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On maximizing the lifetime of distributed
Information in ad hoc networks with individual
constraints

C. Westphal

Abstract— Ad-Hoc networks and in particular sensor and off states to economize battery power. At ev-
networks are networks of nodes with limited battery and ery Wake_up time in the duty Cyc|e’ the states that
limited processing capacity. As such, a single node carriesWere maintained in the previous cycle might have
an incentive to limit the amount of data it contains. This
leads to the expiration of the data carried by the node af- 0€€n flushed out. The node then starts the new cy-
ter a period of time, due for instance, to a re-boot after an cle with a blank slate. The lifetime of the data which

off period in the duty cycle, or to older information being composed these states is thus that of the oewy-
"pushed” out by new data received by the mobile node. On le.

the other hand, some data is critical to the functioning of .
the whole network. For instance, the existence and positon I another example, the constrained resource

of a gateway towards the infrastructure network should be could be the memory storage itself: a node in an ad
kept somewherdn the network, so that nodes are able to hoc network m|ght store data that keeps Streaming
recover this information when needed. In this extended ab- in. For instance, a set of nodes sharing mp3 or mpeg

stract, we study the trade-off between the finite lifetime of : .
a piece of information at each node, and the survival of this files in an ad-hoc peer-to-peer network: the capac-

information indefinitely within the network. We consider ity of the typical portable multimedia player is much
a simple dissemination process for the information akin to |ess than the size of a typical music library, let alone a
an AODV-based information request/reply mechanism. We movie library. After some initial period filling in the
show that the maximum number of hops in a request is a .

critical parameter to ensure the survivability indefinitely of memory, some ChQICe has to be made as to what to
any information within the network. We identify the pa- keep and what to discard. If all the data has the same
rameter which minimizes the load on the network, for anet- priority, then a FIFO policy could be used to discard
Wr‘]’rk %rapht satisfying ”t‘r? POiSfo?taooé?a” m_Od‘i_'- we ét'hso the oldest data and replace it with the newest. Other
show how to minimize the cost of the dissemination on the . . .

network, so as to keep this cost decreasing asymptotically to policies would Y'eld dlﬁgrent length of S_ta_y f‘?r the
0. data on the device, but in most case, a finite lifetime
Is assigned to the data by the user’s policies and re-

source constraints.

In an ad-hoc networks, without even considering
that nodes could move relative to each other, locating
|. INTRODUCTION data objects which has a finite lifetime might prove
difficult: the data object that existed at timenight
D-HOC networks are collection of nodes orgahave expired at time + 7. Since each single piece
nized without the assistance of an infrastruof data will eventually disappear, the data consisting
ture. The nodes join and leave the network, or mow# a given object must be replicated throughout the
about, making it a permanent challenge to identifyetwork. For instance, a peer-to-peer network will
which node is able to provide which information t@ontain multiple copies of the same mp3 file. Mul-
the other nodes in the network. tiple sensor nodes in a wireless sensor network will
Further, resource constraints on the node limit tloentain a network configuration file pointing to the
amount of data carried by each node. Due to thgskysical location of the information sinks in the sen-
resource constraints, the data carried by the node disr network, or some routing information, or some
appears, or expires after some time. For instance other data object pertaining to the function of the net-
a sensor network, a node might alternate betweenwark.

Index Terms— Ad-hoc networks, sensor networks, con-
tact process, peer-to-peer systems.
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While each node tends to discard data objedtsen the broadcast mechanisms becomes the default
to satisfy its resource constraints, the network asr@de anyway.
whole has an incentive to ensures that copies of eactOf course, flooding the network will find any copy
object are alive and distributed throughout the neatf the requested object. However, we would like
work. The object might be necessary for the netwotk minimize the impact of the broadcasting phase,
to work properly, as in the configuration file examplenostly by limiting the broadcast radius. As the num-
in a sensor network. Or the wide availability of eveher of nodes grows, the amount of broadcast traf-
the rarest objects might be an incentive for nodesfio grows as well. Mechanisms exist to reduce the
join the network, as in the peer-to-peer example. Theount of data (minimal spanning tree broadcasting
network incentive is thus to preserve the existencemiechanism, such as [1] for instance) but they add on
data objects while each single node has the resouptecessing complexity.
constraint to remove such objects.

Information Distribution in a Lattice Topology
¥
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A. Dissemination Process B e Bt aHH
The issue we are interested in becomes dual: first, [ - QQQQMOMQ @Q f@
is it possible to ensure théive replicas of a given S06co250000008000000000006000
object exist within the network at all times? And sec- (o ccgeegedoogoege oo
ond, when a node requires the use of a data object, is  |Zc2%:%c 2076 00000 80680 oo
it possible to locate such object efficiently? [©ccccecedoecoc®odoe0o 000000y
Before stating the main results, we consider the |2 %c:2%8c000 0 ccoiooi @il
problem of locating objects distributed throughout 1529599299292 2900o o020 °00>
the network. A node needs to access a given object. 2@%2 XQz 2000 MQZZ
In an ad hoc network, this first node is unable to refer [00ce0eccoceoc0oco00ecoco0o0 s
Sigotigeeiisie S8

to a centralized location registry, as there is no such crocc et
infrastructure. The simplest way is for this node tg, ;
broadcast an object request. The request is sent to its
neighbors, who relay it to their neighbors, etc., un- Figure 1 depicts a lattice network which was uni-
til it finds a second node that has a live copy of thiermly seeded with replicas of one object. It shows
object. This second node can then reply to the fingie distribution of the objects after running the re-
one with a copy of the object. This is the principlply/request dissemination process: nodes with a
that AODV [14] uses to locate the correspondent ofthicker diamond mark are the nodes which store the
node for routing purpose. It has been suggested [14]id object, nodes with a light mark do not maintain
to extend this protocol to locate a more general clagsstate with the object. However, the object is dis-
of objects than routing data. We consider a similatibuted somewhat uniformly in this scenario, and it
request/reply mechanism for the problem of locatirig available to most nodes within 3 hops.
objects in the ad hoc network. A contribution of the paper is that it is the first
The request/reply mechanism is attractive asstudy of an ad hoc network that stores object with
both locates and replicates the data objects. EaxHinite lifetime. The typical assumption in dis-
positive reply creates a fresh copy of the object at thdbuted systems is that the information is not perish-
requestor, which then uses the object for its intendatlle, something that is not true due to the individual
purpose and stores it for other for a period of tim@odes constraints in an ad-hoc or a sensor network.
We call this mechanism thgdissemination process We also believe that it is one of the first attempts
More sophisticated solutions using distributedt generalizing the contact process to the field of ad
hash tables (see for instance [15], [16] and numdtec networks, where we believe it would find a wide
ous others) exist, but we do not consider them at ttapplicability. It has been used in a communication
point: since the lifetime of the object is not known context, but in one dimension by [17]. This paper
priori but is rather a parameter of the node holdingxtends the results of [18]. [18] initiates the analy-
the object, it is difficult for a DHT to always point tosis presented here, but focuses on two topologies for
a live copy. If the DHT does not point to a live copyad hoc networks: the tree topology and the lattice

Information distribution over a lattice
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topology. These are reasonable topologies to studyOne canonical result is that there exists a value of
ad hoc routing in some network is done according< \. < oo which defines a critical threshold: ¥
to a minimal spanning tree, and the tree structureigsless than\., then)\ is described as subcritical, and:
thus widely used. Lattice topologies are used to ef-
ficiently cover areas. This work extends the results Plrs(A) <oo] =1 (2)
in [18] to randor_n topologle_s. . Otherwise, ifA > )., that is, in the supercritical
We now detail the analytical model before statlngase_
the results. '
O(\) £ Plrs(3) = o0] > 0 3)
Il. NETWORK MODEL In the first case, the process dies out in a finite time
We consider the network graph as a Poissatmost surely. In the second case, there is a posi-
boolean model53(¢, R), where the nodes are distive probability that the process never becomes ex-
tributed according to a Poisson point proces® tinct. While the second case does not guarantee the
with intensity¢ and two nodes are connected if thegurvival, the first case guarantees the extinction: this
are within distanceR? of each other. We sek to should be enough motivation to identifying the value
be supercritical, as no dissemination can occur otlthich separates both cases.
erwise. © can be made close to 1 by choosing the right
A. Whenever we talk about an object staying alive
indefinitely, it is to be understood: staying alive with
some chosen probability.
The threshold contact process was studied by [9].
It is a variant of the contact process first described |\ CRriTICALITY OF THE BOOLEAN MODEL
by Harris [10]. For an in depth description of the
contact process, we refer the readerto [12], [13]. T
threshold contact process is a Markov process on
lattice.
In 2 dimension, the procegsY,(v)} takes value 1
if the nodev with coordinatesz, y) € Z? possesses
some given object, or 0 otherwise. We will write that Lemma IV.1:For a fixed), there exists a critical

a “Od‘?U is infected iL.X (v) = 1, or that the site is radius D%’ for the threshold contact process on the
occupied. IgtticeZQ

In the threshold contact process, an occupied no &orD < D. the process is subcritical, and, if
becomes vacant with rate 1, while a vacant nod o ' ’

becomes occupied with rate if at leastd nodes T?Z?S) is defined as, for some finite initial condition

w € v+ N are occupied/ is a convex finite subset '

of the lattice c_entered at the origin, which is_invariant 7s(D) = inf{t : Va,y € Z%, X,(z,y) =0}  (4)

by the reflections about and the permutation of the

coordinate axes. In our case, we consider a particuthen:

lar case of the threshold contact process, With 1

and.\ the set of nodes at distané of the origin, Plrg(D) < oc] =1 (5)

where .th?. dlstanc_e_ @k, y) to the origin s} + ‘.y" Otherwise, ifD > D,, that is, in the supercritical
The initial condition of the process is the finite Seéase'

S of nodes such that, at time Qjy(s) = 1if s € S '

and 0 otherwise. O(D) £ Plrs(D) = 0] > 0 (6)
One quantity of interest is the extinction time for

the contact process when the initial condition at tinféroof: We restrict ourselves here to the processes on

0is S as it depends oi, namelyrs(\): the lattice.

IncreasingD increases the number of nodes that

75(\) = inf{t : Va,y € Z*, X,(z,y) = 0} (1) can request the object from a given node, and thus

[11. THE THRESHOLD CONTACT PROCESS

eThe first contribution of this paper is to generalize
ttr}r{ug threshold contact process to the Poisson boolean
model, and to identify the existence of a critical ra-
dius D. For a fixed)\, there exists a radiu®,. such
that, forD > D., P(T = o0) > 0.

We now state the results formally.
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the likelihood that a node will disseminate the obS(i, 5 + 1). Symmetry ensures that a similar path
ject. The system with\ fixed and a variablé) can exists, rotated 90 degrees, betwegn j) andS(i +

be mapped to system with fixed and a variable.. 1, ;) with the same probability.

We need to show that the critical behaviordfrans- ~ We now consider the bond percolation model on
lates into a critical behavior fab. the lattice and say that the edge betweer) and

We define byS;,; the square composed of thdi, j+1) (and similarly(i—1, j), (¢, j+1) or (i, j—1))
nodes of coordinateBD + i,/D + j wherei,; € is open if there exists the "Lorraine cross” shaped
{0,...,D — 1}. We define the process(k, 1) to be path described above in the Poisson boolean model
equal to 1 ifX,(v) = 1 for at least one € S;.;, and joining S(i, j) to S(i, j+1). This defines a bond per-
0 otherwise. The process is an aggregation ok colation model with edge probabiliy For a similar
over the squares;, ;. construction, see [2].

We start the proces¥ at time 0 and define a Pick someL < Z. Denote by)-(v, w) the square
processY’ that is equivalent toY” with the fol- in the lattice containing the pointS, j) such that
lowing difference: ifY;(k,) turns from 0 to 1 by vL <i < (v+1)LandwL < j < (w+ 1)L. Define
receiving the object reply from a node in eitheby Ar the event that there is a "cross of Lorraine”
Ski1a41, Sk—1.041, Ska14-1, Sk—11-1, thenY’ stays shaped path joining two neighboririg squares in
equal to 0. This means tha} (k,!) can be infected the bond percolation model.
only by its single hop neighbors on tlk, ) lattice,
not by the nodes that are diagonally connected to
Y’ <Y by construction, for alt and all(k, [).

Now, we also assume that goes from 1 to 0 ac- |
cording to the process of one of the infected node
Sk.- Which one does not matter as they are all di
tributed independently with a Poisson process wi
the same rate. Agairy’ goes to O faster thalr,
sinceY will turn to 0 only when all the nodes in the
square have a value 0 fof (including the one we
chose fory”).

The rate of requests in the procéssfrom its sin-
gle hop neighbor isD?)\ (we consider only the re-
quest that infect the neighbor). This is a thresh-
old contact process with radius 1, extinction rate dg. 2. cross of Lorraine path joining to neighboring squares
and rateD?)\. We know thatoo > A\! > 0 exists
for such process, and thus, takifgpig enough such By a well known result (see for instance [8]
that D2\ > )\(1:, the process§” is supercritical. Lemma 11.22 extended to our case), we have for

This in turn implies thal” is supercritical, and’  somex,y > 0:
must be as well. m L

Theorem IV.1:For a fixed )\, there exists a criti- Pp(Ar) 21— ae™ (1)
cal radiusD? for the threshold contact process on Thus, we probability, = P,(A.), a request is-
B(¢, R). sued by a node in the connected cluster in one square
Proof: To construct the lattice, pick a lengthand will be forwarded to each of its neighboring squares.
define the squarg(:, j) to be the set of pointSr,y) Denote by a hop the transmission of a request from
such that! < x < (i+ 1)l andjl <y < (j + 1)I. inside one squarg to a neighboring square.
Since the Poisson boolean model is supercritical byA request set to traveh hops in the)" lattice will
assumption, we can pidkig enough such that, withtravel on average at leagf A hops. By a sphere
probabilityp there is a path withi$ (i, j) connecting packing argument, each hop is composed of at most
the left to the right to the top to the bottom sides)(L?) hops within eachy. square times at most
a path withinS(i, 7 + 1) connecting the left to the i?/R? hops within eachS square. If we set for a
right to the top to the bottom, and both paths are suglvenp, then the number of relays for a request is of
that they connect at the boundary betw&éh j) and the order ofO(L?).
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Thus we can write the relation pf* as a function squares, by our construction, there is a path joining
of L: these nodes with probability. The nodes on this
path are forwarding nodes, or type F: these nodes
pp~ (11— OA‘B_VL)L2 — Lo | (8) only carry the requests and reply between the nodes
of the type RS. All the other nodes are idle nodes,
Thus we can pickL large enough and\ large and do not participate in the dissemination.
enough so thaiz A > D, as per Lemma IV.1. These This defines a lattice overlay network over the
values ensures the survivability of the threshold cogriginal network. We need to assess the number of
tact process in the Poisson boolean model. hops K between two nodes of type RS, or some up-
Putting everything back together, we see that sefer bound thereof. Each request-and-store nodes are
ting the number of hops in the Poisson booleat i hops away, so a request sent oi&b hops will

model to be more than: visit D request-and-store nodes. The threshold con-
« [?/R? hops in the squarg times tact process can be kept alive indefinitely with prob-
« L? hops in the squarg times ability ©, for D > DZ’,
« A hops in the larger lattice To assess the cost, see that there are abBut

Taking D > AL?I?/R? yields survivability of the nodes in the square, but transmission involves at
process. We have proved that there is a value fmostK4.3(D — 1) transmission. This upper bound
which the process survives indefinitely with someomes from the fact that each square other than the
strictly positive probability, thus we showed the ex@rigin can forward the request to at most 3 neigh-
istence of a critical radius for the threshold contabors. Using lemma V.1, which we will detail below,

process in the Poisson boolean model m and taking large enough ensures that e. m
Lemma V.1:Define by K the length of the path,

measured in hop count, from one request-and-store
node to the nextk = o((?)

The previous section dealt with disseminating irRroof: The intuition behind this result is that one can
formation in the network so as to ensure it survivesarrow a path into a smaller and smaller area of the
We have seen that if each nodes requests the infequare as the size of the square grows larger.
mation from its neighbord) hops away, then the
information is preserved in the network, with som
probability ©.

The cost in number of messages per node per u
of time can be assessed. It depends on the numbe oatl)
neighbors of each node, which depends on the inte w I g
sity ¢ of the Poisson process in the Poisson boole  engin1
model, and orD. It is of the order of\ ({7 R?)".

The next theorem shows how to minimize the co
by dividing the nodes in three categories: nodke
which request and store the information, nod¢
which only forward the information, and node:
which stay idle.

Theorem V.1:Define the cost of maintaining the
information alive to be the number of messageg; 3. | ogarithmic bounds on the crossing paths
transmitted per node per unit of time. For each 0,
we can construct a dissemination mechanism suchA consequence of Theorem 3 in [6] is that each
thatc < e. of the vertical and horizontal crossing which connect
Proof: We consider again the squarg€§, j) as per the nodes of type RS can be found with high proba-
the previous section. We choose one node on thity into rectangle of sizé x log!. The number of
connected cross of Lorraine to be a request-and-stoetay in between two RS nodes is thus bounded by
node in each of the square. We say these nodes e area of such narrow rectangles over the size of
of type RS. Between two such nodes in neighborirtige square.

V. COST OF THE DISSEMINATION
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By taking! large enough, we ensure that the prolg] Durrett R., Schonman R., Tanaka N., The contact process on a

ili indli ithi finite set lll. The critical case Ann. Probab. 17 (1989), 1303-21
ablllty of fmdmg path within the x log(l) rectangle [6] Franceschetti M., Dousse O., Tse D., Thirai©oR the throughput

with high enough probability — /2. The cost of capacity of random wireless networkseprint.
disseminating the information becomes bounded [ﬂ/ Gilbert E. Random Plane Networksl. Soc. Industrial Applied
a quantity of the ordefog({)/l. Taking! such that (g Mathematics, Vol. 9, No. 4, 1961, pp.533-43.

) ) ] Grimmet G.Percolation Springer-Verlag, New York, 1991.
log(1)/l < €/2 gives a total forwarding cost boundegb] Handjani S.Survival of Threshold Contact Processasurnal of

Theoretical Probability 10 (3): 737-746, July 1997.
above bye. . [10] Harris T.E.Contact Interactions on a Latticen Annals of Prob-
ability, 1974, Vol.2, No. 6, 969-988.
[11] Koodli R., Perkins C. Service Discovery in On-Demand Ad
VI. CONCLUSION Hoc NetworkslETF Manet Working Group, Internet Draft draft-
koodli-manet-servicediscovery-00.txt, 9/2002.
We havg shown that the threShc’lq (_:cmtaCt pI‘OCG[§§ Liggett T. Stochastic Interacting Systems: Contact, Voter and
on the Poisson boolean model exhibit a phase tran-Eexclusion ProcesseSpringer-Verlag, New-York, 1999.
sition for the broadcast radiu®, and that a reply- [lg]YI(_)Irigitst)E; Interacting Particle SystemsSpringer-Verlag, New
request can be used to keep the information obje@lsi perkins C., Royer EAd hoc On-Demand Distance Vector Rout-

alive within the network at an arbitrarily low cost. ing. Proceedings of the 2nd IEEE Workshop on Mobile Comput-

Further issues to consider involve the design of the "9 ggsi%g's and Applications, New Orleans, LA, February 1999,
pp. 90-100.

protocol to ensure that all the nodes that are part] Plaxton C., Rajaraman R., Richa Accessing Nearby Copies of
of the infinite cluster in the Poisson boolean model Replicated Objects in a Distributed EnvironmeACM Sympo-

. sium on Parallel Algorithms and Architectures, 1997.
take turn being a request-and-store node, a forwafg stoica 1., Morris R., Karger D., Kaashoek F., Balakrishnan H.

ing node or an idle node. Chord: A Scalable Peer-to-Peer Lookup Service for Internet Ap-

: : : plicationsin Proceedings of ACM SIGCOMM, 2001.
Ar_lother_lssge of mtgrest IS h_OW to r_educe the C(_)[§ti] Wagner A., Anantharam VDesigning a Contact Process : The
of disseminating the information while keeping it Piecewise-Homogeneous Process on a Finite Set with Applica-
available to all the nodes with some probability, and tions. Stochastic Processes and their Applications (to appear,

. . available from http://www.eecs.berkeley.edu/ ananth/).
not only to an overlay subset. Hierarchical schem@s) westphal, c.on maximizing the lifetime of distributed informa-
spring to mind, and this is the focus of future re- tionin ad hoc networks with individual constraints: lattice and
search tree topologiesto appear in Proc. of Mobihoc 2005, May 2005,
c . . . Urbana-Champaign, IL.

The infinite size of the network runs against practi-
cal situations. We would like to study the asymptotic
behavior of our dissemination process as the size of
the network grows. The contact process shows dif-
ferent asymptotics above and below a critical thresh-
old [3], [4], [5], and it would be interesting to study
the behavior of the dissemination process in this con-

text.

ACKNOWLEDGMENTS

The author would like to thank Aaron Wagner and
Venkat Anantharam for their invaluable and helpful
discussions.

REFERENCES

[1] Chen B., Jamieson K., Balakrishnan H., Morris FSpan: An
Energy-Efficient Coordination Algorithm for Topology Mainte-
nance in Ad Hoc Wireless NetworksACM Wireless Networks
Journal, Volume 8, Number 5, September, 2002. Pages 481 - 494.

[2] Dousse O., Mannersalo P., Thiran Patency of wireless sensor
networks with uncoordinated power saving mechanismBroc.
of MobiHoc 2004, Tokyo, Japan.

[3] DurrettR., Liu X., The contact process on a finite set Ann. Probab.
16 (1988), 1158-73

[4] Durrett R., Schonman R., The contact process on a finite set I
Ann. Probab. 16 (1988), 1570-83



