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We consider message and time efficient broadcasting andonaédcasting in wireless ad-hoc net-
works, where a subset of nodes, each with a unique rumor, wislmoadcast their rumors to all
destinations while minimizing the total number of transsioas and total time until all rumors arrive
to their destination. Under centralized settings, we hiice a novel approximation algorithm that
provides almost optimal results with respect to the numbaasmissions and total time, separately.
Later on, we show how to efficiently implement this algoritomder distributed settings, where the
nodes have only local information about their surroundingsaddition, we show multiple approxi-
mation techniques based on the network collision detectpabilities and explain how to calibrate
the algorithms’ parameters to produce optimal resultsifioe and messages.

1 Introduction

Databroadcastingwhere a rumor from a single source has to be delivered tarakmodes in the graph,
is considered one of the most studied problems in wireledwadetworks[[4]7]. In this paper, we study
a generalized version called thaulti-broadcastproblem [10], where instead of a single source, a subset
of sourcesS C V, each with a different rumor, have to deliver their rumorsatioother nodes in the
network. WhenS contains only a single node, the problem reduces to lbl@@adcastingproblem, and
whenS contains all the nodes, it reduces to dg@asipingproblem [12].

We use the partial aggregation model, also known agdnebined message modéb, (33], where
a node can aggregate multiple messages to one by strippisgages headers, using compression or
correlating data from other nodes [56]. Formally, we usedhmpression factoc, which serve as an
upper bound for the number of messages that can be comptesaeihgle batch; note that a message
can only be compressed once. In this paper, we develop dieedralgorithms which hold for any subset
SCV and and positive integere [1,k], and thus suitable for both broadcasting and gossiping avith
without aggregation (i.eg=1).

In data dissemination, there are two important performamnegics that directly affect the quality of
the algorithm:timeefficiency, measured by the total time until all nodes rezail rumors, angnessage
efficiency, assessed by the total number of messages thaaasenitted in the network. Most papers on
data broadcasting and gathering concentrate on optimimgime metric([15, 27, 12] and only provide
by-product analysis of the message metric without exadbpaance guarantees. However, In ad-hoc
networks, where the nodes have limited battery and the ¢gstnoling a message is directly proportional
to the lifetime of a node [7], minimizing the number of messags a key aspect in the overall efficiency
of the solution. In this work, we concentrate on finding botbssage and time efficient algorithms for
broadcasting problem and for the more general multi-brastifog problem, with and without aggre-
gation. We separate our analysis to two types of networkngsttcentralizedanddistributed In the
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centralizednetwork setting[[2]7], we assume that each node has full keayd about the topology of the
network, including size, distance, and the ids of all nodiethedistributednetwork settings [60, 16, 22],
we assume that each node has only partial information abeutdétwork; for example, the number of
neighbors it has or the total number of nodes.

Our results. For centralized network setting we show a direct relatiotwben messages efficiency
and the size of the underlyingackboneopology, on which rumors propagate to their destinatior a
show how to build a backbone such that the number of messagsntitted is small. To handle time
efficiency, we show how to shorten the diameter of the obthbreckbone, which decrease the total time
of the scheduling algorithm and ensures all rumors arrivinédr destination as soon as possible. Our
construction has minor impact on the message efficiency.ré€aults improves previous approximation
ratio by Kim et al. [42]. For the distributed network settngve first show how to construct the backbone
on which rumors will propagate. Next, we show a message aml efficient technique for transmitting
messages using the constructed backbone structure. THregee enables calibrating the performance
of the algorithm based on time or message requirements. dvedty of our approach is by comparing
the quality of the proposed algorithms under each of ther@ait separately. In addition, as a by-product
of our work, we present an algorithm for building a conneaethinating set with short diameter.

The rest of the paper is organized as follows: in Sectlon 2 resgnt the model of the network and
formulate the multi-broadcast optimization problem. Suemyrof related work is presented in Sectidn 3.
We provide approximation algorithms for efficient message @me broadcast and multi-broadcast un-
der centralized setting in Sectibh 4, and extend this worldistributed setting in Sectidd 5. Our con-
clusions and future work are summarized in Sedtion 6.

2 Model and Problem Formulation

Ad-hoc wireless networks consist of a setrofnobile units, also callediodes distributed in a two
dimensional plane and equipped with radio transmittersrandivers. The power required to transmit
a message from a node to distancis P = r%, wherer € [1,®] is the transmission radius for some
physical system parametér> 1 anda < [2,4] is the path loss exponent [55]. Our model is made more
realistic by the incorporation of physical obstacles in tie¢work, which represent buildings, trees or
other objects that block message transmissions [61]. Emsitnission power of each noBé¢u) is pre-
configured, and cannot change during the course of the tiiggrand a directed edge between two nodes
u andv is formed if there is no physical obstacle and if the Eucliddasstance between them(u, V) is
less than{/P,. In addition, we also consider the special case of Unit DisapBs (UDG), wher®(u) is
equal for all nodes.

Let k be the number of different rumors in the network. In our motle cost of sending a rumor
from a node to its neighbors is fixed, but ugctawmors, 1< ¢ < k, can be compressed to a single message,
which we refer to abatch Note that messages inside each batch can be rearrangéerinédiate nodes
but multiple batches cannot be further compressed. We dentie following parameters of the network
graphG: its diameter,dg, the degree of each nodgVv)g, its maximum degreéds and hg(u,v), the
shortest number of hops needed to route a messageuton in G; subscriptG is removed when it is
clear from the context.

In this paper, we study thdulti_Broadcastproblem, which is defined as follows:

Input: GraphG = (V,E), setSof k source nodes each with one rumor, and compression paraweter
Output: Multi-broadcast schedule from all nodesSto all nodes irV.
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For abbreviation we usBroadcastwhenk = 1 andMulti_Broadcastotherwise. Note that in some
related work[[15] 277], whek = n the problem is refereed to as gossiping.

We are looking for a solution to the problem under the follogvoptimization criterion:
Message Efficiency:The objective here is to minimize the number of messagesrtrdied in the net-
work in the course of the algorithm. When analyzimgy the message efficiency criteria, we do not take
interferences into consideration, assuming that all ngessaan be scheduled by some interference-free
protocol without increasing the number of messages seq, (@e can partition time inta time slots,
and let nodd transmit in time slot numberetd=i modn). This assumption is removed when addi-
tional optimization criterion are considered. We defing: as the minimum number of messages that
are transmitted in the network during the execution of thiinogd solution.

Time Efficiency: The objective here is to minimize the time it takes until alinors are received by all
nodes. When analyzing time efficiency, we adopt phatocol interference mod¢B1], where a com-
munication between nodasandv is successful if no neighbor of (the receiver) is simultaneously
transmitting. For any subgraphC G, let I,(u, T) be theconflict setof uin T, which consists of nodes
that cannot be scheduled to transmit simultaneously withcause they interfere tds recipients. Note
that since we use omni-directional antennas we hgieT) = At (At — 1). We definesy as the mini-
mum time required to deliver all rumors to their destinasion

When analyzing the efficiency of an algorithm, the perforosais compared to the optimal solu-
tion under each specified criteria, i.e., in time and messdfiggent Multi_Broadcast we ask to find a
schedule that uses at mastn,,; messages, and takes at mBsgp: time, for some parametecs 8 > 1.
Approximation algorithms are used since time efficient gogs NP-hard [[9] 25] and, as we show in
Appendix[d, message efficient gossip is also NP-hard.

To efficiently solveBroadcastunder both centralized and distributed settings, we alsa $tow to
construct an underlying graph on which rumors are routeah fitte source to the entire graph; we refer
to this graph as the netwoblackbone

3 Previous Work

The problem of message and time efficient broadcast, muadrast, and gossifk = n) has been
studied in multiple research papers. For centralizedrggtiClementi et al.[[15] studied gossip with
the existence of faulted links in the networks. They propose algorithm with time efficiency’(nA)
and message efficiengy(n?) without compression, and time efficiené(dgA) and message efficiency
0 (dgn) with maximum compression, i.ec,= k. The model was extended to include radio interference
by [27], where Gasieniec et al. showed how to construct a giatiaering tree for fast broadcast and
gossip. For broadcast, they proposed two algorithms, métestic and randomized, with time efficiency
ds + O(logn®) anddg + 0'(logn?), respectively. It was later asymptotically improved by Kadski and
Pelc [43], who provided a polynomial time deterministicaithm computing broadcast protocol with
time efficienct&'(dg +logn?). For gossip, Gasieniec et al._[27] also showed an algorithith time
efficiencydg +A-n+ @(logn®). If the maximum degree is bounded Bflogn), Cicalese et al.[[14]
improved the result talg + ﬁ(%) time efficient broadcast and'(dg + mgﬂf%) time efficient
gossip. In addition, they showed that their result is alntight by constructing &-regular tree in which
the time efficiency of gossip is at lea@{dc + J5og).

For distributed setting, where the only information a nods Is its coordinates, Emek et al. [22]
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studied two initialization model in Unit Disk Graphs: cotidhal wake up, when all stations other than
the source are initially idle, and spontaneous wake up, evakstations are initially awake. They pro-
posed ar(dsg) and a maked(dg + ¢°),dglogg) time efficient algorithms, wherg is the inverse of
the minimum distance between any two nodes. In additiory, shewed that the lower bound for time
efficiency for any deterministic algorithm &(dg./9). In a follow-up work [23] the authors showed that
for grid networks, although the lower bound for broadcaayst’(ds,/g), there is a faster algorithm

with time efficiencyﬁ(dgg% logg). For multi-broadcast, Chlebus et al. [10] showed a distiriigualgo-
rithm that constructs a tree using an innovative breadth-ttepth traversal. Their algorithm has time
efficiency @ (klogn® + nlogn*) even for compressioa= 1. Another interesting model was proposed by
Chlebus et al.[T11], where only sources exchange their mgessarheir algorithm has time efficiency
O (max,vesd(u,v) + k+log n?) for distributed settings with full message compressior-(k). Both
papers assumed that the network is directed.

Although its importance to network long-ability and ovémhergy consumption, there have been
limited research that emphasizes the importance of mesftigency in data routing. In_[8], the au-
thors have shown that multi-broadcasting problem is NRHadren trying to minimize time or message
efficiency. They did not provide NP-hard results for genemhpression ratio and did not present any
algorithm for the problem. The problem was also studied bseBlerink et al.[[4], where the gossip and
broadcast in random and general networks were studiedaRdom networks, a gossip algorithm where
each node transmits at magtlogn) messages was presented, and for general networks, a bsbatica

gorithm where each node transmits at nﬁs}%;é) messages was given.
G

The algorithms in this paper use a modified version of the eotma dominating set as a compact
backbone for routing messages. The minimum connected datimjnset is NP-hard [26], and approx-
imable within the factor of 2- H(A), whereH (i) is thei-th harmonic number, for general graphs![30]
and the factor of B for Unit Disc Graphs[[64]. For ad-hoc networks, Kowalsktaiurdzinski [[38]
demonstrated how to construct a backbone (CDS) in SINR mwitlelapplication to multi-broadcast.
They also showed a construction in sublinear time for radiwvorks [40]. To the best of our knowledge,
the only paper that made a connection between connectedhdting set and message efficient gossiping
was [35], where Harary et al. demonstrated that the emadigosimber, which is the minimum number
of messages required for gossiping messages freaqurces, i$1— 1+ | Zopt|, whereZyp is the optimal
minimum connected dominating set ajit, x| is its size. Another interesting sub-problem that we in-
vestigate is finding a small connected dominating set wititstiameter. For Unit Disk Graphs, Kim et
al. [42] found a connected dominating set with sized]Z,t| + 6 and with diameterds + 7. A related
model was proposed by Du et dl. [20], where the authors shbwedo construct a CDS such that given
a parametet the distance between two nodeandv is at mosta - d(u,Vv). Their construction provides

H (#)—approximaﬂon to the size of the solution for all grajihisC G, such thatlg(u,v) = dg (U, V).

4 Multi-Broadcast under centralized setting

In this section, we show bi-criteria approximation aldgumiis for message and time efficidBtoadcast
and Multi_Broadcast i.e., our algorithms find a solution having cost within atéscof a from the
optimal solution with minimum number of messages and withfactor of3 from the optimal solution
that needs minimum time to distribute all rumors. The pregoslgorithms are designed for centralized
networks, where each node has knowledge about the entis@iiketiopology.
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(a)sis not part of MCDS| Zopt| + 1 = Mopt (b) sis part of MCDS,| Zopt| = Mopt

Figure 1: Similarity between MCDS and the optimal broadtaskbone. The value o, denotes the
size of optimal broadcast backbon&), | denotes the size of optimal minimum connected dominating
set andsis the source.

4.1 Approximation algorithm for message efficientBroadcast

In this subsection, we solve the message effidiaotdcastproblem. We show a relation between the
number of messages neededBooadcastand the minimum connected dominating set of the graph, and
provide a constructive algorithm that uses this fact foablizasting.

Algorithm 1: Message efficierBroadcast

1 Find a connected dominating setin G.
2 Transmit the rumor frons to all nodes using as a backbone.

Let mppt be the minimum number of messages required to complete taednd’, : be the size of
the optimal dominating set. Assume we havesraapproximation algorithm for finding in Algorithm
. We claim the following:

Lemma 1. Algorithm[1 usesrmgp: + 1 messages to broadcast the rumor from s.

Proof. Assume we have a solution for message efficgnodcast and letT be the connected subgraph
along which the source message is propagated &torall other nodes. Ldtbe the number of leaves
in T, andd be the number of internal nodes. By definition, internal moeT represent a connected
dominating set irs. In order to propagate the message to the entire tree, ath@tnodes must transmit
at least one message; otherwise, we could transform théraosmitting node to a leaf. Thus, the total
number of messages transmitted is at least:

— |2]+1 ifsisaleaf
1 12] otherwise

This is illustrated in Figurel1. Clearly, we ha@g < my,. Therefore for any approximation algorithm,
we haveq - Zopt < o0 - Mgpt. Thus, we can use MCDS approximation algorithm, attach tlece node
sif it is not a part of the dominating set, and get a backbone bithvwe propagate the broadcast
message. The number of messages required is identical tmthber of nodes in the solution and is at
mosta - Zopt + 1. O

Combing this with the best known MCDS approximation aldworityields the following lemma:

Lemma 2. Algorithm[1 solves Broadcast and uses at mé$tA) + 2)myp: + 1 messages for general
graph and7.8my: + 1 messages for UDG.
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4.2 Approximation algorithm for message efficientMulti_Broadcast

In this subsection, we extend the result for message effi@imadcastto Multi_Broadcast Note that
we neglect the effect of interference since it is not parthef dptimization criteria. LetZ,pt| be the
size of the MCDS irG, my: be the minimum number of messages required to distributeratinors in
Multi_Broadcast and

75| = |Zopt| — 1 if sis a leaf

P | optl otherwise.
We claim the following:
Lemma 3. 1%l <

Proof. Assume that = 1. We proved in Lemmil 1 that for amye S, it is optimal to propagate node
rumor using the MCDS. Thereforglopt > 3 scs|Zoptl = K- Minses| 75

Now assumes > 1. For eachZg,, we cannot compress more thamessages per node .

. JS - -
Therefore, every nodeis accountable for at Iea@ messages. Our claim follows since:

Moo > | Dol S KMinses| Zgpl > K(|Zoptl — 1)

Before introducing our main algorithm, recall that in catized setting each node knows in advance
the structure of the entire topology. Thus, every deterstimialgorithm can be run inside each node
without incurring additional messages. Algorithin 2 is diofes:

Algorithm 2: Message efficier¥ulti_Broadcast

Input: GraphG = (V,E) and a set of source nod&s

Output: A gossip schedule from each nosle Sto all nodes irv.
1 Find a connected dominating setin G.
2 Select the node with the lowest id as the rpot

;/* For the next part, we assune we are provided with an

i nterference aware protocol. * [

3 Send the messages from all source nodesoteer a path iz, aggregating messages when
possible.

4 Create a rooted arborescence fromand send all messages frono all nodes alon@, sending
exactly‘g messages by each transmitting node (internal and source).

Claim 4. k< mypt.
Proof. The proof follows by the fact that every node Smust transmit at least once. O
Claim 5. Line[3 in Algorithn{2 uses at mogy| - ‘g + k messages.

Proof. Since we havé sources, the maximum number of messages that any node bejdogZ? may
send is at mos{, and we need to add the additiolamessages to account the fact that some of the
sources may not belong to the dominating get O

Claim 6. Line[4 in Algorithn2 uses at mo§tZ| + 1) - ¥ messages.

Cc
Proof. For each internal node and for nodeve neeo‘g messages to deliver &lsource messages to all
of its neighbors. Since we hay&/| + 1 such nodes if belongs taZ and|Z| nodes otherwise, the claim
follows. O
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By combining Claim§ 1,15 arld 6 we get that the number of messseygt in Algorithni R is at most:
k k k 1
(12| +1)=+|2|- +k=2/2|- +k(1+>)
c c c c

We again use the-approximation algorithm for MCDS and obtain:

k 1 K(|Dopt| — 1 2a+1
2((1].@opt‘)6+k(1+6):20 ( opct‘ )—i-k( C+ +1) <
20 +1
20 Mg pt + Mopt( +1) =

Mopt(2a +1)(1+ %)

Using the approximation algorithm for MCDS froin |30] for geral graphs and [64] for UDG yields:
Theorem 7. Algorithm[2 is a(2H(A) + 5)(1+ %)-approximation algorithm for general graphs and
15.6(1+ %)—approximation algorithm for UDG for message efficient MiBroadcast.

4.3 Combining Time Efficiency

Algorithm [ is optimized to reduce the message complexitghef gossiping scheme. However, the
criterion of providing optimal results for time efficiencig., minimizing the time until alk rumors
are received by all nodes) is still not satisfied. kg be the minimum time required to distribute all
k rumors to all nodes. Clearlg,, > dg, since each rumor must propagate over the diameter. Thus,
the rumor distribution time of any algorithm that uses a @mted dominating se¥ as a backbone is
bounded bydy + 2 (e.g., when sender and receivers are leafg8)inif dy is relatively small, we can use
one of the interference aware scheduling algorithms on téggorithm [2, and produce a time and mes-
sage efficient distribution scheme. Therefore reducinglthmeter of the resulting dominating set will
necessarily improve the time efficiency of the algorithm.téNthat this task is not always trivial, since
for some instances the diameter of the minimum connectedrdimg set is¢'(n) times the optimal
diameter, see example Figlie 2.

In this section, we first present Algorithinh 3 for the problefrfinding a minimum connected dom-
inating set with bounded diameter, where we aim to find a datimg set% of small size and small
diameter, with respect ;| andds. Once the backbone is constructed, we analyze the cost of
scheduling messages over it and incorporate the effecterfa@nence.

Algorithm 3: Compute Minimum Diameter Connected Dominating Set

Input: GraphG = (V,E)

Output: Connected dominating sét

1 Find a connected dominating set
2 Letr be the node with minimum id iw.

3 Run a DFS travers@dFS, fromr on & and partitionZ to clustersC,,Cy, ...,Ck, each with

diameterds (a nodev € 2 will belong to clusterj = Lh‘”(jg’v)J ; a node that is traversed more than

once can choose the dominating cluster arbitrarily). Theedayts(r,v) stands for the distance
betweerr andvin DFS tree.

4 Let ¢ be the node with minimal id in clust€}; Setc; as the cluster leader.

5 Connect all cluster leaders taising shortest paths in gragh

6 Add to setZ all nodes that belong to the found shortest paths.

We state the following.
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-

(a) Input graphs with dg = 4 (b) MCDS with | Zgt| = 16 anddp = 15

Figure 2: Instance where the optimal MCDS does not yieldhogittime efficiency. The diameter of the
input graph is always 4, but the diameter of the chosen mimirdominating set is equal to the size of
the outer ring (and equa&g—l).

Lemmas8. dy <4-dg.
Proof. Givenu € C; andv € Cj, the length of the path from to v is equal tohg(u,c) + hg(ci,r) +

hy(r,c;) +hg(cj,u) < 4-dg, wherehy(u,v) defines the length of the path betwaeandvin 2. The
last inequality holds since, by the definition of the diaméta anyu,v eV, hy(u,v) < dg. O

Assume we have an algorithm that finds a dominating set withcsi % | in line[d of Algorithm[3,
then we have:
Lemma 9. |Z| < 3(a|Zopt).
Proof. Since we perform a DFS traversal, each edge is traversedsaitwioe, and the number of clusters
is at most 2’@. The number of nodes that are added to connect each clustemisstds. Thus, the

new size of the dominating set is at mostZypt| + 2”%‘;’" -dg = 3a|Zopt|. O

To conclude, using [30] and [64] for approximating MCDS imgeal and UDG networks, respec-
tively, we get the following theorem:

Theorem 10. Algorithm[3 computes a connected dominating set of size at 3@+ H(A))|Zopt| for
general graphs and of size at md$i6|Z,p| for unit disk graphs, and has diameter of at mddg.

We are ready to analyze the time efficiency of Algorithim 2 awer backbone constructed in Algo-
rithm[3. We begin by analyzing the algorithm under no intenfice assumption; later we will show how
to incorporate the interferences in the model. We additipressume that a node starts forwarding a
batch of messages once it Hamessages.

The following lemma gives a lower bound for aljulti_Broadcastalgorithm:

Claim 11. The time efficiency of any algorithm for MuBroadcast is at Ieas% +ds— 1.
Proof. Consider a star witk peripheral nodes and attach a path of lergyth the center of the star. Let
r be the farthest node from the center. The optimal solutido tsansmit allk messages to the center

simultaneously and then directly send thenn.tdhis scheduling take§+ ds — 1 (without considering
interference). O

For Algorithm[3 we have the following upper bound:



L. Levin, D. Kowalski & M. Segal 29

Lemma 12. Ignoring interferences, the time efficiency of Algorifimvmany dominating set is at most
2(4sopt+1).

Proof. Assume we have a nodewith k messages. Ignoring interferences, sending a messageifrom
veV takes at Ieasg —14d(u,v), sinceu has to transmi{ time to move all the messages to the first hop
neighbors, and additional(u,v) — 1 time until the last message propagates from the first haghbers

to v. Optimally, r belongs toZ, and sod(r,v) for the k sources is at most, + 1. The algorithm is
composed from two scheduling steps: converging all messagerds and disseminating them from
over %. Thus, we get that the time efficiency is:

k k k
2(6—1+d@+1):2(d@+6)§2(4dG+E)§2(4SOpt+1). ]

Before incorporating interferences to the model, we staddllowing lemma:

Lemma 13 ([46]). Any deterministic scheduling algorithm on a spanning trabdt ends after t rounds
can be transformed to a collision free algorithm wjtp(u, T)| -t rounds until completion.

Algorithm [2 uses spanning trees for the convergecast anadbast operations, so the algorithm
from [46] can be used to perform the collision free schedylimultiplying the scheduling time by
max|lp(u, T)| < AZ.

Combining Lemma12, Lemniall3, Theoren 10, and by changingpheximation ratio for MCDS
from a to 3a in Theoreni¥ we get:

Theorem 14. Algorithm[2 on the connected dominating set constructed lggrdhm[3 has time effi-
ciency A2 2(4syp: + 1), message efficienc§(2H (A) +5)(1+ 2)mop for general graphs and message
efficiencyl5.6mgp: for unit disk graphs.

5 Multi-Broadcast under distributed setting

In this section, we focus on distributed network settingereheach node has only partial information
about the network when the algorithm starts. First, in Scise[5.1 we show how to distributively
construct the network backbone. We emphasize that theegftigiof the construction is of less interest
as we focus on finding a backbone on which distributed mutiaicasting is efficient with respect
to time and messages. Later, in Subsection 5.2, we show aieeffimessage and time scheduling
routine, which is used to route the rumors on top of the obthimackbone and explain how to apply the
distributed versions of Algorithil 2 and AlgoritHnh 3.

5.1 Constructing the network backbone in the interferencefree settings

In this step of developing distributed algorithms, we asstinat all nodes have unique ids, and are aware
of their local neighborhood (i.e., each node knows the nddasare in specific hop distance from it)
and the diameter of the graph. In addition, the network israssl to be signal interference-free. The
required steps to implement AlgoritHm 2 under distributettiisg are to construct a CDS, select a leader
r, route all rumors from alk sources ta and fromr to the entire graph along the found CDS. For CDS
construction, we use the distributed algorithm froml [17hietr constructs a CDS with SizéHZA) Zopt
usingd'(n|dg|) messages and(|Z|(A+dy)) time for general graphs, or the distributed algorithm from
[62], which constructs a CDS with size at mostgy using&'(nlogn) messages and(n) time for Unit
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Disc Graphs. We use these algorithms in such a way that a rrodeend a message batch once ithas
rumors in its queue but not later thdg time from the previous transmission.

The backbone constructed by Algoritfiin 3 extends the CDS\aglidg it to clusters using a depth-
first-traversal, finding the shortest path from each clusterand adding those paths to the constructed
CDS. After the CDS is constructed using one of the distritbutaitines, we findys(r,v) for each node
Vv € Z by selecting a leadar, and running the distributed depth-first-traversal aliponi from [49]. In
each cluste€;, the nodes locally select a cluster leaders using the lesdection algorithm froni [41]
and discover the shortest pathrtaising the routine from_[2]. All nodes in the shortest pattes then
added to the CDS. The message complexity of this step(j&|+ n-dg) and the time complexity is
o(n).

5.2 Efficient message and time routine for spreading a rumorr the distributed setting
with interference

In this subsection, we present multiple time and messaggegftirumor distribution routines, which will
later be used to implemeMulti_Broadcastusing the distributed algorithm proposed in Subsedtioh 5.1

Setting with collision detection. Procedures Send-Rumor dnd Receive-Rlimor ensure thatriteenu
of messages and scheduling time which are needed to traassitigle rumor (or a compressed batch
of rumors) from some node to its neighbors will not take toaccmtime. We assume that all nodes
have synchronized clocks and have a collision detectiorharesm. Later we show how to modify the
algorithm to support weaker scenario where, in case of suwil no signal is heard. We also assume that
each node is aware of the number of neighbors it ha&/), and of the maximum degred); This can

be accomplished by performing the neighbor discovery d¢ngnutine, using[[18], which computes,
w.h.p., a constant approximation degree of each nod&iag?n) time usingd(logn- 5(v)) messages.

Procedure Send-Rumor Procedure Receive-Rumor

1 Selects independently and uniformly at random an if Collision occurred in slot & < pA) then
integerx € [1, uA]. 2 \ Send an error message in sjak + x.

2 Send rumor in slok. 3 end

3 Wait idle for uA+ pA — x slots.

4 if No error message arrive and no collision is
heard in slotuA + x then
| Done
end
else
\ Collision occurred, retransmit
end

© 00 N o O

Let v be the neighbor ofi, uA be the number of slot®)(u) be the number of neighbors, aXd be the
indicator variable for whetherwas the only neighbor af that transmitted in slat We have:

EX]=PX]= <H1A>M_1A(l_u_1A)5(u>_12 (1_H_1A)A_12 (l_u—lA)A-
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Therefore, the probability that all(v) neighbors will receive the rumor without interference is:

o(v) 1

1 _ A 5(v) _%v
(1-—)P=1—=2)2V g moV =g
il:l pA m

The probability that the transmission was unsuccessfuj founds is:

_dW)
(l_e H )Jv

and, thus, the expected number of retransmissions untibdkis receive the rumor is at most:

o(v) . 3(v) d(v) ZM

Z jl—e # ) ~en (en —1)<e =
=1

The expected number of error messages that all nodes senolupelris:

Lay~swa—et).

SW)(L-(1- 1

Let a be the approximation ratio of the distributed implemeptabf the minimum connected dom-
inating set. By applying the procedures for sending messagibe distributed implementation of Algo-
rithm[2 we get:

Theorem 15. For setting with collision detection, there is a distribdtanplementation of Algorithinl 2
3(v)
for Multi_Broadcast with message efficiemyarrbptezT (14+0(v)(1— e%)) and time efficiency
—ov)
O (SoptAE™ 7).

Setting with no collision detection. As mentioned earlier, the collision detector restricti@an de
removed if, in each iteration, a transmitting node seleaty one of its neighbors as the receiver, and
sends the rumor directly to it in slot If the rumor is received by the neighbor, it responds with an
acknowledge message in shoi+ x. If no acknowledge message is received, the transmittirdg no
assumes collision occurred and retransmits the messagbaWeshown that the probability that a node

1
will receive the message without collision is at mest and, thus, the expected number of rounds until
1
a rumor is received by all neighbors of nodis at mose+ §(v). Therefore, the time efficiency is at most

ZuAe% d(v) and the message efficiency is at most 3(v). To reduce the number of rounds, instead
of iterating the above routine for all neighborscan send a list of neighbors from which he did not
receive an acknowledge message. In order to successfalyveea message, when a neighbor nade
chooses a slot, this slot should not be taken by any neighbarand the source node Hence, the

probability for a successful transmissionel_s%. Let j' be the round after which all nodes received the
rumor and letr(j) be the expected number of nodes that did not receive the rafterroundj. We

have,r(j) =0d(v)(1— eﬁz)j. Excluding the source, the expected number of nodes thredrtrigin round
j is at most the expected number of remaining nodes after rpuntl which is:

er(j—l):jZ& (1- euJ i (11— eul—euc‘i()
= =
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log
logl-e
mostuAj . By including the source, which transmits once per itergttbe expected message efficiency

is at mosten 5(v) + j . Combining with the distributed implementation of Algtwin[2 we get:

The routine terminates Whet(lj') <1and, thusj = Thus, the expected time efficiency is at

g .
I

Theorem 16. For setting without collision detection, there is a distribd implementation of Algorithm

1
for Multi_Broadcast with message efficien¢ya mopt(e% o(v)+ 109 A-)) and time efficiency
lo R

1
ﬁ(soptuAL{%).

logl-e

6 Conclusions and future work.

In this work, we developed algorithms for message and tifi@efit broadcasting and multi-broadcasting
in ad-hoc networks under centralized and distributedrggdtiWe begin from a simple message efficient
algorithm for centralized setting without consideringeirfierence and extend it to a complex interference-
aware time and message efficient algorithm under distribsgdting. Future extension of our work could
investigate the complexity of multi-broadcasting under #INR model or explore message and time ef-
ficiency algorithms when faulty links exist. Another intstieag question is to investigate the relation
between the total time required for multi-broadcast, aedtlaximum degree of the underlying topology
on which rumors propagate.
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Appendices

A NP-Completeness

In this section, we show that both message efficBnoiadcastand Multi_Broadcastare NP-Complete
under centralized setting. We use a reduction from SET-CRMi#here we are given a collection of sets
Us,....,Un, whose union i$J, and a natural numbér We then ask if there is a sub-collection of at most
| sets whose union id. To show the reduction frorBroadcastandMulti_Broadcastto SET-COVER,
we consider the following decision problem:

Instance: A graphG = (V,E), a set of source nodé&= {sy, ....,5 }, andme N.

Question: Is there a broadcast/gossip scheme that uses atrmostissages?

Lemma 17. Message efficient Broadcast is NP-Complete.

Proof. We show that SET-COVER', Broadcastby constructing a 3-tier graph from the SET-COVER
instance, where the nodes in the second tier representt)@sd the nodes in the third tier represent the
elements. The construction is as follows: create a sourde siwith one rumor to distribute, and place
it in the first tier. In the second tier, create one nofl& each set;, and in the third tier create one node
per element in sdi). Connectsto all nodes in the second tier, and each node in the secanib tike
nodes from the third tier that are associated with its elem@ee Figureé]3). To support such network
construction in Euclidean plane, we set equal transmigsawver P, for all nodesv in the second tier,
such tha®, > d(u,v)? for any nodalﬂ and a very small poweR,, for all nodesw in the third tier, such
thatd(u,v)® > R, for any nodev. By doing so, an edge is created between any pair of nodestfrem
second tier and the third tier. To prevent the propagatiomegsages from nodd¢o nodesy that are not
associated withJ; we simply surround with obstacles. As for the source nogleve place it sufficiently
far from the second tier so that no node from the second orhiha@ tier could reach it, and associate
with it a sufficient power to reach all nodes in the second tier

Since we use omnidirectional antennas, after one trangEmjsthe message frora arrives to all
nodes in the second tier, and when a node from the secondaimmits, all connected nodes from the
third tier receive the message. We then ask, if there is displto Broadcastthat uses at mosh=1-+1
messages. Clearly, in this solution, at mloebdes from the second tier transmit, and all nodes receive
the message from To construct a SET-COVER withsets fromBroadcastwith m= | + 1 messages,
we select the sets that representlthedes that transmitted. Since there lanedes and all elements are
covered by those nodes, they form a SET-COVER) of O

Lemma 18. Message efficient MultiBroadcast is NP-Complete.

Proof. We use similar construction as in Lemind 17, but instead oft@resmitting node, we create a
clique of sizek in the first tier and connect each node in the clique to all sédi@r nodes (see Figure
[3d). We then ask whether there is a solutioolti_Broadcastwith m= k- H—ﬂ -+ k messages. Clearly,
in any optimal algorithm, alk rumors must be delivered to the intermediate nodes fordudistribution
and it is not possible to aggregate them. Once we haveralinors in the intermediate nodes, once we
can find a schedule such that odyntermediate nodes transmit, we can use the same argunwints a
the proof of Lemm@a 17 and show that SET-COVERMulti_Broadcast O

IHere the symbol$" means that the left hand side is bigger by the right hand lsjdsufficiently large positive (constant)
factor.
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(a) SET-COVER instance. (b) TheBroadcastinstance.

(c) TheMulti_Broadcastinstance wher¢s| = 3.

Figure 3: The reduction from SET-COVER BroadcastandMulti_Broadcast
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