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Abstract. The topic of this paper is the study bfformation Disseminationin Mobile
Ad-hoc Networks by means of deterministic protocols. 11 ihioblem, a piece of infor-
mation initially held by a source node has to be propagatedgiven set of destination
nodes. We consider multihop dynamic networks, in whichodes move in the plane,
join, and leave. Our connectivity model only requires thdthin « time slots, some
node that has the information must be connected to some nitdeutit for at least
[ time slots. In this context, the protocols considered made af opportunistic com-
munication during this connectivity interval to make progress in thesdmination. The
protocols studied are classified into three classbbvious (the transmission schedule
of a node is only a function of its IDfuasi-oblivious(the transmission schedule may
also depend on a global time), aadaptive.

A collection of interesting complexity gaps among proteclalsses is observed in this
work. In order to guarantee any progress towards solvingtbklem, it is shown that
8 must be at least — 1 in general, but that this bound becomgsc 2(n?/logn)

if an oblivious protocol is used. Since quasi-oblivioustpomls can guarantee progress
with 8 € O(n), this represents a significant gap, almost lineargotetween oblivi-
ous and quasi-oblivious protocols. Regarding the time toplete the dissemination, a
lower bound of2(na+n?/ log n) is proved for oblivious protocols, while a constructive
O(na + n®logn) upper bound is shown for the same class (which is tight up iy p
logarithmic factor). It is also proved that quasi-oblivioprotocols achiev® (na + n?),
which is shown to be optimal by giving a matching lower bouodgdaptive protocols.

These results show that the gap in time complexity betwebvials and quasi-oblivious,
and hence adaptive, protocols is almost linear. This gajh& we call theprofit of global
synchronysince it represents the gain the network obtains from glelpathrony with
respect to not having it. We note that the global synchroguired by the efficient quasi-
oblivious protocol proposed is simply achieved by piggWdag in the messages sent the
time at the source node, as a global reference.
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1 Introduction

A Mobile Ad-hoc Network (aka MANET) is a set of mobile nodesielihcommunicate over
a multihop radio network, without relying on a stable infrasture. In these networks, nodes
are usually battery-operated devices that can communigatedio with other devices that
are in range. Due to unreliable power supply and mobilitydesomay have a continuously
changing set of neighbors in that range. This dynamic naiadees challenging to solve even
the simplest communication problems in general. Hencggsed protocols often have strong
synchronization and stability requirements, like havingtable connected network for long
enough time.

Current trends in networking-architecture developmdikisdelay and disruption tolerant
networksandopportunistic networkinffl 7,37], aim to deal with the disconnections that natu-
rally and frequently arise in wireless environments. Tléjective is to allow communication
in dynamic networks, like a MANET, even if a route betweendsrand receiver never exists
in the network. The result is that multi-hop communicatisrprovided througlopportunis-
tic communicationin which theonline route of a message is followed one link at a time, as
links in the route become available. While the next link i$ agailable, the message is held
in a node. With opportunistic communication, strong cotinéyg requirements are no longer
needed. Furthermore, in some cases mobility is the keydwabmmunication (e.g., consider
two disconnected static nodes, where communication bettresm is provided by a device
that, due to mobility, sometimes is in range of one and sonetiof the other).

In this paper, we formally define a particular class of MANETiegh is suited for op-
portunistic communication, and which we cpbtentially epidemicA MANET is potentially
epidemic if the changes in the communication topology aoh $hat an online route exists
among any two nodes that wish to communicate. The networtengially epidemic because
the actual propagation of the information on the onlineesutepends on the stability of each
of its communication links.

In this context, we define and study the deterministic salilof a problem that we call
Disseminationln this problem, at a given time a source node holds an infdomahat must
be disseminated to a given set of nodes belonging to the MANIBE nodes elected to
eventually receive the information are the ones that satisjiven predicate. Depending on
this predicate, the Dissemination problem can instantrettst of the common communication
problems in distributed systems, such as Broadcast, Mslii€Geocast, Routing, etc.

In particular, we determine assumptions on link stabilitgd apeed of nodes under which
a distributed deterministic protocol exists that solvessBmination in potentially epidemic
networks. Moreover, we relate the time complexity of theusoh to the speed of movement
and to the information that protocols may use.

1.1 The Dissemination Problem

We study the problem of disseminating a piece of informatiaitially held by a distinguished
source node, to all nodes of a given set in the network. Fdymal

Definition 1. Given a MANET formed by a sEtof n nodes, lef be a predicate ol ands €

V anode that acquires a piece of informatidat timet; (s is the source of dissemination). The
Disseminationproblem consists of distributingto the set of nodekp = {x € V :: P(2)}. A
node that has receivetlis termedcovered and otherwise it imincoveredThe Dissemination
problem is solved at time slot > ¢, if, for every node» € Vp, v is covered by time sldb.



The Dissemination problem abstracts several common prabla distributed systems.
E.g. Broadcast, Multicast, Geocast, Routing etc, are sfhimces of this problem for a particu-
lar predicateP. In order to prove lower bounds, we will use one of these imsta: the Geocast
problem. The predicat® for Geocast isP(z) = true if and only if, at timet,, = is up and
running, and it is located within a parametric distamce- 0 (calledeccentricity from the
source node.

1.2 Model

We consider a MANET formed by a sEtof » mobile nodes deployed ik?, where no pair of
nodes can occupy the same point in the plane simultanedtislassumed that each node has
data-processing and radio-communication capabilitied caunique identificator number (ID)
in[n] = {1,...,n}.

Time. Each node is equipped with a clock that ticks at the same umifatep but, given
the asynchronous activation, the clocks of different noday start at different times. A time
interval of durationl/p is long enough to transmit (resp. receive) a message. Catiqus
in each node are assumed to take no time. Starting from a tistent used as reference, the
global time is slotted as a sequence of time intervalsnoe slotsl, 2, ..., where sloti > 0
corresponds to the time intervf@l — 1) /p, i/ p). Without loss of generality [39] all node’s ticks
are assumed to be in phase with this global tick.

Node Activation. We say that a node m&ctiveif it is powered up, andhactiveotherwise.

It is assumed that, due to lack of power supply or other unecatents that we cafhilures
active nodes may become inactive. Likewise, due also tdrarpievents such as replenishing
their batteries, nodes may be re-activated. We call the ¢eahsequence of activation and
failures of a node thactivation scheduleThe activation schedule for each node is assumed
to be chosen by an adversary, in order to obtain worst-casedso Most of the lower-bound
arguments included in this paper hold, even if all nodes etieaded simultaneously and never
fail (which readily provide a global time), making the reasubbtained stronger.

We assume that a node is activated in the boundary betweerotwgzcutive time slots. If
a node is activated between slots 1 andt we say that it is activated at slgtand it is active
in that slot. Upon activation, a node immediately startsning from scratch an algorithm
previously stored in its hardware, but no other informatiostatus is preserved while a node
is inactive. Consequently, it is possible that a coverecerdoks not hold the informatioh
because it has been inactive after receiving it. To disisiga covered node that does not hold
the information from one that holds it, we introduce thedaling additional terminology: we
say that a nodg is informedat a given time if it holds the information/ at timet, otherwise
p is said to bauninformed

Radio Communication. Nodes communicate via a collision-prone single radio ckann
A nodew can receive a transmission of another nade time slott only if their distance is at
most therange of transmission during the whole slot. The range of transmission is assumed
to be the same for all nodes and all time slots. If two nadasdv are separated by a distance
at mostr, we say that they areeighbors In this paper, no collision detection mechanism is
assumed, and a node cannot receive and transmit at the samesldit. Therefore, an active
nodew receives a transmission from a neighboring noda time slot; if and only if v is
the only node inu’s neighborhood transmitting at time slptAlso, a node cannot distinguish
between a collision and no transmission.

Link stability. We assume that nodes may move on the plane they are depldyes.tie
topology of the network is time dependent. For simplicitg assume that the topology only



changes in the boundaries between time slots. Then, at lonermodes: andv are connected
by a link in the network topology iff they are neighbors dgyithe whole slot. An online
route between two nodesandv is a pathu = wg, ws, ..., w, = v and a sequence of time
slotst; < t9 < --- < t; such that the network has a link between ; andw; at time slot
t;. Observe that in order to be able to solve an instance of Bissdion, it is necessary that
the network is potentially epidemic. l.e. after the initiahe ¢, there is an online route from
the sources to every node in/». However, as argued in [14], worst-case adversarial choice
of topologies for a dynamic network precludes any deterstimiprotocol from completing
Broadcast, even if connectivity is guaranteed. Note thagBcast is an instance of Dissem-
ination, and that if there is connectivity then there ararentoutes between all nodes. Thus,
the property that the network is potentially epidemic ascdbed is not sufficient to solve
Dissemination, and further limitations to the adversarialement and activation schedule are
in order. While respecting a bound on the maximum spggd, which is a parameter, the
adversarial movement and activation schedule is limitetthbyollowing connectivity property

Definition 2. Given a Mobile Ad-hoc Network, an instance of the Disserangiroblem that
starts at timet;, and two integersx > 0 and 8 > 0, the network i§«, 3)-connectedf, for
every time slot > ¢; at which the problem has not yet been solved, there is a tiot¢’ Such
that the following conditions hold:

— the intersection of time intervals, ¢ + ) and[t’, ¢’ 4+ ) is not empty, and
— there is a pair of nodesg, p’, such that at’ p is informed an@’ is uncovered, and they are
active and neighbors the whole time interdl ¢’ + ).

Observe that thév, §)-connectivity property by itself does not guarantee thatrtbtwork
is epidemic, i.e. that the information is eventually disgeted. This can be seen, for instance,
if the sources never gets to transmit the informatiério any node. In fact, thanks to tlie, 3)-
connectivity, at most every slots, the sourceis connected to other nodes of the network for
at leasts time slots. But, we have progress only if the protocol to s@ssemination is able to
use thes slots of connectivity to cover some uncovered node. Thishg, we callpotentially
epidemic all networks that ensure the (3)-connectivity property.

1.3 Protocols for Dissemination

We consider distributed deterministic protocols, i.e.,agsume that each node in the network
is preloaded with its own and possibly different deterntiniglgorithm that defines a schedule
of transmissions for it. Even if a transmission is schedditgdh given node at a given time,
that node will not transmit if it is uninformed.

Following the literature on various communication privets [29, 30], a protocol is called
obliviousif, at each node, the algorithm’s decision on whether ormethedule a transmission
at a given time slot depends only on the identifier of the nadd,on the number of time slots
that the node has been active. Whereas, if no restrictiontispthe information that a node
may use to decide its communication schedule, the protsamliedadaptive Additionally,
in this paper, we distinguish a third class of protocols thatcall quasi-obliviousIn a quasi-
oblivious protocol the sequence of scheduled transmissidra node depends only on its
ID and a global time. Quasi-oblivious protocols have beanetimes called oblivious, since
the model assumed simultaneous activation, and hence aldloie was readily available.
However we prefer to make the difference explicit, as dorj@éi, because we found a drastic
gap between this class and fully oblivious protocols.



1.4 Previous Work

A survey of the vast literature related to Disseminationegdnd the scope of this article. We
overview in this section the most relevant previous workditidnally, a review of relevant
related work for static and dynamic networks beyond MANEas be found in Section 1.5.

The Dissemination problem abstracts several common prehile Radio Networks. When
some numbet < k < n of active nodes hold an information that must be disseméhtatell
nodes in the network, the problem is calle@electiorf29] or Many-to-all[10]. If & = 1 the
problem is calledBroadcast5, 31], whereas i = n the problem is known aGossiping8,
18]. Upper bounds for these problems in mobile networks mayded for Dissemination,
and even those for static networks may apply if the movemembddes does not preclude the
algorithm from completing the task (e.g., round-robin). {Ba other hand, if only the subset
of £ nodes have to receive the information, the problem is knoswdwalticast[10, 23], and
if only nodes initially located at a parametric distancerirthe source node must receive the
information the problem is called Geocast [27], defined iati®a 1.1.

Deterministic solutions for the problems above have bastiest for MANETS. Their cor-
rectness rely on strong synchronization or stability aggtions. In [33], deterministic Broad-
cast in MANETs was studied under the assumption that node rimoa one-dimensional
grid knowing their position. Two deterministic Multicastgqtocols for MANETS are presented
in [25, 35]. The solutions provided require the network tiogy to globally stabilize for long
enough periods to ensure delivery of messages, and themwassfixed number of nodes ar-
ranged in some logical or physical structure. Leaving asigenel contention, a lower bound
of £2(n) rounds of communication was proved in [38] for Broadcast IANETSs, even if
nodes are allowed to move only in a two-dimensional grid,ronmg over the2(D log n)
bound of [7], whereD is the diameter of the network. This bound was improve@ (e log n)
in [16] without using the movement of nodes, but the diameftére network in the latter is lin-
ear. Recently, deterministic solutions for Geocast weop@sed in [4] for a one-dimensional
setting and in [19] for the plane. In the latter work, the aughconcentrate in the structure of
the Geocast problem itself, leaving aside communicatisues such as the contention for the
communication channel.

1.5 Related Work

Static networksGiven that a static network is just an instance of a networknmodes are
allowed to move, lower bounds for the Broadcast problem alag apply to Dissemination,
but only if the network is geometric (i.e., the adjacenciéshe topology assumed can be
embedded irR?) and the target of the dissemination are all the nodes in ¢twark. The
following bounds are proved for models similar to the oneiassd in this paper. Exploiting a
lower bound on the size of a combinatorial problem cadleléctive familiesa lower bound for
deterministic Broadcast d?(n log D), whereD is the diameter of the layered topology used,
was shown in [12], yielding a linear lower boundlif € O(1). In [30], adaptive and oblivious
deterministic lower bounds aR(n) and 2(nmin{D, \/n}) respectively were presented for
the Broadcast problem in static Radio Networks. The congtm used for the former has
diameter at most and at least for the latter. Extending the construction used previously
in [7, 9] to geometric Radio Networks, a lower bound(®fr logn) is shown in [16] for the
Broadcast problem even if nodes do not move. The diametdreofi¢twork used in this case
is linear. In [24], it was shown that, for each oblivious detaistic Broadcast algorithm,
there exists a network of diamet2such that the running time is at least,/g), whereg is



the inverse of the minimum Euclidean distance between aimmyopaodes, by adversarially
placing nodes as the algorithm progress. The above boumdls @po to Geocast, but only if
d > D whereD is also the eccentricity but with respect to all nodes in thiestructions used
to prove them.

Regarding upper bounds, in [9], Chlebus et al. presentediapti&e protocol that com-
pletes deterministic Broadcast in less tham steps where: is the number of nodes in the
system, for a symmetric network without collision deteatiwhere nodes do not have any in-
formation of the network except their own unique identiatér denoted ID for short). Making
use of the simultaneous activation of all nodes, the prdtdefines an eulerian cycle over a
spanning tree of the network. Hence, this protocol could $edufor Dissemination only if
the movement of nodes does not change the topology. Nonesé thissumptions are present
in our model. Limiting the adversary to changes of topologg tb node failures only, it was
proved in [13] that the well-known round-robin Dn) algorithm, whereD is the diameter of
the network, is optimal for solving Broadcast restricteddonected non-failing nodes.

Dynamic Networks beyond MANEBmilar problems have been studied recently for dynamic
networks. A suitable model for time-dependent topologieeéDynamic Grapti6,11,15]. A
dynamic graph is a set efnodesl” and a sequence of edge-séts Fs, ... overV. Mapping
eachF; with a time slot;, a dynamic graph models a network with a possibly differepbtogy
for each time slot, usually calledzynamic Networ§3,14]. If such topology can be embedded
in R?, a dynamic network is a suitable model of a MANET (even und#uffes since a node
that is inactive at time stepmay be modeled by not including any of its edges to neighlgorin
nodes ink;). Dynamic networks may beventually connectd@]. In other words, the temporal
sequence of edge-sets may be such that no edge-cut lasterfaxe assumed ipopulation
protocols[1]. Communication primitives have been studied for dynanetworks [6, 11, 14,
15,34]. In [6,11, 14, 15] the results obtained are stocbasid, as argued in [14], worst-
case adversarial choice of topologies precludes any datistia protocol from completing
Broadcast, even if connectivity is guaranteed. In [34]ytbensider deterministic solutions to
solve two particular instances of the dissemination pmobke.g., routing and flooding. They
do not explicitly deal with the contention for the commuriica channel, and they request the
network to be always connected and to provide some locallistab

1.6 Our Results

In the following, we summarize our results. For a model whesdes may fail, there is no
global clock, and nodes may be activated at different tirmesjpper bound of(« 4 4n(n —
1)In(2n)) for Dissemination is proved in Theorem 8 by means of an allisideterministic
protocol based on Primed Selection [20]. For the same medekhow in Theorem 6 that
any oblivious protocol takes at lea®{((« +n?/Inn)n) steps to solve the Geocast problem if
Umag > 7/6(a+ [(n/3)(n/3 —1)/1n(n/3(n/3 —1))| — 2). Observe that these results are
tight up to a poly-logarithmic factor.

Moreover, in the same model, there is a quasi-obliviousymalt that solves Dissemination
in at mostn(«+n) steps as shown in Theorem 7. This algorithm mainly consfsidicst step
where each node synchronizes its clock with the source,lsrdthe execution of the classic
Round Robin protocol. The global synchronization signaéisied by the messages exchanged
for dissemination and it is the time elapsed since the sostanted the dissemination. On
the other hand, Theorem 5 shows that, even if nodes are tdiganultaneously and do not



fail, and an adaptive protocol is used, any Geocast protat@s at leasf2(n(a + n)) if
Umaz > 71/ (3200 +n — 4)).

The latter results are asymptotically tight and show th#itefdaptiveness does not help
with respect to quasi-obliviousness. The first lower boumd the last upper bound, show an
asymptotic separation almost linear between oblivious gumaki-oblivious protocols. In a
more restrictive model, where nodes are activated simedtasly, it exists an oblivious proto-
col, e.g., the well-knowRRound Robimprotocol, that solves Dissemination in at moét:+n).
This can be trivially derived from the fact that when nodesalt activated simultaneously, the
above quasi-oblivious protocol does not need the synchation step and thus simply reduces
to theRound Robirprotocol. Hence, the lower bound proved in Theorem 6 shoesatdi-
tional cost of obliviousness when nodes are not simultaslgactivated. This gap is what
we call theprofit of global synchronysince it represents the gain the network obtains from
global synchrony with respect to not having it. Moreovee, tluasi-oblivious protocol shows
that for the Dissemination problem, the simultaneous atitm performance can be achieved
by distributing the time elapsed since the source staredigsemination.

We note that the issue of who whether all, or only a subsetehtides, start an execution,
is of a central importance in distributed computing. In reases it might affect the solvability
of the problem (see Example 1 below), and it certainly midfech the time (see Example 2
below) or the message complexity (see Example 3 below).h&ls¢ examples refer to asyn-
chronous networks, so the issue of simultaneity is diffefiemm the one used in our case. The
examples are: (1) In [21] it is shown that no algorithm cawvedhe consensus problem if at
least one node might fail during the execution; howeverrésalt does not hold if the failure
can occur only at the beginning of the execution. Actualig, problem can be solved as long
as a majority of the processes are non-faulty, but thosefdiiato so at the beginning of the
execution. (2) In [22] an algorithm to find a minimum spanniireg in a network is presented.
It is shown that the execution can takén?) time if the processors are allowed to start at dif-
ferent times; however, if they all start simultaneouslyrilige time complexity i$)(n logn).

(n is the number of processors). (3) Finding a leader in a otwhose topology is a com-
plete graph is of message complexityn logn) if all nodes start the execution [28], but can
be solved by at mog?(k log n) messages when only k nodes start [26].

Additionally, it is shown in Theorem 1 that no protocol catvedhe Geocast problem (and
hence Dissemination) in afkv, 3)-connected networks unlegs> n — 1. Interestingly, it is
shown in Theorem 2 that this bound becomies |(n — 1)(n — 3)/4In((n — 1)(n — 3)/4)]
if the protocol is oblivious. Comparing these bounds with tequirements of the protocols
presented above, the quasi-oblivious protocol requited n, which is almost optimal, while
the oblivious protocol required € 2(n? log n), which is only a polylogarithmic factor larger
than the lower bound. These results also expose anothertaspiee profit of global synchrony
mentioned before: whilg = n is enough for quasi-oblivious protocols to solve Dissertiamg
oblivious protocols require a value Gfalmost a linear factor larger.

Finally, for an arbitrary small bound on node speed, we stmofthieorem 3 the existence of
an(«, 3)-connected network where Geocast takes at le@st- 1) steps, even using random-
ization; and the existence of &n, 3)-connected network where any deterministic protocol that
transmits periodically takes at leagin — 1) /2 steps, even if nodes do not move, in Theorem 4.

1.7 Paper Organization

The rest of the paper is organized as follows. In Section 2ntreduce some technical lem-
mas that will be used to prove our main results; in Section Jveee the lower bound on



link stability and on the time complexity to solve the Disgeation problem with respect to
some important aspects of the system (e.g. speed of moverheatles and their activation
schedule) and of the protocols (e.g., obliviousness vaxdaptiveness). We finally present the
corresponding upper bounds in Section 4.

2 Auxiliary Lemmas

The following lemmas will be used throughout the analysistrightforward consequence of
the pigeonhole principle is established in the followingpfea.

Lemma 1. For any time step of the execution of a Dissemination protocol, where a suldéet
of k informed nodes do not fail during the intenfal¢ + k — 2], there exists some node= V'’
such tha does not transmit uniquely among the node¥irduring the intervalt, ¢ + k — 2].

In the following lemma, we show the existence of an activagohedule such that, for any
obliviousdeterministic protocol, within any subset of at ledstodes, there is one that does
not have a unique transmission scheduled within a perioghiglwquadratic in the size of the
subset.

Lemma 2. For any deterministic oblivious protocol that solves Disseation in a MANET
of n nodes, where nodes are activated possibly at differentstimad for any subset df
nodesk > 3, there exists a node-activation schedule such that, fortimg slott and letting
m = |k(k—1)/In(k(k—1))|, each of thé nodes is activated during the intenjal-m+1, ¢],
and there is one of the nodes that is not scheduled to transmit uniquely among thoseles
during the intervalt, t +m — 1].

Proof. Consider any oblivious protocdl and any subset df nodes, wheré is an arbitrary
value such tha8 < k£ < n. If, according toll, the algorithm of one of thé nodes, call it
i, does not include a transmission scheduled within any derion steps within the firsem
steps, the claim holds by activatingo that such period starts at time slot

Otherwise, the algorithm of all thenodes must include at least one transmission scheduled
within any period ofn steps within the firstm steps. If, according té/, the algorithm of one
of the k nodes, call iti, includes less thah transmissions scheduled within any periochof
steps within the firstm steps, the claim holds by activatingo that such period starts at time
slott and the othek — 1 nodes are activated during the interiial m + 1, ¢] so that each of
's transmissions are scheduled at the same time that somet@hsmission. This is possible
because is scheduled to transmit less thatimes during the intervdt, ¢ + m — 1] and each
of the otherk — 1 nodes is scheduled to transmit at least once within any gp&fion. steps
within the first2m steps.

Otherwise, the algorithm of all thlenodes must include at leasscheduled transmissions
within any period ofm steps within the firstm steps, we say that thdensityof scheduled
transmissions in such period is at leagtn. Then, we prove the existence of the claimed
activation schedule by the probabilistic method. Consaier of thek nodes, call iti. Let i
be activated at time slat Choosing uniformly at random, for each of the otker 1 nodes,

a slot within the intervalt — m + 1, ¢] for activation, and using that the density of scheduled
transmissions within the fir&m steps of any node is at ledstm, the probability that has

a unique (among thé nodes) transmission scheduled during the intefival+ m — 1] is
less thanm (1 — k/m)*~1. Then, in order to prove the claim, it is enough to show that th
probability thati does not have a unique (among theodes) transmission scheduled at some



time step within:’s first m steps is strictly bigger thaf. Replacing, it is enough to prove
1—|k(k=1)/In(k(k—1))](1 = k|k(k—1)/In(k(k—1))]~1)*=! > 0. Using the inequality
l—z<e ™ for0 <z < 1[32,52.68], it can be seen that the inequality holds for any 3.

O

3 Solvability of the Dissemination Problem

If there is at least one node > — { s} at least one time slot is needed to solve Dissemination,
since the source node has to transmit at least once to pasgahmation. Furthermore, if all
nodes inVp are neighbors of, one time slot may also be enough if the source node transmits
before neighboring nodes are able to move out of its rang¢h®aother hand, if the latter is not
possible, more than one time slot may be needed. Let us eorthiel Geocast problem. Given
that the specific technological details of the radio comrmoation devices used determine the
minimum running time when the eccentricityds< r, all efficiency lower bounds are shown
for d > r unless otherwise stated.

3.1 Link Stability Lower Bounds
The following theorem shows a lower bound on the valug &r the Geocast problem.

Theorem 1. For any v,,4.. > 0, d > r, anda > 0, if § < n — 1, there exists arfa, 5)-
connected MANET of nodes such that no deterministic protocol for Geocast gxesten if
all nodes are activated simultaneously and do not fail.

Proof. Consider three sets of nodds B, andC deployed in the plane, each set deployedin an
area of size arbitrarily small, such thdt < £ < r andd > r+e¢. (See Figure 1.) The invariant
in this configuration is that nodes in each set form a cliqueryenode inA is placed within
distancer from every node inB, every node inB is placed at most at distanedrom every
node inC', and every node inl is placed at some distance< § < r + ¢ from every node

in C. At the beginning of the first time slot, the adversary places 1 nodes, including the
source node, in the set”, the remaining node in setA, and activates all nodes. The det

is initially empty. Given thatl > r 4+ ¢, = must become informed to solve the problem . Also,
¢ is set appropriately so that a node can mewistance in one time slot without exceeding
Umazx-

For any protocolll for Geocast, let be the first time slot where the source node is the
only node to transmit in the sét. Adversarially, lett be the first time slot when the source is
informed. Thus(«, 5)-connectivity is preserved up to time slofor any a.. At time slott, all
nodes placed id' are informed.

After time slott, the adversary moves the nodes as follows. Given that tHagowas
not solved yet and nodes @i do not fail, according to Lemma 1,there exists a ngde C
that does not transmit uniquely among the node§'iduring the intervalt + 1,¢ + n — 2].
Given that/T is a deterministic protocol, and the adversary knows theop and defines the
movement of all nodes, the adversary knows which is the gode

Assume, for the sake of contradiction, tiiak n — 2. Then, the adversary placgsn B
for all time slots in the intervel + 1, ¢ + 3]. Additionally, for each time slot’ € [t + 1,¢ 4+ f]
wherey transmits, the adversary movesBosome node € C' that transmits at’ to produce
a collision. At the end of each time sl¢tthe adversary movesback toC. Such a node
exists sincey does not transmit uniquely during the inter{tak- 1,¢ +n — 2] andn — 2 > 3.
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Lr o N
 r<d<r+e '

Fig. 1. lllustration of Theorem 1.

At the end of time slot + 3, the adversary moveg back toC' and the above argument
can be repeated forever preserving thes3)-connectivity and precluding/ from solving the
problem. Therefore; must be at least — 1. O

Building upon the argument used in the previous theoremadditionally exploiting the
adversarial node activation, the following theorem showsaeer bound on the value ¢f for
the Geocast problem if the protocol used is oblivious.

Theorem 2. For any v,q > 0,d > r,m > 8anda > 0,if 6 < m = [(n — 1)(n —
3)/41In((n —1)(n — 3)/4)], there exists afi«, (3)-connected MANET of nodes such that no
deterministic oblivious protocol for Geocast exists.

Proof (Sketch)Consider again the configuration described in Theorem E E&gure 1.) The
invariant, the initial location of nodes, and the value=adre the same as in Theorem 1. The
adversarial node activation schedule follows.

The adversary activatesands at the beginning of some time slat. Lett; > ¢, be the
time slot when the source node is scheduled to transmit thenration for the first time. Ad-
versarially, lett; be the first time slot when the source is informed. THus3)-connectivity
is preserved up to time slot for anya.

Consider a partitio C,, C. } of the nodes inC' so that|C,| = |C.| = (n — 1)/2. (For
clarity assume that is odd.) Nodes i, — { s} are activated during the intervial —m+1, ¢4]
so that some nodg < C, does not transmit uniquely among the nodeSjrduring the interval
[t1 + 1,t1 + m]. As proved in Lemma 2, such a node exists because the prasozblivious
andn > 8. Given thatll is a deterministic oblivious protocol known by the adveyséne
adversary knows which is the noge

Lett, > t; + m be the time slot whep transmits uniquely among the nodesag for
the first time aftet;. The adversary placesin B for all time slots in the intervdk, + 1, ¢2).
Additionally, for each time slot’ € [t; + 1, t2) wherey transmits, the adversary movesi&o
some node € C, that transmits at’ to produce a collision at. At the end of each time slot
t' the adversary movesback toC,. Such a node exists since; does not transmit uniquely
during the intervalt; + 1,t>). Right before time slot,, the adversary movegback toC,
precludingr from becoming covered. Right after time stetwheny transmits the information,
the adversary deactivates all node€in

For the following intervalts + 1,t2 + m], the above argument can be repeated using the
nodes in the sef’.. At time slott,, the transmission of nodg will inform all nodes inC..
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Thus, activating appropriately the nodegipduring the intervalto — m + 1, t2], some node
y' € C. does not transmit uniquely among the node§'irduring the intervalt, + 1, t5 4+ m].
Thus, moving nodes between sétsand B as described before once agairs not informed,
this time during the intervdts +1, t3), wherets > ¢ +m is the time slot whep' is scheduled
to transmit uniquely among the nodedip.

The above argument can be repeated inductively foreveragdhb problem is not solved
but, if 6 < m, («, 3)-connectivity is preserved. Thereforgmust be bigger tham. O

3.2 Time Complexity Lower Bounds versus Speed, Activationrad Obliviousness

Exploiting the maximum timey that a partition can be disconnected, a lower bound on the
time efficiency of any protocol for Geocast, even regarddgbe use of randomization and
even for arbitrarily slow node-movement, can be proved. foflewing theorem establishes
that bound.

Theorem 3. For any v, > 0,d > r, « > 0, and > 0, there exists ari, 3)-connected
MANET ofn nodes, for which any Geocast protocol takes at legst — 1) time slots , even
if all nodes are activated simultaneously and do not fail.

Proof. The following adversarial configuration and movement of eedhows the claimed
lower bound. Initially, nodes are placed in a circle (as deggl in Figure 2), all are activated si-
multaneously, and let the source be informed immediatebyngetivation. Le{vy, va, ..., vp—1,0,}
be the nodes located around the circle in clockwise diraatiberev; = s is the source node.
The nodes are located so that the distances between eacrgtie following. The distance
betweenv; andvy is r + ¢, wheree > 0 is set appropriately so that a node can move as
described below in one time slot without exceeding,,.. For eachl < i < n, the distance
betweery; andv;, isr. The pairvy, v, is placed at distancg r < 0 < d — ¢, wherez' >0
is set appropriately so that nodg can move as described below in one time slot without ex-
ceedingu.,... and it will be always within distancé from the source = v;. Every other pair
of nodes is separated by distance bigger thaim order to solve Geocast, nodg must be
covered.

Nodes stay in the position described until time slot- 1 when nodev, moves so that
in time slot« it is placed at distance of v; and at distance + ¢ from v3. Nodewvy does
not move after time slotv. Due to this configuration, the source node is not able torinfo
vo during the firsta — 1 time slots and, in the best case, becomes informed in time slot
«. After vy becomes informed, the argument can be repeated iterafwelys, vy, . . ., v,.
Given that each node, except for the source, becomes infbatnkeastx time slots after its
predecessor, the overall time is lower bounded as claima@nGhat a new uncovered node
becomes a neighbor of an informed node withislots and does not move after that, and all
other partitions are always connectéd, 3)-connectivity is preserved.

O

The linear lower bound for Geocast proved in Theorem 3 wawslaxploiting the max-
imum time of disconnection between partitions. Exploitthg adversarial schedule of node
activation, a quadratic bound can be shown for the impodkass ofequiperiodicprotocols,
even if nodes do not move. The protocol definition and therégradollows.

Definition 3. A protocol of communication for a Radio Networkdquiperiodicif for each
node, the transmissions scheduled are such that the nurfilcensecutive time steps without
transmitting, call itT — 1, is always the same. We say tHats theperiodof transmission of
such node.
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Fig. 2. lllustration of Theorem 3.

Theorem 4. For any v,,q > 0,d > r, « > 0, and > 0, there exists aria, 5)-connected
MANET ofn nodes, for which any deterministic equiperiodic protoeddds at least(n—1)/2
time slots to solve Geocast .

Proof. The following adversarial configuration and activation exthle of nodes shows the
claimed lower bound. Initially, nodes are placed as in Teao8, except that now the distance
betweerv; andv, is r» and nodes will be static. (See Figure 2.) The adversary @sibe IDs
of nodes so that the periods of transmission are assignediedsing order. l.e., the smallest
period corresponds to the source nadethe second smallest 1@, and so on. Theny; and
vy, are activated by the adversary at the same time, and let tihe smurcev; be informed
immediately upon activation. Given that they are activagimgultaneously, in order to solve
Geocasty,, must become covered. Regarding the remaining nodes, tleesady chooses the
activation schedule so that, for each nagewith assigned period;, 1 < i < n, nodev;
transmitsT; — 1 steps after becoming covered. In order to presénve)-connectivity, each
node: may need to be activated a number of periGdbefore, eventually even before the
source node. Assume that all periods are different. Givattkie first period cannot be smaller
than2, and each nodg 1 < i < n, transmits for the first time the information at led$tsteps
after becoming covered, the time bound follows.

If on the other hand the protocol is such that two nodeg have the same period of
transmission, the followinga, 3)-connected network and activation schedule shows that the
problem cannot be solved. The adversary places the nodestatiatwo-hop topology so that,
the nodest andy are neighbors of all nodes, but the source node is placednwdiktance
d and bigger tham from all nodes except andy. The adversary activatesandy so their
scheduled transmissions coincide in time. The rest of thkesare activated at the same time
thatx or y, whichever is the latest. When the source node transmitsfbemation for the
first time, both nodes andy, and no other node, become covered simultaneously. Gian th
both nodes are scheduled to transmit at the same time, thegnhissions collide forever at the
rest of the nodes. Thus, Geocast cannot be solved. The rieisyer, 5)-connected since it is
statically connected. O
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In Theorems 3 and 4 we showed lower bounds for Geocast faranity small values of
Umaz- WE NOW show that, by slightly constraining,,.., a quadratic lower bound can also be
shown for arbitrary deterministic protocols.

Theorem 5. For any vp,q. > 7r/(3(2ac +n —4)),d > r,« > 0 and 8 > 0, there exists an
(o, B)-connected MANET of nodes, for which any deterministic protocol take§ « + n)n)
time slots to solve Geocast, even if all nodes are activatedls&aneously and do not fail.

Proof. The proof is based on showing a configuration and movemenbv@és such that, in
order to solve the problem, all nodes have to receive thernmtion but, each of /2 nodes
receive the information at lea&t(« + n) steps after the previous one. In order to achieve that,
¢ movements among the othey2 nodes, which are informed initially, are used to produce
collisions while preservinga, 3)-connectivity. The following adversarial configurationdan
movement of nodes shows the claimed lower bound. Considleess of nodes!, A’, B, B,

C, and(C’, each deployed in an area of sizarbitrarily small, such that < ¢ < r and

d > r + ¢, and four pointsg, y, 2/, andy’ placed in the configuration depicted in Figure 3(a).
The invariant in these sets is that nodes in each set forngaslieach node i’ is placed

at some distance r and< r + ¢ from the pointsz, y’, and each node iB; each node iMd

is placed at some distancer and< r + ¢ from the pointst’, y, and each node iB; each
node inB is placed within distance of pointsz, y, 2, andy’, and each node i6' andC’;
each node irC' is placed at some distancer and< r + ¢ from the pointz; each node irC”

is placed at some distancer and< r + ¢ from the pointz’; and each node i®’ is placed
within distances of each node i3 and within distance of each node i’ andC"’. 4

(a) Distances invariant. (b) Initial configuration.

Fig. 3. lllustration of Theorem 5. A small empty circle depicts argadn the plane. A small black circle
depicts a node. A big empty circle/ellipse depicts an empty A big shaded circle/ellipse depicts a
non-empty set.

At the beginning of the first time slot, the adversary placgsnodes, including the source
nodes, in setB’, the remaining:/2 nodes in the sefl, and starts up all nodes. (For clarity,

4 During some periods of time a given set could be empty. we ntiesn: is separated (within) that
distance from any point in the area designated to th&(set
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assume that is even.) All the other sets are initially empty. (See Fig8(k).) Given that
d > r + ¢, all nodes must be covered to solve the problem. Adsis,set appropriately so
that a node can be moveddistance in one time slot without exceeding,., and so that a
node can be moved from set to pointz through the curved parts of the dotted line (see
Figure 3(a)), of length less than(r 4+ £)/6, in « + n/2 — 2 time slots without exceeding
Umaz- (TO S€e why the length bound is that, it is useful to notie the distance between each
pair of singular points along each of the circular dotteddiis upper bounded ly + ¢)/2.)
Lett be the first time slot when the source is scheduled to transwmitersarially, lett be
the first time slot when the source is informed. Nodes stapénpositions described until
and, consequently, all the othef2 — 1 nodes in seB’ receive it. Starting at time slot+ 1, the
adversary moves the nodes so that only one new node aveny/2 steps becomes informed.
First we give the intuition of the movements and later thaitiet (See Figure 3(b).) Nodes that
are not inB or B’ are moved following the doted lines. Some of the nodeB'irare moved
back and forth taB. Nodes initially in A are moved clockwise ta’, except for one of them,
sayu, which is moved simultaneously counter-clockwise to thapos. Upon reachingd’
nodes are moved counter-clockwise backit@xcept for one of them, say which is moved
simultaneously clockwise to the poimt, while the nodeu is also moved simultaneously to
the pointy. Upon reachingl, the remaining nodes repeat the procedure whikeeps moving
towardsC andv keeps moving toward§” throughy’ respectively. Nodes initially imd are
moved in the above alternating fashion, on€'tand the next one t6”, until all nodes become
informed. Movements are produced so tfwat)-connectivity is preserved. The details follow.
The movement of each nodemoved fromA to C'is carried out in three phases of at least
a+n/2 — 2 time slots each as follows. (As explained below, some nadgally in A will be
moved instead t@”, but the movement is symmetric. For clarity, we only desette whole
three phases for one node.)

Phase 1 During the firgt — 2 time slotsu is moved counterclockwise from towards the point
maintaining a distance r and< r + ¢ with respect to every node if. In the(a — 1)-th
time slot of this phasey is moved within distance of every node in seB3 preserving
(«, B)-connectivity. (See Figure 4(a).) Nodesi stay static during this interval. Given
that only nodes irB’ are informed and the distance between them-aizbigger than-,

u does not become covered during this interval.

During the followingn /2 — 1 time slots of the first phase, the counterclockwise movement
of nodeu towards the point: continues, but now maintaining a distance at mostith
respect to every node iB. In the last time slot of the second phasds moved to point

x. (See Figure 4(b).) During this interval, nodesBhare moved back and forth t8 as
described in Theorem 1 to guarantee thdbes not become covered before reaching point
x. Upon reaching point, « and all the other nodes in the network notBnor B’ remain
static. Phase 1 ends the time slot befotgecomes covered.

Simultaneously, along the first+ n/2 — 2 time steps of this phase, the remaining nodes
initially in A are moved clockwise td’. Then, even ifu becomes informed immediately
upon reaching point, « cannot inform nodes inl’ because they are separated by a dis-
tance> r. (See Figure 4(b).)

Phase 2 During this phasejs moved counterclockwise towards pointaintaining a distance at
mostr with respect to every node iB and B’. Simultaneously, nodes that were i at
the end of the second phase are moved counterclockwidestaept for one node that
moves in its own first phase td. (See Figure 4(c).)

Nodes moving fromA’ to A maintain a distance- r with respect tou. Thus, even ifu
becomes covered the information cannot be passed to thefoitrthe end of this phase
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(e) () End of phase 3 ofi, 2 of v, and 1 ofw.

Fig. 4. lllustration of Theorem 5. A small empty circle depicts argan the plane. A small black circle
depicts a node. A big empty circle/ellipse depicts an empty A big shaded circle/ellipse depicts a
non-empty set.
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is placed in point’. Thus, even ity becomes covered in the first step of its second phase,
cannot inform nodes idl because they are separated by a distance(See Figure 4(d).)
Phase 3 During this phase,is moved counterclockwise towards getmaintaining a distance at
mostr with respect to every node iB and B’. Simultaneously, nodes that were dnat
the end of the second phase are moved clockwisE &xcept for one node that moves
in its own first phase ta. Also simultaneouslyy continues its movement towards et
in its own second phase. (See Figure 4(e).)
Nodes moving fromA to A’ maintain a distance- r with respect taw. Thus, even ifv
becomes covered the information cannot be passed to thefoiso, nodes andw are
moved maintaining a distance r between them. Thusg, cannot informw. At the end of
this phase: has reached sét, v is placed in point/, andw is placed in points. Thus,
even ifw becomes covered in the first step of its second phasannot inform nodes in
A because they are separated by a distance (See Figure 4(f).) Upon completing the
third phasey stays static irC' forever so thatc, 5)-connectivity is preserved.

The three-phase movement detailed above is produced forreste initially in A, over-
lapping the phases as described, until all nodes have bemareeed. Given that when a node
u reaches the point, its phase 1 is stretched until the time step befobecomes covered by a
nodev in B and all other nodes remain static, the next nedbat will be moved from4’ to 2’
does not become covered bybecausev stays inA’ until . becomes covered. In each phase
of at leastr +n /2 — 2 time slots every node is moved a distance at m@stt-¢) /6 + . Thus,
settinge appropriately, the adversarial movement described doegalate v,, ... Given that
n/2 nodes initially inA are covered one by one, each at least withit n/2 — 2 time slots
after the previous one, the overall running time is lowerrm®d as claimed, eventit=1. O

The quadratic lower bound shown in Theorem 5 holds for angrd@histic protocol, even
if it is adaptive. Building upon the argument used in thabtieen, but additionally exploiting
the adversarial node activation, the following theoremagha roughly cubic lower bound for
oblivious protocols, even relaxing the constraintgp, ...

Theorem 6. Foranyn > 9,d > r,a > 0, 8 > 0, and vy,4, > 7r/6(a + [(n/3)(n/3 —
1)/In(n/3(n/3 — 1))] — 2), there exists affa, 3)-connected MANET of nodes, for which
any oblivious deterministic protocol takéx (o + n?/ Inn)n) time slots to solve Geocast.

Proof (Sketch)The following adversarial configuration and movement of edhows the
claimed lower bound. Consider again the configuration desdrin Theorem 5 (illustrated in
Figure 3(a)). The sets and distance invariant are the sarinetlagt theorem. Regarding node
location, the adversary placés /3 nodes, including the source nodgin setB’, and the
remainingn/3 nodes in the sefl. (For clarity, assume thatis a multiple of3.) All the other
sets are initialized empty. (See Figure 3(b).) Alsds again set appropriately so that a node
can be moved as required without exceeding,, and all nodes im that are active at the
time that the source node transmits, must be covered fordtieplar value ofl > r.

The adversarial node activation schedule followsshet | (n/3)(n/3—1)/In(n/3(n/3—
1))]. Consider a partitiod B/, B.} of the nodes inB’ such thatB/| = |B.| = n/3 and
s € B!. The adversary activates all nodes in the 4ednd s simultaneously. Let; be the
time slot when the source node is scheduled to transmit thenmation for the first time. Ad-
versarially, lett; be the first time slot when the source is informed. Given thatales inA
are active and within distaneeof s at timet, all nodes inA must be covered to solve the
problem.
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The rest of the nodes iB/, are activated for the first time during thetime slots before,
so that some node € B/, does not transmit uniquely among the node®jnbefore the time
slot¢; +m — 1. As proved in Lemma 2, such a node exists because the prasoablivious
andn > 9. At the end of the time slat, when node transmits uniquely for the first time, all
nodes inB/ are deactivated.

Nodes inB., are activated for the first time during the time slots before, so that some
nodee € B!, does not transmit uniquely among the nodeBjrbefore the time slat, +m — 1.
As proved in Lemma 2, such a node exists because the progoablivious and: > 9. At the
end of the time slot; when node: transmits uniquely for the first time, all nodesiif are
deactivated.

These alternating rounds of activation are repeated umgiptoblem is solved. In each of
the rounds of activation described here, and concurrerittytive movement of nodes iA in
the second interval of the first phase described in Theoremodes are moved between sets
B’ and B as described in Theorem 5, but now using the last node tortiansiquely in B
and B/ alternately.

The movement of nodes fromandA’ to C andC” is performed slower than in Theorem 5
since, for example, an uncovered node frdnhas now at least + m — 2 time steps to be
moved fromA to = before being informed. In each phase of at least m — 2 time slots
every node is moved a distance at moegt+ ¢)/6 + . Settinge appropriately, the adversarial
movement described does not violatg,...

Given thatn/3 nodes initially inA are covered one by one, each at least within m — 2
time slots after the previous one, the overall running tisewer bounded as claimed.

The movement of nodes is the same as in Theorem 5, althougmodes fail. However,
nodes witnessingu, §)-connectivity do not fail while doing so. Thus, the netwosKd, 3)-
connected. O

4 Upper Bounds

Solving the Dissemination problem under arbitrary nodeéation schedule and node-movement
is not a trivial task. To the best of our knowledge, deterstiniprotocols for such scenar-
ios were not studied before, not even for potentially epidenetworks such as afw, 3)-
connected MANET, and not even for specific instances of Digsation. In this section, a
quasi-oblivious protocol and an oblivious one that solvesemination, both based on known
algorithms particularly suited for our setting, are ddsed and their time efficiency proved.
The first bound is asymptotically tight with respect to therenpowerful class of adaptive
protocaols.

A Quasi-Oblivious Protocol.The idea behind the protocol is to augment the well-known
Round-Robin protocol with the synchronization of the clo€kach node with the time elapsed
since the dissemination started, which we callgiabal time (See Algorithm 1.) This is done
by embedding a counter, corresponding to the global time, in the messages exclatoge
disseminate the informatioh Given that the schedule of transmissions of a node depends
only in its ID and the global time, the protocol is quasi-slaus.

In the following theorem, we prove that this quasi-oblisalgorithm solves Dissemina-
tion for arbitrary values of,,,.. in at mostn(« + n) time steps. Formally,

Theorem 7. Given an(«, 3)-connected MANET whef@ > n, there exists a quasi-oblivious
deterministic protocol that solves Dissemination for &y values ofv,,, ... in at mostn(a +
n) time steps.
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Algorithm 1 : Dissemination algorithm for node I is the information to be dissemi-
nated. The source node initially sets= 0.

1 uponreceiving(I, T) do
2 for each time slotlo

3 increaser by one

4 if 7 =14 mod nthentransmit(/, 7)
5 if 7 > n(a + n) then stop

Proof. As a worst case, we assume that all nodes in the network muesmMeeed, and, ..., IS
arbitrarily big.

Using 7, each node achieves synchronization with respect to the sit@p when/ was
transmitted for the first time. Thus, since each node traissmia unique time slot, collisions
are avoided.

Let us denote by’ the set of covered nodes, a6{t) the setC at the end of time slat.
Let us denote by; the time slot at which the sét increases from sizéto i + 1°. The time
slot when the information is transmitted for the first time¢hent,.

We prove that; ;1 —t; < a+n and thus in the worst case, after timgv+n) all nodes are
informed. At timet;, the set of node€'(¢;) and the remaining nodes in the systém- C'(t;)
constitute a non trivial partition.

Given that the network iéx, 5)-connected, for each time slgtand in particular for time
slott;, there exists a time slat > ¢; such that a pair of nodgse C(¢') andg € V — C(t')
such thatp is informed and; is uncovered at timé&, p andq are neighbors and active for all
the intervallt', ¢ + ) and this latter intersects with the interygl, ¢; + «). In the worst case
attimet’ + 3 a new node is covered, singe> n.

Remember that eveny time steps each informed node will re-transthitinless the stop
condition is verified. (l.e.n(« 4+ n) time slots after the source node transmitted for the first
time.) Since8 > n, we know that at time;,; < ¢ + n nodeq is informed. Since’ + n <
ti + o+ n,we have thati+1 <t +a+n. Thus,ti+1 —t;, <a+n. O

Recallthat? > n—1is required for the problem to be solvable as shown in Thedreris
upper bound is asymptotically tight with respect to the Iolveund for general deterministic
Geocast protocols whewy,,,. > 7mr/(3(2a + n — 4)) shown in Theorem 5. Thus, we can
conclude that having extra information in this case doedal.

An Oblivious Protocol.We finally describe how to implement an oblivious protocal fos-
semination, based dPrimed Selectioya protocol presented in [20] for the related problem of
Recurrent Communication. Given that in this protocol theestule of transmissions of a node
depends only in its ID, the protocol is oblivious. This uppeund is only a poly-logarithmic
factor away from the lower bound shown in Theorem 6.

In order to implement Primed Selection, oneroprime numbers is stored in advance in
each node’s memory, so that each node holds a different primeber. Letp, denote the
(-th prime number. We set the smallest prime number used tp,behich is at least,
because Primed Selection requires the smallest prime nutodege at least the maximum
number of neighbors of any node, which in our model is unkndire algorithm is simple to

51t may happen that two nodes receive the message at the sammeRBut this does not affect the
correctness of the proof, it just reduces the time neceg$satkie problem to be solved.
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describe, upon receiving the information, each node wisigagd prime numbaes; transmits
with periodp;.

It was shown in [20] that, for any Radio Network formed by a Bebf nodes running
Primed Selection, for any time slgtand for any node such that the number of nodes neigh-
boringiisk — 1,1 < k < n, i receives a transmission without collision from each of its
neighbors within at most max;cy p; steps aftet. Given that in our setting the biggest prime
number used i®2,,_1, thatp, < z(lnz + Inlnz) for anyz > 6 as shown in [40], and that
due to mobility all nodes may get close#dn the worst case, we have thiainax;cy p; <
n(2n — 1)(In(2n — 1) + Inln(2n — 1)), for n > 4. Which is in turn less thadn(n —
1)In(2n) for n > 3. Hence, given that in the worst case all nodes must be coris@st
one at a time and that the network(is, 3)-connected, the overall running time is less than
n(a + 4n(n — 1)In(2n)). We formalize this bound in the following theorem. Recalitth
B> |(n—-1)(n-3)/4ln((n — 1)(n — 3)/4)| is required for the problem to be solvable
whenn > 8 as shown in Theorem 2.

Theorem 8. Given an(a, 3)-connected MANET, whefe> n(2n—1)(In(2n—1)+Inln(2n—
1)) andn > 4, there exists an oblivious deterministic protocol thatvesl Dissemination for
arbitrary values ofv,,q, in at mostn (o + 4n(n — 1) In(2n)) time steps.
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