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Abstract— Network wide broadcasting is a fundamental oper- also serves as a last resort for other group communication
ation in ad hoc networks. In broadcasting, a source node sends a gperations such as multicast.

message to all the other nodes in the network. In this paper, we Any communication protocol for ad hoc networks should

consider the problem of collision-free broadcasting in ad hoc net- . . - . . .
works. Our objective is to minimize the latency and the number contend with the issue of interference in the wireless medium.

of transmissions in the broadcast. We show that minimum latency When two or more nodes transmit a message to a common
broadcasting is NP-Complete for ad hoc networks. We also neighbor at the same time, the common node will not receive
present a simple distributed collision-free broadcasting algorithm  any of these messages. In such a case, we say that a collision
for broadcasting a message. For networks with bounded node has occurred at the common node. In multi-hop ad hoc net-

transmission ranges, our algorithm simultaneously guarantees - S
that the latency and the number of transmissions are within works where all the nodes may not be within the transmission

O(1) times their respective optimal values. Our algorithm and range of the source, intermediate nodes may need to assist in
analysis extend to the case when multiple messages are broadcasthe broadcast operation by transmitting the message to other
from multiple sources. Experimental studies indicate that our remote nodes in the network. Transmissions use up valuable
algorithms perform much better in practice than the analytical o506 rces in the network such as power and bandwidth. Hence,
guarantees provided for the worst case. N - .
it is important to choose the intermediate nodes carefully
so as to avoid redundancy in transmissions. Another metric
|. INTRODUCTION of interest in broadcast protocols is the end-to-end broadcast

. . .latency which is the time taken by the message to reach all
Ad hoc networks are a set of wireless mobile nodes WhI(EEIe no){jes in the network y 9

communicate with one another. Nodes in these networks do nobne of the earliest broadcast mechanisms proposed in
rely on any pre-existing routing infrastructure for communice{he literature is flooding [2], [3], where every node in the

g?r:)’tﬁgrt :Eztragigic;rtgmn%r;:tienetlale;2:;5::2/ c_)lfhvg'tgi;tr:ﬁ)gfel etwork transmits a message to its neighbors after receiving
) . Although flooding is extremely simple and easy to imple-

wireless and self-configuring nature of ad hoc networks make

them suitable for a wide variety of applications. At the sameent’ it was shown in [1] that flooding can be very costly
time th haracteristi | yintr %p v r | challen i’:\nd can lead to serious redundancy, bandwidth contention
© these characterstics also oduce several challenglligy :lision: a situation known asroadcast storm Since

and interesting research issues in the design of communicatgﬁgn a lot of research has been directed towards designing

protocols for.these networ.ks. . .. broadcast protocols which are collision-free and which reduce
Network wide broadcasting is a fundamental operation in a jundancy by reducing the number of transmissions

?OOZIInter:\év?)rtlﬁlsérnnsogZiIilns':r?et;a:t\slvrglrtkaSn;?/Z?:Ig]:dfrr?g:: iest(\)/\l/grck ecently, there has been a tremendous interest for support-
o ' . Ing real-time multimedia traffic over ad hoc networks. Ad hoc
protocols assume the availability of an underlying broadcas : -
; S . L ensor networks are also expected to play a big role in military
service. Applications which make use of broadcasting mcluée

. . . mmunication i r relief and r rations. Th
LAN Emulation, host paging, sending an alarm, and esta§9 unications, disaster relief and rescue operations ese

lishing unicast routes [1]. Broadcasting is also a commoerlicationS impose stringent end-to-end latency requirements

operation in many distributed computing applications and COH the underlying protocols. In light of these real-time ap-
P Y, puting applic lications, it is necessary to have broadcast protocols that can
be used for service or resource discovery in unstructured : ; e .
) . meet the combined requirements of collision-free delivery, low
environments. In the absence of other mechanisms, broadcas -~
énd-to-end latency and low redundancy. None of the existing

A preliminary version of this paper has appeared in MobiHoc'03. broadcast protocols address all these issues together.
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simultaneouslproduces provably good solutions in termscheduling is NPC for general (non-geometric) graphs. This
of latency and the number of transmissions. Specificallsesult does not directly extend to ad hoc networks which are
given an ad hoc network and a collection of broadnodeled by a restricted class of geometric graphs called disk
cast messages, & PT;,; denote the optimal latency graphs. In [22], Chlamtac and Kutten gave an algorithm for
achievable byany broadcast algorithm; independentlyconstructing a broadcast tree and for collision-free scheduling
let OPT,.; denote the optimal number of transmissionalong this broadcast tree. They proved that for arbitrary graphs,
achievable byany broadcast algorithm. We present ahe broadcast latency of their schedule is witbifin(N/r)?)
single broadcast algorithm whose latency and number tifhes the optimal, wheré/ is the number of network nodes
transmissions are simultaneously guaranteed t@be andr is the graph theoretic radius of the network.
timesOPT;,; and OPT, .., respectively. Basagniet al[23] present a mobility transparent broadcast
« We extend our results to the case when multiple meseheme for mobile multi-hop radio networks. In their scheme,
sages are broadcast from multiple sources, in netwonksdes compute their transmit times once and for all in the
with uniform node transmission ranges. We study theeginning. They provide two schemes with bounded latency.
performance of our algorithms under various networkhese schemes have approximation factors which are linear
conditions through simulations. and polylogarithmic in the number of network nodes. In effect,
they assume that the topology of the network is completely
unknown. Although, their schemes are extremely attractive for
highly mobile environments, their approximation factors are

Flooding is one of the earliest protocols for multicasting andr from what is achievable in static and relatively less mobile
broadcasting in ad hoc networks [2], [3]. In flooding, evergnvironments where the broadcast tree and broadcast schedule
node in the network transmits the message to its neighbetsh be computed efficiently. In addition, they do not bound
after receiving it. Flooding can lead to severe contentiothe number of transmissions. Other results which deal with
collision and redundant transmissions: a situation referred §gobadcasting in unknown topologies include [24], [25].
as broadcast storm [1]. Hung et al. [26] provide centralized and distributed al-

In a series of papers [4], [5], [6], it was proposed that gorithms for broadcasting and experimentally study of their
connected dominating sé€C'DS) can be used as a virtualalgorithms with respect to collision-free delivery, number of
backbone for routing in ad hoc networks. A dominating set ifansmissions and broadcast latency. While their centralized
a graphG = (V, E) is defined as a set of verticds' C V, algorithm is guaranteed to be collision-free, their distributed
such that every node iV \ V' is adjacent to some node inalgorithm is not. They do not provide any guarantees with
V'. A connected dominating s€C'DS) is a dominating set respect to the number of transmissions and latency of the
whose induced subgraph is connected. Wi'DS is aC DS  broadcast schedule. Williams and Camp [27] survey many
of minimum size. The notion of”DS occurs naturally in wireless broadcast protocols discussed above. They provide
broadcast protocols since the set of transmitting nodes in aiyieat characterization and experimental evaluation of many
broadcast protocol forms @DS. Minimizing the number of of these protocols under a wide range of network conditions.
transmissions igquivalentto finding anAM/CDS in a graph.  Finally, some work is done in optimizing the broadcast

MCDS is NPC for unit disk graphgUDGSs) [7], [8]. time in radio networks which is the actual time required by
Our work shows that minimizing broadcast latency in ad hagbroadcast message to reach all the network nodes under the
networks is NPC irrespective of the number of transmissionsame interference model as that of ours. However, the compu-
UDGs model ad hoc networks with uniform node transmisation of a broadcast schedule before a message originates is
sion ranges. Several approximation algorithms¥6€' DS in  disallowed. All results [28], [29], [30], [31] obtained for this
UDGs are known [9], [10], [11]. Although these results leagroblem are for arbitrary graphs.
to efficient broadcast algorithms in terms of the number of
transmissions, they do not directly yield low broadcast latency. m

Several techniques have been proposed where nodes make
use of their neighborhood information to determine if thef Network Model
need to transmit a message [12], [13], [14], [15], [16], [17], We model an ad hoc network using a directed grépk
[18], [19] in order to reduce broadcast redundancy and cofi/, E'). The nodes it/ are embedded in the plane. Each node
tentions. The main point of departure of our work from the € V has a transmission rangegnge(u) € [Fmin, F'maz)-
above approaches is that we analyze the computational cdret d(u,v) denote the Euclidean distance betweeand v.
plexity of efficient broadcasting, and also present reliable, adt arc (u,v) € E iff v is in the transmission range af,
collision-free algorithms with constant-factor approximatione., d(u,v) < range(u). Such graphs are called Disk Graphs.
guarantees in terms of both broadcast latency and redundaif¢iien the node transmission ranges are unifafmis called

There has been relatively less research directed towaed$Jnit Disk Graph (UDG). If(u,v) € FE and (v,u) ¢ E
low latency broadcasting in ad hoc networks. There has beben we say thafu,v) is uni-directional, otherwiséu, v) is
some work on latency-constrained broadcasting in wired nét-directional. A UDG can be treated as an undirected graph
works [20] and some results do exist for radio networks whosénce all its edges are bi-directional.
models are essentially the same as ours. In particular, ChlamWe assume that time is discrete. Since the medium of
tac and Kutten [21] show that minimum latency broadcastnsmission is wireless, whenever a node transmits a message,
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all its out-neighbors hear the message. We assume that ewsrg of each clause @' is exactly three.

message transmission occupies a unit time slot: i.e., the late@yestion Is there a truth assignment that satisfi¢®

of a single successful transmission is one unit of time. We say

that there is a collision at node, if w hears a message from )

two transmitters at the same time. In such a case, we afsoReduction

say that the two transmissions interfere. A nadeaeceives Let I be an instance of 3-SAT. We will transforih into

a message collision-free iffy hears the message without anyan instancey(Z) of the minimum latency broadcast problem.

collision. Specifically, we will show thaff has a satisfying assignment
We note that the disk graph transmission model and oifir (1) has a schedule of latendy whereL = 32-(m+n+3),

interference assumptions are approximations of reality. Howherem andn are the number of clauses and variabled in

ever, efficient broadcasting is already NPC under these agspectively. We now describe the reductjon

sumptions; while our guarantees are derived under these simgor any nodeu in p(I), define itscharacteristic vector

plified assumptions, we believe our work lays the theoretica;(u) to be (u.z, u.y, range(u)), where(u.z, u.y) represents

foundations for algorithms in the future under more realistie co-ordinates of node. Let D(u,v) denote the shortest

network models. path distance betweanandv, i.e., the number of arcs on the
shortest path fromu to v. Our reduction is a combination of
B. Problem Statement several gadgets which we describe below.

We are given a disk grapli = (V, F) and a set of messaged-iller gadget Let a andb denote two nodes such that either
M = {1,2,...,m}. We also have a set of sources for thesez = b.z or a.y = b.y, i.e., the line segmenfia, b) is either
messagessources = {s|s; is the source of messagé. A Vertical or horizontal. Le be such thatl(a, b)/d is a positive
node can transmit messageonly after it receives messageinteger. Fiiller(a,b,0) places a set ok equi-spaced nodes
j collision-free. A broadcasschedulespecifies, for each along the line segmert, b), wherek = 4% 1. The range
message and each nodé the time at which nodé receives of each node in this set i Thus, leta.y = b.y anda.xz < b.z;
messagej collision-free and the time at which it transmitdf we let ap = a anday,, = b then for alli € {1,2,...,k},
messagej. If a node does not transmit a message thew(i) = (ai—1.7 +0,a;-1.y,6). This is illustrated in Figure 1.
its transmit time for that message @s The latency of the
broadcast schedule is the first time at which every node a b
receives all messages. The number of transmissions is the total
number of times every node transmits any message. Our gﬁgmre 1. Filler(a,b,d): the distance between successive points. is
is to compute a broadcast schedule in which the latency and

the number of transmissions are minimized. Variable gadgetWe now describe the gadget corresponding
to each variable;; € X. For notational convenience, we also
C. Background: Approximation Algorithms usex; andz; to denote nodes in the gadget corresponding to

variablez;. We also useX to denote the sefz;, ;|1 < i <
h n}. The references will be clear from the context.
Corresponding to each variahle € X, we create the nodes
in {x;, %, 84,3, s> ai, li, 1; } Whose characteristic vectors are:

A common approach to NPC problems is to develpprox-
imation algorithmswhich run in polynomial time and whic
produce provably good solutions.

Definition. An a-approximation algorithm for a minimiza- . ; . _ ) )
tion problemlT is a poly-time algorithm such that for every() cv(w;) = (0,32 +16,1); (i) cv(wi) = (0,32 + 32,1);
instancel of IT it produces a solution of cost at mesDPT([), ) cv(si) = (—4, 32”%)’ d(si, pi)) (V) cv(si) = (=4, 320+
a > 1, where OPTY) refers to cost of an optimal solution for>; d(5:,7;)); (V) cv(pi) — (0,32+24, d(pi ¢:)/ (L =3)); (V')_
instancel. In this case, we also say that the approximatioﬁ“(%) = (4,32i +24,0); (vii) cv(ls) = (32(m + 1), 2.9, 0);

algorithm has an approximation factor of viii) cv(l;) = (32(m +1), 7.y, 0).
g PP In addition to the eight nodes just created, the gadget

IV. NP-COMPLETENESS aI;o consists of nodes iRiller(x;,1;,1) U Fz'll_er(xj-, l;, '1) U
. Filler(ps, ¢i, d(pi, q;) /(L — 3)). Note that whilep; is within
We now sho:}v that the plzoplem of minimum Iz;tency broaﬁhe range of botly; ands;, z; (z;) is only within the range
casting in ad hoc networks is NPC even in the case w 6f's; (s,). This construction is illustrated in Figure 2.

a single source needs to broadcast a single message. The
decision version of our problem is as follows.

Input: A set of nodesembeddedh a plane and a source node

s that wants to broadcast a single message. The transmission
range of each node: is range(u). Arc (u,v) exists iff
d(u,?}) é Tange(u). \Xlso-oooooouo-oooooouo-ooo I
Question Is there a broadcast schedule with latercy.?

We prove that this problem is NPC via a reduction from
3-SAT. We defm,e 3-SAT below. . Figure 2. A wariable-gadget.p; andg; are connected through Biller.
Input: Set of variablesX = {z1,x2,...,z,} and a collection s, (s,) is equidistant fromz; (z;) andp;. The range ofs; includesz; and
of clauses,C' = {c1,c¢2,...,¢m} Over X U X such that the pi but notzs.
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Clause gadget The gadget for each clause; < C

8),z1.y,32(n + 3)). In addition, for every variable;; € X,

consists of nodes in{c;,u;,,uj,,uj,,vj,,v5,,v;s} Whose we create two nodef and f;. The nodes; and f; are placed
characteristic vectors are: (in the expressions that folloan the arc of the top right quadrant of the circle, whose center

range(u;j, ), range(u;,) and range(uj,) will be specified
later) (i) cv(c;) = (324,0,0); (i) cv(uy,) = (¢ —
8,0, range(u;,)); (iii) cv(uj,) = (¢j.x,8, range(u;,));
cv(ujy) = (¢j.x + 8,0,range(uj,)); (V) cv(vj,) = (¢j.x —
4,0,4); (Vi) cv(vg,) = (¢j.x,4,4); (vii) cv(vj,) = (¢j.x +
4,0,4). This gadget is illustrated in Figure 3.

o U, o U2

. V1.2 . Vi

Upg Vg € Vi Upg Ug Vg € Vig Uig

is s and whose radius isange(s). Also, f; (f;) is on the
same horizontal line as (5;). Note that this uniquely defines
the co-ordinates of; (f;). We assignrange(f;) = d(f;, s;)
andrange(f;) = d(f:,5;). This construction is illustrated in
Figure 5. Specifically, see the part of figure which is to the
left of the y-axis.

We now add more nodes to “connect” a clause to its
literals and then we will specifyrange(u;, ),k = 1,2,3.
Consider a clause; € C. Without loss of generality, let
¢; = (z;, V xj, V). For eachk € {1,2,3}, we do the
following. Consider the node;, € Filler(z;,,1;,,1) with

Figure 3. A clause-gadget. The left and right figures indicate the gadgegO-ordinatesu;, .x, z;, .y). zj, is the node which is vertically

before and after placing th&iller nodes respectively.

aboveu;, and belongs taFiller(x;,,l; ,1). We “connect”
zj, With u;, usingV Filler(zj,,u;, ). Leta = D(xj,, zj,) =

VFiller gadget The VFiller gadget is used to connect nodes ~ . — z;,.x. ais the length of the shortest path from, to

Ik

with the samex coordinates and is illustrated in Figure 4zj Letb = D(zj,,uj,) = 1 + |VFiller(z,,u;,)|. b is the
k" Kk k k? k "

In this illustration, node: belongs toFiller(Z;,1;,1) and is
connected to nodithrough a VFiller. All nodes in the VFiller
gadget have a range afand successive nodes fromto b

shortest path distance from, tou;, . Letp=L—-4—a—b.
Let 6 = d(uj,,vj,)/p. We createFiller(u;,,v;,,6) and
assignrange(u;, ) = 6. Note that this choice of makes the

in the gadget are a distance bfapart from each other. The s test path distance from any, to ¢; equal toL — 3. This
exceptions to this rule occur when the VFiller “intersects” Wit g ystruction is illustrated in Figures 3 and 5. Recall that we

some other HFiller (which does not contaiphat a nodeu. In

this case, we do not include nodeand the nodes immediately
above and below node in the VFiller. Further, we set the

range of node:, which lies two units above node to 4 units

setL = 32(m + n + 3). This completes the reduction.

Xg1 23
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: .

(instead ofl). This increased range enables nede transmit ﬁ\/’ b i«.
to noded which is two units below node. b/ eeressessesssennennnnnnnaenene
Formally, letH be the set of nodes i), Filler(z;,1;, 1)U i/ P : .
Filler(7i,1;,1). These nodes were created during the con- |/ N e
struction of the gadgets for variables. Leandb be nodes with |/ D S restesneseeees
integer coordinates such thatr = b.x anda.y > b.y. Define | /27 7 T T geessessestistiteitestissicnaees
VFiller(a,b,1) = Filler(a,b,1) \ R, whereR = {u|qv € |/ e £ T Faveseeeeseesseseesesessessesnene

H such that(v # a) and (u.x = v.z) and|u.y — v.y| < 1}. Lﬁ;;,,,,,,r.:::i:::i;:?:: zp:‘ ----- .q . .
The transmission range of a noderange(u) =4 if Jve H TR T mmmmm—
such that(u.x = v.x) and (u.y — v.y = 2); otherwise, H I
range(u) = 1. o e e oo e et

— a Figure 5. Reduction of the  3-SAT instance

.oooooooooooooooooooooo-rl
°

Figure 4. V Filler(a,b). All nodes in the vertical line fromu to b (except
a, b, andw) belong to theV Fiiller. No nodes in the VFiller is within a unit
distance fromu. All nodes in theV Filler have a range of exceptc, whose
range is4 (shown through the shaded circle).

(x1Vz2Ve3) A1 VT2V T4) to an ad hoc network minimum
latency broadcast instance. Note how all tfie nodes are along the arc.
Node f; can just reachs;. Also note how the literals are connected to the
clause nodes. For sake of clarity, we depict only the~ c;, andzs ~ c2
connections and omit other literal-clause connections. Also, we omit many
nodes in VFiller gadgets (for e.g., from 3 to uq,3).

B. Properties of the network(7)

Property PO. Consider nodeg; andg; created in the gadget
for variablex;. D(p;,q;) = L — 3 and all paths frons to ¢;
are throughy;.

Proof: Recall thatS = Filler(p;, qi,d(pi, q;)/(L — 3)) is
the set of nodes created in the gadget for the variable
D(pi,qi) =|S|+1=L-3.1f ug SU{p;}, then there is no
arc fromu to any node inS U {¢;}. Hence, all paths from
to ¢; are througlp;. [ |

Source gadgetThe source gadget consists of the sourderoperty P1. For anyk € {1,2,3}, consider the nodes;,

node, s whose characteristic vectewn(s) = (—(range(s) +

andwv;, in the gadget for clause;. All paths froms to v;,



are throughu;, . Proof: Follows from Propertie®3, P4, andP5. ]
Proof: Recall thatS = Filler(u,,, v, ,0) is the set of nodes Lemma 4.1:1f p(I) has a schedule of latendy thenI is
created in gadget for clause. Letw ¢ {u,,, v, } US. Then, satisfiable.

no node inS U {v;, } is in the transmission range af, i.e., Proof: Consider the set of nod€3C X, such that: € T
there is no edge fromwv to any node inS U {v;, }. Hence, all iff u receives the message collision-free at time 3. Assign alll
paths froms to v;, are throughu;, . B the literals corresponding to the nodesihto be TRUFE

Property P2. For k € {1,2,3}, consider the nodes;, and and those inX \ T to be FALSE. We will show that this
zj, in the gadget for clause;. All paths froms to w;, are assignment is both a valid and a satisfying assignment .for
throughz;, . Consider any nodg;. Sinceg; receives the message at time
Proof: Recall thatS = V Filler(z;,,u; ,) is the set of nodes L, PropertyP0 implies thatp; receives the message at time 3.
created in the gadget for clause Let w ¢ {z;,,u; } US. Hence, exactly one node ifs;,s;} transmits the message at
Then,w does not have an edge to any nodesinCombining time 3. Thus exactly one literal ifw;, Z; } is assigned RUE.
this with PropertyP1 proves the claim. B Hence, the assignment is valid.

Property P3: Consider a node; corresponding to the clause Consider a clause; corresponding to the clause;, Vv
(xj, Vxj, Vxj,). All paths froms to ¢; contain some node z;, V z;,). Sincec; gets the message by tindg PropertyP6

in {z;,,2j,, Zjs }- implies that at least one literal ifw;, , xj,, z;, } must receive
Proof: Follows from Propertie®1 and P2 B the message at time 3 and hence is assighBd' E. Hence,
Property P4. Consider any node < Filler(x;,1;,1). Con- the assignment is a satisfying one. ]

sider the pathP from s to ¢ which is the concatenation of Lemma 4.2:If I has a satisfying assignment thef¥) has
paths(s, f;, s;) and the horizontal straight line path ~ t. a schedule of makespah

Consider any other patt®’ from s to ¢ which does not Proof: We now describe a broadcast schedule for the
go throughz;. Let |P| and |P’| denote the length of the nodes in the network. Consider the set of literdlsc X
paths.|P| > |P’| + 12. In particular, this property holds for such thatl € T iff [ is assigned’RUE in the satisfying

t =z;,.k e {1,2,3}, wherez;, is a node considered in theassignment. For all € {1,2,...,n}, s; transmits at time 3
gadget for clause;. ands; transmits at time 4 iffc; € T'; otherwises; transmits at
Proof: We first give the proof idea through Figures 4 antime 4 ands; transmits at time 3. For all € {1,2,...,m}, if

5. Consider any fixed nodein a Filler(z;,1;,1) in Figure more than one node ifw;, ,v;,, v;, } receive the message by
5. There is no node below(i.e., whosey-coordinate is less time L — 1, then one of them is arbitrarily chosen to transmit
than that oft) whose range includels Hence, all paths from the message to; and the others do not transmit. Any other
s to t are either through; or through a node inX which nodew, which receives the message at timetransmits the
lies abovex; (andt). For instance, let = [; in Figure 4 and message at timée+ 1.

let P’ be s ~ T; ~ a ~ ¢~ 11 (i.e., P, passes through;, We first show that this schedule is collision-free. Properties
a, andc to [1). Notice that the horizontal distance 6funits PO, P1 and P2 imply that there is no collision at any node
fromZ; to |y = t.x — T1.x = t.x — z1.2. Each hop can cover which belongs to a set of the foriy Fiiller(z;,, uj,,1),

a horizontal distance of one unit, with the exception of th&iller(p;, ¢;,d) or Filler(u;,,v;,,d). For the same reason,
hop fromec. This hop can reach the node which is three units a node is of the formu;, or v;,, it does not experience
to the right ofc. However, it takesl4 vertical hops to get to collision. If a node is of the formf;,s;,z;,q;, or [;, it does

¢ from a. Hence, the total number of hops fram to [, is not experience collision (by construction, these nodes have a
¢ — 3+ 15 = ¢+ 12, while the number of hops from; to [; unique neighbor to receive the message from.) Foriany

is exactly/. does not experience collision since exactly one nodgiris; }

In general,P’ passes through some nodec X — {z;}. transmits at time 3. No clause nodg experiences collision
We haveD(s,r) = D(s,z;) = 3. P’ should cover both the since, exactly one of the three nodes {n;,,v;,,,vj,} iS
horizontal distance and the vertical distance betweda ¢. arbitrarily chosen to transmit. Finally, lete Filler(z;,1;,1)
Horizontal distance betweenandt = t.x — r.x = t.x — x;.x. for somei. Consider the unique shortest pathfrom s to r
Thus the horizontal distance covered is the same in Bbththroughz;. The message reachesalong this path by time
and P’. However, it takes at least an additioni& hops to D(s,r) + 1. By PropertyP4, any other path froms to r has
cover the vertical distance i’ between nodes andt¢ (by length> D(s,r)+ 12 and hence cannot cause collisionuat
construction). [ ] We now show that the schedule has a latenci.d€onsider
Property P5. Consider the clause nodgcorresponding to the any nodeg;. p; receives the message at time 3. Henrge
clause(x;, Vz;, V). Letk € {1,2,3}. ThenD(z,,,c;) = receives the message at tini&p;,q;) + 3 = L. Consider
L-3. any clause node;. It has at least one literat;, which is
Proof: From Propertie®1, P2, andP3, we haveD(z;,,c;) = assigned' RUE. Consider the shortest path of lengthfrom
D(xj,, zj,) + D(2j,,uj,) + D(uj, ,vj,) +1 =L —=3. B s to ¢; throughz;, . Every nodeu in this path transmits the
Property P6. Consider a clause node corresponding to the message at timé(s,«). Hence,c; receives the message at
clause(z;, V z;, V z;,). Consider a shortest path from s time D(s,c¢;) = L. Consider any other node which is not
to ¢;. |P| = L, and P contains a node i{z;,,z;,,z;,}. of the formg, or ¢;. Consider the shortest path fromto
Consider any patiP’ from s to ¢; which does not contain «. Every nodev in this path transmits the message by time
any node in the(z;,, z;,, z;, }. |[P'| > L+ 12. D(s,v) + 1. SinceD(s,u) < L — 1, u receives the message



by time D(s,u) +1 < L. [ | In SCHEDULEBROADCASTS(pseudocode given below), the
Lemmas 4.1 and 4.2 together imply the following theorem.transmissions are scheduled following@edystrategy. Note

Theorem 4.3:The minimum latency broadcast problem fothat the nodes that transmit the message are the internal (non-
ad hoc networks is NP-Complete. leaf) nodes inl}. Any transmitting nodey, transmits at the
minimum timet that satisfies the following three constraints —

() » has received the message collision-free before tin(ie)

no node inC'(u) is hearing any transmissions at timeiii) no

A. Scheduling Broadcasts for a Single Message node inNo(u)\C(u)_is receiving the message collision-free at
time ¢, whereN, (u) is the set of out-neighbors af Note that

The algorithm takes as input a directed gr&ph= (V, £) line 6 in our algorithm simply checks for (ii), line 7 checks for
and a source node Let N;(u) andN,(u) denote the set of in- (jii), and line 9 chooses the minimum time such that all three
neighbors and out-neighbors of a node V. The algorithm constraints above are satisfied. This algorithm sets the transmit
first constructs @roadcast treg 7}, rooted ats in which if time for each node in the graph at most once, at which time
a nodeu is a parent of a node thenw is responsible for it examines all its out neighbors. Hence, this algorithm also
transmitting the message to without any collision atw. It  ryns in linear time.
then schedules the transmissions so that every node receives
the message collision-free. SCHEDULEBROADCASTS(T), 5)

The broadcast treE,, is constructed as follows (pseudocodg
BROADCASTTREE given below). The set of node¥, is 2
partitioned intoprimary nodes P, and secondary nodes$. 3
The nodes inP form a dominating set iz, i.e., each node 4
in S is within the transmission range of some nodefin 5
If G is undirected,P is any maximal independent set (a. 6
However, if G is directed, a maximal independent set need
not be a dominating set. Hencg, is constructed as follows. 7
Initially, P contains onlys. The nodes irl/ are processed in
the increasing order of their levels in the Breadth First Seargh
(BFS) tree that is rooted at A nodew € V is added toP 9
iff P constructed so far does not dominate For each node
u € V, its parentparent(u), in Ty, is determined as follows. 10
Let L;,1 =0,1,2,...,1, be the set of nodes at levein the 11
BFS tree. LetP, = PN L; andS; = SN L; be the set of 12
primary nodes and secondary nodes respectively at fevel 13
the BFS tree. Ifu € P; thenparent(u) is any one of its in-
neighbors inL;_;. If v € S; thenparent(u) is any one of 14
its in-neighbors inP;,_; U P;. All nodes whose parent is
constitute the se€(u) (children ofu). The running time of
this algorithm is dominated by the time required to compute s
the BFS tree. Hence it runs in linear time.

V. BROADCAST ALGORITHMS

for each node: € T}, do
trTime(u) < 0
Transmitters «— {s}
while (T'ransmitters # () do
u «— any node inTransmitters
I (u) « {t| Fw € C(u)
that hears a msg at timé
Ir(u) < {t| Jw € N,(u) that receives
a msg. coll-free at time}
I(u) «— I (u) U Iz(u)
trTime(u) — min{t| t > rcvTime(u)
andt ¢ I(u)}
for eachw € C(u) do
revTime(w) «— trTime(u)
Transmitters «— Transmitters \ {u}
Transmitters <—TransmittersU
{wjw € C(u) and C(w) # 0}
return triime

The figure below (Figure 6) illustrates our algorithm.

BROADCASTTREE(G = (V, E), s)

1 P — {s} Il P is the set of primary nodes.

2 Tgrs «— BFS tree inG with root s

3 | — maximum number of levels if'srg (@
/I s belongs to level 0

4 fori—1tol—1do Figure 6. An illustration of our algorithm. (a) shows the example network,
J (b) shows the BFS treé’zrg along with the primary nodes (highlighted),

S L; — set of all nodes at levelin Tprs and (c) showsT;,. Arcs are shown from parent to its children. Besides each

6 for eachw € L; do node are shown itscvTimeand trTime

7 if (PN N;(w)=0)then .

) P — PU{w} B. Analysis

9 parent(w) «— L;—_1 N N;(w) Lemma 5.1:T; is a connected tree rooted at

10 else/l w is a secondary node Proof: We show that every node il has exactly one

11 parent(w) «—any node inP dominatingw parent inT,, with the exception ofs which has none; this

12 for eachu € V do implies the lemma immediately. Since € Ly, it is never

13 C(u) «— {w|parent(w) = u} considered by théor loop in line 4 and hence does not have

14 V<V a parent. Consider any node# s. Let v € L;. There are

15  Ep — {(u,w)|u = parent(w)} two cases. In the first case, assumis a primary node. Line

16 return T, = (W4, Ey) 9 ensures that it has a unique parent in thelset;. In the



second case, assumes a secondary node. Clearly, for thissecondary nodesi3®(u). Let us first bound|B?(u)|. Note
to happen some primary nodeIn_; or L; must dominatey; that |B?(u)| < |Primaries(2rmq.)|, where we can obtain
otherwise,v would have been designated as a primary nodBrimaries(2ry,q,)| from Lemma 5.5. We will now bound
(see théor loop in line 6). Thus,P,_; UP; is non-empty and |B*(u)|. Let v € B#®(u). By Lemma 5.3, every child of
hencev has a unique parent in the tree (line 11). B v in T, is a primary node. These primary nodes are at
Lemma 5.2:For any two primary nodes and w in P, a distance of at mosBry,., from u. Thus, |B*(u)| <

d(u, w) > Tmin. |Primaries(3rmas)|. Using Lemma 5.5, we gatB? (u)| +

Proof: Without loss of generality, assume thatwas |B®(u)| < 2 |Primaries(3rmaz)| < ka2, ../, fOr SOMe
chosen inP beforew. If d(u,w) < 7, thenw would be constantk,. [ |
dominated byu and would not have been chosenfmby our 1) Latency BoundRecall that/ is the depth ofl'zrg. Let
algorithm. Notice that while the proof of this lemma is easy,) PT},; be the optimal broadcast latency. Thed OPT;;.
this property comes about due to the specific way in which we Theorem 5.7:Algorithm BROADCASTMESSAGE gives an
choose primary nodes in our algorithm, and in general doapproximation guarantee 6¥(r2,,,./r2.. ).
not hold if the broadcast trees are not chosen carefully. This Proof: Recall that for any node, rcvTime(u) is the
property will be useful in bounding both the latency and thiame whenu receives the message collision-free from its parent
number of transmissions later. H in 7. By induction on the number of levels in the BFS tree,

Lemma 5.3:If (u,w) € E, then bothu andw cannot be we show that for any =0,1,...,/, and some consk,

secondary nodes, i.g.{u,w} NP |> 1. . 2 5 .

Proof: Withoutio{ss of} gene|rality, let, = parent(w). Yo € Li,revTime(v) < i = k(Vnae/Tmin)? (1)
If w € P then the claim is true. Ifw is a secondary node Then substitutingi = [ and usingl < OPTj,; proves the
then w chooses a primary node as its parent in lineof theorem. We now prove (1).

BROADCASTTREE. Hence,u must be a primary node. B Expression (1) is true for = 0, sinceL; = {s} and by defini-
Lemma 5.4:Every node transmits at most once. tion, s receives the message at tileéNe now assume that (1)
Proof: Consider any nodewv € V. If v is a leaf istruefori=0,1,...,qand show that (1) is true far= ¢+1.

in T, then C(v) = 0 and v is never included in the list Letz € L 1. Lety = parent(z) andx = parent(y). A node
Transmitters (line 13 in SCHEDULEBROADCASTS). Hence, u may transmit the message only after it receives the message
v never transmits. If is an internal node iff}, then it transmits  collision-free. It also avoids all times id(u) to schedule
exactly once atrTime(v). Node v is then removed from the transmission. After satisfying these constraintshooses
Transmitters (line 12 in SCHEDULEBROADCASTS). B {rTime(u) greedily. ThusycvTime(z) < revTime(y)+1+
Lemma 5.5:Consider a diskD of radiusr > ryin. It |I(y)] < revTime(z) + 2+ |I(y)| + |I(x)|. Note that either
Primaries(r) represent the set of primary nodes withih z € L, ; orz € L,. Using Lemma 5.6, induction hypothesis,
then|Primaries(r)| < kir?/r2,;,, wherek, is a constant. and choosingk > 4k,, we getrcvTime(z) < t, + 2 +
Proof: Let ¢ be the center of the dislD. For each 2ky(r2,,./72.:.) < k(r2,,0/r2)a + 24 2ko(r2, .. /72.0) <
primary nodeu € Primaries(r), consider a disk of radius k(r2,,,/72,,,)(q + 1). [
rmin/2 centered atu. Let H denote the set of all such 2) Bound on the number of transmissionst OPT,.; be
disks. Thus,|Primaries(r)] = |H|. By Lemma 5.2, no the set of nodes that transmit in an optimal algorithm.
two primary nodes are within distaneg,;,, from each other. Lemma 5.8:The total number of transmissions in our al-
Thus, H is a set of non-intersecting disks. Each primargorithm is at mose |P|.
node in D is at most a distance of from c¢. Any point Proof: In our algorithm, each node transmits at most
on a disk inH is at a distance of at most + (r.,..n/2) once (Lemma 5.4). Hence, the total number of transmissions
from ¢. The size of H is upper-bounded by the numbeiis at mostP|+|S,..|, whereP is the set of primary nodes and
of non-intersecting disks of radius,;,/2 whose areas are S,..; is the set of transmitting secondary nodes. By Lemma 5.3,
completely contained within a disk of radius+ (r,:n/2). in T}, every child of a secondary node is a primary node with
Hence we havdH| < 7(r + (Tmin/2))?/(7(rmin/2)?) = a unique parent. HenceS, ;| < | P|. ]
(27 /Tomin) + 1) < (31 /Tmin)’ B Lemma 5.9:Recall that Primaries(rmaes) is the set of
Lemma 5.6:Consider an internal node in T; that has primaries in a disk of radius,,,,. Then we havéOPT, ;| >
received the message collision-free. Recall that) (line |P|/|Primaries(rmaz)]-
8 in SCHEDULEBROADCASTY is the set of times that Proof: Any node has a maximum transmission range
u must avoid while choosingrTime(u). Then |I(u)] <  0f rpqe,. The maximum number of primary nodes in a disk
2| Primaries(3rmaz)| < kor2,0u/T2ins Whereks is a con- of radiusr,,q, is |Primaries(rma.)|. Since each node in
stant. OPT,.; can reach at mo$Primaries(rmqg)| primary nodes,
Proof: Let us represent the transmission range of amnye get the required bound. [ ]
nodew by a disk of radiusrange(u) < 7,4.. L€t w be a Theorem 5.10:The number of transmissions in our algo-
transmitter such that andw share a common out-neighborrithm is O(r2,,, /r2.;,,) times the number of transmissions in
and trTime(w) € I(u). Thus,d(u,w) < 2rpq.. Let B(u) an optimal algorithm.
be the set of all such nodes. Since each node transmits Proof: Follows from Lemmas 5.8, 5.9, and 5.5. =
at most once|l(u)| < |B(u)|. We will now upper-bound  Corollary 5.11: If the minimum and maximum node trans-
|B(u)|. Nodes inB(u) are either primary nodes3”(u), or mission ranges are bounded then the latency and the number



of transmissions in our algorithm are at mextl) times their ~ Why shoulds introduce a gap o8k time units between two

respective optimal values. successive message transmissions? To answer this question,
_ _ _ we make the following observations. Lét and L;; be two
C. Algorithms for Scheduling Multiple Messages BFS levels such that' > i. Our first observation is that, in

We present three algorithms for scheduling broadcasts &fnetwork with only bi-directional edged,; and L;; have
multiple messages. The first is a “one-to-all” broadcast éan edge between them only if < i + 1. Specifically,
gorithm which schedules the broadcast of multiple messagdeansmissions front; to L;; and transmissions frot; , ; to
from a single source. The second and third are “all-to-all:+4 can proceed simultaneously without interfering with each
broadcast algorithms which schedule the broadcast of multigiher. Thus, it suffices to “separate” two different messages
messages from many sources. For the remainder of the sectidnhthree levels in order to allow simultaneous collision-free
we assume that the network has a uniform transmission rantj@ansmissions of these messages. We also show in Lemma 5.12
I.€., "min = Tmaz- Recall thatM = {1,...,m} is the set of thatall nodesin_; transmit the first message during théme
messages. We now present our algorithm for scheduling theits between time; +1 andt; ;. Clearly,3k time units is an
broadcast of messages M from a single sourca. appropriate choice of the gap between successive messages.

1) Single Source Multiple Messages (SSMMhe algo- ~ 2) Multiple Source Multiple MessagesiVe present two
rithm (pseudocode GHEDULEBROADCASTSSSMM given algorithms for scheduling broadcasts of multiple messages
below) consists of three stages. The first stage computes ‘tith multiple sources. Recall that for every messgge M,
broadcast tree from using the algorithm BOADCASTTREE $; is the source of message In the first algorithm, called
in Section V. The second stage computes a schedule folngermediate Source Broadcast (ISB), messagesuggtast
single message using a modified version of the scheduling #Pm their sourcess; to an arbitrarily chosen intermediate
gorithm SCHEDULEBROADCASTS The third stage efficiently sources. These unicasts themselves are greedily scheduled to

computes a schedule for every messaga/inWe now present ensure collision-free transmissions (see section V-C.3). After
the details of the last two stages. s receives all the messages, it broadcasts them using the

Stage 2 is identical to the algorithmc8EDULEBROAD- algorithm SCHEDULEBROADCASTSSSMM. In the second
CASTS except Line9 which is replaced by line$.1, 9.2 and algorithm called Multi-Source Broadcast (MSB), a broadcast
9.3 as shown in the pseudo-code below. Recall fhds the set tree T is constructed from each soureg. Messagej gets
of nodes at level in the BFS tree rooted at Lett; = ki. Line broadcast on tre€; using the greedy scheduling algorithm
9.2 computes thérTime of a nodeu € L;. We will ensure SCHEDULEBROADCASTS We now briefly explain the details
that any node ir.; transmits the message between times1  of the algorithms below.
andt;,; (Lemma 5.12). Ling).3 specifiesdelay(u), whichis ~ 3) Intermediate Source Broadcast (ISBThis algorithm
the amount of time by which delays the transmission of aconsists of two stages. Consider the shortest pattirom
message after receiving it. s; to s. In the first stage, every messagegets unicast

In Stage 3,5 transmits messagédsthroughm sequentially along p; to s. We ensure that these unicasts are collision-
with a uniform gap of3k time units between two successivdree by a greedy scheduling strategy that gives priority to
messages, wheleis the constant appearing in expression (1jnessagej, over j; iff j; < j;. In the second stages
Specifically, messaggis transmitted by at time3(j—1)k+1. Uses $HEDULEBROADCASTSSSMM to broadcast all the
Any transmitting node: which receives messagedelays the messages.

transmission of by delay(u) time units computed in line.3.  4) Multi-Source Broadcast (MSB)in the multi-source
broadcast algorithm, each sourgeof the message computes
SCHEDULEBROADCASTS SSMM(G = (V; E), M, 5) a broadcast tree rooted at itself using the algorithroBp-
Stage 1. CASTTREE. Messagej is broadcast along tree rooted gt
T, +BROADCASTTREE(G, s) Transmissions are scheduled using the algoritttREDULE-
Stage 2. BROADCASTS Messagej; gets priority overjs iff j; < jo.
// ldent. to SSHEDULEBROADCASTY-, ) except This priority is enforced by scheduling beforejs.
// line 9 which is replaced by the next three lines The two algorithms for multiple messages present interest-
9.1 Letue L; ing trade offs. ISB requires only one broadcast tree to be
9.2 trTime(u) < min{t|t > t; and computed and maintained af apart from the unicasts from
t > revTime(u) andt & I(u)} eachs; to s. MSB, on the other hand, requires computation
9.3 delay(u) = trTime(u) — rcvTime(u) and maintenance of potentially trees from each;. However,
Stage 3. intuitively, MSB should have a lower broadcast latency, since
for j «— 1 tom do the messages are not routed through an intermediate source.
for each node: € T}, do Experimental studies (see section VII-B) confirm this intuition.
if u= s then
transmit msg; at time 3(j — 1)k + 1 D. Analysis for Multiple Messages
else 1) Latency bound for SSMMLet OPT;,; be the latency
after receiving messagg delay trans- for broadcasting the messages in an optimal solution. Recall
mission ofj by delay(u) time units that k is a constant which appears in (1). We will prove that

return all transmit times the latency is at mostkOPT},;.



Lemma 5.12:Consider Stage of the algorithm $HED- which implies,3k(jo—j1) = k(i1—i2)+dy —d2. Transmissions
ULEBROADCASTS SSMM in which we compute the scheduleby v, andus can collide at a node only if they are at most

for a single message. Lete L;. Then we have two BFS levels apart, i.elj; — iz < 2. Since,|jz — j1]| > 1
. and|d, — dq| < k, this is a contradiction. [ |
tio < rcvrzme(“) <t @) Theorem 5.15:Algorithm SSMM produces a collision-free
ti < trTime(u) < tip (3)  schedule of latency¥ssarn < 4kOPTq;.
Proof: The earliest that any node € L; can receive a Proof: Let v € L; be the last node to receive any

message is when some noddlin ; transmits a message. Linemessage collision free. Thussaryr = revTime(v, m).

9.2 in Algorithm SCHEDULEBROADCASTSSSMM ensures From Lemma 5.13 and using the fact thatand{ are both
that this happens only after time_,. This proves the lower |ower bounds onOPTj,;, we getZssyn < 3k(m — 1) +
bound onrcvTime(u) in (2). Line 9.2 also ensures that k(l+1) < 3km + kl < 4kOPT,,,. This along with Lemma
transmits only after time;. This proves the lower bound ons 14 proves the claim. m
trTime(u) in (3). We will now prove the upper bounds in (2) 2) Latency bound for ISBLet Z,,,,; andZ,, be the latency
and (3) by induction on. Expressions (2) and (3) are trueof the first and second stages of ISB respectively. Since the
wheni = 0, sincetrTime(s) = 1 andrcvTime(s) = 0. second stage of ISB is the same as SSMi}, = Zsgaar.
Assume that (2) and (3) hold foi = ¢. We will prove Recall thats; is the source of messageLet Lo, Ly, ..., L;
that (2) and (3) hold fori = ¢ + 1. We will use the pe the levels in the BFS tree rootedsaFor all j, lets; € Ly, .
facts that for any node, |I(v)| < ko (Lemma 5.6) and |emma 5.16:All messages reachk without collision by

k > 4ky (proof of Theorem 5.7). Lets € Lyi1. We now time Z,,,; < 3(m — 1) +1

consider the following two cases. Caseulis a primary node. Proof: Let f(j,4) denote that time at which the message
Hence, parent(u) € L,. Hence, by induction hypothesis,; reaches level without collision in the first stage. Ifi > ¢;)
revTime(u) = trTime(parent(u)) < tqp1. trTime(u) <  or (i < 0), then f(j,4) is assumed to be. We now prove by
tgr1 + 14+ [I(u)] < tgp1+ 1+ ke < tgy1 + k = tg2. Case induction onj andi that:

2: u is a secondary nodearent(u) € L; U P;1. Hence, Vi (1,2, mh Vi f(G,i) <3G —1)+(1—i) (5)

revTime(u) = trTime(parent(u)) When j = 1, the message gets the highest priority. Message
< tgp1+ 1+ [I(parent(u))|  (4) 1 starts at timel from s; and reaches at time ¢;. Hence
< tgto. (5) holds. Assume (5) holdg; < j'. Forj = 3/ + 1, assume

(5) holds fori = i’ + 1. We prove (5) forj = 5/ + 1 and

i =14'. By the induction hypothesis, we hayé;j’+1,i'+1) <

37/ +(1-1—i"),¥j < ', f(j,#'~2) < 3(j—1)+(I—(7'~2)) <

35+ (Il — 1 —14'). Hence, messag¢ + 1 can reach level

i’ in the greedy unicast schedule, without collision, by time

FG 41,4 <35+ (1= 1"). m
Theorem 5.17:Algorithm ISB produces a collision-free

schedule with latenc{;sp such that

3k(j — 1) +i-1 < rchime(u,j) < 3k(] - 1) + gt Sk(m _ 1) + k(l _ 1) < Zrsp < 6kOPTiu; (6)
3k(j—1)+t, < trTime(u,j) <3k(j—1) +tgs1 Proof: We first note that since both the stages of ISB

Proof: Sources delays the transmissions of successivgre collision-free, the resultant schedule is collision-free. Let

messages b§k time units. This along with Lemma 5.12 givelevels(u) denote the depth of the BFS tree (number of levels

the lower bounds oncvT'ime(u,j) and trTime(u,j). We —1) rooted at nodeu. Let I’ = max{levels(s;)|j € M}.

will prove the upper bound otrT'ime(u, j) which will imply ~ Thus,!’ < OPTj,;. If w is the farthest node from then for

the upper bound oncvT'ime(u, j). trTime(u,j) = 3k(j — any nodev, we haveD(u,w) < D(u,v) + D(v,w). Hence,

1) +trTime(u, 1) = 3k(j — 1) +trTime(u). This along with Jevels(u) < 2levels(v). In particular, this implies that< 21'.

Lemma 5.12 proves the claim. B Thus,Z = Zyni + Zpr < 3(m — 1) + 1+ 3km + kI < (3k +
Lemma 5.14:SCHEDULEBROADCASTS SSMM produces 3)m+ (k+1)l < (3k+3)m+2(k+ 1)’ < (5k+5)OPTq <

a collision-free schedule. 6kOPT,;. The lower bound follows from the lower bound on

Proof: Assume otherwise. Lety, € L;, anduz € Z,. which follows from the first expression of Lemma 5.13.

L,, transmit messageg; and j respectively which re- [

sults in a collision at nodew. Let trTime(u;) be cho- 3) Bound on the Number of transmissionsfe now prove

sen beforetrTime(usz) in line 9.2 in Algorithm SHED- the bound on the number of transmissions for our multiple

ULEBROADCASTSSSMM. We consider the following two message broadcast algorithms. The bounds below hold for

cases. Case lj; = jo. In this casetrTime(u;) € I(u2) networks with uni-directional edges also.

Line 9.2 in SHEDULEBROADCASTSSSMM ensures that Theorem 5.18:The number of transmissions in SSMM and

trTime(usz) # trTime(uy), a contradiction. Case 2i # jo. MSB is O(r2,,../r%,;,) times the number of transmissions in

In this case, Lemma 5.13 implies that there exist constanit® optimal algorithm.

dy anddy, 1 < dy,ds < k such thatirTime(us,j1) = Proof: Theorem 5.10 guarantees that the number of

3k(j1—1)+kir+dy, trTime(us, jo) = 3k(jo—1)+kiz+d2, transmissions for a particular message in SSMM and MSB

trTime(u) < max{tg+1, rcvTime(u)}+14|I(u)] < tge1+
1+ |I(parent(u))|+1+|I(u)| (using (4))< tg+1+2+2ks <
tgr1 + 4ke <tgp1 +k =ty
Let rcvTime(u, j) and trTime(u,j) be the times at which
u receives and transmits messagevu € L, the following
lemma holds.

Lemma 5.13:If uw € L; then
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is O(r2,,./7%.:n) times the number of transmissions for that We now discuss the distributed implementations of our mul-
message in the optimal algorithm. Adding number of trantiple message broadcast algorithms. We note that essentially
missions for all messages in SSMM, MSB and in the optim#iie same technique discussed above can be applied for the dis-
algorithm proves this theorem. B tributed implementation of the single source multiple message
Theorem 5.19The number of transmissions in I1SB is(SSMM) algorithm. The first DFS computes the broadcast tree
O(r%,,./r2.:,) times the number of transmissions in thérom the source. In the second DFS, every transmitting node
optimal algorithm. u computesdelay(u), the time by which it should delay the
Proof: Let R..; and Ry, denote the number of trans-transmission of any message after receiving it. After this step,
missions during the first stage and second stage of ISBstarts transmitting all the messages with a uniform gap of
The total number of transmissions in ISB B,,; + R,-. ok time units between two successive messages (see section
Let OPT,., denote the number of transmissions required ¥-C.1). In the intermediate source broadcast (ISB), the second
broadcast all the messages in an optimal solution. During tf@ge is the same as SSMM. For the first stage, ISB computes
first stage, all messages reaghalong their shortest paths.the BFS tree rooted at At the end of this computation, every
Hence, Run; < OPT,.,. Recall that the proof of Theoremnode knows its parent and its level in the BFS tree and the
5.10 holds regardless of the source of the message in @ximum number of levelsin the BFS tree. Let € L; be a
optimal algorithm. Thus, adding the number of transmissiom®de in the shortest path from to s. u transmits the unicast
for all messages in ISB and the optimal algorithm, we haveessagg at time f(u, j) = 3(j —1)+(l—1). For the multiple
Ry = O(r2,,,./72,:,,)OPT, ;. This completes the proof.m source broadcast (MSB), we perform a DFS from each source
Corollary 5.20: For networks with bounded maximum ands; t0 compute its broadcast tree and for each mesgatge
minimum node transmission ranges, the number of transmg&mpute its schedule. This is precisely the trade-off referred
sions in all three multiple message broadcast algorithmst@s earlier between ISB and MSB: ISB involves two DFS

O(1) times the number of transmissions in an optimal solutioffaversals and one BFS traversal which is independent of the
number of messages, whereas MSB involves potential®ym

DFS traversals. However, MSB has a much better broadcast
VI. DISTRIBUTED |MPLEMENTATION latency compared to ISB (see Section VII-B).

The algorithms presented in this paper have easy distributed VIl. EXPERIMENTAL EVALUATION

implementations when all the edges in the network are bi-The main goal of our simulations is to compare the theo-
directional. Our distributed implementations are inspired tical and experimental performance of our algorithms. To
the technique presented in [22]. The basic building blockkis effect, we assume that nodes possess local broadcast
for our distributed implementation are the Depth First Searghnctionality at the MAC layer and do not employ packet level
(DFS) and the Breadth First Search (BFS) graph traversal gimulations. Our experiments focus on the effect of various
gorithms for which distributed implementations are availabl@etwork conditions on the performance metrics of interest.

In order to build the broadcast tree, the message sourceén our experiments, the network nodes were placed uni-
creates a token. The purpose of this token is to record tfiemly at random within a square. All the experiments were
information about primary nodes and their parents. This tok@erformed on strongly connected graphs. All data points were
visits each node of the graph during its DFS traversal. Wherageraged oveB0 simulation runs and the error bars indicate
node receives the token, it knows the current set of primarig®e maximum and minimum deviation of any observed value
and their parents. In particular, it can determine if it is withifrom the mean, i.e, a confidence @00% that the mean
the range of any current primary. If not, it adds itself to thg within the range indicated by the error bars. The choice
set of primaries, chooses its parent, updates this informatioh parameters made in our experiments were inspired in
in the token, and passes the token to the next node in the DFet by the survey by Williams and Camp [27] and by the
traversal. Since each edge is traversed twice in a DFS traversakd to complete the simulations within reasonable time. Our
once forward and once backward, a node also computes itssisfulations were performed using Mathematica. The plots
of children as the token visits it through the back edges. referenced below refer to the plots in Figure 7.

In order to compute the schedule for a message, the soufeeSingle Message Broadcast
creates another token. The purpose of this token is to recordl) Uniform Transmission RangedVe present the results
the information about the receive and transmit times of ttef our study of the single message broadcast algorithm with
nodes in the graph. This token does a DFS traversal of thmiform node transmission range. In these experiments, we
non-leaf nodes of the broadcast tree created above. Whetaiced the nodes uniformly at random in a square of length
a node receives this token, it knows the transmit times 850 meters and chose the transmission range tt0bemeters.
all the internal nodes visited so far. In particular, it knowsVe varied the number of nodes frof0 to 110 in steps of
the transmit times of the nodes which could interfere with, leading to higher node densities and higher average node
its own transmission. The node now computes its minimudegree. We studied the effect of this on the latency and the
possible collision-free transmit time, updates this informatiamumber of transmissions. One node was chosen uniformly at
in the token and sends it to the next node to be visited. fandom to be the source. We now present our results.
other words, the single message broadcast algorithm can belot (a) is of broadcast latency vs. the number of network
implemented using two DFS traversals. nodes. Broadcast latency is the maximum time taken by any
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Figure 7. Results of simulations that study the effects of various network conditions on the performance metrics of interest.

node to receive the message. The plot indicates that latelcyMultiple Messages

does not vary much with the number of nodes in the graph.\we now present the results of performance studies of the
This is intuitive, since the latency is mostly influenced by thgsg algorithm. In these experiments)0 nodes were placed
depth of the BFS tree from the source. This depth does Bty square area of leng#30 meters. All nodes had a uniform
depend much upon the number of nodes, but only on the lengthnsmission range of00 meters. The number of messages
of the square and the transmission range. were doubled in each step fromto 128. All the messages
Plot (b) is of the approximation ratio vs. the numbeoriginate at the same time. We studied the approximation ratio
of network nodes, where ratio igatency/BFSDepth). In of the algorithm. The lower bound used in computation of
reality, the plotted ratio is a conservative estimate of the rafile ratio ismax{BF SDepth, #messages}, since both the
approximation ratio. As is seen from the plot, even this ratiBF'S Depth from any source and the number of messages are
is very close tol most of the times. In fact, the worst casdower bounds for latency.
ratio observed for all the runs is no worse thiafis. Consider the plot of approximation ratio vs. lower bound

Plot (c) is of the no. of transmitting nodes vs. the no. dPlot (9)). Note how the ratio increases initially and then drops
network nodes. While the number of transmissions seemsdgWn 0 & constant value as the number of messages increase.
increase steadily initially, it stabilizes once the network siZ8 Particular, the ratio reaches the peak when the number of
grows beyond70 nodes. On an averagel nodes transmit Messages is around. This can be explained by observing

while the worst case among all the runslistransmission.  thattheBFSDepth is a very poor lower bound when multiple
messages are transmitted. Once the number of messages

2) Non—unifor_m Transmission Rangeéle now fjiscuss_ the oyceeds theBF S Depth, which happens at arountd, the
results of the single message broadcast algorithm with Nqgyer hound is strengthened leading to a better approximation

uniform transmission ranges. In these experiments, we plagggl, This plot also implies that for every additional message,
200 nodes in a square of lengt300 meters. The transmission,o marginal increase in latency is onfytime units.

ranges were chosen uniformly at random from the interval|n the case of the intermediate source broadcast (ISB),

[Fmin, "maz], Wherery, = 200 meters for all experiments, reca|| that expression (6) provides a tight lower bound of
andrq, was varied from200 to 1000 in steps of50. 3k for the broadcast of multiple messages. This indicates
Consider the plots latency vs,,,, and the number of that when the number of messages is large, ISB will
transmissions vs:,,... (Plots (d) and (e)). Note that both thesénave a marginal latency of aboR60 times units for every
values drop down with increasing,., values. Intuitively, as additional message. In contrast, MSB performs much better
Tmaz INCreases, the average range of the nodes also increagéih a marginal latency of only for every additional message.
This leads to increasing number of nodes being covered tdowever, while ISB can be implemented with three DFS and
each transmission leading to a reduction in the total numhste BFS traversal which is independent of the number of
of transmissions. messages, MSB requires potentiglly, DFS traversals. This
Note that even though the latency drops down with,,, IS Precisely the trade off between MSB and ISB referred to in
in Plot (f) the ratio(Latency/BF SDepth) stabilizes around Section V-C.
1.5. This is in contrast with the analytically predicted approxAcknowledgments.We thank S. Khuller, S. Pemmaraju, A.
imation ratio of(r2, ... /r2...). We interpret these results as arBrinivasan and Y-C. Wan for useful discussions. Special thanks
indication of a much better average case performance than tbheS. Pemmaraju for helping us with Mathematica and Com-
guaranteed worst case performance. binatorica. We would also like to thank S. Pemmaraju, A.
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