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Abstract—Broadcast (distributing a message from a source wired backbone is not viable. Emergency services, whether
node to all other nodes) is a fundamental problem in distributed commercial or tactical, all rely on this type of networks to
computing. Several solutions for solving this problem in mobile provide communication. Law enforcement, disaster recovery,

wireless networks are available, in which mobility is dealt with N L .
either by the use of randomized retransmissions or, in the as well asad hoc networks to assist in administration and

case of deterministic delivery protocols, by using conflict-free control of entertainment events, shows, etc., are all cost-
transmission schedules. Randomized solutions can be used onlyeffectively best served by multi-hop networks.
when unbounded delays can be tolerated. Deterministic conflict-  One of the basic characteristic of these networks is the use of

free solutions require schedule recomputation when topology shared transmission channels. Thus, selective transmission is
changes, thus becoming unstable when the topology rate of. ible: wh det its. all it iahb d
change exceeds the schedule recomputation rate. The determinis-'MPOSSIDIE. Whenever a node transmits, allits neignbors (nodes

tic broadcast protocols we introduce in this paper overcome the Within transmission range) will receive the message, and a
above limitations by using a novel mobility-transparent schedule, collision may occur if some transmissions overlap, preventing
thus providing a delivery (time) guarantee without the need to correct message reception. In this paper, we are interested
recompute the schedules when topology changes. We show thag, proadcast protocols with “collision resolution,” that is,
the proposed protocol is simple and easy to implement, and that - . . .

it is optimal in networks in which assumptions on the maximum prOtOCOFS in which the broadc"’_‘St algorithm itself guarqn_tees
number of the neighbors of a node can be made. the delivery of the message in the presence of collisions.
For references to protocols that use “collision detection”
mechanisms, e.g., see [1]. (These protocols, however, do
not guarantee that a node can sense all collisions [2]; thus,

media where no collision detection is performed are usually
I. INTRODUCTION considered.)

ROADCASTis the task initiated by any of the nodes of a The broadcast problem has been extensively studied for
network, calledsource whose goa| is to send a messag@'lum-hop networks. In particular, several solutions have been
m to all other network nodes. In addition to disseminatingresented in which the broadcashe complexityis investi-
data, a broadcast mechanism represents the starting pointaed in detait. Optimal solutions were obtained for the case
the implementation of group communication primitives an@hen each node knows the topology of the entire network
various system services in distributed environments. Wifgentralizedbroadcast). The broadcast protocol introduced in
the renewed interest iad hoc networks, combined with the [3] completes the broadcast of a messageOiiDlog”n)
need to support multimedia and real-time applications, tis¢eps. From the result proved in [4], this protocol is optimal
need arises to have in the mobile network a mechanism féf networks with constant diameter. For networks with a
reliable dissemination of control and data. It is necessald/ger diameter, a protocol by Gabet al. [5] completes
to have broadcast protocols that meet the combined requifiee broadcast withinO(D + log”n) time slots, and it is
ments of these networksdelivery-guaranteeand mobility —optimal for networks withD € Q(log” n). These solutions
transparency are deterministicand guarantee a bounded delay on message
The termad hog or mu|ti-hop mobileradio network, refers delivery, but the requirement that each node must know the
to a set of geographically dispersed nodes which may Batire network topology is a strong condition, impossible to
stationary or mobile, in which each node is willing to forwardnaintain inad hocmobile environments.
packets for other nodes that cannot communicate directlyThe mobility limitation of the above protocols can be
with each other (namelyeachnode is also a switch). Theseovercome by sacrificing delivery guarantees by usiag-
networks successfully fill a role in applications in which &omizedprotocols. In [1], arandomizedbroadcast protocol
which works in O(Dlogn + log?n) time slots was given.
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complexity of one of the protocol of the suite is demonstrated 12
to improve the theoretical results in many network topologies.
Randomized solutions, however, can be applied to non time-
dependent applications, i.e., when unbounded delays can be
tolerated during the broadcast process, and cannot be used as
a mechanism for control information dissemination.
Deterministic broadcast protocols that do not require the
knowledge of the entire network topology have been intro-
ducedin, e.g., [8], [9]- They operate by maintaining an updated
broadcast spanning treén order to adapt to topology changes,
these protocols require that each node knows the identity
of its current neighbors and recomputes the transmission?
schedule accordingly (using an independent control channel).
Furthermore, the rate of node mobility must not exceed the
rate at which updating of topological information can occur. 15
Another broadcast protocol characterized by both topology and
time localization of execution has been introduced in [10kig. 1. A multi-hop network with 16 noded) = 4 and A = 5.
However, the protocol requires nodes to exchange information
about the topology over a control channel, and to execute, prior
to each transmission, a distributed algorithm to decide which|n this paper, we present a general algorithmic scheme
nodes are going to transmit. A broadcast protocol for “cellulagy; gevising broadcast protocols with the above-mentioned
typead hoctopologies, termed multi-cluster architectures, hasoperties. In particular, we introduce a new broadcast protocol
also been proposed in [11]. In this case, nodes are organizeghiyhich each node computes its own transmission schedule
clusters, mimicking the organization of cellular networks. Thgnce and for allat network initialization depending only on
underlying virtual cellular organization in mobile networkgylobal network parameters, such asand thedegreeof the
has to be updated continuously, and the proposed overlaygdwork, namely, the maximum number of neighbors that
broadcast protocol is influenced by the speed of the nodeshode can have. Thus, the proposed protocol is mobility
when the rate of change of the network topology becomes teelependent in the sense defined above. Moreover, our solution
high, the protocol switches to flooding. This heavily affectsompletes the broadcast of a message in polylogarithmic
its time complexity (which can even be quadraticip) and time. All these results are obtained by characterizing the
provides no guarantees on delivery. broadcast problem as a combinatorial problem for the solution
Given the increased interest in mobility, we are interested which we propose a novel, explicit, and deterministic
in designing a broadcast solution which overcomes the abawethod. Furthermore, when assumptions can be made on the
mentioned mobility related limitations, while providing guardegree of the network, our characterization of the broadcast
anteed delivery. Specifically, we are interested in a solutigmoblem allows us to show that our solution is optimal.
which is the following.

1) Mobility independentin that the correct forwarding of
a message is always guaranteed independently of the II. PRELIMINARIES

current node’s neighbors and of their rates of mobility. We model a multi-hop network by an undirected graph
2) Deterministic so that ana priori known bound on G = (V,E) inwhichV = {p1,---,pn} is the set of (radio)

;heie:nrgﬁggfm delay for broadcast completion can b_r‘?odes and there is an edge;.p;) € E if and only i_f n;
o , is in the hearing range(namely, can hear the transmissions)
3) Distributed in the sense that the protocol can be exes p: and vice versa. In this case, we say tha@nd p; are
cuted at each node without tizepriori knowledge not \aighinors. Due to mobility, the graph may change in time.
only of the entire network topology, but also of the g et of the neighbors of a nogewill be indicated by
identity of the neighbors. _ _ I'(p) and its cardinality§(p) = |T'(p)|, is called thedegreeof
4) Simple and easy to implemerite., no computational ;, “aAg ysual,A = max{6(p): p € V'} indicates the maximum
overhead is ass-om.ated with the tr.ansmlssmn of & Méfsgreeof the networkd. The distanced(p;, p,) between two
sage and no periodical recomputation of thetransms&ggdespi andp;, 1 < i, j < n, is defined as the length
schedule is needed. Moreover, each node can compgf&he shortest path (minimum number of hops) betwggen
its own transmission schedule efficiently. andp;. The maximum distance between any pair of nodes is
We observe that this type of mechanism is the requireglled thediameterD of the network. Given the sourceof
basis for low-level protocols in all those wireless and mobile message, all the nodessuch thatd(s,p) = ¢ < D are
situations in which network state and control information hawsaid to belong to théth layer of the network,0 < £ < D.
to be efficiently disseminated among all (or part of) the nod&very node in the network is assigned a unique ID which we
of the networkwithout depending on the network state itselassume denoted 2—As an example, the topology of a simple
and on the rate of mobility of the nodes. multi-hop network is shown in Fig. 1.
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A deterministic distributed broadcast protocHl for multi- number of nodes in the network and its degree and returns a
hop networkds a protocol which is executeat each noden set of integers
the network in the following way:

a) Time of execution is considered to be slotted and the PROCEDURE Round_Numbers (n, A);
time slots, orounds are numbered, 1, - - -. At round0, begin
a specific node, called thesource transmits a message Transm := Get_The_Rounds (n, A)
m.
b) In each round, a node acts either as a transmitter or as end;
a receiver. A node receives a messagen a specific _ _ _ _
round if, and only if, in that round it acts as a receivefhe set Transn& {1,---, 7} will contain the rounds in which

and exactly one of its neighbors acts as a transmittefne node is allowed to transmit the message. By specifying
In this casem is the same message transmitted by tH&€ function Get_The_Roundswe get different broadcast
neighbor. protocols.

c) The action of a node in a specific round is determin- As soon as a node either has a messageeady for
istically determined by its initial input, i.e., its own ID transmission or receives, it waits for the beginning of a new

(my_ID), n, and the degree\ of the network. frame (this frame will be its own transmission frame). At that
d) The broadcast isompletedat roundt if all the nodes time, it starts to check when it can transmit Specifically,

have correctly received the messageat one of the the node tests if the current value of the counter belongs to

rounds0,1,---,¢t. Transm, and when this is the case, the node sends

Thus, the broadcast proceeds according seteedulelL;; = By a simple inductive argument, it is possible to show that
(Ty,---,T;), i.e., according to a list ofransmissiongtrans- the described scheme achieves the broadcast of a layer

mission sefswhich specifies for each rouridhe set of nodes PY 1ayer fashion. ,
which act as (potential) transmitters,< i < f. Proposition 1: Each nodep such thatd(s,p) = ¢ transmits

During the broadcast process, the nodes that in a given rodifl Messagen issued bys after m has been transmitted by
have received a message are said to becoveredby the all the nodes in the layef — 1 and beforeeach node in the
broadcast. The nodes that have not receivedire said to 1@Yer¢+ 1 will transmit it, 0 < £<.D.
be uncovered Given a nodep, T'.(p) (I'u(p)) will indicate It is easy to see that such a scheme completes the broadcast

its (un)covered neighborhood. Finally, a sit of covered in ¢ < D7 rounds as long as we can find a suitable function
nodes is said to be eonflicting setif N,cr I'u(p) # 0. In Get_The_Roundshich allows us to prove that is correctly

other words,H is a conflicting set when there is at least &°rwarded from a given layer to the subsequent one invthe

neighbor common to all the nodes Hi that has not received rounds of a frame. Thus, what we need is a (deterministic)
a message from them yet. Finally, in the case of muIti-thethOd to distribute the nodes to the transmission sets in a
networks with mobile nodes, we assume that at least one ndgén€ in such a way that it islwaysguaranteed that at least
from a conflicting set remains in the hearing range of arf/'® Set will contain onlyone node fromany conflicting set
neighboring uncovered node. Notice that the network dmts £ & V' (i-€., in the round corresponding to that transmission
have to be static during the entire broadcast process, but % N0 collision will occur). More than that, we want such

required always to beonnectegli.e., each uncovered node in® Method to generate a schedule that is independent of the
the network must be able to receive a message. local current conditions of the network, i.e., such that each

node has no need to know the identity of its current neighbors
to be guaranteed of the correct delivery of the message
lll. A GENERAL BROADCAST SCHEME (distributivity).
The problem of distributed broadcast as stated in the previ-Thus, the described scheme will have the following desir-
ous section is that of scheduling, in a deterministic way, tf@ble properties.
transmissions of the covered nodes in order to guarantee th&) Parallel Broadcast:More than one message issued by
correct delivery of the message independently of the possibility  different source nodes can be traversing the network at
of collisions. To this end, we assume that the time axis is any given time. The distributed nature of the method
divided into units called (transmissiorilames Each frame used to generate the broadcast schedule guarantees the
is made up of rounds, numberegd-r, where r >0 is the correct reception of a message sent dy neighbor
framelength We assume that the nodes are synchronized ona of a given node. These neighbors may have to send
frame basis (namely, we assume that each node has a counter different messages. In this case, since a node is allowed
which is set tol at the beginning of each frame and that is to forward only one message per frame, a message may
incremented byl with each subsequent round) and that the need to be temporarily buffered (and thus, delayed) at

round length is the same for each node. one node. The time bounds we present in this paper refer
Each node that either generated or received a message to messages that are at leastounds from each other.
is allowed to transmit it only in certain rounds in a frame. Indeed, it is easy to see that if any node either receives or

The node calculates these slots (at the set up of the network, generates no more than one messagfr each frame,
or any time the number of the nodes in the network changes) thenm can be forwarded in the following frame (i.e., it
by means of the following procedure that takes as input the is never subject to buffering delays).
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2) Mobility: Given the schedule independence of the cur-  node in laye® will transmit before a node in layer—1,
rent neighborhood of a node, the topology of the network 1 < £ < D, or after a node in layef + 1, 1 < /< D,
may change without affecting the broadcast process. i.e., the broadcast proceeds in a layer by layer fashion
Moreover, every node that has moved from an uncovered and it takesn — (¢ — 1)n = n rounds to forwardm
neighborhood to a covered one during the broadcast from layer¢ to the next layerl < £< D.

must at some time be the neighbor of a node which hasThe total number of roundsrequired by the previous algo-

already received the broadcasted messagend will  rithm to complete the broadcast is bounded by the following
receivern from it using afailsafe recovery procedure expression:

such as in [12], [13]. > >
3) Scalability: Anytime we want to add a new node to . .

the network, each newly inserted node can issue a b= Zn_nzl = Dn.

broadcast message requesting to update the Transm set

of each node according to the new valueof Each . . . *

node, then, has only to execute the above procedureThe described protocols V\{ork in multi-hop networks with

Round Numbers maximum degreed = n — 1, i.e., they always complete the
- broadcast in any multi-hop network. (It is clear from the code

In the following section, we illustrate an application of OUR¢ the Get The Roundginction that this linear protocaloes
layer-to-layer broadcast mechanism by describing a sim[ﬁgt depen?i on the degree of the network.)

linear protocol that works in any multi-hop mobile network. In [14], it is shown that the simple algorithms given above

are optimal if a broadcast protocdl is not able to use a
IV." A LINEAR BROADCAST ALGORITHM scheduleL, for the nodes of layef which usesall the nodes

One of the simplest possible broadcast algorithms that meetdayer £ andall the uncovered nodes. For these “restricted”
the requirements/properties listed in the previous sectionspiotocols, an(2(Dn) lower bound for the deterministic dis-
obtained using the following: tributed broadcast of a message in a (mobile) multi-hop
network is proved. Moreover, the construction used in [14] is
general, i.e., for multi-hop networks with any diameterand
begin immediately obtains, as a special case, #{e) lower bound

output my_ID presented in [1] for networks with constant diameter.

In the following section, we propose a distributed broadcast
algorithm which maintains the property of being deterministic
Each node is allowed to transmit just once in a frame: whé&md mobility independent, i.e., we prove that it is always
the value of its counter equals its own ID. This simple methgebssible to correctly forward a messagefrom any layer to
generates a layer-to-layer schedule for which n. Due to the the following one within a deterministically bounded frame
unigueness of the node ID’s, it is clear that, at most, one nolé@gth and without depending either on the knowledge of
will transmit in a round, so that no collision can ever occuthe current neighbors or on the rate of their mobifityhis

=1 =1

FUNCTION Get_The_Rounds (n, A): integet

end;

Such a broadcast protocdlhas a scheduléy; = (T3,---,7;) algorithm completes the broadcast in polylogarithmic time,
such that eacli;, 1 < j < ¢, is a singleton and is bounded and in sparsenetworks (i.e., in networks with a “small” or
by Dn. with a constant maximum degre¥), it has to be preferred to

Remark 1: According to the general scheme presented the linear protocols just described.
the previous section, the algorithm obtained using the previous
Get_The_Roundfunction is anoff-line algorithm: each node V. POLYLOGARITHMIC BROADCAST
calculates in advance the round in which it will transmit
the message, and keeps this information in the set Tran
(which, in this case, is an integer variable). The following ig
an equivalent (with respect to the time complexity)-line
version of the same algorithm.

When a node; receives a message, it sets a timer to

As noticed in Section lll, the problem of the correct for-
rding of a message between any two consecutive layers of
multi-hop network is that of distributing the nodes to the
transmission sets in a frame in such a way that in at least
one transmission set there are no two nodes from the same
conflicting set. In the previous section, we have introduced
wakeuptime =n — u + v a simple protocol which solves this problem by avoiding the
transmission of more than one node per round. Here, we prove
wherew is the ID of the first sender from whichhas received that this condition is not necessary, i.e., we show that by
m. The timer is decremented with each round. When the timgllowing more than one node to transmit in a round we can still
equals0, v transmitsm. guarantee the mobility independence property while correctly
It is easy to see that: forwarding any message. Moreover, depending on the degree
1) due to the uniqueness of the ID of each node, no collisiofi the network, we show how to obtain polylogarithmic
will occur, i.e., no more than one node will transmit irframe lengths, i.e., frame lengths shorter than that of the
the same round; linear solution. We obtain these results by presenting a novel
2) a node of levell will transmit the message in round 2For the sake of simplicity on the description of the method, we consider
J, (—=1n<j <fn,1<¢< D. This implies that no here that only one message is traversing the network.
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combinatorial methoddjvision metholl that, given a non- The method is based on the following procedure that given
empty set of integersP, distributes the elements adny a set of integerd, |I| > 2, divides I into 2log|I| distinct
non-empty sef? C P in a family F of 7 subsets of?, so that sets7?,... K T2lsll

there exists at least a sét< F such that|T’n R| = 1. We

can think of this family as made up of those (transmission) PROCEDURE Divide (I);

sets of nodes allowed to transmit in a specific round, so as to begin
always guarantee the correct delivery of a message (i.e., we I — of,ej;
guarantee that at a given round, omlge node fromany set T .— ol
of nodes transmits. In that round, no collision occurs). ) ' i’

The method is completely deterministic and constructive, "=y
and it can be executedt each nodep in order to find the for i :=2to log|/| do
numbers of the rounds in whighis allowed to transmit. Each begin

node needs only to know the number of the nodes in the net-

T2i—1 — T2i — w
work n and the degree of the netwosk Starting from the set ’ R

P ={1,---,n} (of the ID’s) of the nodes of the network, each for j :=1to 2" do

node executes the functi@det_The Roundkat generates the begin

family F of sets with the mobility independence property. The P S L

set of integersP is initially dividedinto 2log |P| sets in such . R

a way that each element d? belongs tolog|P| sets. The €; T T Og5, Cay;

crucial property of this division is that, for each non-empty TZ-1 . 2=l 021 L u 0217

set R C P, there always exist two sef§, and7, among the
2log|P| sets, such thaf; N R and 7> N R are a partition
of R. In terms of the broadcast schedule, this means that, end
given any conflicting set, we can always distribute its nodes end
into two different non-empty subsets so that if we let the two
groups of nodes transmit in different rounds, no collision will
occur between the corresponding transmissions. An itera#d application of the procedurBivide is explained in the
application of this division to subsequently divided sets leadisllowing example.

to the distribution of the elements @ in several subsets of Example 1: ConsiderP = {1,---,16}. The following is
P so that there is at least one of these sets,’Eaguch that the output of theDivide procedure called o#. Starting from
|7 N R| = 1. In other words, ifR is any conflicting set of . .
nodes, then the schedule (list oftransmission sets) obtained p= {1’ 2’3’43,‘)’ 6, 7’8’9’ 10,11, 12’}3’ 14,15,16}
by applying the division method to the set of nodéslways ol el

contains a set to which only one of the nodesfirbelongs. .

In the round corresponding to that set all the nodes in tHe V;'J hav1e2 545678

common uncovered neighborhood of the nodegszimeceive {‘ 229, %, 0,0, 1 ,}

TQZ = 1—727 U 62]'71 U 62j

end;

the message correctly. Ondg is locally generated, for each o2 €2
T € F each node checks if its own ID (my_ID) belongsZp T2 = {9,10,11,12,13,14,15, 16}
and, when this is the case, the round number corresponding —
. . 2 2
to 7" is added in Transm. 2 €2

In the remaining part of this section, we first describe the 7% =1{1,2,3,4,9,10,11,12}

division method, then present a family of broadcast algorithms MU e
based on the method and prove their correctness. For the e

G : : T ={5,6,7,8,13,14,15,16}
sake of simplicity, in this section we consider and |P| L O
powers of2. All logarithms are to be considered to be ba&se o3 &l o e3
Finally, throughout the section we use the asymptotic notation T°—{ 1,2, 5,6, 9,10,13, 14}
to express the time complexity bounds of our protocols (e.g., el i i adhe el afie afihe of
see [15]), but it is easy to see that for all the results presented I T
here this notation does not hide any significant constant. = {\3/7<4/ NFNCNSY, \12,,\15/7\16/}

of et oi et of et of e

={1,3,5,7,9,11,13,15}
= {2,4,6,8,10,12, 14, 16}.

A. The Division Method

Consider a non-empty set of integdpsin this section, we
describe a general method for deriving a family of subsef? of &
thathits any non-empty sek C P, i.e., a family.F C 2” such It is easy to verify that for each, 1 < ¢ < log|P|, ()
that there exists at least a ®tc F for which |[TNR|=1.In T*7'nT% = ¢, 7%~ uT? = P, (b) |[T¥~| = |T%| =
the following, with the operator— we will partition a set of |P|/2. This implies that afteih, 1 < L < log|P|, calls of
integers/ into two subset$; and/; with the same cardinality. the Divide procedure every time on a set of its output, the
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last output will be sets with cardinality”|/2". Furthermore, output. Whenk = 1, the same call will output the 8 sets as in
(c) for eachyj, 1 < j < 271, is |of| = |P|/2" (= |¢i|). Example 1. Wherh = 2, we obtain the 48 sets output by the
Another useful property of th®ivide procedure is stated in Divide procedure successively called on the sEts- - -, T%.
the following lemma. For example Divide(7!) gives the 6 setd™ = {1,2,3,4},

Lemma 1: Given a subsek of a set of integer®’, |R| > 2,
there always exists af 1 < ¢ < log|P|, such thatR is
partitioned by the procedure call Divide) into two non-
empty subsetsR, and R,, such thatR, C 7%-! and

T? ={5,6,7,8}, T° = {1,2,5,6}, T* = {3,4,7,8}, I° =
{1,3,5,7}, T¢ = {2,4,6,8}; Divide(T?) gives the 6 sets
T = {1,2,3,4}, T? = {9,10,11,12}, 7% = {1,2,9,10},
T = {3,4,11,12}, T° = {1,3,9,11}, T® = {2,4,10,12},

R, C T%. _ _

and Divide(7*) gives the6 sets7* {5,6,7,8}, 1T?
Proof: We show that as far a& C 7%~ 1(7T%), 1 < {13,14,15,16}, T° = {5,6,13,14}, T* {7,8,15,16},

i < log|P| — 1, then there exists @, 1 < j < 27 such 7% = {5,7,13,15} and7® = {6,8,14,16}. o

that R C oj (ej) and that as soon as this is no longer true It is easy to verify (see also (b) above) that, in general,

we have the thesis. We proceed by induction on the numbefor a set of integersP? and ¢ = |P|, the function called

of subsequent partitions of the sBt Let R C of = 7™ (the SmaskP) outputs+ = 2’LH]’§§ log(|P|/2%) sets, each one

caseR C e} = T? is symmetric. The case in whigti?; =)

with cardinality| P|/2", 0 < h < log|P|.% Furthermore, when

RNT!' #0 # RNT? (= Ry) is obvious). The base case of: = | P|, the depth of the recursion is. It is worth noticing

induction (¢ = 1) is then trivial. Now, suppose that for &
1<j <272 we haveR C o) * (the case withR C ¢/ *

thath also indicates the number of subsequent applications of
the Divide procedure to subsequently halved sets.

is analogous). We know that in the next iteration of the main We show now that given a non-empty set of integéts

loop in theDivide procedure we will have

7—1
05

- Oéj—lv eéj—l
and we have the following two cases: eith&r C oéj_l
(¢h;_,) or R is partitioned into two non-empty subsek
and R such thati; C o, and Ry c ch;_1, which implies
the thesis(R; C 7% ! and R, C T%).

Notice that the second case always occurs when

o4 = R = (|0} *1/2) = |ob; ]

(see (c) above), whence the thesiddg | P| steps. O

An immediate consequence of the previous lemma is t

each setR C P such that2 < |R| < 3 is partitioned into

two subsets, such that at least one is a singleton. In broadc
terms, this means that the nodes of any conflicting set wi
cardinality < 3 are scheduled to transmit in such a way th

in at least one roundnly onenode transmitsn. In that slot
all their uncovered neighbors receiwe correctly. A repeated

application of the procedurBivide to subsequently divided

sets, allows to hit any non-empty setC P. This is achieved
by the following function (where > 1 is an integer variable
that takes values< |I] andh € {0, - -,logc}):
FUNCTION Smash (I);
begin
. C

then output 7

else
begin
Diwide (1),
for j := 1to 2log|I| do Smash (T9)
end
end;

?

Example 2: ConsiderP = {1,---,16} andc = |P| = 16.
Then, whem = 0, the function calledSmaslP) returnsP as

and ¢ = |P|, for eachh, 0 < h < log|P|, the function
call SmasliP) returns a family of subsets @f that hits any
non-empty set? C P, such that|R| < 2"+1,

Theorem 1: Given a non-empty set of intege¥3d and the
integerc = |P|, for eachh, 0 < h < log|P|, the Smash
function called onP returns a familyF C 2 such that for
any non-empty sefz C P, |R| <2"*! F hits R.

Proof: We proceed by induction oh, the depth of the
recursive calls of thé&mashfunction on subsequently halved
sets. Whem, = 0, then any non-empty sét C P such that
|R| <2is asingleton. In this case, t!mashP) call returnsP
h(Example 2) andF = { P} clearly hits any singletor2 C P.
Suppose now that, aftér— 1, i > 0, recursive calls of the
r&asrfunction on a set of integets C P, we obtain a family
subsets off that hits any subset of whose cardinality
<2". Consider now a seR C P such that|R| < 2"*1.
fter the first call of theDivide (h > 0 ensures that we have
at least a call of theivide procedure) we know that there
exists ani, 1 < ¢ < log|PJ, such thatR is partitioned into
two non-empty subset®; € 7%~ and R, € 7% (Lemma
1). Now, 2"*1 > |R| = |Ry| + | R2| implies that between the
two conditions|R;| <2 and |R.| < 2" at least one holds.
Without loss of generality, letR;|<2". As noted above,
being ¢ |P|, the depth of recursion i% and therefore,
by inductive hypothesis, the remainiig— 1 recursive calls
triggered bySmashZ?—1) give the thesis. O

Example 3: Consider again® = {1,---,16}, ¢ = |P| =
16 and the setR = {3,5,6}. When h = 1, after the first
call of the Divide procedure on the sdtl,---,16} we know
that there exists an, 1 < ¢ < 4, such thatR is partitioned
into two non-empty subset®; and R, with R, C 7%}
and B, C T% (Lemma 1). Indeed, whein = 2, we have
R; = {3} C T2 (namely, 72 hits R) and R, = {5,6} C T*
(see Example 1). Let us now consider= 2 and the set
R ={1,2,3,4,5,6,7}. Using the same argument as above,
we find thatR; = {1,2,3,4} C T3 andR, = {5,6,7} C T*.
Then, the previous theorem guarantees that Dhede(7™*)

SWhenh = 0, we stipulate thail”=; log(|P|/27) = 1.
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call will distribute the elements ak, in such a way that in at then for j ;=1 to 2log|{|
least one of the sets there will be only one elemenkefsee ; i
Example 2: the sef® generated by théivide(T‘*) procf)eKdure do Fm.d -Rounds (7,5, 1)
) else for j := 1 to 2log|I|
call, hits R). & s
Remark 2: When > 1, the Smastfunction called on a set do Find_Rounds (17, z, j)
of integersP with ¢ = |P| returnsr = 2"11"Z] log(| P|/2’) end

sets whichare notall pairwise different (see Example 2: the  g,4.

division of 7' and7? yields the same séf* = {1,2,3,4}). ’

Therefore, the actual cardinality of the famify is <7. This Example 4: Suppose that nodewith my_ID = 2 executes
is evident whenh = log|P| (|P|>1): whene = |P|, the the procedurd&Round_Numberd6, A). WhenA = 2,3 (h =
SmashP) call retums|P|H;,°:gO|P|_110g(|P|/2J')>|P| sets, 1), the previousGet_The_Round$unction will output the
each one with cardinality. Thus, it is clear thatF| = |P| set{l,3,5,8}, i.e., during a frame of length = 8, node
(and indeed the family of all singletons @t hits any non- p is allowed to transmit the message in rounds 1, 2, 3 and
empty subsefz C P), but theSmasHunction returns all the 8. Indeed, if we considen. = 16, the transmission sets
sets unaware that sometimes it outputs a set already produded: - -, Zs of a frame are the 8 sets output by tBevide
This consideration on theedundancyof the division method procedure called od1,---,16}. More precisely:T; = 17,
leaves room for improvements both from the combinatoridl < ¢ < 8 (Example 1). Whent < A <8 (h = 2), we have
point of view and for the complexity of distributed broadcasflransm= {1,3,6,7,9,12,13,15, 18,43, 45,47}, i.e., during

but it is not further investigated in this paper. » a frame of lengthr = 48, node p is allowed to transmit
the message in rounds3s, 6,7,9,12,13,15, 18,43, 45 and47.
B. The “Polylog” Broadcast Algorithm The transmissi(_)r_l seff, , - - -, Tys of the frame are the 48 sets
, output by theDivide procedure called on the s€l3,---, 75
The Get_The_Roundfunction used by each node (by the(ExampIe 2). o

means of thekound_Numberprocedure, see Section ) uses Now we prove that th&et_The_Roundsinction described
a slightly modified version of th&mastfunction described in i, this section allows a mobility-independent forwarding of a

the previous section. Instga}d of returning a set, the fOHOWirFﬂessagen between any two consecutive layers.
Find_Roundsprocedure }d_l\lndes the sét = {1,---,n} of  pronosition 2: Consider a multi-hop network with nodes
nodes’ ID's intor = 2"11;~; log(n/27) sets,1 < h<logn.* anq maximum degrea = 2+ — 1, 1 < 1 < logn, in which

and checks if the ID, my_ID, of the node that executes the, -y node) executes the Round_Numbers procedure with the
procedureRound_Numberbelongs to the resulting sets previous Get_The_Rounds function. Then, in a frame of length
T = 2"I'Z log(n/27), the message: is correctly forwarded

FUNCTION Get.The Rounds (n, A): Set of integers; :
between any two consecutive layers.

begin Proof: The proof that any conflicting seR C P is
c:=n; distributed among the transmission sets of a frame in such
h = |logAl; a way that no collision occurs in at least one round, relies
he1 on Theorem 1, noticing that the two integer parameters
p = 2l H log 27 ar_ld y use_d_b_y theFmd_Round_sprocedure_do not interfere
i 2 with the division method: they just deal with the problem of
Temp := 0; the correct attribution of the rounds to the nogeAs for
’ this last problem, we note that when ti@et The Rounds
Find Rounds ({1,---,n},0,0); function calls theFind_Roundsprocedure with the actual
output Temp parameters? = {1,---,n}, « = 0, andy = 0, the else
end: branch of the outermosif is executed(c¢ = = and for
’ eachh, 1 < h<logn, n # (n/2")). Then, beingz = 0,
where the then branch of the innermosf is executed (this is the
unique time in the whole recursive execution of the procedure)
PROCEDURE Find_Rounds (I, z,y); and theFind_Roundsprocedure is recursively called on the
begin 2log n sets returned by thBivide({1,---,n}) call. If h =1,
if |1) = < each one of the2 logn calls of theFind_Roundsprocedure
2h (Find_Round$7”,5,1), 1 < j < 2logn) executes thehen
thenif myID €/ branch of the outermost and if the membership condition
then Temp :=Temp U {p(z — 1) + ¥} is satisfied, the set Temp (i.e., the set Transm of the pdde

is updated with a round number. More precisely, in this case

else begin ;
the round number i9(z —1)+y =2 —-1+4+1 = 2z, and

Divide (I); beingz = j, 1 < j < 2logn, each one of th&logn rounds
ifz=0 is correctly assigne®lIf k> 1, then each one of thelogn
“Notice that, considering networks with maximum degree2 < A < 5{Notice that, whenk = 1, we havep = 1 provided that we define

n — 1, we now leth range ovef1,---,logn — 1}. "= log(n/27) = 1 (see also Note 3).
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calls of theFind_Roundsprocedure executes again thise Remark 4: The protocol described in this section depends
branch of the outermost, but this time the condition of the on the maximum degree\ of the network: OnceA is
innermostf is no longer verifiedz = j, 1 < j < 2logn) and known, & is easily derived and consequently the set Transm is
the successive recursive calls of thend_Roundsprocedure computed. The completion of the broadcast is then guaranteed
are of the formFind_Round$77,x,5), 1 < j < 2log|I| when A< 2" This condition can be globally insured in
and1 < x < 2logn. After A — 1 such recursive calls, the static multi-hop networks, or in mobile networks in which
Find_Roundsprocedure finally executes thteen branch of it is always possible to know the number of nodes in a given
the outermostf, and if the membership condition is verifiedarea (e.g., networks of satellites). In the general case of ad hoc
the set Temp is updated. As noticed in Section V-A, each onetworks, a mechanism that provides each node with the cur-
of the initial sets output by the first call of tiizvide procedure rent degree of the network is needed. Here we assume, similar
is in turn divided intop = 2’“111;‘;11 log(n/27) transmission to past solutions, the existence of a separate control channel
sets whose round numbergér —1)+y, 1 < 2 < 2logn and by which each node senses its neighbors and communicates its
1 <y < 2log(n/2"~1). The total number of rounds needediegree through the network. It is worth noticing that each node
is thust = p2logn = 2’LH]’§§ log(n/2%). O can always compute its transmission schedules in advance (one
According to the general scheme of Section lll, this sectidransmission schedule for eaghfor which the frame length is
is summed up by the following: <n), and it chooses the transmission schedule to use according
Theorem 2: The broadcast algorithm obtained using thto the current maximum degree. Thus no on-line recomputation
previous function Get_The Rounds completes the broadcabthe schedule is needed when the maximum degree changes.
in t € O(D2"log" n) rounds in multi-hop networks with
nodes and maximum degree = 2"+ — 1 1 < h < logn.
Remark 3 (Optimality):Due to the Q(Dlogn) lower VI. CONCLUSION
bound on deterministic distributed broadcast protocol in |, this paper, we have presented a new mechanism for

(mobile) multi-hop networks proved in [16], whel = 1 gisseminating data and control information in ad hoc mobile
(namely, for networks with maximum degrek = 3) the  petworks. The proposed solution is deterministic and indepen-
bound proved in Theorem 2 is tight. Furthermore, due to tra_)eem of the mobility of the nodes. We have shown that our
lower bound on the broadcast of a message in networks Wikytocols overcome the limitations induced in other solutions
constant diameter presented in [4], whier= 2 (namely, for py the use of randomized techniques or, in deterministic
networks with maximum degrea =7) and D is a constant, gelivery protocols, by the need to periodically recompute
the presented algorithm is optimal. the transmission schedule. The mobility independence of our

When h = logn — 1, i.e.,, in multi-hop networks with rot0col is achieved by allowing each node to compute its
the maximum possible degree, the above presented algori transmission schedule once and for all at network ini-

completes the broadcast B(Dn 10glog_n n) rounds, so that ajization, depending only on and on the degree of the

the linear allgorrthm preserlted in Section Il is to be pref(_arregetwork_ Moreover, the broadcast of a message is proven to

In general, in networks withh = 2"+ — 1, the above family pe guaranteed in polylogarithmic time. Obtaining these results

is to be used wheh € O((logn/loglogn)), as stated by the pecame possible by characterizing the broadcast problem as a

following result. _ combinatorial problem for the solution of which we proposed
Proposition 3: For each integerh, 0 < h<(logn/ g novel, explicit and completely deterministic method. Finally,

oo i Ry :
loglogn + 1) is (2logn)" <n. . when an assumption can be made on the degree of the network,
Proof: Starting from(2logn)™ <n we have we showed that our solution is optimal.
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