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Abstract

We study the relation between the rate at which rumors
spread throughout a graph and the vertex expansion of
the graph. We consider the standard rumor spreading
protocol where every node chooses a random neighbor in
each round and the two nodes exchange the rumors they
know. For any n-node graph with vertex expansion «,
we show that this protocol spreads a rumor from a single
node to all other nodes in O(a ! log? nv/Iogn) rounds with
high probability. Further, we construct graphs for which
Q(a"'log? n) rounds are needed. Our results complement
a long series of works that relate rumor spreading to edge-
based notions of expansion, resolving one of the most natural
questions on the connection between rumor spreading and

expansion.

1 Introduction

Epidemic protocols have become an important primitive
for information dissemination in networks. A prominent
example is the so-called randomized rumor spreading
protocols. These protocols disseminate a piece of in-
formation, or rumor, from a single node of a connected
n-node network, to all the other nodes. The paradigm
underlying these protocols is that each node chooses a
random neighbor to communicate with in every round.
This simple and local communication rule has proven to
be very effective for several network topologies, and also
robust against changes in the network topology, e.g., due
to failures [16, 19]. Randomized rumor spreading proto-
cols and variations thereof have been used successfully
in various contexts, including maintenance of replicated
databases [13], failure detection [36], resource discov-
ery [24], data aggregation [6], and modeling the spread
of computer viruses [5].

The most basic and well-studied variant of random-
ized rumor spreading protocols is the PUSH protocol.
The protocol proceeds in a sequence of synchronous
rounds, and in each round every informed node (i.e.,
every node that learned the rumor in a previous round)
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chooses a neighbor uniformly at random and sends the
rumor to it. The PULL protocol is symmetric: In each
round, every uninformed node chooses a random neigh-
bor, and if that neighbor knows the rumor it sends it to
the uniformed node. Finally, the PUSH-PULL protocol
is the combination of both strategies: In each round, ev-
ery node chooses a random neighbor to send the rumor
to, if the node knows the rumor, or to request the ru-
mor from, otherwise. A primary performance measure
of these protocols is their runtime, that is, the number
of rounds required until a rumor started by a single node
spreads to all other nodes.

The above protocols have been shown to be very effi-
cient for several network topologies. In particular, their
runtime is exponentially smaller than the network size
for topologies ranging from basic networks, such as com-
plete graphs and hypercubes, to more complex struc-
tures, such as preferential attachment graphs modeling
social networks [22, 34, 13, 19, 26, 8, 15, 16, 20, 21, 14]
(for more details, see the Related Work Section).

The success of these protocols on specific networks
motivated the search for general network properties
that yield fast rumor spreading. One important such
property is high expansion. Most of the networks for
which rumor spreading is known to be fast share this
property. Further, theoretical and empirical studies
indicate that social networks also have high conduc-
tance [17, 32, 18, 28].

Several recent works have investigated the relation
of the runtime of rumor spreading protocols to the
conductance of the underlying graph [6, 33, 10, 9, 23, 7].
The conductance ® € (0,1] of a graph is a standard
measure of the graph’s expansion, and is defined roughly
as the minimum ratio of the edges leaving a set of
vertices over the volume of that set, i.e., the total
number of edges incident to the set (see Section 2 for
the precise definition). Those works culminated in a
runtime bound of O(®~!logn) rounds for the PUSH
protocol on any regular graph [33],} and the same bound
for the PUSH-PULL protocol on general graphs [23].
These upper bounds are tight, as there are graphs with

TThe authors of [33] consider a different definition for con-
ductance. However, for regular graphs the two definitions are

equivalent.



diameter Q(®~logn) [9].

In this paper we focus on vertex expansion, which is
another standard notion of expansion. Vertex expansion
has proven relevant in many areas, including expander
graphs [3, 25|, random walks [4, 29], and property
testing [12]. The vertex expansion « € (0, 1] of a graph
is, roughly, the minimum ratio of the neighbors that a
set of vertices has (and are not in this set), over the
cardinality of the set. Although this definition looks
similar to that of conductance, vertex expansion and
conductance can behave quite differently. For example,
a star with n vertices has constant conductance, but
vertex expansion ©(1/n). On the other hand, an (n/2)-
regular graph consisting of a matching between two
cliques of size n/2 has constant vertex expansion, but
conductance ©(1/n). In fact, for any regular graph, the
vertex expansion is at least as large as the conductance.

An interesting property of vertex expansion is that
it is monotone under edge addition, whereas conduc-
tance is not. For example, consider a 3-regular expander
graph—such a graph has constant conductance and ver-
tex expansion. Partition the vertices into two sets S1, S
of size n/2, and connect all vertices that are in the same
set (and are not already connected). The vertex ex-
pansion of the resulting graph is still constant, but its
conductance is O(1/n). Further, rumor spreading takes
©(logn) rounds as in the original graph. Hence in this
case, an upper bound on rumor spreading based on ver-
tex expansion would be more appropriate than a bound
based on conductance. This monotonicity property of
vertex expansion might also be useful for constructing
networks that support fast rumor spreading, or for ver-
ifying that a network allows fast rumor spreading, e.g.,
by identifying a (spanning) subgraph with high vertex
expansion.

Unlike the relation between conductance and ru-
mor spreading, which is fairly well understood, very
little is know about how vertex expansion relates to
rumor spreading. The authors of [10] highlighted the
question of whether high vertex expansion implies fast
rumor spreading as an “outstanding open problem.”
Some progress in this problem was recently made in [35],
where a runtime bound of O(a~'log®n) rounds was
shown for the PUSH protocol on regular graphs. This
result does not extend to general graphs, since there
are simple examples of graphs with constant vertex ex-
pansion where the PUSH (or PULL) protocol takes a
polynomial number of rounds. For the runtime of the
PUSH-PULL protocol on general graphs, only a poly-
nomial upper bound was known so far, of O(a~1n!=¢)
rounds [35], where € > 0 is a small constant.

Our Contribution. In this paper we give an almost
complete picture of the connection between the runtime
of randomized rumor spreading and vertex expansion.
Our main result is the following upper bound on the
runtime of the PUSH-PULL protocol in general graphs.

THEOREM 1.1. For any n-vertex graph with vertexr ex-
pansion at least o, minimum degree §, and mazimum
degree A, the PUSH-PULL protocol informs all vertices
in O(a~lognlog Ay/log(2A/6)) = O(a~'log?®n)

rounds with high probability.>

This result answers in the affirmative the question
of [10] whether high vertex expansion implies fast rumor
spreading.

We complement the upper bound of Theorem 1.1
by providing an almost matching lower bound: We con-
struct d-regular graphs for which rumor spreading takes
Q(a~tlognlogd) rounds, whenever d/a = O(n'~¢) (see
Theorem 5.1). Note that when the ratio of maximum
over minimum degree is bounded by a constant, the two
bounds match. Thus, for d-regular graphs we obtain a
tight bound of O(a~! lognlog d) rounds on the runtime
of the PUSH-PULL protocol. Further we show that the
same bound for regular graphs also holds for the PUSH
and the PULL protocols by themselves (Theorem 4.1),
thus improving the results of [35] for the PUSH proto-
col.

Following [10], we can view rumor spreading as
a graph sparsification procedure. In this context,
Theorem 1.1 implies that for any graph with vertex-
expansion «, the edges used by the PUSH-PULL pro-
tocol induce a subgraph with O(a~'nlog*®n) edges,
so that every pair of vertices is connected by a path
of length O(a~'log?>®n). The relation between ver-
tex expansion and rumor spreading could possibly yield
further results of this kind in the context of network
sampling [27, 28, 30].

Our analysis is substantially different than previous
analyses of rumor spreading. Most of the results that
bound rumor spreading with conductance essentially
measure the growth of the volume of the informed
vertices, which, in expectation, can be easily shown
to grow at a rate of roughly 1 + ® per round. While
this argument alone is not sufficient to complete the
analysis, it provides the right intuition and also serves
as a basic building block in the proof (see [23]). In
the case of vertex expansion, there seems to be no
obvious parameter like the volume or the size of the
set of informed vertices that captures the progress of
rumor spreading. Instead, in our analysis we measure

ZAn event &£(n) holds with high probability (w.h.p.), if
Pr(&(n)) =1 — O(n=¢) for an arbitrary constant ¢ > 0.



the progress by considering the sum of twice the size
of the set of informed vertices plus the size of its
outer boundary. We then establish that this quantity
increases at a rate of roughly 1+ «a/ logS/ Zn.

Our analysis is also very different from that in [35].
In fact, it seems difficult to extend the techniques used
there for regular graphs to general graphs. One reason
is that their analysis uses also wupper bounds on the
number of informed nodes (see the upper bound in [35,
Lemma 3.2] and how it is used in the key lemma [35,
Lemma 3.6]); these bounds do not hold for general
graphs.

Finally, our analysis employs some techniques that
may be helpful in further studies of randomized rumor
spreading. These include a Bootstrap Percolation-like
process and its analysis based on the potential method
of amortized analysis (in the proof of Lemma 3.7), and
the use of the Optional Stopping Theorem to lower
bound the progress of the rumor spreading process (in
Claim 3.2).

Related Work. The first works on rumor spreading
provided a precise analysis of the runtime of the PUSH
protocol on complete graphs [22, 34]. A runtime bound
of O(logn) rounds was later established for hypercubes
and random graphs [19]. Other symmetric graphs G
similar to the hypercube in which rumor spreading takes
O(logn + diam(G)) rounds were studied in [15]. A
refined analysis for random graphs proving that the
runtime is essentially the same as that on complete
graphs was provided in [20], and subsequently extended
to random regular graphs in [21]. The authors of [§]
studied rumor spreading on preferential attachment
graphs, and showed that both the PUSH and the PULL
protocols require polynomially many rounds, whereas
the PUSH-PULL protocol takes only O(log? n) rounds.
The result for the PUSH-PULL protocol was recently
improved to ©(logn) [14]. These two results highlight
the necessity of using the PUSH-PULL protocol in
highly non-regular graphs. (See also [23].)

The first explicit connection between randomized
rumor spreading and graph expansion was shown in [33],
where a bound of O(®~!logn) rounds was proved for
the runtime of the PUSH protocol on regular graphs®. A
comparable bound involving the spectral gap was shown
in [6], however, as the result of [33], it does not extend
to non-regular graphs. The PUSH and PULL protocols
by themselves cannot guarantee fast rumor spreading
based solely on the assumption of high conductance (see,
e.g, [8] for counter-examples). For the PUSH-PULL

3The authors of [33] obtained results for non-regular graphs

as well, but in this case neighbors are not chosen uniformly at
random (see also [10] for an explanation).

protocol, a bound for general graphs slightly weaker
than the above bound for regular graphs was shown
in [9]. A tight bound of O(®~!logn) was subsequently
proved in [23]. This result is tight in the sense that there
are graphs of diameter Q(®~1logn) [9]. Recently, the
authors of [7] introduced a refinement of conductance,
called weak conductance, and related this quantity to
the time needed to inform a certain fraction of nodes.

2 Definitions and Notation

We consider graphs G = (V| E) that are undirected and
connected. We denote by n the number of vertices,
n := |V|. For any vertex v € V', N(u) denotes the set of
neighbors of u, N(u) := {v € V: {u,v} € E}, and d(u)
is the degree of u, d(u) := |N(u)|. The maximum degree
of G is A := maxyecy d(u), and the minimum degree is
4. For any set of vertices U C V, U denotes the (outer)
boundary of U, OU := {u € V\U: Jv € U,{u,v} € E}.
The volume of U is the sum of the degrees of the vertices
in U, vol(U) := ),y d(u). Note that vol(V) = 2|E|.
For any two sets U W C V, E(U,W) is the set of
edges between U and W, E(U, W) := {{u,w} € E: u €
U,w € W}. The vertex expansion of G is a real number
0 < a <1 defined by

10U

= G = .
o =a(G) vcv, 0<i0|<n/2 |U]

The conductance of G is also a real 0 < ® < 1, and is
defined by

|[EWU, VAU

o =9(G) = min vol(U)

vy, 0<vol(1U)§vol(V)/2
For any graph, (6/A)® < a < A®. (The proof of this
simple fact can be found in the Appendix.)

For the analysis of the rumor spreading protocols we
assume that the rumor starts from an arbitrary vertex,
which learns the rumor in round 0, and begins to spread
it in round 1. We denote by I; the set of informed
vertices at the end of round ¢ > 0 (thus |Iy| = 1). We use
the following terminology. An informed vertex u € V
pushes the rumor to vertex v € N(u) in some round, if
in that round w picks v to transmit the rumor to; we
say that this transmission is initiated by w. Similarly, an
uninformed vertex v pulls the rumor from an informed
vertex u € N(v), if v picks w and thus the rumor is
transmitted from w to v; this transmission is initiated
by v.

All logarithms in this paper are to the base 2 unless
stated otherwise.

3 Proof of the Upper Bound

In this section we describe the proof of Theorem 1.1.



3.1 Outline of the Proof. Intuitively, we measure
the progress of rumor spreading in terms of two quanti-
ties: the growth of the set I; of informed vertices, and
the growth of the outer boundary 0I; of I;. We conve-
niently capture both these quantities by considering the
quantity W; = 2|I;|+|0I1;].* Roughly speaking, we show
that as long as no more than half of the Verticeb are in-
formed, W; increases by a factor of 14 Q(f) per round
“on average,” where 8 = «/(log Ay/log( 2A/5 The
key ingredient we use is Lemma 3.1, which states that
for any ¢, there is a number r < 1/ depending only on
the current set of informed vertices I}, such that within
r rounds W; increases by a factor of at least 14 7S with
constant probability (w.c.p.). Having established this
result we employ the Optional Stopping Theorem (in
Claim 3.2) to obtain that W; doubles in at most 1/8
rounds w.c.p; and since W; cannot grow larger than
2n, and thus cannot double more than log(2n) times,
we obtain that O(87!logn) rounds suffice to inform
half (plus one) of the vertices w.c.p., and also with high
probability (w.h.p.). We finish the proof by employing
a simple symmetry result for the PUSH-PULL protocol
(Lemma 3.3), which yields that O(8~! logn) additional
rounds will inform the remaining vertices w.h.p.

We now give an overview of the proof of our main
lemma, Lemma 3.1. For the sake of clarity, we discuss
a weaker version of the lemma, where 8 := o/ log3/ Zn
We partition the boundary JI; into sets Ai, ..., Aiogn,
where each set A; consists of the vertices in 9I; of
degree between d; := 2°~! and 2d;. We then analyze
the contribution to the increase in W; of each A;
individually. Here we consider only those A; that are
sufficiently large and their degree d; is in a certain range
(14:] = 9011/ 1ogn), and d; = O(Ai]) or QIOL))):
the remaining sets constitute just a small fraction on
01;. We use a case analysis that distinguishes essentially
four different cases. The first two cases are fairly
straightforward. The first is when for some constant
fraction of the vertices u € A;, a sufficiently large
fraction ¢ of the neighbors of each w are in I; (¢ =
Q(1/1og®?n)). Then, a constant fraction of A; gets
informed quickly just by pulling the rumor from I; (in
r = O(1/q) rounds w.c.p., by Lemma 3.5). We easily
show that this yields an increase in W; equal to the
desired increase (i.e., Q((8/q) - |[W¢|)) times |A;|/|OL|.

The second case is when for a constant fraction of
the vertices u € A;, a constant fraction of the neighbors
" TOur proof works also if we consider instead the maximum
between |I¢| and |I¢|+|0I¢|. However, considering just |I¢| 4 |01¢]
does not work because this sum may grow slowly even if |I| grows
fast, e.g., when the neighbors of the newly informed vertices are

already in the boundary, and thus the increase in |I¢| is “canceled”
by a decrease in |0I¢|.

of each w are in Sy := V \ (I; UJL), and also d; is
sufficiently large (d; = §(|013])). Then by informing
a single such vertex w, ©(d;) vertices are added to
the boundary, and thus W; is increase by ©(d;). The
number 7 of rounds needed is such that the increase of
©(d;) in W; is as desired, i.e., Q(rB|W¢|). (The bound
on r is given in Lemma 3.4.)

The third case is more involved. As in the second
case, for a constant fraction of the u € A;, a constant
fraction of the neighbors of each u are in S;. However,
now d; is smaller (d; = O(A;)) and thus it is not enough
to inform a single vertex. Further, this case assumes
that most of the edges from A; to S; go to vertices
v € S; such that each v has at most O(d;) neighbors in
A;. We have that in a constant number of rounds the
fraction of A; that pulls the rumor from I; results in
O(A;) vertices being added to the boundary w.c.p. (by
Lemma 3.6). Again we show that the resulting increase
in W; is the desired one.

For those A; for which none of the above three cases
applies, it holds that a constant fraction of the edges
from A; goes to vertices v € V' \ I; such that each v has
a large number of neighbors in A; (at least (d;/logn));
this is the last and most difficult case. We show that
there exist two sets A; C A, and V' C V \ I, such
that each vertex in A, has ©(d;) neighbors in V' and
each vertex in V' has §(d;/logn) neighbors in A}, and
also |Al| = ©(]4;]). Then we argue that if we started
a new rumor at any vertex v € A} then this rumor
would spread quickly (in O(log®? n) rounds w.c.p.) to
a constant fraction of A}, through the vertices in V’,
and from there to a vertex in I;. By using the same
symmetry argument as before (Lemma 3.3), we obtain
that in the same number of rounds the original rumor
spreads from I, to a constant fraction of A}. (See
Lemma 3.7.) As in the first case, the resulting increase
in W, is equal to the desired increase times |A;|/|01|.

If at least one of the A; meets the conditions
of the second or third cases then the lemma follows
immediately. Otherwise, we accumulate the progress
contributed by each A; to establish the total increase in
Wy. A crucial point is that in the analysis of the first
and last cases above, when we count the contribution
of A; we rely only on rumor transmissions initiated by
vertices in A;; thus contribution by different sets are
easy to combine.

Roadmap. We give the formal statement of
Lemma 3.1 and the derivation of Theorem 1.1 from it
in Section 3.2. In Section 3.3 we describe the four lem-
mata that we use in the proof of Lemma 3.1, i.e., Lem-
mata 3.4-3.7. The proof of the last lemma, Lemma 3.7,
is given in a separate section, Section 3.4. Finally, we
derive Lemma 3.1 in Section 3.5.



3.2 Statement of the Main Lemma and Proof
of Theorem 1.1. Recall that I; is the set of informed
vertices after round ¢, and 0I; := | J N(u)\ I is the
boundary of I;. We define

u€ly

Zt = ‘It|+|8.[t|, Wt = |It‘+Zt:2|It|+|8[t|

Note that |I;|, Z;, and W, are non-decreasing with ¢,
whereas this is not true for |0I;|. The next lemma says

that W; increases “on average” per round by a factor of
1+ Q(B), where

B := a/(log A/log(2A/6)).

LEMMA 3.1. (MAIN LEMMA) Fiz a round t > 0 and
the set I. If |I;| < n/2 then there is some integer 1 <
r < 1/ depending only on I such that with constant
probability Wiy, > (14 r8/ca)Wy, where c¢1,¢o > 0 are
constants independent of I; and G.

Before we prove this result, we use it to derive
Theorem 1.1. We start by showing the next claim, which
states that more than half of the vertices get informed
in the first O(87!logn) rounds w.h.p.

CrAam 3.2. W.h.p. |I.g-110gn| > /2, for a sufficiently
large constant c.

Proof. Recall that Lemma 3.1 specifies some r =
r(I;) < ¢1/B such that with probability at least p =
O(1), Wigr > (147r8/c2)Wy. If the same, fized r worked
for all values of I; then the claim would follow easily:
A phase of r = O(1/f) rounds would increase W; by
a factor of (1 + Q(rf)) w.c.p. And since W; cannot
be increased beyond 2n, it follows that O(logn/(rB))
such phases (i.e., O(logn/f) rounds) would result in
|I:| > n/2 w.h.p.

Although Lemma 3.1 itself does not guarantee that
there is an r that works for all I;, we now show that
such an r exists. Specifically, we show that in at most
2rmax rounds, where ry.x = ¢1/8, W; increases by
a constant factor w.c.p. Our proof uses the Optional
Stopping Theorem.

Fix I;. Let r1 = r(I;) be the number of rounds
that Lemma 3.1 specifies for Iy, and let ro = r(It4r, ),
r3 = 7(lt4ry+ry), and so on. Ie, for each i = 1,2,...,
we let r; := r(I;1g, ,), where R; := Y 7 _, 7. Define

the random variables Q;, for i = 1,2,..., by
. riBW; prifW
Qi :mln{Wt_;'_Ri —Wt+Ri71, t} — t.
C C2
Further, let Q; = Z;Zl @;. Note that
PRiSW:

(31) Wt+Ri > Wt + Qi +

C2

It is straightforward to verify that the sequence of Q; is
a submartingale: Let F; be the o-algebra corresponding
to the history of the rumor spreading process up to
round ¢ 4+ R;. Then,

E[Q; — Qi_1 | Fi—1] = E[Q; | Fi—1]

=E [min {Wt+Ri — Wt+R7;_1, W} ’.7:2:|

C2

. priBWy
2

> Pr (Wt—i-Ri —Wiyr,_, = ribW: ]:z‘—1> L W
C2 C2
. priBWy >0

)

C2

since the probability in the second-to-last line is at least
p by Lemma 3.1. Define now the stopping time

T =min{i: R; > rmax};
SO, Tmax < Ry < 27max. By the definition of Q;,
< RTﬂWt _ pR‘rBWt < RT/BWt < 2TmaXﬂVVt.

Q; < < <
Co Co C2 C2
Thus,
max Wi 2 max 1%
E[QT] S PI‘ (QT 2 _pr B t) ! /B !
202 Co
+ Pr QT < 7prmaxﬁWt _prmaxﬁwt )

262 202

By the stopping time theorem, E[Q;] > Qp = 0.
Combining this and the above inequality gives

Pr <QT Z prmaxﬂWt> 27’maxﬁWt
202 Co
+ 1— Pr QT Z _prmaxﬂWt 7prmaxBWt Z 0,
2C2 202
and so,
prmaxﬂwt p
P > > =0(1).

Therefore, by (3.1), it holds with probability at least
p/(4+ p) that

p’rmaxﬂWt pRT/BWt
+
262 C2
paWy

Witorpa = Wigr, =2 Wi —

me
Plmaxf tZWt‘F

> W+
C2 262

since rmax = ¢1/8. We have thus proved that in at
most 2rmax rounds W; increases by the factor of at
least 14 pc1/(2¢2) = 1+ ©(1) with probability at least
p/(4+p) = O(1).

Finally, by a Chernoff bound, O(2rya.xlogn) =
O(B~'logn) rounds suffice w.h.p. to increase W; to its
maximum value, and thus to have |I;| > n/2. This
completes the proof of Claim 3.2. [




The following simple symmetry result holds for the
PUSH-PULL protocol. The proof is essentially the same
as that of [9, Lemma 3], and is therefore omitted.

LEMMA 3.3. For any Vy,Vo CV, let E(V1, Va,r) denote
the event that a rumor known to all vertices in Vi
(and only to them) spreads to at least one wvertex in
Vo in at most r rounds. Then Pr(E(Vy,Va,r)) =
Pr(E(Va, Vi,7).

Using Claim 3.2 and Lemma 3.3, we can derive
Theorem 1.1 easily: By Claim 3.2 more than half of the
vertices are informed in ¢t = ¢3~!logn rounds w.h.p.
Suppose now that |I;| > n/2. Then by the same claim,
a rumor started at a given uninformed vertex v € V'\ I;
would spread to more than half of the vertices, and thus
to at least one vertex in I; w.h.p. Hence, by Lemma 3.3,
the rumor from I; spreads to v in ¢ additional rounds
w.h.p. The theorem follows by applying the union
bound to obtain that all uninformed vertices become
informed in ¢ additional rounds w.h.p.

3.3 Results Used in the Proof of Lemma 3.1. In
this section we describe four lemmata, which bound the
number of rounds until some fraction of a set B C 91,
gets informed, or until a sufficiently large number of
vertices are added to the boundary as a result of vertices
in B getting informed. In all these results we assume
that I; is fixed, and that B is arbitrary but fixed. For
each v € V, h(v) denotes the number of neighbors of v
in B,
h(v) :==|N(v) N B|.

The first two lemmata follow by direct calculations.

Recall that Z; = |Iy| + |01¢|.

LEMMA 3.4. Suppose that for every vertex uw € B,
d(u) < k, for some fized k. Then, with probability at
least 1 — 1/e, at the end of round t + [min{Z;, k}/|B|]
at least one vertex in B is informed.

Proof. For any vertex v € I, the degree of v is d(v) <
Zy, because N(v) C I; UJI;. The probability that no
vertex in I; pushes the rumor to any vertex in B for

r1:= [Z;/|B]] rounds is
h(w)\" (e)\ "
1-—=) < ==
H ( d(v)) N H ( Z
vel, veEl;
< e " Zver M/ 2 < ommilBl/Ze < 1/e.

Similarly, the probability that no vertex in B pulls the
rumor from I for ro := [k/|B]] rounds is at most

() <I(-2)

ueB
S e T2 ZuEB 1/k — 6—7'2|B\/k S 1/6

Combining the above two results yields the probability
that no vertex in B gets informed in min{ry,r2} rounds
is at most 1/e. ]

LEMMA 3.5. Let 0 < q¢ < 1. Suppose that for every
vertex uw € B, at least a q-fraction of u’s neighbors is in
Iy, i.e., IN(u) NI > q-d(u). Then, with probability at
least 1/2, at the end of round t + [2/q] at least half of
the vertices in B have pulled the rumor from I.

Proof. For each v € B, let X, be the 0/1 random
variable with X, = 1 if and only if u pulls the rumor
from some vertex in I; by the end of round ¢t + [2/q].

Let also X =) . p Xy. Then,

Pr(X,=1)>1-(1 —q)m/‘ﬂ >1—1/e* =:p,

and E[X] > p|B|. By applying Chernoff bounds we
obtain

Pr(X < |B|/2) = Pr(E[X] - X > E[X] — |B|/2)

< e 2EBXI-|BI/2)*/1B] < o—2(0-1/2)|B|
If | B| > 3, the above yields
Pr(X < |B|/2) < e 20-1/=1/2)%8 1 /9.
If |B] = 1,2 then

Pr(X < |B|/2) = Pr(X =0) < Pr(X, =0)
<1/e* < 1/2.

This completes the proof. [

The next lemma lower-bounds the number of ver-
tices added to the boundary, when a constant fraction of
the vertices from B go to vertices in Sy := V' \ (I; UJI;)
that have not too many neighbors in B. The proof is
more involved than of the previous two lemmata, be-
cause it must deal with dependencies: For a vertex
v € Sy, the event that at least one of its neighbors in B
gets informed is not independent of the corresponding
events for vertices in S; that have common neighbors
with v in B. We tackle these dependencies by using a
version of the Method of Bounded Independent Differ-
ences.

LEMMA 3.6. Suppose that for every vertex u € B,
k < d(u) < 2k, for some fized k. Suppose also that

2

vES:: h(v)<k

(3.2) h(v) > %vol(B).

Then, with probability at least 1 — 1/e, at the end of
round t + [14k/|B|] at least |B|/801 vertices in Sy have
a neighbor in B that has pulled the rumor from Iy.



Proof. We distinguish two cases, depending on the
relative values of |B| and k. First, we consider the case
where k is sufficiently smaller than B; precisely, the case
of k < |B|/267.

For each u € B, the probability that u pulls the
rumor from I; in a given round is

= |N(u) NI /d(u) > 1/d(u) > 1/(2k) =: p.

We make the pessimistic assumption that for every u
this probability is ezactly p. (Formally, we modify the
rumor-spreading process such that in each of the rounds
t+ 1,t + 2,..., each vertex u decides not to send a
pull request independently with probability 1 — p/py;
with the remaining probability p/p,, w sends the pull
request to a random neighbor, as normally. Clearly this
modification can only make our bound worse.)

For each u € B, let X, be the 0/1 random variable
with X, = 1 if and only if w pulls the rumor from I; in
round ¢ + 1 (assuming the modification above). Thus,

Define the set
D :={ve S :h(v) <k}

For each v € D, let Y,, be the 0/1 random variable with
Y, = 1 if and only if X,, = 1 for at least one neighbor
u € B of v. Further, let Y := 5" Y,. We will prove

veD
that
(3.3) Pr(Y > |B|/801) > 1 —1/e,
which implies the lemma.
We have
Pr(Y,=1)=1-(1-p)"® > 1—-e7P"") > (3/4)ph(v),

where the last inequality was obtained using the facts
that ph(v) < pk = 1/2, and that e=* <1 — 3z/4 when
0 <z < 1/2. The expected number of vertices v € D
for which Y, = 1 is then

=Y P =)= 2 Y h)

veED veD
L3 vol(B) _3p KBl 3B
— 4 2 — 4 2 16

where for the second inequality we used the lemma’s
assumption that ) _, h(v) > vol(B)/2.

Next we prove that Y is concentrated around its
expectation. Since Y is a function of the independent
(binary) random variables {X, : u € B}, we employ
the Method of Bounded Differences. In particular, we
use the next result, which follows directly from [31,
Theorem 3.9].

THEOREM 3.1. (BOUNDED DIFFERENCES INEQUALITY)

Let Ry,...,R, be independent 0/1 random wvariables
with Pr(R;, = 1) < p < 1/2. Let also [ be a
bounded real function defined on {0,1}".  Define

= E[f(Ry,...,R,)], and b := max|f(x) — f(X')],

where the mazimum is over all x,x' € {0,1}" that
differ only in one position. Then, for any X\ > 0,

/\2
Pr(u— > \) < ~5 3 o a )
r(p— f(Ra,...,Ry) > A) <exp < 2pnb? 1 Qb)\/?))

By applying this result to Y = f({X, : v € B}), in
which case we have p = E[Y] and b < 2k, we obtain

)\2
2p|B|(2k)* +

Pr(E[Y]-Y > )) <exp (_ 2(2k)>\/3)

And setting

B
A:E[Y]*%— 8’

|B|

yields

Pr(Y < |B|/16) < exp (_ (1B/8)? )

4k(|B| + |B|/24)

for k < |B|/267. Thus, Inequality (3.3) holds when
k < |B|/267.

It remains to consider the case where k > |B|/267.
Since now k = (|B]), we will just compute the
probability that (at least) one vertex u € B with a
constant fraction of its neighbors in Sy pulls the rumor
from I, in [k/|B|] rounds.

We first show that at least |B|/7 of the vertices
in B have at least k/3 neighbors in S; each. Let
B:={u € B:|N(u)N S| > k/3} be the set of vertices
in B that have at least k/3 neighbors in S, and let

= |B|. Let also d := (1/m) > wep d(u) be the
average degree of the vertices in B. Then,

> h(w) =Y [N(u)n S
VESE ueB
<Y dw+ Y INwNS|
ueB u€B\B
< md + (|B] —m)k/3.
Also,
Z h(v Z h(v) > vol(B)/2,

vES: veD



by the lemma’s assumptions, and
vol(B) > md + (|B| — m)k.
Combining the three inequalities above yields

k|B|
m > —
3d+k

> |B|/7,

since d < 2k.

Therefore, the probability that at least one of these
m vertices in B pulls the rumor from I; in [14k/|B]]
rounds is

1—-(1— p)mf14’€/|BH >1— e PmIMK/IBIl > 1 _ 1/e.

Thus, at least with this probability, the rumor is
pulled from I; to some u € B with at least k/3 >
(|B|/267)/3 = |B|/801 neighbors in S;. This completes
the proof of the case k > |B|/267, and the proof of
Lemma 3.6. n

The last lemma we describe gives a lower bound on
the fraction of B that gets informed when a constant
fraction of the vertices from B goes to vertices in V'
with not too few neighbors in B.

LEMMA 3.7. Let k > ¢ > 256. Suppose that for every
verter u € B, k < d(u) < 2k. Suppose also that

2

vEV : h(v)>4

h(v) > i vol(B).

Then, with probability at least 1 — 1/e, at the end
of round t + 512(\/k/Clogl + k/¢) at least a (1/40)-
fraction of the vertices in B is informed. This is true
even if we only take into account transmissions of the
rumor initiated by vertices in B, i.e., only vertices in B
push or pull the rumor.

The proof of this result is fairly involved and is
described in the next section.

3.4 Proof of Lemma 3.7. The proof is divided into
three steps. In the first step we show that there exist
two sets of vertices B’ C B and V' C V, such that each
vertex in B’ has Q(k) neighbors in V' and each vertex
in V' has Q(¢) neighbors in B’, and also |B’| = Q(|B|).
In the second step, we show that for any vertex u € B’,
a (new) rumor started at u spreads to at least one
vertex in I, within O(y/k/¢log? + k/¢) rounds w.c.p.
A key claim is that the rumor from w spreads to (¥)
other vertices in B’ within O(y/k/¢log¢) rounds. In
the third step, we combine the result of the second
step with the symmetry Lemma 3.3 to obtain that the

rumor spreads from I; to a given vertex u € B’ within
O(\/k/llog ¢ + k/¢) rounds w.c.p. Thus, by Markov’s
inequality, a constant fraction of B’ learns the rumor
from I; in O(+/k/llog £+k/¢) rounds w.c.p. The lemma
then follows by applying the result of the first step that
|B'| = Q(|BJ).

Step 1: The Sets B’ and V'. We describe a proce-
dure for constructing two (possibly overlapping) sets of
vertices B’ C B and V' C V, such that each vertex in
B’ has at least k/8 neighbors in V', each vertex in V'
has at least ¢/8 neighbors in B’, and the size of B’ is
B > (1/20)|B].

The procedure that constructs B’ and V' resembles
the Bootstrap Percolation process on G [1]: Two vari-
ables B and V are used. Initially, we set B + B and
V < V. In each iteration of the process, either we re-
move from B a vertex u with [N (u) N V| < k/8, or we
remove from V a vertex v with |N(v) N B| < £/8. The
procedure stops when no more vertices can be removed
from B and V, and we let B’ and V' be the final sets
B and f/, respectively. Note that a vertex u € B is ini-
tially both in B and V, and as the procedure progresses
u may be removed from one or both of these sets.

By construction, for every u € B’, |[N(u) NV’| >
k/8, and for every v € V', |[N(v) N B’| > £/8. Next we
prove that |B’| > (1/20)|B|. We will use the following
result, which says that vol(B', V') := > _p [N (v)NV’|
is close to vol(B) = vol(B,V).?

CLAIM 3.8. vol(B, V') > (1/10) vol(B).

Proof. We use the potential method of amortized anal-
ysis. Let B; and V; denote the current sets Band V in
the construction procedure after the ¢-th iteration, i.e.,
after ¢ vertices have been removed in total from B and
V. (Bp = B and Vj = V.) We will define the potential
®,; of the pair B; and V; in such a way that the differ-
ence ®,_; — ®; is an upper bound on the corresponding
reduction in the number of edges because of the i-th
vertex removal, i.e.,

(34) VOI(BZ'_l7 ‘/i—l) - VOl(Bi, V;) S (I)i—l - (I)z
Thus, vol(B) — vol(B', V') < 3. o(®i—1
Further, we will show that

- ®;) < .

(3.5) By < (9/10) vol(B).

The last two inequalities then yield the claim.

5Note that vol(Vi,Va) may be different than |E(Vi,V2)].
Specifically, vol(Vi, Va) = |E(Vi, V2)|+|E(ViNVa, ViNV2)|. Note
also that vol(V7, V2) = vol(Va, V1).



The potential ®; after the i-th iteration is defined
as follows. Recall that h(v) := |N(v) N B|.

2= Y N\ Vi + Y %min{h(v),ﬁ/?ﬁ}.

u€B; veV;

We must prove that inequalities (3.4) and (3.5)
hold. We prove (3.4) first. Consider an iteration ¢ in
which we remove a vertex u from B;_;. Observe that

the second sum in the definition of ® does not change.
So,

D1 — Py
1 / 1 !
= Z ?|N(u)\Vi,1\ - Z §|N(U)\Vi|
u'eB;_1 u' €B;

_ %|N(u)\vi_1| > %(d(u) — k/8) > g

where the second-to-last inequality holds because
|N(u)NV;_1| < k/8 as u is removed in this iteration, and
the last inequality holds because d(u) > k. And since
VOl(Bi_h‘/i_l) - VOI(B“W) = \N(u) n ‘/i_1| S ]43/87
inequality (3.4) holds for this case. Consider now an it-
eration 7 in which we remove a vertex v from V;_;. The
change in the first sum in the definition of ® is

> NGO\

u'€B;_1

>IN\ Vi -

uw'EB;_1

1
= —?|N(’U) ﬁBi_l‘.

The change in the second sum in ®’s definition is

3 %min{h(v’),é/S}— 3 gmin{h(v’),€/8}

v'eVi_1 v'eV;

= %min{h(v),ﬂ/é%} > %lN(v) N Bi-ul,

where the last inequality holds because |N(v) N B;_1| <
|N(v) N By| = h(v), and also |N(v) N B;_1| < ¢/8 since
v is removed in this iteration. Therefore, ®;,_; — &; >
|N(v)NB;_1|. And since vol(B;_1,V;—1) —vol(B;, V;) =
|N(v) N B;_1], inequality (3.4) follows.

We now prove (3.5). We use the assumption of

Lemma 3.7 that >, v, ()50 ()

IV
—_
\

o~

S—

<

o
=

Sy
SN—

D=3 %min{h(v),f/S}

veV
8 1
veV : h(v)<t veV: h(v)>4
8 1
< 7 Z h(v) + = Z h(v)
veV : h(v)<L veEV: h(v)>4
= §(vol(B) - > h(v)) 41 > h(v)
7 7
veEV: h(v)>¢ veEV: h(v)>¢
= gvol(B) - > h)
veEV: h(v)>L
8 1 9
< —vol(B) — = vol(B) < — vol(B).
_7VO() 4vo( )_10VO( )
This completes the proof of Claim 3.8. [

From this claim, and the assumption that & <
d(u) < 2k for all u € B, it follows

1(B') _ vol(B',V’) _ (1/10) vol(B)
. B> ! >
(3.6) 15> 2k — 2k - 2k
(1/10)k|B|
> % = |B|/20.
Step 2: Spreading a Rumor from B’ to I;.

Suppose now that a rumor starts at a given vertex
in B’. The next claim states that the number of
rounds until this rumor spreads to ©({) vertices in B’

is O(\/k/llogt) w.c.p.

CrAaM 3.9. For any vertex s € B, a rumor started at
s spreads to at least £/32 vertices in B in 512+/k/llog ¢
rounds with probability at least 1 —e*. This is true even
if we only take into account transmissions of the rumor
initiated by vertices in B’.

Proof. We divide the rumor spreading process into
phases of 2r = ©(y/k/{) rounds each, and we show
that in each phase the number of informed vertices in
B’ doubles w.c.p. Thus, w.c.p. it takes O(log ¢) phases
until Q(¢) vertices in B’ get informed. We assume
that only vertices in B’ initiate push or pull operations.
Formally, a phase consists of

r:=256/k/{

push rounds, during which the informed vertices in B’
perform push operations, followed by r pull rounds,
in which the uninformed vertices in B’ perform pull
operations. The assumption that there are no pull
(push) operations during the push (pull) rounds can



only strengthen our result. Further, we assume that
B’ NV’ = (), which also makes the result stronger.

We now analyze a single phase. The analysis
consist of two steps. Let m be the number of informed
vertices in B’ at the beginning of the phase. First we
show that w.c.p. the total number of vertices in V’
that get informed during the r push rounds is at least
Q(mr). Then we show that if there are at least that
many informed vertices in V', then w.c.p. the r pull
rounds increase the number of informed vertices in B’
by Q(mr2(¢/k)) = Q(m).

Suppose that at the beginning of the phase there
are

1<m<4/32

informed vertices in B’. W.l.o.g., we assume that the
push operations in each round are performed sequen-
tially (in an arbitrary order). In total, rm push opera-
tions are performed in a phase. For each i =1,...,rm,
we denote by V; the set of vertices v € V' that are in-
formed by the first i push operations. Further, we let
X; be the 0/1 random variable with X; = 1 if and only
if some of the following two conditions is satisfied:

(i) the i-th push operation informs a vertex in V/\V;/_y;

(i) |V/_4| > 2k/r (ie., |V/_;| is already sufficiently
large).

We now show that for each i =1,...,rm,

(37) PI‘(X,Lzl |X1,,X1_1)21/32

Clearly, if Condition (ii) holds then the above probabil-
ity equals 1. So, suppose that (ii) does not hold, i.e.,
|[Vi—1] < 2k/r. Then the vertex u € B’ that performs
the i-th push operation has a number of uninformed
neighbors in V' that is at least |N(u) NV'| — |V;_q| >
k/8 — 2k/r > k/16. And since d(u) < 2k, the proba-
bility that w informs one of those neighbors is at least
(k/16)/(2k) = 1/32.

Because of (3.7), a simple coupling argument yields
that the sum X := ) "} X; dominates stochastically
the binomial random variable B(rm,1/32). Thus, by a
Chernoff bound,

Pr(X <rm/64) < Pr(B(rm,1/32) < rm/64)

< e—(1/2)2(7"m/32)/2 _ e—rm/256 < l/e,

since r > 256. Therefore, with probability at least
1—1/e, X > rm/64, and thus,

rm 2k
V! | >mind —, =— 3.

Next we consider the pull rounds. Fix the outcome
of the push rounds such that the above inequality holds.

In fact, we make the pessimistic assumption that it
holds as equality, i.e., |V/,,| = min{rm/64, 2k/r}. For
each v € B, let Y, denote the 0/1 random variable with
Y, = 1if and only if » pulls the rumor from V;,, in some
of the pull rounds. Then,

Pr(Y, =1)=1- (1_|N(U)”V/m>r

d(u)
N () NVl \"

>1— _ A Trml

>1 (1 o

L TIN ) O V|

- 4k

where the last inequality was obtained by using the facts

that
/ !
N O Vil 11Vl (2H/7)

2k - 2k 2k

and that e < 1 — /2 when 0 < = < 1. The
random variables Y,,, u € B’, are independent, and the
expectation of their sum Y := > Y, is

:]_7

ueB’

ZPI‘(Yuil)Z Z%}W

ue B’ ueB’
r r 14
= — Nw)NnB'|> — -
w2 WOnBI=g 5 g
veV/,, vEV
V.. e . (rm 2k
= = _—min{ —, —
32k 32k 64" r

o[ r2m ¢
= min , —
2048k 16

E[Y] =

} > min {32m, £/16},

by the definition of r. A Chernoff bound yields Pr(Y <
E[Y]/2) < e ENI/S Therefore, with probability at
least

1— efE[Y]/S >1— efmin{4m, £/128} >1— 1/62

(since £ > 256), the number of informed vertices in B’
after the pull rounds is at least

E[Y]/2 > min{16m, £/32};

that is, at least 16 times the initial number of informed
vertices in B’, or at least £/32. Note that the above
probability is conditional on the event that |V | >
min{rm/64, 2k/r)}, which has probability at least 1 —
1/e as we showed earlier. Therefore, the unconditional
probability of the event that the number of informed
vertices in B’ at the end of the phase is at least
min{16m, ¢/32} is at least

(1—1/e)(1—1/e*) >1/2.

We say that the phase is successful if this event occurs.



Since at most [log,(£/34)] < (log¥)/4 successful
phases are needed to inform ¢/32 vertices in B’, and
since each phase is successful with probability at least
1/2, a Chernoff bound yields that in log ¢ phases (that
is, in 27 log £ rounds) the rumor spreads to at least £/32
vertices u € B’ with probability at least 1 — 1/e*. This
completes the proof of Claim 3.9. [

Once the rumor started at s € B’ has spread to
£/32 vertices in B’, the probability that at least one of
those £/32 vertices pushes the rumor to some vertex in
I in the next 512k/¢ rounds is at least

512k

1— (1 (1/2k))5 28 > 1 — edrdn ™4

Therefore, we have the following result.

COROLLARY 3.1. A rumor started at some wvertex
s € B’ spreads to at least one wverter in I; in
512(\/k/Clog ¢ + k/¢) rounds with probability at least
1—2/e*. This is true even if we only take into account
transmissions of the rumor initiated by vertices in B’'.

Step 3: Finishing the Proof of Lemma 3.7. We
observe that the symmetry Lemma 3.3 is still true even
if we only take into account transmissions of the rumor
initiated by a fixed subset of V. Now, combining this
lemma and Corollary 3.1, we obtain that the rumor
spreads from I; to any given vertex v € B’ in at most
r = 512(y/k/llog { + k/{) rounds with probability at
least 1—2/e*. Thus, the expected number of uninformed
vertices in B’ after r rounds is at most (2/e*)|B’|.
Then, by Markov’s inequality, the probability that more
than half of the vertices in B’ are uninformed is at
most (2/e*)|B’|/(|B’|/2) < 1/e%. And since by (3.6),
|B’| > |B]/20, it follows that with probability at least
1—1/e?, at least | B|/40 vertices in B get informed in the
next r rounds. This completes the proof of Lemma 3.7.

3.5 Proof of Lemma 3.1. We partition the bound-
ary OI; into sets A;, for i € {[log(6 +1)],..., [log(A +
1)1}, where A; is the subset of vertices with degree be-
tween 2°7! and 2 — 1, i.e.,

A; = {u € 0l;: d; < d(u) < 2di}, d; := 2i—1,

The total number of these sets is

[log(A+1)] — [log(d +1)] +1
<log(A4+1)+1—log(d6+1)+1
LA +1) <log ﬁ =

—1
BT IT ST

:p.

Note that some of these sets may be empty.

We will reason about each set A; independently. We
only consider those A; that are not too small, and the
degree d; is in a certain range depending on |A;|. More
precisely, let Z be the set of all indices i that satisfy the
condition

014
4p

We only look at the sets A; for i € Z. By neglecting
the remaining A; we neglect no more than half of the
vertices in OI;: The worst case with respect to the first
part of the condition above is that all (but one) of
the A; have size |A;| = [|0L|/(4p)] — 1 < |01;]/(4p);
and the worst case with respect to the second part
of the condition is that for all i < log(2|0L;|), |Ai| =
[d;/16] — 1 < d;/16. Thus,

|Ai| > A (di <16]4;] V d; 22\81}0.

(3.8)
‘UAi = J 144l
i¢T igT

(28 1 01| | |01
< o+ — (2001, + o1, + 1L 190
= P+ 16 01| + 01| + 5 T
< |0L;|/2.

Roughly speaking, for each of the sets A;, i € Z,
either we bound the number of rounds until a large
fraction of the vertices in A; gets informed, or we bound
the number of rounds until the size of the boundary
01 increases by a certain factor as a result of vertices
in A; becoming informed. In some cases it suffices to
just study a single set A; to prove the lemma, while in
others we have to combine the results for all sets. We
note that the result for each A; is obtained by taking
into account only transmissions of the rumor initiated
by vertices in A;. Hence, the results for different sets
hold independently.

Fix now the set A;, for some ¢ € Z. We distinguish
the following cases.

1. d;i < dmin := 96 - 256,/plog A.

In this case a constant fraction of A; pulls the
rumor from I; in O(y/plog A) rounds w.c.p.:

For each vertex u € A; C 0I;, the fraction of
w’s neighbors in I; is at least 1/d(u) > 1/(2dmin)-
Lemma 3.5 then implies that with probability at
least 1/2, half of the vertices in A; pull the rumor
from I; in at most 4dpi, rounds. Let A;(q,7)
denote the event that at least a g-fraction of the
vertices in A; gets informed before the end of round
t + r, if we only take into account transmissions of
the rumor initiated by vertices in A;. Using this
notation we have

Pr (A;(1/2, 4dmin)) > 1/2.



2. d; > 2|01,

In this case, at least half of the neighbors of each
vertex u € A; are in S; U I;. We distinguish two
subcases: If most vertices have more neighbors in
S; than in I;, then when some vertex in A; receives
the rumor from I;, which by Lemma 3.4 happens
in O(min{d;, Z;}/|A;|) rounds w.c.p., the boundary
increases by Q(d;). If, on the other hand, most
vertices have more neighbors in I; than in S, then
by Lemma 3.5 a constant fraction of A; pulls the
rumor from I; in O(1) rounds w.c.p. In both cases
the lemma follows by considering just this sets A;.
We now provide the details.

Let
B:={ue€ A;: |N(u)NSy > |N(u)N L}
We have the following cases.

(a) |B| = |A4i]/2.
Since each w € B has at most |0I¢| neighbors
in 0I;, the number of neighbors that u has in
Sy is at least (d(u) —|01|)/2 > (d; — |0I]) /2.
By Lemma 3.4, we have that at least one
vertex gets informed in B within

r:=min{Z, 2d;}/|B|
rounds with probability at least 1—1/e (recall

that Zt = |It| + |6[t|) Thus, with this
probability,
Zyyr 2 Zy + (di — |014]) /2.
To prove Lemma 3.1 we must show that
r=0(1/8) = O(a~'\/plog A), and that the
above bound on Zyy, yields Wy, — W, =
QrpWy) = QraW,/(y/plog A)). We obtain
the first result as follows. By the definition of
T?
- < Zy < 27, < 2z, _ 2(|I¢| + |0])
|B] = |Ail T |91]/(4p) 0]/ (4p)
— 8(|L|/10L| + 1)p < 8(a™" +1)p
<1607 'p <48a7'log A,

since
(3.9) p =log(4A/6) <log(4A)
<log(A) + 2 < 3log A.

It remains to prove that Z;., > Z; + (d; —

|0I:])/2 yields the desired bound on Wiy, —
W,
Wisr = Wi = (Zer = Zt) + (T4 | — | I])
> Zipr — Zy 2 (di — |0L]) /2 > di /4,

since d; > 2|0I;]. By the definition of r,
r < 2d;/|B| and thus d; > r|B|/2, so,

r|B| _ Al _ r(|101:]/4p)
Wi, — W, > > >
t =78 T 16 ¢ 16
T|a.[t| N r\31t|
64p — 3-64log A’

Since Wt = 2|It‘ + |8It| = |3It\(2|lt|/|8lt\ +
1) < |01|(2/a+ 1) < 3|0/« and thus

we have

’I"OéWt

—-Wy > ——.
Wetr Wt_9-64logA

This completes the proof of Lemma 3.1 for this
case.
(b) [B] <Ail/2.

Then |A; \ B| > |A4;|/2, and for each vertex
u € A; \ B, the number of neighbors that u
has in I} is at least (d(u) — |014|)/2 > d(u)/4.
By Lemma 3.5, half of the vertices in A; \ B
and thus at least 1/4-th of the vertices in A;
pull the rumor from I; in at most 8 rounds
with probability at least 1/2. Therefore, with
probability at least 1/2,

Wirs = Wi = (Zirs — Zt) + (|Les| — [12])
> |y — [Ie| > [Aq] /4
> 014 /(16p)
(3.9),(3.10)
> aW/(9-16logA).

This proves the lemma.

3. dpin < d; < 16‘Ai|,

We further distinguish three cases: The first case
is when a constant fraction of the edges from A;
goes to vertices v € S; that have at most O(d;)
neighbors in A;. Then by Lemma 3.6, Q(]4;])
vertices from S; are added to the boundary in
O(1) rounds w.c.p. The second case is when a
constant fraction of the edges from A; goes to
vertices with Q(d;/p) neighbors in A;. Then by
applying Lemma 3.7, we obtain that a constant
fraction of A; gets informed in O(,/plog A) rounds
w.c.p. If none of the two cases above applies, we
observe that a constant fraction of the edges from
A; goes to I;. Thus by Lemma 3.5 a constant
fraction of A; pulls the rumor from I; in O(1)
rounds w.c.p. In the first and the last cases the



lemma follows by considering just this set A;. We
now present the detailed proof.

For each vertex v € V, let h;(v) denote the number
of neighbors of v in A4;, i.e.,

hi(v) := | N(v) N 4]

We have the following cases.

(a)

It holds that

(3.11)

2.

vES:: hi(v)<d;

h;(v) > (1/2) vol(A4;).

By Lemma 3.6, we have with probability at
least 1 — 1/e that at least |A;|/801 vertices
in S; have a neighbor in A; that pulls the
rumor from I; before the end of round ¢ +
[14d;/]A;|] < t+ 224, as d; < 16|A4;|. There-
fore, with probability at least 1—1/e, Z; 994 >
Zy + |A;]/801, and thus, as in Case 2a,

Wigooa — Wy > Zyyoon — Zy > |Ai] /801
> |OL,1/(4- 801p)

(3.9),(3.10)

> aW;/(48-801log A),

which proves the lemma.

For ¢ :=d;/(96p),

2.

veV: h;i(v)>4

(3.12) hi(v) > (1/3) vol(A;).

Note that ¢ > 256, because d; > dpin =
96 - 256,/plog A and

p =log(4A/68) < log(4A) < (log A)?.

By Lemma 3.7, with probability at least 1 —
1/e, at least a (1/40)-fraction of A; is informed
before the end of round t4-512(,/plog A+p) =
t +512,/p(log A + \/p) < t + 1024,/plog A,
counting only rumor transmissions initiated
by vertices in A;; thus

Pr (A;(1/40, 1024,/plog A)) > 1 —1/e.

Neither of Conditions (3.11) or (3.12) holds.

It follows that at least a (1 —1/2 —1/3) =
(1/6)-fraction of vol(A;) corresponds to edges
going to vertices v € V' \ S; with h;(v) < £.
Also, the volume that corresponds to edges

going to OI; is at most |01 - £. Thus,

1(A,
\E(A;, )| > VO(G ) _ 101, - ¢
dl|Al‘ di
> — (4| A; .
 diAl
o

Let m be the number of vertices in A; with at
least d;/16 neighbors in I, then |E(A;, I;)| <
m-2d; + (|A;| — m)d;/16. Combining the last
two inequalities yields m > |A4;]/32. We finish
this case similarly to Case 2b: By Lemma 3.5,
at least a (1/64)-fraction of A; gets informed
in (2d;)/(d;/16) = 32 rounds, with probability
at least 1/2. Thus, with probability at least
1/2,
Witsz = Wi = [Tiqas| — [I] = |As] /64
> [01,1/(4 - 64p)
(3.9),(3.10)
> alW/(36-64log A),

which proves the lemma.

By the analysis above, if at least one A; meets the
conditions of some of the Cases 2a, 2b, 3a, or 3c, then
Lemma 3.1 holds.

Otherwise, each A; meets the conditions of Case 1
or Case 3b, and thus,

Pr (A;(1/40, r)) > 1/2,
r = max {4dmin, 1024,/plog A} =96 - 256,/plog A.

where

We now explain how we can combine these results to
obtain the lemma. Let R; be the binary random variable
with R; = |A;|/40 if the event A;(1/40, ) occurs, and
R; = 0, otherwise. Further, let R = ., ; R;. Then,
E[R] > ) .7 |Ai]/(2-40). Since by construction each R;
depends only on transmissions of the rumor initiated by
vertices in A;, the R; are independent random variables.
A Hoeffding bound then yields

2
Pr(R < E[R]/5) < exp (_m)

4/52(3. 1A
o [ WP (x4
2Zi€I|Ai|
< e (W92 < 34

And since |[Ii4r| — |I;] > R, it follows that with
probability at least 1 — 3/4 = 1/4,

(3.8)
[Tl = 1] = E[R]/5 > ) |4,]/400 > [91]/800.
€T



Thus, with probability at least 1/4,

1228
r— > | Liar| — 1] >
Weer = Wi > || = 11 > G5
(3;0) aW; Brw;

= 3.800 3-800-96-256

since r = 96-256,/plog A = 96-256c/ 3. This completes
the proof of Lemma 3.1.

4 Upper Bound for PUSH and PULL on
Regular Graphs

Theorem 1.1 holds also for the PUSH and the PULL
protocols for the class of regular graphs.

THEOREM 4.1. For any d-regular graph with vertex
expansion at least o, the PUSH and the PULL protocols
inform all vertices in O(a~!lognlogd) rounds with
high probability.

This upper bound is matched by the lower bound
of Theorem 5.1 presented in the next section, for many
choices of d and «.

We now describe the proof of Theorem 4.1. Con-
sider the variant of the PUSH protocol where in each
round every informed vertex chooses not the push the
rumor independently with probability 1/2; we call this
the lazy PUSH protocol. The next lemma shows that
a round of this protocol is (stochastically) worse than a
round of the PULL protocol.

LEMMA 4.1. Fix a round t > 0 and the set I of
informed vertices. Let N, and N; be the sets of newly
informed wvertices after one round of the lazy PUSH
protocol and after one round of the PULL protocol,
respectively. Then there is a coupling such that N, C
N;.

Proof. Let uy,uz,...,ugr, be the vertices in 0I;. We
will expose the events {u; € N,} sequentially for i =
1,...,|0I;|, and prove that regardless of the previous
history for u1,...,u;_1, the conditional probability that
u; € N, is at most equal to the probability that
u; € N;. Note that the events {u; € N;} are mutually
independent, unlike the events {u; € N, }.

Fix an ¢ and suppose that u; has k neighbors in I;.
For each j = 1,...,k, let v; denote the i-th of these k
neighbors. We define the following events for the round
of lazy PUSH. Let A; be the event that v; does not push
the rumor to any of its other neighbors, i.e., the vertices
in N(v;) \ {u;}. This means that either v; chooses not
to push the rumor, or it pushes the rumor to u. Let
also B; be the event that v; pushes the rumor. Finally,
let F;_1 be any event describing the states (informed

or uninformed) of the vertices uy,...,u;_1. Clearly, the
probability that u; gets informed is maximized when the
events Ay, ..., A; occur, thus

Pr(u; € N, | Fi—1)
<Pr(u; € N, | Ay,..., Ax)
=Pr(BiV--- VB | A,..., Ap)
<Pr(By | Ay, ..., Ax) + -+ Pr(Bg | Ay, ...
=Pr(Bi | A1) +--- +Pr(By | Ag).

By Bayes’ law,

JAk))

Pr(A; | B;) - Pr(B;)
PI‘(B@ | .Az) = PI‘(Ai)
< Pr(A; | B;) - Pr(B;)
Pr(A; AB;)
_ Pr(A; | By) - Pr(B;)
- Pr(B;)
_ Pr(Ai[Bi)-(1/2)
1-1/2
=Pr(A; | B;) =1/d.
Combining the above yields
Pr(u; € N, | Fi—1) < k/d.

And since the probability that vertex u; gets informed
by the PULL protocol is Pr(u; € N;) = k/d, it follows
that there is a coupling such that N, C N;. L]

Consider now the variant of the PUSH-PULL pro-
tocol, called lazy PUSH-PULL, that is the combination
of the lazy PUSH and the (normal) PULL protocols.
I.e., in each round every informed vertex chooses not
to push the rumor independently with probability 1/2,
while every uninformed vertex performs a pull operation
in every round. Using Lemma 4.1 we can show that a
single round of the lazy PUSH-PULL protocol is worse
than two rounds of the PULL protocol (in the same
stochastic sense that a round of the lazy PUSH protocol
is worse than a round of the PULL protocol). Further,
it is straightforward to verify that Theorem 1.1 can be
extended to the lazy PUSH-PULL protocol. Therefore,
we conclude that for any d-regular graph with vertex
expansion «, the PULL protocol informs all nodes in
O(a~tlognlogd) rounds w.h.p. Finally, since on reg-
ular graphs the runtime of the PUSH and the PULL
protocols are asymptotically the same, it follows that
the same O(a~!lognlogd) bound w.h.p. holds for the
PUSH protocol as well.

5 Lower Bound

The following theorem generalizes a lower bound of
Q(log”n) rounds from [35] for graphs with constant
vertex expansion.



THEOREM 5.1. For any d, o (functions of n) with d > 3
and d/o < n'=¢, for a fized € > 0, there exists an
infinite sequence of regular graphs {G,};>1 of increasing
order m; such that G; has degree d; = d(n;) and
vertex expansion at least o; = O(a(n;)), and with
constant probability, the PUSH-PULL algorithm needs
Q(a; log(n;)log(d;)) rounds to inform all vertices.

We now sketch a construction of such a family of
graphs. This construction borrows ideas from construc-
tions given in [9] and [35].

We start with a 3-regular expander graph on n’ =
an/(d — 2) vertices. Then we replace each vertex u
by a cycle of length 1/, and the three edges pointing
to u point now to three vertices in the cycle such that
the distance between these vertices is one third of the
length of the cycle. Further, we add a few extra edges
between the vertices of the cycle in such a way that every
vertex has degree exactly 3, and the distance between
any two vertices in the cycle decreases by at most a
constant factor. The graph obtained is 3-regular with
n’ /o vertices, it has diameter ©(a~!logn’), and most
importantly, we show that it has vertex expansion Q(«).
The last step in the construction is to take the Cartesian
product of this graph with a (d — 2)-clique. We prove
that this operation retains the vertex expansion of the
graph (although it reduces the conductance by a factor
of d). Further, we show that it delays the spread of a
rumor by a factor of Q(log d). The reason for this delay
is that every vertex within a particular clique chooses a
vertex outside this clique only with probability ©(1/d).
Hence, once a rumor has reached a particular clique,
it takes about Q(logd) steps before enough vertices
in the clique are informed to spread the rumor to a
neighboring clique. Summarizing, the final graph has
(n'/a) - (d — 2) = n vertices, it has degree d, vertex
expansion Q(a), diameter ©(a~!logn’), and rumor
spreading takes a number of rounds that is at least
Q(logd) times the diameter, i.e., Q(a"!logn’ -logd) =
Qo tlog(an/d)logd) = Q(a~tlognlogd).

5.1 Proof of Theorem 5.1. The proof is divided
into two parts. In Section 5.1.1, we give the precise
definition of the graph and analyze its expansion and
its diameter. In Section 5.1.2, we then lower bound the
runtime of the PUSH-PULL protocol on this graph.

5.1.1 Construction In this section we describe the
construction of the sequence G1,Gs, ... of graphs. We
begin with the following definition that essentially takes
a 3-regular graph and replaces each vertex by a cycle of
length p.

DEFINITION 5.1. Let H, = (V,E) be any 3-regular

graph with n vertices. For any p € N that is a
multiple of 3 and satisfies (p — 3)/3 is a multiple of
4, define the graph G,(H,) = (V,, E,) with vertex set
V, =V x{1,...,p} and edge set E, defined as follows.
Take an arbitrary family of bijections f, : N(u) —
{0,p/3,2p/3}, w € V, and let

Er = {{(u, fu(v)) (v, fo(w)} | {u,0} € E(G)},

By = {{(w,0), (w, i+ 1) mod p)} [ i€ {0,....p—1}},
EB = {{(u, i)7 (’LL, (Z + 2))}

| ie{l,...,p/3—1},imod 4 € {1,2}},
E4 = {{(u, i)7 (u7 (Z + 2))}

| ie{p/34+1,...,2p/3—1},imod 4 € {2,3}},
ES = {{(u, i)7 (uv (Z + 2))}

| i€{2p/3+1,...,p—1},imod 4 € {3,0}}.
ThenEp = EluEQUE3UE4UE5.

We observe that graph G,(H,) is also 3-regular,
and its diameter is ©((1/p) diam(H,,)) = ©((1/p) logn).
The next lemma bounds the conductance of this graph.

LEMMA 5.1. The graph G,(H,) has conductance at
least (1/6)®(H,)/p.

The lemma implies that the vertex expansion of
G,(Hy) is also at least Q(®(Hy)/p) = Qa(Hy)/p),
since for any d-regular graph ® < o < d®.

Proof. Recall that G,(Hy,) has n-p vertices. Let S C V,
be any set with 1 < |S| < n-p/2. For each u € H,, let us
call the set of vertices {u} x {0,...,p—1} C V, a cycle.
Hence V,, can be partitioned into n cycles of length p
each. Suppose first that at least (1/4)]S| vertices are
located in cycles that contain at most p — 1 vertices in
S. As each of these cycles will contribute at least two

to |E,(S,V, \ S)|, we have

1S _1 8]

> 9. =_. .
(S Vo \$)| 22 0 = 5 L

For the second case, assume that at least (3/4)|95]
vertices are located in a cycle which contains p vertices.
Let X C V be the corresponding indices of the cycles

that only contain vertices in S. Note that | X| > GIOIS]

i P
but also |[X| < |S]/p < n/2. Let S be the subset
of S that only contains vertices of S that are located
in a cycle which contains p vertices in S. Then by

construction,

|E,(S,V,\ S)| > |E(X,V\ X)| >3®(H,)|X|
1 3 9 1
> [ - .
> 30 (H,) 5 4IS\ 1 p<I>(Hn)IS|



Let us now argue that a similar lower bound also holds
for |E,(S,V, \ S)|. Note that each edge {u;,v;} €
E,(S,V,\ S), ui € S,v; € Vp \ S also appears in
E,(S,V, \ S), unless v; € S\ S. Now for each edge
{ui,v;} € E,, u; € S,v; € S whichisin E,(5,V,\S)N
E,(S,S\S) = E,(S,5\5), there is at least one edge
{vj,vi} € E,(S,V,\'S) with 1 <[ < p. Since H,, is 3-
regular, we regard each such edge {v;, v} € E, (S, V,\S5)
at most three times. Hence,

19 1
E > . Z0(H,) -~ -S| =
(S Vo \ $)| 2 5 72() - -IS]

(Hn)|S|.

o
<=

Recall that the graph G,(H,,) is 3-regular. In order
to increase the degree to d in a way that the vertex
expansion remains the same but the rumor spreading
time increases, we will consider the Cartesian product
of G,(H,) with a complete graph on d — 2 vertices. We
now recall the definition of the Cartesian product of two
graphs.

DEFINITION 5.2. Let G1 = (V1, E1) and Gy = (Va, E»)
be two graphs. We define the graph G := G1 X G4 such
that it has vertex set V := Vi X V5 and contains edges
between each pair of vertices (uy,us) and (vi,ve) for
which either {uy,v2} € Ey and uy = ve, or {ua,va} €
Es and up = vy.

The next lemma both improves and generalizes
result [35, Lemma 4.2].

LEMMA 5.2. Let Gy be a graph with ny vertices and
vertex expansion «p, and let Gy be a graph with no
vertices and vertexr expansion as < «q. Then, the vertex
expansion of G := Gy X G is at least ay - a2 /96.

Before we prove the lemma, we point out that
similar results were shown by Chung and Tetali [11] for
the edge expansion (isoperimetric number) of Cartesian
products of graphs. However, such a result does not
hold in general for the conductance. For example,
consider the graph G = G; x Gg, where G; and Gs
are cliques of size n/2 and 2, respectively. Although
both G and G5 have constant conductance, the graph
G has conductance ©(1/n) (see also Remark 5.1.)

Proof of Lemma 5.2. We first prove the following sim-
ple claim, which says that the vertex expansion of a
large set can essentially be reduced to the vertex ex-
pansion of the complement set.

CLAM 5.3. Let G be any graph with verter expansion
at least . Let S be any subset of vertices with n/2 <
|S| < mn. Then,

(e
0512 S(n— |S)).

Proof. Suppose for contradiction that [0S] < §(n—|S]).
As V'\ S is the disjoint union of 95 and V'\ (SUOS), this
would imply that [V'\ (SUIS)| > n—|S|-5(n—1S]|) >
1(n—1S]). But since d(V'\ (SUDS)) C IS, we conclude
by using the vertex expansion for the set V' \ (S U 95)
that

0S| 2 [0(V\ (SU8S))| z a- [V \ (SUIS)
>a-5(n—1s)),
which yields the desired contradiction. [

We now turn to the proof of Lemma 5.2. Fix any
set S CV =V(G) with 1 < |S| < niny/2. We proceed
by a case distinction.

1. At least ap/16 - |S| of the nodes are in a graph
{i} xVa, 1 <i < n; which contains at most (3/4)ns
vertices in S, i.e.,

{u € S,u=(i,j) € Vi x Va:
. @
{{i} x Van S} < (3/4)n2}| > 1£18].
Let X C {1,...,n1} be the indices ¢ with the
property above. Applying Claim 5.3,

0S| > > 108 N ({i} x Va)|

ieX
> > 5 min{|S 0 ({i} x ),
i€X
na — SN ({i} x Va)l}
1
> 5 318N x W)
eX
> LSS0 ({i x W)l
>4
ieX
109
96 |S].

2. More than (1 — aa/16) - |S]| of the nodes are in a
graph {i} x Ga, 1 <4 < ny, with more than %ng
vertices in S. Let X C {1,...,n1} be the indices i
with the property above. Moreover, let S be the set
of vertices with the property above. First observe
that |X| < (2/3)n; and | X| > (1 — az/4) - |S|/n1.
Our aim is to prove a lower bound on Qg . To
this end, consider first the set of vertices S which
contains all vertices in X, ie., S = X x Vs
Using Claim 5.3 and the definition of the Cartesian
product, we find that

108| > ny - 0, X

>y - S min{| X, ny — | X[}

aq
>’ﬂ2'

—|X
— 4‘ |7



where the last inequality used | X| < (2/3)n;. Note
that 95 can be written as

05 = Ujey (j x Va).

where Y = dg, X C {1,...,m1}. If we transform S
into S, then we remove from each subgraph j x V3,
Jj €Y, at most (1/4)ngy vertices from the boundary.
Hence,

~ 3 a1 3 (651 3
> R > ..

S| _ 9
—64 041|S‘.

ny
On the other hand, |S\ S| < as/16 - |S| by our
case assumption. Using this along with the above
inequalities and finally recalling that oy > «s, we
arrive at

95| > 85| — IS\ 5
9

Z a . 041|S| — 042/16|S|

> 2 aulS] = an/16]S] = ~as -|S]|

el M 1 v .
This completes the proof of Lemma 5.2. ]

We now recall a result from [2] about the construc-
tion of 3-regular expander graphs.

THEOREM 5.2. ([2, THEOREM 1]) Fiz a small enough
constant € > 0. Then for every sufficiently large integer
n, there is a graph H,, with girth at least (1/10)Inn and
vertex expansion at least €.

Finally, we are now able to complete the construc-
tion. We start with the graph H, from Theorem 5.2,
plug this graph into Definition 5.1 and take the Carte-
sian product of the resulting graph with a complete
graph. Combining our previous lemmata, we can lower
bound the vertex expansion of that graph.

LEMMA 5.4. For any o such that p := 1/« satisfies the
constraints of Definition 5.1, any d > 3, and any n that
is a multiple of (d — 2)/«, define

G = G1/a)(Hanya—2)) x Ki—2,

where H, is the graph from Theorem 5.2, and K4_o
is a complete graph with d — 2 vertices.5 Then, graph
G has degree 3 + (d — 3) = d, number of wvertices
(1/a) -an/(d —2)) - (d — 2) = n, and vertez-ezpansion
at least Q(a).
—

or the special case d = 3, we simply consider the graph

G/a)(Han/d—2))-

Proof. Recall that by Theorem 5.2, Hgp/q—2) has
constant vertex expansion. Hence by Lemma 5.1,
G(1/a),n(Han/(i-2)) has vertex expansion (a). Fur-
ther, by Lemma 5.2, G has vertex expansion Q(«), too,
since the graph K o has vertex expansion (1). ]

For the sake of completeness, let us also mention
that the conductance of GG is considerably smaller than
the vertex expansion if d = w(1).

REMARK 5.1. The graph G defined in Lemma 5.4 has
conductance O(a/d).

5.1.2 Runtime Analysis. We now analyze the run-
time of the PUSH-PULL protocol on the graph G de-
fined in Lemma 5.4. In the following, we identify the
set of nodes {(u,7,7): 1 < j < d — 2} by a so-called
supernode (u,1) € G(1/a),n(Han)(d-2))-

Note that for constant d, we can use the trivial
lower bound Q(diam(G)) = Q((1/«a)logn). Therefore,
we may assume in the following that d = w(1).

LEMMA 5.5. Consider the graph G from Lemma 5.4.
For an arbitrary wverter u €  Hqpja—2), let
(u,0), (u,1),...,(u,1/ac — 1) be the corresponding su-
pernodes in G. Let Ty be the first round when one of
the supernodes (u,0), (u,1/(3c)) or (u,2/(3a)) receives
the information for the first time. Moreover, let Ty > T}
be the first round when another one of these three su-
pernodes becomes informed, where we only allow trans-
missions initiated by the nodes in u x {0,1,...,(1/a) —
1}x{1,...,d}. Then, for everye > 0 there is a constant
¢ = c(€) such that

1
Pr<T2—T120--logd> >1—ce
«

The proof of Lemma 5.5 is given in the full version.

LEMMA 5.6. Let G be a tree with n nodes where all
nodes have degree 3 except for the leaves at depth D =
logn/(log6) + 1. Assume further that each node u
gets a random weight w,, which satisfies Pr (w, > ) >
1—1/64 for some value v > 0, independently of all other
weights. Then with probability at least 1—3-277 , it holds
for each path from the root to a leaf P = (uy,usa,...,up)
that Zi1 wy, > (D/2)7.

Proof. Fix any path P = (ug, ...,up). The probability
that more than half of the nodes have a weight less than
~ can be bounded from above by

D 1\27
(5 (@) e
2



Taking the union bound, we obtain that all paths from
the root to a leaf, at least half of the nodes have a
weight more than  with probability 1 —3-2P=1.4=0 >
1-3.27P, n

We complete the runtime analysis by combin-
ing Lemma 5.5 and Lemma 5.6 as follows. Suppose that
the rumor is initially placed at some node (s,0,0) €
V(G). Then by Theorem 5.2, there is a constant € > 0
so that the neighborhood of the node s in the graph
Hy/q up to distance D := elogy(an/d) is a tree. Let
L be the set of vertices in H,,/q with dist(s, L) = D.
To inform the first node (u,4,7) with v € L,0 < i <
1/a — 1,1 < r < d — 2, the rumor has to be spread
corresponding to a path P = (s,v1,v9,...,u4 = vp)
in H. However, by Lemma 5.5 we know that for each
1 < k < D the number of rounds for the rumor to reach
a vertex (vg,z,y) with 0 <z <1/a—-1,1<y<d-2
from a vertex (vg—1,2',y’) with 0 < 2/ < 1/a — 1,
1 <y <d-—2is at least Q(L -log(d)) with prob-
ability 1 — 1/64. Hence we can apply Lemma 5.6 to
conclude that with probability 1 —o(1), it takes at least
Q(L -log(d) - log(an/d)) rounds to inform the first node
(uj,r) withu e L,0<i<1l/a—1,1<r<d-2.
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