > 0.7 is a root of 423 — 1322 + 10z — 2.1

Theorem 2 (Online Source-Restricted Reachability Preservers). Given an n-node directed graph
G = (V,E), and a promise that the demand pairs will satisfy P C S x V for some set of source
nodes S C V, there is an online algorithm that constructs a reachability preserver H of p total
demand pairs of size at most

E(H)| <0 ((nIS|p)"/ +n).
The same result holds under the promise that P C V x S, but requires a slightly different algorithm.

All of our construction algorithms are deterministic, run in polynomial time, and do not require
any knowledge of P or S (including their size). Theorem 2 ties the state-of-the-art upper bound in
the offline sourcewise setting [1].

It may also be interesting to compare Theorem 1 to the following lower bound, proved in [8] in
a stronger online model:

Theorem 3 ([8]). Consider a stronger version of the online model where the graph G is initially
empty, and an adversary may add new edges to G in each round before providing the next demand
pair. Then there is a strategy for the adversary that guarantees that any online reachability
preserver H will have size

\E(H)| > 0 ((np)2/3 n n) .

Our bound in Theorem 1 is polynomially better than this one (in exchange for a weaker adver-
sary), and so it formally separates these two models.

1.1 Other Models

A couple of the new tools that we develop for the online setting also turn out to be helpful in the
classical offline setting. This yields the following small polynomial improvement in the state of the
art:

Theorem 4 (Offline Reachability Preservers). Given an n-node directed graph G and a set of
demand pairs P, one can construct in polynomial time a reachability preserver H of size

|[E(H)| <O (n3/4p1/2 42 V() 1/VE n) < O (n0T5p05 4 n0SOp0TL 4 1)

!This upper bound on |E(H)| is decreasing as a increases, so one gets a correct but slightly suboptimal upper
bound by plugging in a = 0.7 (the explicit form on the right is a slight overestimate of that bound, with the exponents
rounded off). The exact value is o = 0.70086. . ..



Bound on |E(H)| Offline Online Citation

O(min {np*/2,n'/2p} +n) v v [19] (implicit)
O (n¥3p?/3 +n) v [1]

O (52 +p) v 1]
O(n3/4pl/2 4 pd/3p11/16 +n) v 8]
05 +n) v 8]
O(n3/4]91/2 + n2_\/§+0(1)p1/ﬂ —I—n) v this paper
O(n0'73p0‘54 + n0-6p0-7 +n) v v this paper
O((np|S)'/? +n) v 1]
O((np|S|)1/2 +n) v v this paper
For any int d > 1: Q(nd%lp% +n + p) v [1], based on [19]
For p > n*/?|S|?/3; Q(n4/5p1/515\1/5 +n + p) v v 1]

Table 1: The progression of upper and lower bounds on the extremal number of edges needed
for an offline/online reachability preserver. When S is present, the bound applies in the source-
restricted setting P € S x V (or P C V x S). The terms 2'°8" ™ and 28" P reflect the current lower
bounds on the Ruzsa-Szemerédi function; see [8] for discussion.

We will also consider the stronger non-adaptive version of the online model. In its strongest
form, this model would require that the selected path 7 (s, t) added to the preserver for each demand
pair (s,t) depends only on the input graph G, and not also on the previous demand pairs or the
current preserver H. Equivalently, after receiving the input graph G, we are required to commit to
a choice of path for every reachable pair (s,t) before any demand pairs are received. In addition to
the interpretation through the online model, this can be viewed as a parallelization of reachability
preservers: it allows one to preprocess a graph G in such a way that, given any set of demand
pairs P, we can construct a sparse reachability preserver H by adding a path for all demand pairs
(s,t) € P in parallel, without the path-adding process for (s,t) even knowing the other demand
pairs in P.

We will show that our upper bounds can almost be made non-adaptive, but a little bit of extra
information is required. Making them fully non-adaptive is an interesting open problem.

Theorem 5 (Non-Adaptive Reachability Preservers). There are online algorithms satisfying The-
orem 1 and Theorem 2 where the selected path for each demand pair (s,¢) depends only on the
input graph G, the set of source nodes S (for Theorem 2), and

e the index ¢ of the current demand pair, or
e the total number p of demand pairs that will arrive.

The first (i-sensitive) part of this theorem strictly strengthens Theorem 1. The second (p-
sensitive) part is incomparable in strength to Theorem 1, since it depends on the overall number
of demand pairs p, which is unknown in Theorem 1. Both parts are incomparable in strength to
Theorem 2, since they require knowledge of the source nodes S which are unknown in Theorem 2.



These are proved in Section 4. For comparison, the results of Coppersmith and Elkin for distance
preservers [19] imply non-adaptive reachability preservers of quality O(min{np/2,n'/?p} +n), but
nothing further was previously known.

1.2 Application to Unweighted Directed Steiner Network

The algorithmic problem of computing the sparsest? possible reachability preserver of an input
G, P is called Unweighted Directed Steiner Network (UDSN). This problem is NP-hard, and even
hard to approximate [20], but it is well studied from the standpoint of approximation algorithms.
After considerable research effort [1,6,14-16,22], the state-of-the-art is:3

Theorem 6 (Offline UDSN [1,15]). There is a randomized polynomial time algorithm for (offline)
UDSN that, given an n-node input graph G and a set of p demand pairs P, returns a reachability
preserver H of size

[E(H)| < OPT - O (min {n*/7%, p!/2} )
where OPT is the number of edges in the sparsest possible reachability preserver of G, P.

The bound of O(n4/ 7+€) follows a proof framework that was originally developed by Chlamt4c,
Dinitz, Kortsarz, and Laekhanukit [16], but then replaces a certain key internal ingredient in their
proof with an offline source-restricted reachability preserver [1].

It is an interesting open question whether the bound in Theorem 6 can be matched by an online
algorithm (in other words, is the competitive ratio for UDSN bounded by O (min {n4/ Tte pl/2te }) 7).
This was partially achieved about ten years ago by Chakrabarty, Ene, Krishnaswamy, and Panigrahi
[21], who showed:

Theorem 7 (Online UDSN, parametrized on p [21]). There is a randomized polynomial time
algorithm for online UDSN that achieves a competitive ratio of O (pl/ 2+€) .

Thus, the remaining question is whether the dependence on n in Theorem 6 can be recovered in
the online setting. Here the state of the art is due to, Grigorescu, Lin, and Quanrud, who obtained
a competitive ratio of n?/3+¢ [24], roughly following the framework of Chlamtac et al. [16] but with
adaptations for the online setting. As an application of our new online source-restricted preservers,
we are able to substitute them into this framework, improving the competitive ratio:

Theorem 8 (Online UDSN, parametrized on n). There is a randomized polynomial time algorithm
for online UDSN that achieves a competitive ratio of O(n%/5%¢).

1.3 Organization

e Section 2 recaps some useful technical preliminaries, largely from [8].

e Section 3.1 sets up the algorithms used to select paths for demand pairs as they arrive in the
online setting, and proves their basic properties.

e Section 3.2 proves Theorem 2.

2More generally, in algorithmic contexts one can consider a weighted version of the problem, where G has edge
weights and the goal is to construct a min-weight preserver H.

3All work to date has focused on proving an approximation ratio as a function of n or as a function of p. It is not
clear if a better approximation ratio can be achieved if we consider bounds that can depend on both n and p.



e Section 3.3 informally overviews Theorems 1 and 4. The formal proofs are more technical, so
we give them in Appendices A and B, respectively.

e Section 4 proves Theorem 5.

e Section 5 proves Theorem 8.

2 Technical Preliminaries

We will recap some definitions and results from prior work that will be useful in our arguments to
follow.

2.1 The DAG reduction

While proving all of our upper bounds, it will be convenient to assume that the input graph is
a DAG. That this assumption is without loss of generality comes from the following standard
reduction, which we will recap somewhat briefly here:

Theorem 9 (DAG Reduction (folklore)). If there is an algorithm that constructs a reachability
preserver H of size
|E(H)| < f(n,p,0)

for any p demand pairs using |S| = o source (or sink) nodes in an n-node DAG, then there is an
algorithm that constructs a reachability preserver H of size

[E(H)| < f(n,p,0) +2n
in arbitrary graphs.

Proof. Given an input graph G, compute a strongly connected component (SCC) decomposition.
For each component C' in the decomposition, choose an arbitrary vertex v € C and an in- and
out-tree rooted at v spanning C. There are 2(|C| — 1) edges in these two trees, and hence there are
slightly less than 2n edges in total, across all trees.

We add all edges in these trees to our reachability preserver H at their first opportunity, and
then for the rest of the construction we treat each SCC as a single contracted supernode, yielding a
DAG G'. For each demand pair (s,t), we can map the nodes s, t onto the corresponding supernodes
in G’ and choose paths in G’ using our assumed DAG algorithm, to get a reachability preserver H’
in G' on < f(n,p,o0) edges. Each edge (u,v) added to H' can be mapped back to any single edge in
G between the set of nodes corresponding to the supernode u and the set of nodes corresponding
to the supernode v. Since our in- and out-trees preserve strong among all nodes in each of these
sets, this will give a correct preserver in G. O

2.2 Path System Definitions

A path system is a pair S = (V,II), where V is a set of vertices and II is a set of nonempty vertex
sequences called paths. We will next recap some basic definitions; see also [8] for more discussion.
Note that, even when the vertex set V is that of some graph G, the paths in II are abstract
sequences of vertices that do not necessarily correspond to paths in G. The length of a path 7 € II,
written |7|, is its number of vertices (hence off by one from the length of the path through some
graph). The degree of a node v € V', written deg(v), is the number of paths that contain v (which



may differ significantly from its degree as a node in a graph). The size of S, written ||.S]|, is the

quantity
IS == I=l.
mell
o
&fz?’
&
¢ ® river

Figure 1: A directed 3-cycle (left) and a 3-bridge (right).

We will later use so-called Turdn-type methods to bound the size of certain path systems,
meaning that we will first establish that .S avoids certain subsystems, and then we will bound the
maximum possible size of any path system that avoids those subsystems. We say that S’ is a
subsystem of S, written S’ C S, if it can be obtained by zero or more of the following operations:
delete a path from II, delete a node from V', or delete one instance of a node v from a path 7= € II.
We will use two kinds of forbidden subsystems in this paper (see Figure 1):

e A directed k-cycle is a path system that has k nodes with a circular ordering (xo, x1, ..., Tx—1, Tk =
x0), and k paths of length two each, which are all paths of the form (x;,x;41),0 <i < k.

e A k-bridge is a path system that has k nodes with a total ordering (x1,x2,...,x%), and k
paths of length two each, which are (1) the path (z1,xy), called the river, and (2) the k — 1
paths of the form (z;,z;41),1 < i < k, called the i*" arc.

We note that k-bridges still count even when they are degenerate; for example, two paths that
coincide on two consecutive nodes count as a 2-bridge, and three paths that coincide on three
consecutive nodes contain a 3-bridge, etc.

A path system is acyclic if it does not contain any directed cycle as a subsystem, or equivalently,
if there is a total ordering of the vertices V' such that the order of vertices within each path = € II
agrees with this ordering. We will frequently consider ordered path systems, which are path systems
with a total ordering on their path set II. With this we will sometimes only forbid subsystems with
certain ordering constraints, e.g., 3-bridges where the last arc comes before the river in the ordering

of II.

3 Online Reachability Preservers

3.1 Path Growth Algorithms

A key tool in our online upper bounds will be the following two (very similar) path selection
algorithms. We use these algorithms to generate a path m(s,t) for each demand pair (s,t) as it
arrives, and then we add the edges of this path to the current preserver. Our path generation
algorithms are greedy, growing paths one edge at a time and locally avoiding new edges if possible.



Input: DAG G = (V, E), current preserver H C G, demand pair (s, t)

Let 7« (s)
while last node of w is not t do
u 4— last node of 7
if there exists an edge (u,v) € E(H) with t reachable from v then
‘ append any such edge (u,v) to the back of 7
else
‘ append to the back of 7 any edge (u,v) € E(G) with ¢ reachable from v
return 7

Algorithm 1: forwards-growth path generation

Input: DAG G = (V, E), current preserver H C G, demand pair (s, t)

Let m < (t)
while first node of 7 is not s do
v < first node of 7
if there exists an edge (u,v) € E(H) with u reachable from s then
‘ append any such edge (u,v) to the front of 7
else
‘ append to the front of 7 any edge of the form (u,v) € E(G) with u reachable from s
return m

Algorithm 2: backwards-growth path generation

The two algorithms are symmetric to each other, and differ only in whether we grow the path from
front to back or from back to front.

As we use these algorithms to sequentially generate paths and build our preserver, it will be
helpful to track an auxiliary path system Z = (V,II). Each time we add a path m(s,t) to H, say
that a new edge is an edge e € 7(s,t) that was not previously in the preserver. We then add a
corresponding path 7’ to Z, whose nodes are

, {u | there is a new edge (u,v) € 7(s,t)} U{t} if forwards-growth is used
{s} U{v | there is a new edge (u,v) € 7(s,t)} if backwards-growth is used

and in either case, these nodes are ordered in the path 7’ the same as their order in 7 (s, t). We will
also treat Z as an ordered path system, with the paths in Z ordered by the arrival of the demand
pairs that generated each path. The following properties of Z all follow straightforwardly from the
construction:

Lemma 10 (Properties of 7).
1. Z is acyclic,
2. 12|l = [E(H)| + p,

3. Under forwards-growth, Z has no bridge in which the first arc comes before the river in the
ordering of II. Under backwards-growth, Z has no bridge in which the last arc comes before
the river in the ordering of II.



Proof.

1. Since the input graph G = (V, E) is a DAG, the order of nodes in each path 7 € II agrees
with the topological ordering of the nodes in V, implying that Z is acyclic.

2. Initially, we have ||Z|| = |E(H)| = 0. Then, every path " added to Z corresponds to a path
7(s,t) that contributes exactly |7/|—1 new edges to H, so in the end we have || Z|| = |E(H)|+p.

3. We will prove this for forwards-growth; the argument for backwards-growth is symmetric
(up to reversal of direction of the edges of the input graph G). Seeking contradiction, suppose
there is a bridge formed by nodes (x1, ..., x), arc paths 71, ..., m,_1, and river path 7,, with
71 <m 7. Let w(s1,t1),7(sy,t,) be the paths generated by forwards-growth corresponding
to my, m, respectively. By construction, since z1 € (m N, ), these paths both contribute new
edges to H leaving z1; call the first one (z1,y) € m(s1,¢1). Now notice that the arcs witness
reachability among all of the node pairs

(%552), (132,583), ey ('xk—lvxk)v (I’k,tr) .
——— N — ———— S —

in m in o in m,_1 in 7

So by transitivity, the node pair (y,t,) is reachable. When we generate 7(s,,t,) using
forwards-growth, since we have already added 7(s1,¢1) the edge (x1,y) is already present
in H and we have (y,t,) reachability. So the algorithm will not choose to add a new edge
leaving x1 while generating 7 (s,, t,), which completes the contradiction. O

3.2 Online Source-Restricted Reachability Preservers

We will prove the following upper bound on source-restricted preservers in the online model:

Theorem 11. In the online model with an n-node input DAG G = (V, E) and p total demand
pairs, the final preserver H will have size

[E(H)| < O ((nplS])? +n)

in either of the following two settings:

e S is the set of start nodes used by the given demand pairs P (that is, P C S x V), and the
builder generates paths in each round using the backwards-growth algorithm, or

e S is the set of end nodes used by the given demand pairs P (that is, P C V x §), and the
builder generates paths in each round using the forwards-growth algorithm.

Notably, neither the forwards- nor backwards-growth algorithm require the builder to know
the number of demand pairs p or any information about the set of source/sink nodes S. We will
only prove the latter point in Theorem 11, analyzing forwards-growth and assuming P C V x S.
The other point is symmetric.

The proof will work by analyzing the path system Z associated to the online path-adding
process; recall its essential properties in Lemma 10. Let ¢ := ||Z||/p be the average path length
and let d := ||Z||/n be the average node degree. If d < O(1) then we have ||Z| < O(n) and the
theorem holds, so we may assume in the following that d is at least a sufficiently large constant.
Imagine that we add the paths from Z to an initially-empty system, one at a time, in the reverse
of their ordering in II. We observe:



Lemma 12. There is a path m € II such that when 7 is added in the above process, it contains at
least £/4 nodes of degree at least d/4 each.

Proof. Suppose not. Then, by counting the first d/4 times each node appears in a path separate
from the remaining times, the total size of Z can be bounded as

nd pl
7|l < — 4+ =
17) < %5+ 2

N

= 4 4
121l

which is a contradiction. O

(first in ordering, first arc)

Figure 2: The proof of Lemma 13 works by arguing that no path m may intersect too many paths
that come later in the ordering, or else two of those paths ¢, g2 will share an endpoint in S and
thus form a forbidden 3-bridge.

Lemma 13. /d < O(|9]).

Proof. Suppose for contradiction that ¢d > 16|S|. By the previous lemma, there is a path = € II
that intersects at least ¢d/16 > |S| other paths in II, which were added to the system before =
(and hence come later than 7 in the ordering of II). By the Pigeonhole principle, and since the
demand pairs satisfy P C V x S, at least two of these intersecting paths ¢, g2 end at the same
node t € S. Since by Lemma 10 Z does not contain any 2-bridges, ¢1, g2 may not intersect at any
other nodes, and so they intersect 7 at two different nodes. But this implies that w, ¢, g2 form a
3-bridge in which 7 is the first arc and it precedes both g1, ¢2 in the ordering of II (see Figure 2).
This contradicts Lemma 10, completing the proof. ]

We now complete the proof by algebraically rearranging the inequality from the previous lemma.
We have:

ld <0

(pl)(nd) < O

1> <o

1Z] <0

151)
S|pn)
S|pn)
|Slpn)*/2.

—_ == =



Since by Lemma 10 we have ||Z|| > |E(H)|, this implies our desired bound on the size of the
output preserver.

3.3 Online Pairwise Reachability Preservers

By following an identical proof strategy to our upper bound in the source-restricted setting (i.e.,
exploiting forbidden ordered 2- and 3-bridges), it is possible to prove an upper bound of

\E(H)| <0 ((np)2/3 + n)

(details omitted, since we will show a stronger bound than this). As discussed in [8], this is probably
the best upper bound one can show by exploiting only the forbidden ordered 2- and 3-bridges from
Lemma 10. Nonetheless, we will show a stronger bound, which crucially also exploits the forbidden
ordered 4-bridges from Lemma 10.

Recap of [8]. Recent work of Bodwin, Hoppenworth, and Trabelsi [8] on offline reachability
preservers introduced a framework for extremal analysis of forbidden 4-bridges, which we will
briefly recap here. First, the paper shows:

Lemma 14 (Independence Lemma, c.f. [8], Lemma 38). Let §(n,p,c0) denote the maximum
possible size of a path system with n nodes, p paths, and no bridges as subsystems. Then every
n-node directed graph and set of p demand pairs has an offline reachability preserver H of size

|E(H)| <O (B(n,p,)),
and this is asymptotically tight.

Thus, it suffices to argue about the extremal size of a bridge-free path system. We remark
here that versions of this lemma are perhaps implicit at a low level in prior work, e.g. [1,19]. It
is also an inherently offline lemma, and breaks down completely in the online setting; the reliance
on this lemma (or its underlying ideas) is essentially why the known results for offline reachability
preservers do not tend to extend to the online setting.

This previous paper then argues as follows. Assume for convenience that all paths have length
©(¢) and all nodes have degree ©(d), for some parameters ¢, d. Recall that the upper bound from
forbidden 2- and 3-bridges is O((np)?/® +n), and so our goal is to show that this bound cannot be
tight. A few straightforward calculations reveal that, if this bound were tight, then for the typical
pair of paths 71, m in the system there will be ©(¢) paths that intersect m and then mo. However,
no pair of these intersecting paths may have crossing intersection points with 71, o (see Figure 3).

Figure 3: There cannot be two paths 73, w4 that both intersect paths 7y, w9, but where the points
of intersection switch places as in this picture, or else they form a 4-bridge (here 3 is the river).
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If there are ©(¢) paths that intersect both 71, 72, and yet these intersecting paths cannot cross
each other, then the typical intersecting path must “lie flat” in the sense that there is not much of a
gap along either m or my to, say, the h nearest intersecting paths (for some parameter h). In order
to exploit this, the key strategy in [8] is to sample a random base path m, € I, and then analyze
the random subsystem S’ on the vertex set formed by examining the h adjacent nodes along the
paths that intersect m, (see Figure 4).

Figure 4: The random subsystem S’. Figure based on [8], Figure 7.

If the intersecting paths do indeed “lie flat,” then there will be many such paths within A steps
of m, along its branching paths, and thus we should expect S’ to contain many long paths. But
we can apply known upper bounds to S’ to rule out this possibility. This implies that, in fact,
the typical pair of paths 7, mo have < £ paths that intersect both, leading to an improved upper
bound.

Our Offline Improvements. An auxiliary result of this paper is an improvement in the bound
shown by [8]. We refer back to Theorem 4 for the statement, or Appendix B for the proof.

The source of these improvements is from an improved strategy for controlling the size of the
random subsystem S’. One of the two ways in which this part improved is by recursively bounding
the size of S (this is executed in Lemma 40). Although this idea is conceptually straightforward,
it requires a significant refactoring of the proof to enable it. The technical reason is that [8] bounds
the input system Z using an ¢! norm of path lengths (the standard notion of size) but S’ using an
¢? norm of path lengths, making it impossible to directly apply the bound on Z recursively to S’.
We switch to bounding both using the £2 norm everywhere, and we only move back to our desired
¢! norm at the very end of the proof. The other new ingredient is an improved counting of the
contribution of “short” paths to the size of S’, which is executed in Lemma 40.

Our Online Adaptation. It will be slightly more convenient in this exposition to consider
the backwards-growth strategy for path generation here, although of course by symmetry either
strategy works (we use this convention in Appendix A as well). We will analyze the path system Z
constructed above, and in particular Lemma 10 states that bridges are forbidden in Z whose last
arc comes before the river.

Can we exploit forbidden ordered 4-bridges by following the strategy outlined above? Some
parts of the method extend easily, with minor tweaks. For example, instead of counting any paths
7 that intersect the typical pair of paths 71,72, we can restrict attention to those that also come
after 71, w2 in the ordering. Then the “crossing” in Figure 3 is still forbidden (since the river 73 is
assumed to come after the last arc m3). Relatedly, when we define S’, we need to consider only the
paths that intersect m, and come before it. Nonetheless, all these definitional adaptations turn out
to affect the relevant counting arguments by only constant factors, and so they do not harm the
argument. There are many other minor issues that we will not overview, which can be dispatched
with a little technical effort.
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However, there is one major problem: there is now potential for overlap in the paths that branch
off m,. That is, in the offline setting, we can exploit 3-bridge-freeness to argue that no two paths
that branch off 7, also intersect each other, and thus every node in S” (except those on m, itself) is
in exactly one branching path. But in the online setting, this is not so: these intersections form a
3-bridge that may be allowed (see Figure 5).

h nodes/path

T

Figure 5: When we generate S’ in the online/ordered setting, it is possible for the paths intersecting
7, to intersect each other: the river could come before the 2" arc, which would not violate the
conditions of Lemma 10.

Naively, the typical node in S’ could be ©(d) branching paths, and this complication completely
wipes out all the gains from the analysis. Although we cannot rule out the possibility of some nodes
having ©(d) branching paths, we are able to use a more intricate maneuver to show that there is
some threshold ¢ < d such that, in expectation, the number of nodes of branching degree Q(x)
in S’ is far less than the trivial bound of ¢dh/x for x > ¢. This turns out to be good enough to
recover some gains from the method. We unfortunately cannot show this for ¢ = 1, which is the
fundamental reason why our online bounds are polynomially worse than the corresponding offline
bounds.

4 Non-Adaptive Reachability Preservers

We next describe our method to convert our online algorithms to (almost) non-adaptive algorithms.
Our algorithm essentially works by simulating a greedy adversary in the online model, who repeat-
edly provides the most costly demand pair in each round, and then we set paths by running our
online algorithm against this adversary, halting at the appropriate place. Our proof will thus imply
indirectly that this greedy strategy is the most effective one for an adversary in the online model,
up to constant factors.

Our algorithms will reference an extremal function f(n,p) for online reachability preservers,
achieved by a generic path selection algorithm =(s,¢ | G, H). That is, we imagine an algorithm
that starts with G' as any n-node graph, and H as the n-node empty graph. When each demand
pair (s,t) arrives, we select the path 7(s,t | G, H) and add all of its edges to H. Then f(n,p) is
the largest possible number of edges in H after p rounds of this process.

We use this generic extremal function f, rather than the particular extremal upper bound from
Theorem 1, in order to emphasize that this bound and the technical details of the forwards- or
backwards-growth algorithms are not really important in this proof. If a future result improves on
Theorem 1, then the new bound will automatically transfer to these results as well. For simplicity
we will focus on f(n,p) here, but the proof would generalize readily to extremal functions that
incorporate additional parameters beyond n and p. This includes the online source-restricted
preservers of Theorem 11, which incorporate |S| as a parameter, although we note that these
require the set S to be given on input, so that the we know the set of possible demand pairs and
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we can properly simulate the adversary (i.e., search over the proper subset of demand pairs in the
condition of the while loop).

Input: n-node directed graph G = (V, E), number of demand pairs p
All reachable node pairs (s,t) in G have “unfinalized” path
H <« (V,0)
Let f(n,p) be an extremal function for online reachability preservers, achieved by a
deterministic path selection algorithm = (s,t | G, H)
while there is reachable (s,t) with > f(n,p)/p edges in w(s,t | G,H)\ E(H) do
finalize path 7(s,t | G, H) for (s,t)
add edges of w(s,t | G,H) to H
foreach remaining unfinalized reachable pair (s,t) do
‘ finalize path 7(s,t | G, H) for (s,t)

Algorithm 3: known-p-non-adaptive-rps

Theorem 15. For all n-node graphs G and sequences P of |P| =: p demand pairs, the paths set
by Algorithm 3 satisfy

U #(s,0)| <2f(n,p).

(s,t)eP

Proof. Let @) be the set of demand pairs whose paths are set in the initial while loop, and let Hg
be the subgraph H just after the paths for Q have been set and the while loop terminates. We
first note that |Q| < p, since otherwise by counting the edges contributed to H, the first p demand
pairs in @ create a subgraph Hq of size |E(Hg)| > f(n,p) which contradicts the definition of the
extremal function f. Since |Q| < p, we therefore have

[E(HQ)| < f(n,p).

Meanwhile, all demand pairs in P\ @ have their path set in the final for loop, and by construction
there are < f(n,p)/p edges outside Hg in each path. So we have

U (.0 <|BEH)+ Y In(s,t)\ E(Hg)l

(s,t)eP (s,t)eP\Q

< f(np)+p- (ﬂ’;p))
= 2f(n7p)'
Il

This theorem implies that, if one uses the precomputed paths from Algorithm 3 to respond to
online queries, then the online upper bound of f(n,p) will still apply (up to a factor of 2). The
main weakness of Algorithm 3 is that it requires advance knowledge of the parameter p, in order
to compute the threshold f(n,p)/p at which we exit the initial while loop. It is tempting, but
incorrect, to think this can be generally avoided by setting all paths as in the main while loop.
Such a strategy would work for a path selection algorithm that happens to satisfy an axiom like
momnotonicity, for which adding edges to H can only decrease the number of new edges in a selected
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Input: n-node directed graph G = (V, E)
Let f(n,p) be an extremal function for online reachability preservers, achieved by a
deterministic path selection algorithm = (s,¢ | G, H)
Let p* := argmax, f(n,p) < O(n)
foreach ¢ € {p*,2p*,4p*,8p*,... } do
Run Algorithm 3 with number-of-paths parameter ¢
Denote selected paths by (s, )

Algorithm 4: Preprocessing for Index-Sensitive Non-Adaptive Reachability Preservers

Input: demand pair (s,t), index ¢

// run Algorithm 4 as preprocessing

Let g be the least value in {p*, 2p*,4p*, 8p*,...} with ¢ > ¢
Return 7 (s, t)

Algorithm 5: Path Selection for Index-Sensitive Non-Adaptive Reachability Preservers

path 7(s,t | G, H) (it might also be fine to tolerate an approximate version of monotonicity).
However, we note that the path selection algorithms (forwards- and backwards-growth) used in
our online upper bounds are not monotonic in this way (or even approximately monotonic).

That said, we next describe a wrapper for the algorithm that can avoid the need to know p
ahead of time:

Theorem 16. Suppose that the extremal function f(n,p) depends polynomially on its second
parameter p in the regime where p > p*.* Then the online algorithm that runs Algorithm 4 as a
preprocessing routine upon receiving G, and which then uses Algorithm 5 to select the path added
to the preserver for each i*" demand pair (s,t), will construct a reachability preserver H of size

|[E(H)| < O(f(n,p)).

Proof. For each possible choice of ¢, we will add at most ¢ paths selected by 7, to the preserver. By
Theorem 15, these paths will have at most 2f(n, ¢q) edges in their union. Additionally, letting ¢* be
the largest choice of g for which we add any corresponding paths, note that we have ¢* > p > ¢*/2.
So we can bound the total number of edges in the preserver as:

|[E(H)| < > 2f (n,q)
q€{p*,2p*,4p* ,8p*,....¢*}
<O(f(n,q"))
<O(f(n,p)).

Here the second inequality holds because f depends polynomially on its second parameter, and so
this sum is asymptotically dominated by its largest term. The third inequality holds because we
have p > ¢*/2, and (again since f depends polynomially on its second parameter) this means the
values of f(n,q*), f(n,p) differ by at most a constant factor. O

4This phrase “depends polynomially” is intuitive but a bit informal. It is tedious to formalize it, but what we
really mean is that this theorem holds for any function f for which the latter two inequalities in the chain hold. This
includes all upper bounds shown in this paper.

14



5 Online Unweighted Directed Steiner Forest Algorithms

We will next apply our extremal bounds for online reachability preservers to the problem of Online
UDSF. As a reminder, in this problem we receive an n-node directed graph G' = (V, E') on input,
and then in each round we receive a new demand pair (s,t) that is reachable in G. We must
irrevocably add edges to a reachability preserver H to ensure that (s,t) is reachable in H before
the next demand pair is received. We do not know the number of demand pairs p ahead of time.
We will denote by OPT the size of the smallest possible (offline) reachability preserver for G, P,
where P is the set of all demand pairs received.

5.1 Recap of the Grigorescu-Lin-Quanrud Bound

Our new bound will use the structure and several technical ingredients from the previous state-of-
the-art online algorithm by Grigorescu, Lin, and Quanrud [24]. They proved:

Theorem 17 ([24]). For online UDSF, there is a randomized polynomial time algorithm with
competitive ratio O(n?/3+e).

Their algorithm carries two parameters, 1" and 7, which will be set at the end by a balance. In
the following, we will say that a demand pair (s,t) is nontrivial if it is not already reachable when
it arrives, and thus it requires us to add at least one new edge to the preserver. We let p be the
total number of nontrivial demand pairs.

e For the first 7" nontrivial demand pairs that arrive, we use the following result by Chakrabarty
et al.:

Theorem 18 ([21]). There is a randomized polynomial-time online algorithm that constructs
a preserver of the first 7 demand pairs of size at most OPT - O(T/>~¢).

e After the first T nontrivial demand pairs, the remaining demand pairs are further classified
using a strategy from previous work on offline DSF [6,16]. Say that a node pair (s, t) is 7-thin
if the number of vertices that lie along s ~~ t paths is at most 7, or 7-thick otherwise.

— In order to handle the thick demand pairs, just after the T demand pair is processed,
we randomly sample a set of |S| = Cnlogn/T nodes, where C is a sufficiently large
constant. Let us say that a node pair (s,t) is hit by S if there exists a node v € §
that lies along an s ~» t path. By standard Chernoff bounds (omitted), with high
probability, every thick pair (s,t) is hit by S; in the following we will assume that this
high-probability event occurs. We then add an in- and out-tree from each sampled node
in S, and so together these trees will contain an s ~» ¢ path. This costs O(n2/7) edges
in total.

— When each demand pair (s,t) arrives, we first check whether or not it is hit by S. If
so, the pair has been satisfied already by our trees and we can do nothing. If not, then
(s,t) must be 7-thin. In this case, the algorithm appeals to an LP-rounding algorithm
from [6]:

Theorem 19 ([6]). There is a randomized polynomial-time online algorithm that con-
structs a preserver of all 7-thin pairs of size at most OPT - 6(7)

This completes the construction. The last technical ingredient required is the following existen-
tial lower bound on OPT:
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Lemma 20 ([24]). OPT > Q(p'/?).
Proof. Any set of p demand pairs must use at least p/2 total terminal nodes (start or end). In
order to preserve connectivity, all terminal nodes must have in- or out-degree at least 1. It follows

that any correct solution must have Q(pl/ 2) edges. O
Now, assuming that p > T we can bound the total competitive ratio as
OPT - O(TY*+¢) + O (";) +OPT - O(t)
OPT

2
_ 1/2+e\ 4 A A n
o(r )+O(T)+O<0PT-7—>

- - 2
< O(TY**¥) 4+ O0(r) + O <1/2>
pl/2.r

2
1/2+ A A n

With a parameter balance, one can compute that the optimal setting is (essentially) T' = n*3 and
2/3 yielding the claimed competitive ratio of O(n2/ 3+€). In the case where p < T, the bound
on competitive ratio is simply O(Tl/ 2+¢) . which leads to the same bound.

T=n

5.2 Our Adaptation

We improve the competitive ratio from [24]:

Theorem 21. For online DSF with uniform costs, there is a randomized polynomial time algorithm
with competitive ratio O(n3/5+¢).

We mostly follow the strategy from [24] outlined previously, but our main change is to the
handling of thick pairs. After the first 7" demand pairs have been processed, we again sample a set
S of |S| = O(n/7) nodes, and we note that with high probability this sample hits all 7-thick pairs.
However, unlike before, we do not add in- or out-trees from S. Instead, when each new demand
pair (s,t) arrives, our strategy is to check whether or not it is hit by S. If so, then we use the two
cases of Theorem 11 to add paths for the pairs (s,v) and (v,t), at total cost O((np|S|)'/? +n) over
all demand pairs. If (s,¢) is not hit by S, then the new demand pair (s,¢) must be 7-thin, and we
handle it using Theorem 19 like before.

It is intuitive at this point that handling thick pairs with an improved bound would lead to an
improved competitive ratio. But unfortunately, it is not so simple: plugging in the improved bound
to the previous competitive ratio will not lead to an improvement. The reason is that the previous
parameter settings of T = n*/3 2/3 correspond to the setting where we have |S| = O(n!/3)
nodes in our sample and p = T = n%/3 demand pairs in total, and in this setting our new bounds
roughly tie (up to logn factors) those obtained from using in- and out-trees. To get around this,
we will need a more nuanced version of Lemma 20:

, T =1

Lemma 22. Let p’ be the number of nontrivial demand pairs that are hit by S. Then OPT >
Qp'/15])-

Proof. Similar to Lemma 20, it suffices to argue that the demand pairs use Q (p'/|S|) distinct
terminal nodes (start or end), since each terminal node must have (in or out) degree at least 1.
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For every demand pair (s,t) that is hit by S, there is a node v € S for which we add s ~» v and
v ~~> t paths to the preserver. This must either be the first time we add an s ~~ v path, or the first
time we add a v ~» ¢ path, since otherwise an s ~» ¢ path in the preserver will already exist and
the demand pair will be trivial. Thus the number of start or end terminals that have been paired
with v increases by 1. Overall, since there are |S| possible nodes that could hit our demand pairs,
we must have at least p’/|S| terminal nodes in total. O

We are now ready to calculate competitive ratio. Assuming that p > T, this is

B 1/2,,1/2,/1/2
O (TV/?+ —i—O(T)—l—O(‘S’ nop >+O< n )

OPT OPT
N 1/2,1/2,11/2
1/2+< S0 "p n
<Oo|(T +O(r)+ 0O <max{p’/|5|,p1/2}> +0 <p1/2> Lemmas 20, 22

_l’_

. ) ‘5‘3/2711/2 ]S|1/2n1/2p’1/2 n
O(r)+ O <m1n { ST Y +0 Py
2 /2
_ 1/24€ 3 A : n np n _A
=0 (TY**) + O(r) + O <m1n {p’1/27'3/27p1/27'1/2 }) +0 <pl/2> |S| = O(n/T)

2 11/2
1/2+e A A : n np n
§O(T/ )+O(T)+O<mm{p'1/273/2’T1/271/2}>+O(T1/2>' p>T

This bound will be maximized when p’ is such that the two terms in the min balance, which occurs
when

Under this setting, we can simplify

< 0(TY*%) +0(r) + 0 (ﬁ) +0 (i7a) -

Finally, we are ready to choose 7,7 to balance these terms. By setting
T = n3/5,T = n6/5,

the above expression becomes

_ _ 3/2
3/5+¢ 3/5 n n
0(“”)+0<”/>+0<W>+0<w)

-0 (n3/5+5> '

Finally, as before, in the case where p < T the competitive ratio is O(T1/2+5), giving the same
bound.
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A Online Pairwise Reachability Preservers

We will next prove Theorem 1. Recall from Lemma 10 that, if we construct our online reachability
preserver using forwards- or backwards-growth, then it suffices to bound the size of the associated
path system Z as defined in Section 3.1. In particular, under backwards-growth, Z will have the
following property:

Definition 2 (Half-Bridge-Freeness). A ordered path system is said to be half-k-bridge-free if there
are no bridges of size at most k in which the last arc comes before the river.

The focus of our proof will shift to bounding the maximum possible size of any half-bridge-free
system. That is, let H(n,p, k) denotes the maximum size of a half-k-bridge-free system with n
nodes and p paths, and then from Lemma 10 we have

1Z]] < H(n,p,00) < H(n,p,4).

So we may focus on providing an upper bound for H(n,p,4).

A.1 Proof Overview

The proof gets quite technical in places, so let us start with a higher-level overview of the proof
strategy. Let Z = (V,1II) be a system with n-nodes, p-paths, and no half 2,3, or 4 bridges. By the
standard cleaning lemma (Lemma 23), we may assume that all nodes have degree ©(d), and all
paths have length ©(¢). For simplicity, we will assume in this overview that all nodes have degree
exactly d and all paths have length exactly ¢, which will not materially affect the argument.

Recap of Offline Proof from [8]. The previous-best offline upper bound from [8] focuses on a
collection of sets { R(m1,m3) | 1,73 € II} which are each the subsets of paths from II that intersect
w1 and then later intersect mg:

2
R(my,m3) = {ﬂ'él) , 7T§2) , 7753) , 7r§4) }

Naively, these sets can have maximum size |R(7, m3)| < £2, since there are £? ways to choose a
node from 7; and then 73, and no two paths can use the same pair of intersection points (or else
they form a forbidden 2-bridge). Some straightforward algebra from there leads to an initial but
very suboptimal bound of

1Z| <O <min {npl/Q,n1/2p} +n —i—p) )
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The next improvement comes by observing that we can actually only pack ¢ paths between m;
and 73, rather than ¢2. This is essentially because the paths in R(71,73) cannot cross each other,
as in the following picture, or else they will form a forbidden bridge:

m 3
e )
2 Forbidden:
forms a 4-bridge
) (7T§2) is the river)
2

Redoing the algebra with this improved bound |R(m1,73)| < £ leads to a better bound of
121l < O (np)* +n+p).

It is indeed possible for some sets to have size |R(w1,73)| = £, but the next round of improve-
ments works by arguing that the typical such set must be slightly smaller. For intuition: suppose
towards contradiction that every set has size exactly |R(m1,m3)| = ¢. This can occur only if every
path w9 € R(my,m3) is perfectly aligned with 71 and m3: that is, if 79 intersects 7 on its i** node,
then it also intersects 73 on its i node. But then - under this assumption of alignment - we can
argue that our paths must be unusually concentrated. Consider an arbitrary base path mp, and
consider the induced subsystem of nodes that come one step after m, along paths that intersect 7:

'\ [ \ f consider subsystem

\/ \/ on these nodes
Th

A A A

This subsystem will have ¢d nodes, node degrees d, and (due to alignment) the paths in this
subsystem will have length ¢. However, applying the previously-shown bounds to this subsystem
reveals that these particular parameters imply a contradiction: the typical length of a path in this
induced subsystem must actually be < ¢, giving contradiction.

Formalizing this intuition gets rather technical. The key moving parts that were not covered in
the above sketch are:

e We need to select the base path m, randomly rather than arbitrarily, and then measure the
expected value of the various statistics of the system.

e We focus on a subsystem formed by h nodes along paths intersecting 7, rather than just 1
node. (Here h is a new parameter, set by a parameter balance at the end of the proof.)

e The proof involves toggling between bounding the sum of path lengths (which is ||Z]|), and
bounding the sum of squared path lengths. This is necessary because (1) the sum of sizes of
R(71,73) sets naturally scales with the sum of squared path lengths, rather than the sum of
path lengths, and (2) when we focus on our induced subsystem, it may break the cleaning
lemma: it is not still guaranteed that all paths have the same length when restricted to that
subsystem.
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A New Optimization. One of the ways the current proof differs from [8] is in an improved
handling of the toggling between sum-of-path-lengths and sum-of-squared-path-lengths. Roughly,
instead of switching back and forth between these as the proof proceeds, the proof focuses almost
entirely on sum-of-squared-path-lengths. This has several advantages in efficiency; perhaps most
notably, it lets us recursively apply our bound on the size of Z to control the size of the induced
subsystem, rather than only applying the bound || Z|| < O((np)?/® + n + p) once. This is what
leads to our improvements in the offline setting. This is also mildly helpful in the online setting,
but there are other necessary changes that lead to losses that more than eclipse this improvement.

Changes in the Online Setting. The first change that is required in the online setting is in
the definition of the sets R(m,73). Instead of including all paths 7o in these sets that intersect m
followed by 73, we only include such paths mo that come after both 71 and 73 in the ordering. This
restriction only affects the relevant counting by constant factors, and it also suffices to achieve the
crucial total-ordering property of the R(7y,m3) sets:

T T3
N N

Forbidden:
if m; 7 comes after s,
then this forms a
forbidden half-4-bridge

Ty is the river)

A more serious problem arises when considering the induced subsystem. In the offline setting,
the induced subsystem has ¢dh total nodes. This holds because there are ¢d paths that branch
from 73, and these paths may not intersect each other, or else they form a 3-bridge.

fhd nodes

T

With only half-bridges forbidden, however, it is possible for these branching paths to intersect
each other. This will form a 3-bridge, but it will not necessarily form a half-3-bridge. This might
lead to significantly fewer than £dh nodes in the induced subsystem.

possibly fewer than
£hd nodes

b

A lot of our new technical work is to control the amount of overlap that might occur, thus
giving a nontrivial lower bound on the number of nodes in the induced subsystem. Roughly, we
do this by recursively applying our bounds on the size of a half-bridge-free system in yet another
way. Still though, the lower bound on number of nodes is still < Idh, and this is the fundamental
reason why our bounds in the online setting are polynomially worse than the analogous bounds in
the offline setting.
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A.2 Setup of Formal Proof and Initial Bound

We start with the following standard lemma:

Lemma 23 (Cleaning Lemma — c.f. [8], Lemma 10). There exists a half-k-bridge free system on
< n vertices, < p path whose size is ©(H (n,p, k)) such that every vertex has degree between d/4
and 4d and every path has length between ¢/4 and 4¢ where d, ¢ are the average degree and average
path length respectively.

Proof. Start with a half-k-bridge free system S with n nodes, p paths, and size 8(n,p, k). Fix d as
the average node degree and /¢ as the average path length (which do not change as we modify the
system). Then, perform of the following steps:

e While there exists a node of degree < d/4 or a path of degree < £/4, remove the node or path
from the system.

e While there exists a node v of degree > d, split it into two nodes {v1,v2}. Replace each
instance of v in a path with either v or v9 in such a way that deg(vy) € {deg(v2), deg(va)+1}.

e While there exists a path 7 of length > ¢, split it into two node-disjoint subpaths 7y, w9, with
m1| € {|mal, [mo| +1}.

It is clear from the construction that all remaining nodes have degree in the range [d/4,d], and
that all remaining paths have length in the range [¢/4, /], and that the modified system is still half-
k-bridge-free. Additionally, by unioning over the nodes and paths, the overall size of the system
decreases by < nd/4 + pl/4 = ||S||/2 due to deletions, so the size is still ©(5(n,p,k)), and the
lemma is satisfied. O

Let £ and d denotes the average path length and average node degree respectively, then we have
IZ|| = nd = pl. For the rest of this section, we assume ¢ and d are at least a sufficiently large
constant, otherwise we immediately have ||Z|| < O(n+ p). By the cleaning lemma, we may assume
that every vertex has degree between d/4 and 4d and every path has length between ¢/4 and 4¢.

We write m; < mo if the path 7 comes before 7o in the ordering. For nodes a,b € w1, write
a <z, bif a comes before b in the path ;.

Definition 3 (R Sets). Let
R = {(m1,m2,m3) : 11 N <g, T2 N 73, T3 < T2}
For any two paths 71, 73, we define
R(my,m3) := {my : (w1, 72, 73) € R}.

Lemma 24 (c.f. [8], Section 3.2.4). For any pair of paths m, 73, there is a total ordering of
the elements of R(mi,7s3), denoted <p such that if 7, <g m then 7w, N7 <g 7 N 7 and
T N3 <gy T N 3. As a corollary, we have |R(m,m3)| < O(¥).

Proof. We first note that for 7y, m, € R(m1,m3) we have if m, # m, then 7, N7 # m, N 1. Suppose
not, and without loss of generality assume 7, N3 <p, m N 73. If 1, N3 = m, N 73 then 74, T
forms a 2-bridge, which is a contradiction. Otherwise, m, N T3 <z, m N 73, SO T,, T3, T, forms a 3
bridge with 73 being the last arc and 7, is the river and 73 < 7, which is also a contradiction.
Thus we can order the elements of R(my,73) by mq <gr mp if 711 N7 <gy ™1 N 7. 1t suffices to
show that if m N7, <z, ™1 N7 then m, N w3 <5y 7 N 73. Suppose, for contradiction, that there
is mq, mp such that w3 N, <x, m N but m, N w3 >4, m N 3. Then we have my, my, 73, T, forms a
4-bridge with 73 being the last arc and m, is the river, and 73 < 7,, contradiction. O
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Lemma 25. Let x1,...,x, be numbers that are at most m and the average is at least a. Then for

any t < a the number of numbers that is at least ¢ is at least T‘:;Z ‘n.

Proof. We apply Markov’s inequality to the random variable m — x where x is sampled uniformly
from x1,...,2,. This gives

a—1
Prim—z>m—a] > ,
m—a
so the number of numbers that is at least ¢ must be at least 7?:; - . ]

Lemma 26 (Rephrasing of [8], Lemma 23). |R| > Q (pf?d?)

Proof. For a vertex u let

flu) =Y Hyem:u>ry},

U

e.g. the number of vertices that strictly precede u in some path. Note that

1 1 7| 1 [t/4 1 p?
s sm=1 3 (1) () 2 =

ueV mell

while for each u we have f(u) < 4d-4¢ = 16d{. Thus by Lemma 25 there is at least 555 = Q(n)
vertices u such that f(u) > %. Call such a vertex good.
Now consider any good vertex u. Let d,, be degree of u. For each 7 > u define f(u, ) to be the

number of vertex that strictly precede u in 7. Then we have

1 1 e ¢
il - > >
d,, > f(um) 7.’ (u) 2 66d, — 132

while for each 7 we have f(u,n) < 2¢. So by Lemma 25 there is at least (d,) = Q(d) path 7 5 u
such that f(u,m) > 2—50. Call such a path good. Let dy be the number of good paths (through w.)

Now consider any pair s, w3 of good path. Note that mo < w3 or m3 < mo by assumption. Thus
there are at least (d29) = Q(d?) pair of good path 73 < 73 for each good vertex u.

Now for a good pair w3 < o, consider all the vertices preceding u in 7o, there are at least
% = Q(¢) such vertices by the definition of good path. Fix such a vertex v. Each such v has Q(d)
path m; passing through them. As we goes through 2(n) good vertex u, each with Q(d?) pair of
good path 73 < my passing through u, and each with £(¢) vertex v such that v <, u, each with

Q(d) path 71 passing through v, we have at least Q(nd?(d) = Q(pf?d?) elements in the set R. [
Lemma 27 (Initial bound). We have H(n,p,4) < O(n + n?/3p%/3 4 p).

Proof. We have
Q(p*d®) <R[ < > |R(m,m3)| < O(p%0).

71 ,m3€ll

Rearranging gives || Z|| < n?/3p?/3. B
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A.3 Bootstrapping

Our strategy from now on will be the following. Starting with the initial bound above, we will
recursively improve the bound. For the recursive improvement step, we sample a path, called the
base path uniformly at random from II. For each of the ©(¢) vertices on the base path, consider the
©(d) paths that pass through it. Then for each such path consider the h vertices that immediately
follow the vertex on the base path, where h < ¢ is a parameter that will be chosen later (if there
are few than h vertices following the base path vertex, consider all of them.) Each such sequence
of at most O(h) vertices is called a branching path. Thus at most O(¢dh) vertices are considered,
and consider the subsystem induced by these vertices, which we shall call the h-system induced by
the base path. Let @ denotes the set of tuple (71,73, u,v) such that 71,73 are branching paths,
u € m,v € w3, u & m (mp is the base path), and u <, v for some other path mo, and 73 < mo.
Then we will argue that the structural property of the graph force |@Q| to be high in expectation,
that is, we prove a lower bound of ) in term of ¢,d, n,p, h. Then, we shall use the current bound
for H(n,p,4), applied appropriately on parts of the h-system, to prove an upper bound for |Q)|.
Comparing the upper and lower bound for |@| would lead to a better bound for H(n,p,4), which
converges to the final bound claimed.
Let us start with the lower bound for Q.

Lemma 28 (c.f. [8], Lemma 24). If ¢ > h > % for some large enough constant C, we have

BIQI =0 | 0 3 IR, m)P

m1,m3€ll

Proof. For any vertices a and path 7 such that a € 7, let 7[a] denotes the number of vertices in 7
that is weakly before a. Fix a pair 71, m3. Given 7y, m, in R(71,73), we say 7, is close behind , if
0 < my[mgNmi] —m[mpyNmi] < hand 0 < w3[m, N3] — m3[me N3] < h. The point of this definition
is that, if m, is pick as the base path, then (w1, 73,7, N7, T N 73) is a tuple in @, in which case
we say 7, is charged to the pair (71, 73).

We first show that if & > 18 - then the expected number of paths charged to (my,m3) is

[R(m1,ms]
at least "
o 2
36€p‘R(7T1’7T3)’ :

For each 0 < i < 2 := |m|+|m3|+h, let a; denotes the number of pair (7, j) such that mo € R(my, 73)
and 0 < j < h such that
i = m[m N o] + m3[me N ] + J.

Then we have

> " ai = h|R(m, 73)]

i=1

since there are |R(m,m3)| ways to chose my and h ways to choose j. Note that

22 <2(40 + 40+ 0) = 18¢ < h|R(m1,73)].
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It follows that

z a; 1 z ) z 1 z ) z
>(5) -3 ( “ ‘Z‘“) >3 (Z ‘Z‘“>
i=1 i=1 i=1 =1 =1
1 1 4 2 z
> 5 (z (; ai) — ;ai Cauchy -Schwarz
1 (h?
-1 < il ) h\R(m,ﬂg)]>
2
> h ‘R(Zl’m)’ since h|R(my,m3)| > 2z. O
2

Note that > 7_; (%) is the number of unordered pair of distinct tuple (74, jo) and (mp, j) such
that
71'1[71'1 N 7Ta] + 7T3[7Ta N 7'('3] + Jo = 7'('1[71'1 N 7Tb] + 7T3[7['b N 7T3] + 7.

Call such a pair of tuples an aligned pair. It is clear that if 7, = m, then this would implies j, = jp,
which contradicts the fact that these are distinct tuples, so we have m, # m,. Since we count the
number of unordered pair of distinct tuple (74, j,) and (7, jp), we may assume 7, <pg 74, Where
<R is the ordering as in Lemma 24. Note that then we have

0 < m[m Nmg) — mim N, 0 < wg[mg N mwg] — w[mg N mp]

and
(m[m1 Ny — m[m N ) + (w3[ms N we] — ws[ms N wp]) = b — Ja < A (1)

so this implies that 7, is close behind 7. Conversely, if 7, is close behind m;, then from (1), the
number of way to pick corresponding jp, j, such that (74, ja), (7, jp) forms an aligned pair is at
most h since we need j, — j, to have a specific value. Thus the number of close behind pairs 7,
is at least % the number of aligned pairs, which is at least

1 (R R(my,ms)? \ _ h|R(my,msl* b R(m, )]
h 4 )T 5T 360

Thus the expected number of path charged to (71, 73) when sampling a base path at random is at

least )
h|R(my,m3)]

364p

Now the expected total number of elements in @ is at least

3 h|R(my,ms)|? 3 h|R(m1, ms)|? > h|R(m1, 73)|”

36¢ 36¢ 36¢
(a3 B )| 2 252 P mrmy P (ma s )| < 5 P
2 2
.S h|R(£€,7r3)| 2 (h(l?iég/h) )
1,73 p p
h
> —— R 2 _ 400p2% /h?
= 360 (ﬂ;g (71, 73)] L=/

26



Note that by Cauchy-Schwarz we have

> IR(my, ) > — (Z |R(my, m3) ) >0 (p (pt*d?) ) > Q (e'd")

1,73 1,73

and if h > EdQ we have 400p?¢2/h? < ‘g)—gﬁ%‘l. Thus by choosing C' to be large enough, we have

> |R(m1,ms)[* — 400p*¢* /1 > Q (Z |R(7T1,7T3)\2>

1,73 1,73

and thus

BIQI=2 (5 Y 1Rm )

71 ,m3 €Il

We now start proving the upper bound for |@|. Our strategy is as follows. Given a vertex u
in the h system, let its branching degree be the number of branching path passing through u. We
will split the vertices into O(logn) buckets, each with branching degree between x and 2x for some
x. A Cauchy-Schwarz argument would show that, roughly speaking, at least m of elements
in (Q comes from pairs u,v in the same bucket. Note that if u,v is on a same path w5 and have
branching degree ©(z), this will contributes ? elements to Q. The number of pairs of vertices on
the same path is the sum of the square of path length of certain subsystem, so it is helpful to have
an upper bound on the sum of the square path length. We would also need upper bounds on the
number of vertices of branching degree x or higher, since larger degree vertices contributes more to
Q). We first start by giving an upper bound for sum of the square of path length.

Lemma 29. Let a; > as > -+ > a, > 0 be a decreasing sequence of nonnegative real numbers
and by,..., by, is a sequence of nonnegative real numbers such that

||M?r

for any 1 < k < n, then we have

n

<Y
=1 i=1

Proof. Without loss of generality, we may assume by > --- > b, (otherwise we sort the b; descend-
ingly, it is clear that the assumption Zle a; < Zle b; still hold with the sorted sequence.) Let
Gnt+1 = bpr1 = 0. We have

262 Za —Zb —a;)(b; + a;)

=1
n 7
=D | Db —ay) | (bi+ai = b1 — ais1)
i=1 \j=1
>0
where we used summation-by-part in the last equality above. O

27



Lemma 30 (Continuous version). Let a; > ay > --- > a, > 0 be a decreasing sequence of
nonnegative real numbers and f: [0,n] — R>¢ is a nonnegative function such that

for any 1 < k < n, then we have

Proof. Let

then we have

for any 1 < k < n, so by Lemma 29 we have

gafégbfzzn:</:1f>2§§/;1f2=/0nf2

=1

. 2 .
where the inequality ( f:_l f) < f;_l f? follows from Cauchy-Schwarz (applied with f and the

constant function 1.) ]

Lemma 31. Let S’ be a half-4-bridge free system on at most n; vertices and average degree at
most d, and max length at most £. Suppose that we have

H(n,p, 4) <O (TL + nap272a + n272bpb + p)

with 2 < b < 0.701 and £ —0.001 < a < 3. Let [|5||3 denotes the sum of the path length squared.
Then

. 44 1
15'13 < 0 <n1(£ +d) +n¥2d 1l d2117> .
Proof. Let a; > --- > a, be the length of the paths in the system. We have ||S’|| < O(n1d). Then
for each 1 < k < p we have

k
Z a; < Cmin(kl, max(ny, n{k?2%, nff%kb? k), n1d)
=1

for some absolute constant C, since the longest k path forms a half-4-bridge free system. Thus let
f be the derivative of the above function with respect to k, which, through some straightforward
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calculus (omitted), turns out to be

( 2T
CY, 0<x<min | %, 5 ,
¢Za—1
2a=T ZasT
0 min | 2, ™ < g < min ( \/n7, &
3 < 7 gQal—l = >~ 1 ZQal . ’
n2aa71 2b+a—2 1/2 1
(2 — 2a)Cnéaxl=22, min | \/n7, 1y < gz < min [ n?**2 ny/“dz—2a
1 ’ ) 1 s 109 P
fla) = thioss |
bCn2= g1, min nf“+b_2,n1/2d2—2a> <z <min(n] °ds ni/2d7m n2>,
: 2-7 1 . F o
1, min | 7, bdb,n1/2d2—2a n2> <z < min <n1 b, nt2drm nid p)
. 2-1 1 1
0, min | n; bdb,nimd?—?a,nld,p <z <p,
\
we have
k k
Sz [
i=1 0
Thus
- 2 P 3/ 5 21
> a; g/ <0 (m(t+d) +n?d72 +nld* 1 ),
i=1 0
where we omitted some straightforward calculus calculations. O

We now start proving bounds on the number of vertices with branching degree Q(z).

Lemma 32. Fix a vertex v. Consider h previous vertices in the each of the ©(d) path passing
through v. Suppose that we have

H(n,p,4) < O(n+np* 2 + n* 2p 4 p)

with 2 < b < 0.701 and % —0.001 < a < 2. Consider the induced system on those O(dh) vertices.
Then the number of path of length at least (x) in the subsystem is at most

@) <min{ih + (dh)le + (dh) d2 })

€2 2a—1 $17

Proof. Let p; be the number of paths. Note that there are O(dh) with degree O(d) so we have

xpy < (dh)d so ,
Pz <O (d h) :
x

If 2 is at most a constant we are done since this term is smaller in the min. Otherwise we have
Pz < O (dh 4 (dh)*p2 2 4 (dh)?™ prf;> .

Rearranging algebraically gives

dh  (dh)Za1  (dh)?
oy @ @) :

€ r2a—1 xI-b
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Lemma 33. Let n, denotes the number of vertices in the subsystem that has branching degree
Q(x), not including those on the base path itself. Suppose that we have

H(n,p,4) <O (n + np?2e 4 p2720pb 4 p)

with 2 < b < 0.701 and & — 0.001 < a < 2. Then we have

l—a a
¢h  ld2a-1hza—1  (dh?
E[nng(—F 1 + 1)7

x xr2a—1 r1-0b

and ng < O(edTh) deterministically.

Proof. There are O(¢d) branching paths, so the number of vertices on these path couting with
multiplicity is at most O(¢dh). Thus the number of vertices that is on §2(z) of the branching paths
is at most O (ZdTh) deterministically. By Lemma 32, there are at most

ST 2
C)<ndh_+7wdhz2 L nlan) )
b

x xrZa—1 ri-

pairs of vertex v and path 7, such that v is in at least Q(x) of the branching path if m, was pick as a
base path, and v ¢ 7. Thus the expected number of vertices which lies in at least £2(x) branching
path when a random base path is chosen is at most

a l1—a a
dh dh)2a-T1 dh)? ¢h  #d2a-Thza-1  (dh?
O(n 1 ldh); +n(3>:0<+ — 1>. O
-

p.’E pra—l pl‘l x €T 2a—1 xrl-b

A.4 Completing the Proof

The previous lemma relates the value of H(n,p,4) to n,, which in turn relates to upper bounds
on (). Since an upper bound on ) implies an upper bound on H(n,p,4) in turn, it is intuitive
that this will imply some upper bound on H(n,p,4). It requires some straightforward but tedious
algebra to realize this upper bound.

We will next start combining the upper bound on the sum of square of path length, and on n,,
for upper bounds on |@|. Note that, n, only counts vertices that are not on the base path, but
an element (71,73, u,v) could potentially have v € m, (the base path.) Thus we have to deal with
elements (71, w3, u,v) of @ with v € 7, separately. Define

Q1 := {(m,m3,u,v) € Q: v & mp}

and
Q2 :={(m,m3,u,v) € Q : v E mp}.

Lemma 34. Suppose that we have
HW%®S0@+Wﬁ%+M”W+@
with % < b < 0.701 and % - 0001 <ac< %. Suppose h < min(¢,d). Then we have

E[|Q4[] < O (mh; b dzh%)
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Proof. Firstly, we consider the tuples (71,73, u,v) such that v ¢ m, let the number of such tuple
be Q1. For each path m and z, let (), denotes the contribution of 7w to (Q1, which is the number of
tuple (71,73, u,v) such that v <, v and 71,3 are branching paths passing through u and v, and
u,v & mp, and w3 < my. Let m, denotes the number of vertices on m with branching degree between
x and 2z, not including vertices in the base graph if any. Then we have

< O(logn) Z Z(mwx)z Cauchy-Schwarz
O(logn) Z z? Z w2
—4a 1
< O(logn) Z 22 <nz€ + ni/Qd% +nd d2_11>> Lemma 31

where in all of the above, the sum over = runs over all powers of 2 from x = ©(1) up to z = ©(d).

Thus
EQ] <O (Z x? <E[HI]E+E[ni/2]d§:§; +E[n§]d2i)> .

xT

Since the above sum has O(logn) term, it suffices to show that for any = we have

2 3/27 =2 151 9 o, b= 2b
x E[nx](ﬁ—f—d)—i-E[nx ]d2—2a+E[n§]d v | <O/ dhb —|—€2d2 2ah 2 +€bd h

We consider the possible values of x.

e Case 1: z < O(h%b).
Note that z = h'#" is the threshold at which % = %. We have n, <O (%) determinis-
x

b
tically, so we have

:132( ne](¢ + d) + E[nd/?)d==2 + E[ §d2—)
(2o (2)" 05 (2) e
2—

<0
0

IN

IN

(ﬂdh}] +£%d2 % h5 +€bd2h4b 4 1) since = < s

(3a—2)(1—b)

e Case 2: Q(h%) SxSO((dh)mb—Q>.

In this case, E[ng] < O (Mhz . We still have n, <O (Mh) deterministically. Hence

swizo(oni (7)) 2o (2 (5)7) -0 (457)
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for any constant ¢ > 1. Thus we have

—da 1
x’ (E[n:p](ﬁ—}— d) + E[ng/z]d% +E[n§]d2_i>
§ 3/2p,5/2 e 1 b41
< o <€dh)(g+d) CORGTEN I ST L
xl xﬂ+§ xﬂ+g
2=1 _3b—1 3-4da . .
<

2_
¢ (226”“1’ AT ) L 1) since z > h'v .

IN

Remark. It is not a coincidence that the bound for these first two cases is the same. In
the first case, we obtained an upper bound which turns out to be an increasing function
in z: namely, the function

1

=5 d% s,

@‘h—'
o=

Fi(z) = (€ + d)edhz + (£dh)32Y2d7=2 1 ((dh)? 2

Thus the upper bound is obtained from plugging in the largest value of x, which is B
Meanwhile, in the second case, we obtained an upper bound which turns out to be an
decreasing function in z: namely, the function

+ 362 —3b41

o) = (£ + d)edh?a~ 150 4 (£d)P/2h5/20 200 d5556 4 (¢d)s h*5 e 70D @2-

Thus the upper bound is when we plug in the smallest value of x which is K. Notice
that these two f1, f2 functions are obtained by plugging in appropriate upper bound for

E[ng], E[nx/z],IE[ni] Since z = h'5  is the threshold value at which eih = LM the

xr b
1
appropriate upper bound for E[n,], E[ni/ |, E[n2] in these two cases would be the same

when z = h%, which means that fi(z) = fo(x) when z = h%, and thus the two upper
bounds agree.

(3a—2)(1—b)

o Case 3: <(dh)2a+b2> <r<O0 ((dh)%).

1—a a
{d2a=1 h3a—1
Efn.) <0 () |
€T 2a—1

We still have n, < O ( ) deterministically. Hence

E[n!] < O (E[nx} <€ih)t_l> <0 ((Mxlj) (@I)t_l)

We can then give an upper bound for the value of

In this case,

32



t] as done in the previous case, and thus would obtain

by plugging in the upper bound for E[n
an upper bound as some function f3(x). To simplify calculations, we will just compute the
power of x in the terms here. Note that E[n!] is bounded by a term whose power of z is

L@

2a—1
Then the power of z in the first, second and third term respectively would be

1
— —(t—-1
20 — 1 ( )

fort=1,3 5% L respectively. Note that
1 1
— —t-1)<2-—
2a — 1 ( )< 2a — 1
since a < § and t > 1, so the function f3 is decreasing in 2. So we have f3(x) is largest when

=0 <(dh)(33a3’<12b)> .

<0

= fo(x) when

By similar reasoning to last case, we have that f3(z)
(3a—2)(1—b) >

x=06 <(dh) 2at5-2

And we proved
folz) < fo(h'T) <O <£2dhb v 3asE S R )

4b— 2b2 1>

so we have
fa(x) <O (Ethb L3 are S 4 ovd?h

e Case 4: () ((dh)%) <z <O0(d).
In this case we have E[n,] < O(“), and n, < O (“2). Thus

<<M> (“h>“> _ O ()

E[ntx] <0
s xT
Thus
—4a 1
z? <E[nx](£ +d) +E[n¥/?)d>=2 + E[n}]d>~ >

<0 ((f + d)Cha + 03/2dM P 3212 E%dh%xz’%>

<0 ((e + d)edh + £3/2d7=5 h3/2 4 05 3 %h%) since z < d
<0 <62dhi FOdTR R 2R ‘1> O
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Lemma 35. Suppose that we have H(n,p,4) < O(n + n%?~2% 4 n2=20pb 4 p) with % <b<0.701
and % —0.001<ac< %. Suppose h < min(¢,d). Then we have

E[|Qsf] < O (63/2d2h5/4) O

Proof. Let o, denotes the set of tuple in QQ such that u has branching degree between x and 2x

Now, fix a vertex u, we show an upper bound on the number of pairs (m,v) such that the
h-system with base path m, has ©(z) branching path passing through u, and v € 7, and v follows
u in some path - call such a pair important. Let p, denotes the number of paths with at least x
vertices in the O(dh) vertices that precedes u no further than h away in some path. Consider the
system T induced by taking the paths to be these p, path, and taking the vertices to be the union
of the O(dl) vertices that follow u in some path and the O(dh) vertices that precedes u no further
than h away in some path. Note that the number of important pairs (7, v) is no more than ||T||.
Note that T is source-restricted into the O(dh) vertices preceding u. This is because if the source
of a path m, was a vertex v that follows u in some path 7 instead of preceding u, let v' be one of
the ©(z) vertex on m, that precede u in some path 7', then 7, 7/, © forms a 3-cycle. Also, T has
at most p, paths and at most O(dl) vertices. Thus by the bound on the path system in the proof
of Theorem 11 we have

IT)| <O (zd + ((Ed)(dh)px)1/2> 0 <£d + el/Z‘dhl/?p;/Q)

Recall from Lemma 32 that we have

dh  (dh)Z=1  (dh)? d2h
p$§0<min{+< )7 >}>
x xr2a—1 xi-s T

and we now use a crude bound

Za-T 2 42 2 g2
T 1

r2a—1 ri-v T x x3 x

Thus
IT| <O (Ed + min {61/2d3/2ha:_1/2 + 2 P2p32 82, el/2d2hx—1/2})

We then have that the number of triples (u, 7y, v) such that u has branching degree ©(x) when
mp, is selected as the base path and v € 7, and v follows u in some path is at most n times the
above bound, and the note that such a triple (u,m,v) contributes ©(xzd) to the size of Q2, with
probability %. Thus we have

E[|Q2]] < O <”;d (Ed + min {21/2d3/2hx_1/2 2232802, 51/2d2hx_1/2}))

<0 (z%m + min {63/2d3/2hx1/2 432 R2R3/2471/2 £3/2d2hx1/2}) .

Note that
min {63/2d3/2h1‘1/2 +63/2d2h3/2x_1/2,£3/2d2h331/2} < 73122 p5/4

for all x < d, by some omitted casework. Thus we have

E[|Qs|] < ZO(ézd:n) i ZO (63/2d2h5/4) —-0 (€2d2) L0 (63/2d2h5/4> .

where the sum runs over all powers of 2, and the Y O(¢%dz) term is a geometric series that is
dominated by the largest term, which is when x = ©(d). O
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Lemma 36. Suppose that we have H(n,p,4) < O(n + n®p?=2¢ + n?=20p 1 p) Wlth <b<0.701
and = —0.00l <a< %. Suppose h < min(¢,d). Then we have

_9p2_
E[|Q[] < <€2dhb oA e +€3/2d2h5/4> +O(d?).

Proof. We have
E[|Q[] = E[|Q1]] + E[|Q2]]
~ 2
<0 (e%zhb F O3S a2 >+O (2d*) + O <€3/2d2h5/4)

2
=0 <€2dhb L3RS e 63/2d2h5/4> O(02d). O

Lemma 37. Suppose that we have
H(n,p,4) < O(n+n"p* > +n*"*p" 4 p)
with 2 <b < 0.701 and & — 0.001 < a < 2. Then

2 8b—4b2—2  7b—2b2

H(n,p,4) <O <n3+bp3+b + A= p T +€3/2d2h5/4> +O0(n+p).

Proof. We set h = ; d2 B where C is a large enough constant. We can assume h < min(¢, d), since oth-
erwise through some simple calculations (omitted) we immediately get || Z| < O (n 3/4pl/2 L opt/2p3/ 4)
which is better than the above bound. Then we have

y 6ma o2
o) (z%zhi G O3dEE R b dPh +£3/2d2h5/4> +O(2d?)

> E[Q)] Lemma 36
h
>0 7 Z |R(my,73) 2 Lemma 28
71 ,m3€ll
2
> Q KZ?’ Z |R(m1,73)| Cauchy-Schwarz
m1,m3€ll
>Q <€h3 ( £2d2)2> Lemma 26
= Q(Pd?).

By choosing C to be large enough, the constant inside ((¢2d?) is larger than the constant inside
O(#2d?), so we must have

_op2_
o) (z%zhb +Oadre p e HOPER g 2 PR +€3/2d2h5/4> > QO (2d?) .

Rearranging, and applying the identity ||Z|| = nd = p¢, we get

~ 246 2 8b—4b2—2  7b—2b2_2
”Z” <0 <n3+bp3+b + n11b—4b2—3p11b—4b2—3> .
(Note: this bound removes some terms that do not end up dominating the sum.) O
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Theorem 38. Let o &~ 0.7009 be a root of 423 — 1322 + 10z — 2. Then
H(n,p, 4) < O (n + ng%-‘ro(l)pﬁ + n272a+o(1)pa +p> _
Consider the sequences ag = 1—81, by = % ai+1 = g(b;) and bj11 = f(b;) where

24 x f( )‘_ Tr— a2 -9
312\ T Tl — 42— 3

g(x) =

Note that 7 < ag < 4 and < by < a. Since f is increasing and f(z) > x for % < by < a and
fla) = a, We have that 2 < b < « for all © > 1 and b; is an increasing sequence that converges to
a. It follows that 7 < aZ % for all a;. Lemma 27 shows that we have

H(n,p,4) <O (n 1 poop2=2a0 4 p2-2bopbo 4 p>
and so Lemma 37 shows that we have
H(n,p,4) <O ( a12=2a1 4 22 b1> +O(n+p)
so for any € > 0 we have
H(n,p,4) <0 <na175p272a1+25 422t e o +p>
We will prove by induction on ¢ that for any € > 0 we have
H(n,p,4) <O (naifep272ai+2€ 422t ppime Ly —i—p)

Above we showed the claim is true for ¢ = 1. Suppose the claim is true for i, we show it’s true
for i + 1. Fix € > 0. Note that b;11 = f(b;) and f is continuous so there is § > 0 such that
f(x) > bjp1 —e for b; — 6 < x < b; and g is continuous so there is §; such that g(z) > a;41 — ¢ for
bi — 01 < x < b;. Take &' = 3 min{d,d1,0.001,b; — 2} we have

H(?’L,p,él) <0 (nai—5/p2—2ai+2§’ +n 2—2b;+28' b - +n _|_p>
where } — 0.001 < a; — &' < § and § <b; — &' < o. Thus by Lemma 37 we have
H(n,p,4) <O (na§+1p2 2074 4+ n2 2bz+1p i1 4 +p)

where aj, | = g(b; — ') > a;41 — e and bj; = f(b; — &) > bi11 — €, and so the claim is true for
i+ 1. Finally, it suffices to show that for any € > 0 we have

24«
H(napa4) < 0] (n + nm+ap3+a —2¢ + n2—2a+2€pa—a +p) ‘

Fix € > 0. Note that b; converges to a so a; converges to 2+°‘ so there is ¢ such that a; > 2+O‘ S +e/2
and b; > a — /2. Then by the above claim we have

H(n,p,4) <O (nai_€/2p2_2ai+6 42 itephie/2 Ly, —|—p)
<0 (n + ngia p3+a +2e + n2_2a+2£pa—a +p)

as desired.
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B Offline Pairwise Reachability Preservers

We next prove Theorem 4. See Appendix A.1 for a high-level view of the changes from [8] implicit
in the following proof.

As in [8], we use 3(n,p,4) to denote the maximum size of a path system that is 4-bridge-free,
where we say a path system is k-bridge-free if it has no bridge of size at most k. Furthermore,
as shown in [8] (via the Independence Lemma, overviewed in Section 3.3 that in order to prove
Theorem 4, it suffices to prove that

1
B(n,p,4) <O (n + 0P/ Apt/2 4 2V s 4 p) :

We will use the same strategy as for bounding H(n,p,4). First note that a similar cleaning
lemma hold for bridge-free system.

Lemma 39 (Cleaning Lemma for bridge-free systems — c.f. [8], Lemma 10). There exists a k-bridge
free system on < n vertices, < p path whose size is ©(H (n, p, k)) such that every vertex has degree
between d/4 and 4d and every path has length between ¢/4 and 4¢ where d, ¢ are the average degree
and average path length respectively.

The proof is almost identical to Lemma 23, except that we argue that the modified system
remains bridge-free instead of half-bridge free, so we omit the proof.

We shall follow the same strategy with bounding H(n,p,4). That is, we also use recursion and
select the random h-system. Note that Lemma 24, Lemma 26, Lemma 27 and Lemma 28 holds in
this setting as well, since it holds in a more general setting. In fact the total ordering of Lemma
24 has the following property: If m, <r m, then 7, N7 <z, m N and 7, N T3 <75 ™ N 3. This
is because if 7, N7w3 = mp, N 73, then w1, mp, T, will form a 3 bridge.

As a result, when bounding |@|, we no longer need to deal with the case an element (71, 73, u, v)
of @@ has v in the base path. Also note that due to 3-bridge free, all nodes have branching degree 1.

We have the following version of Lemma 31.

Lemma 40. Let S” be a 4-bridge free system on at most ny = ©(¢dh) vertices and average degree
at most d, and max length at most ¢. Suppose that we have

ﬁ(n’pa 4) < O <n =+ n3/4p2_2a‘ + n2—2bpb + p)

)

Proof. The proof is similar to Lemma 31, so we will sketch it here. Let a; > --- > a, be the length
of the paths in the system, and so we have

with 2 < b < 2. Then

o=

1
HS’H% <0 (nlé—i- n?m log(n1) +ny d*-

k
Z a; < C'min(kl, max(nq, n?/4k‘1/2, n%%k’b, k), n1d)
i=1

for some absolute constant C. Letting f be the derivative of the above function with respect to k,
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i.e

( n3/2
CY, 0<z<min (%, 5 |,

3/2
n3/

3/2
. n .
0, min | %, 7 | * < min (,/nl, t}2> ,

1 3/4 n3/? 8b—5 1/2
f(z) = ¢ 5Cn] = Y2 min | /01, Y ) <z <min (n"%,n"d* ),
8b—5

_ _ . s 1/2 . 2-1 1 99
bCn2= 22~ min (n®® 2 n /242 <z <min(n; °dv,n /242
1 ) 1 1 1 Ny )

. 2—-1 1
0, min | ny bdb,n}/2d2> <z <p,
we have
k k
s
i=1 0

. Thus we have
p P
Satz [r
i=1 0
1
<0 <n1€+ni’/zlogn1+nfd211>) . O

Note that in this case we directly have an upper bound for |Q)|.

Lemma 41. Suppose that we have
B(n,p,4) <O (n 4 p3/Ap2-2a | 2200 +p>
with % <b< %. Then we have
Q<0 <€2dh + (6dh)3?logn + e%d%%)

Proof. Each pair (u,v) in the same path in the subsystem contributes only one element to @, since
they only have branching degree 1. Thus |@| is less than the sum of square of path length of the
randomly sampled h-system, which has at most ny = ©(¢dh) vertices. Plugging in ny = ©({dh) we

have X X
Q<0 (£2dh+ (¢dh)3/? 1ogn+wd2hz). 0

Lemma 42. Suppose that we have
B(n,p,4) <O <n 43220y pa2bb p)
with % <b< %. Then we have
B(n,p,4) O (n+n*/'p!/2 4 nriipits 4 p).

Proof. Similar to the non-adaptive setting, we set h = %@ where C' is a large enough constant. We
can assume h < min(¢,d), since otherwise by some straightforward calculations, we immediately
get

1z <o <n1/2p3/4 i n3/4p1/2>
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which is better than the above bound. Then we have

0 (eth + (edh)3?logn + ﬁdzh%)

> E[|Q] Lemma 40

h 2
>Q— Z |R(m1,73)| Lemma 28

lp

m1,m3€1l
2

h
>Q | — Z |R(m1,m3)] Cauchy-Schwarz

p3

7y ,m3€EIl

> (pd)? Lemma 26
= Q(Pd?).

Rearranging, and using the identity || Z|| = nd = pl, we get

1zl <O (n + n¥/Apl/? 4 it +p>

(noting again that some terms would end up never dominating the sum and thus have been re-
moved). O

1
Theorem 43. We have 3(n,p,4) < O (n + nd/4pl/2 4 p2-V2+o()y V3 +p>.

Proof. Note that by Lemma 27 we have 8(n,p,4) < O (n + n2/3p2/3 +p). Let by = % and bjy1 =
2b;+1

2 Then we have

and using Lemma 42, by induction we have

B(n7p7 4) < 0] <n =+ ’I’L3/4p1/2+n2—2b1‘pbi + p)

a1
for all 7. Since b; converges to % we have B(n,p,4) < O (n + n3/Apt/2 4 n2_\/§+0(1)p\/§ + p). O
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