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Expected Routing Overhead in Mobile Ad-hoc
Networks with Flat Geographic Routing

Richard J. La and Eunyoung Seo

Abstract—We study routing overhead in mobile ad-hoc net- A. Background

works employing geographic routing with no hierarchy. We first : .
provide a new framework for quantifying routing overhead due In most of these studies, however, authors do not explicitly

to control messages generated to exchange location information @ddress the issue of routing overhead. To be more precise,
Second, we compute the minimum number of bits required on they do not explain how necessary routing information is
average to describe the locations of a node, borrowing tools from obtained and how much network resource (e.g., transport
it?]feoref?(agcc’?e:jh‘;—‘:l:%’i-nTh;iéfhsggdi?ggh(eq ysled (to))devr\‘/“hoe”rse”ati‘; mgt throughput) is required to obtain needed routing inforomati
n- ogln n : A A

numbepr of nodes, %nder both proactive gnd ’reactive routing, in order to achieve claimed transport t.h'roughput. Theaefp‘r
with the assumptions that (i) nodes’ mobility is independent and Order to better understand the scalability of MANETSs with an
(i) nodes adjust their transmission range to maintain network increasing number of nodes and to find out how to dimension
connectivity. Finally, we prove that the minimum expected them properly (e.g., bandwidth), one should examine how
routing overhead under the same assumptions i®(n log(n)).  routing overhead scales in MANETS, in particular, in compar

Index Terms—Data communications, mobile communication ison to network transport throughput. A good understanding
systems, network management, routing protocols. of routing overhead may also allow us to correctly identify
critical bottlenecks and to deal with them more effectively

To the best of our knowledge, the first serious attempt
at an analytical study of protocol overhead was carried out

A mobile ad-hoc network (MANET) is a collection of by Gallager in [8]. There are also several recent analytical
mobile nodes that construct and maintain a network withoklf,dies on routing overhead in MANETS, some of which we
a centralized authority. Unlike in a more traditional wired,mmarize here: Zhou and Abouzeid [35], [36] applied the
network (e.g., the Internet), there are no dedicated reutggols from information theory to examine the overhead due to
or switches responsible for forwarding packets; insteadre the changes in network topology under two-tier hierardhica
node participates in relaying packets. In addition, sineées royting. Their key idea is to model the time-varying network
are assumed mobile, one-hop connectivity between nodes gjsblogy as a stochastic process and to evaluate the overhea
the network topology can change over time. Consequentigquired to describe the local network topology in subnegio
underlying routing protocols are asked to cope with poaiyti to cluster heads and to distribute the global ownershiprinfo
frequent changes in topology. mation to all cluster heads. Then, they studied the scading |

Recently there has been much research on understandifighe memory requirement and routing overhead under three
the network transport throughput, or simply transporttigo-  different physical scalings of the network.
put, of multi-hop wireless networks: In their seminal paper |n another study [3] Bisnik and Abouzeid formulated the
[12] Gupta and Kumar investigated the transport througlroplem of characterizing the minimum routing overhead as a
put of static multi-hop wireless networks and showed th@ite-distortion problem. They considered geographicimgut
the transport throughput increases, at besty/aswith an th |ocation servers that havknown locations and store
increasing number of nodes, i.e., O(v/n).* This finding |ocation information of other mobile nodes, and investgat
implies that per-node throughput decreases to zero-ascc.  the information rate required to satisfy a prescribed segrar
Grossglauer and Tse [10] exploited the mobility of nodesyror distortion constraint. Viennot et al. [34] examineahtol
and demonstrated that, if unbounded delays can be toleraiggbrhead under both proactive and reactive routing, and sug

under some technical conditions per-node throughp@(@)  gested that control overhead is proportional to the squéire o

can be achieved, i.e., per-node throughput does not decregs number of nodes in the network.

with an increasing number of nodes. To bridge the gap in o

the transport throughput between static networks and mobf- Motivation

networks, Sharma et al. [30] examined the trade-off betweenin this paper we take another step towards understanding

the transport throughput and delays that must be toleratedrouting overhead in MANETs: We assume that nodes employ

order to achieve certain level of transport throughput.e®thflat geographic or position-based routimgthout designated

related work can be found in [6], [7], [19], [21]. location servers that maintain the location information of

_ _ o mobile nodes. In other words, unlike the settings studied

e e o S Mesmaro o Oty o s 1 [35], 36], there is o (twortie) ieratchy in routing or

Park. E-mail: hyongla@umd.edu, eyseo@umd.edu specialized location servers whose locations kmewn to
1The notation we use throughout the paper is explained inestibs 11I-C.  mobile nodes. Location servers with fixed locations may be

I. INTRODUCTION
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vulnerable to attacks. However, we will show that we can usiee minimumexpected number of bits required on average to

existing nodes in the network to formirtual location servers describe the approximated locations of a node for sucdessfu

to provide similar location service to nodes. routing of packets based on provided location information
The goal of our study is twofold: First, we aim to providas asymptoticallylog(n) as the number of nodes grows

a new framework for studying routing overhead, especial[$ection V]2

for geographic routing, which captures the differenced thig Making use of the first finding, we examine the expected
arise from the specific schemes employed to disseminaégiting overhead under both proactive and reaaizegraphic

and acquire location information. To this end we develop r@uting® where the mobility of the nodes is independent, and
new framework, borrowing tools from information theory tajemonstrate that the expected routing overhead under these
compute the minimum average number of bits required §hemes i€2(n' - log(n)) [Section V.
describeapproximatedlocations of mobile nodes. Secondly;;; Finally, we prove that, under the same mutually indepen-

based on the proposed framework, we explore how routig@n: mobility of the nodes, theninimum expected routing
overhead scales with the network size under different mguti o\ orhead required i®(n - log(n)) [Section VI.

schemes. In particular, we focus on the overhead due toLet us provide some intuition behind our findings. There are

disseminatiorand acquisitionof location information. ) . ) .
. ; . three main sources of routing overhead under consideration
Although information theoretic approach has been used i in th ling | f q .
study routing overhead in the past (€.g., [3], [35], [36]} 0 irst, a linear termn in the scaling law of expected routing
R ' overhead in botlf2(n - /n - log(n)) and©(n - log(n)) comes

approach is quite different from those employed by eXiStiq‘gom the assumption that there arenodes (moving according
studies. First, we focus on the scenario of practical ilstere[o n mutually independent mobility processes)

where the network is connected with a high probability. gecondly,log(n) term reflects the average number of bits

To be more precise, we assume that the transmission ran i :
of the nodes is selected so that the network is connect% ried by control messages containing both the identy (|
d the location information of a node; if source-destorati

with probability approaching one as the number of nodé¥" .
grows. This issue of network connectivity has been studi(?(’ﬁlIrS are selected randomly, at leésg(n) bits (and at most

. - og(n)+1 bits) are needed to identify a node. In addition, our
extensively by various researchers (€.g., [11], [15], J2ahd f&rﬁt finding states that the expected number of bits required

we summarize the results relevant to our study in subsecti : . )
I1-B. With this assumption in place, we compute the minimuriverage to describe the approximated locations of a node for
' graphic routing is asymptoticallpg(n). Therefore, this

average number of bits needed to describe the approxima?gI that the expected number of bit ried by a logati
locations of the nodes to support geographic routing. €lis us that the expected number of bits carried by a logatio

Second, rather than simply computing the “im‘ormatioinformaltion message Is on avera@élog(@)), giving us© (n-
rate” required to describe the changes in network topolog?g_lgﬁ,))dlfor thhe n;l‘;lllr.numl expected. ro(tzmng overr;ead. .
or node locations subject to a constraint on distortion in 'Nirdly. the additionaly/n term in ©(n - y/n - log(n)) is
location information as done in [3], [35], we identify suita Ccaused by costly flooding of control messages under both
quantization levelgor approximating the node locations forProactive and reactive geographic routing schemes. It is im
the purpose of geographic routing. This is motivated by tfRortant to note that capturing this key source of the discrep
following viewpoint: When a network is entrusted to provid@ncy in the scaling laws of routing overhead, hence resource
timely exchange of information between nodes, inaccurdigduirements, demands accounting for the distances edhvel

location information of nodes should not prevent the nekwoPY control messages. In other words, simply computing the
from carrying out its taskregardless of the locations of theinformation rates needed to describe the changes in topolog

nodes Therefore, the location information used for routin@’ node locations woulaiot disclose the disparity caused by
ought to be accurate enough to allow successful delivery H details of employed routing schemes.
packets to their respective destinations. While we assumed that the transmission ranges of the
Another important difference from previous studies, iffodes are set to the CTRs for our analysis, we also show
particular the work by Bisnik and Abouzeid [3], is that, aghat our second and third findings still hold when the the
proposed by Gupta and Kumar [12], in order to be mo&elected transmission ranges of the nodes are set largethiha
consistent with the measure of transport throughput and feTRs or they scale in a manner similar to the CTRs (but not
quired resource consumption, we adopt the unit obbiteters Nnecessarily equal to the CTRs). This implies that our finsling
per unit time for measuring overhead and explicitly takBPPly as long as the transmission ranges of the nodes are set
into account the distances traveled by control messages wiffg€ enough for network connectivity. In particular, tree
computing the overhead. As we will demonstrate, this [EUe under a quasi unit disk or cost based network conngctivi
necessarnyfor capturing disparity in resource expenditure bynodel [20], [29].

control messages under different geographic routing seeem Although our findings are based on simple models for
) mathematical tractability, they already shed initial tigin
C. Summary of main results

The main contributions of this paper can be summarized asThroughout this papeiog(-) = log,(-), i.e., logarithm to base 2.

follows: 3A geographic routing scheme is said to p@activeif every node tries

i We sh h d h . h d | maintain consistent, up-to-datecation informationof all other known
I. We show that, under the assumption that nodes employ {es. Likewise, a geographic routing scheme is catadtiveif the location

critical transmission range (CTR) for network connecyivit information is provided only upon request.
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major sources of routing overhead. They also tell us how vditerature, the received power,.., is related to the transmit
ious assumptions, including those on nodes’ mobility arel tipower P;,, and the distancée by

selection of source-destination pairs, affect routingrbgad. B

Thus, our study hints at how routing overhead may change as Prev = P+ Gra - Greo - L-d™%, (1)

some of these assumptions are relaxed or adjusted to mqQgjghre(;,, and@,., are the transmitter and receiver antenna
more realistic scenarios, inviting further studies. gain, respectivelyl, accounts for system loss and other factors
that may depend on the wavelength, amds the path loss
exponent [27]. If one requires that the received powgr, >

for some threshold®,;,, we must have

D. Organization

The rest of the paper is organized as follows: Sectiop
Il describes the problem we are interested in studying and™"
provides a short summary of the results on network connec- Py Gy - Grey - L 1/e
tivity. Section Il explains the mobility models, assungots d< ( Poin )
we introduce on mobility and the parametric scenario used ) o )
to study the scaling law of expected routing overhead und@fd Pz oc d*. While our analysis is carried out under the
different routing schemes. The minimum expected number 3G model, we will discuss how our results can be extended
bits required on average to describe the approximateditosat tq different network connectivity models suph as quasi unit
of a node is derived in Section 1V, followed by a discussioH'Sk model [20] and cost based model [29] in Section VII. )
on how expected routing overhead scales under proactivel "foughout the paper we assume that every node knows its
and reactive geographic routing schemes in Section v. Wamediate neighbors. In addition, when a packet reaches an
study the minimum expected routing overhead and describ&Tynediate neighbor of its destination, the neighbor caivelel
scheme that achieves the same scaling order as the mininfhiff the destination in one-hop without any other inforroati

expected routing overhead in Section VI. A discussion on our ) )
findings is provided in Section VII. A. Geographic routing and overhead

)

We assume that nodes are equipped with Global Positioning
Il. SETUP System (GPS) devices and know their positions, which are
Th h h di . del assumed accurate throughout. Each node is aware of exact
roughout ,t € paper we use a |§crete-t|me mode afa)%ations of its immediate neighbotsThis can be done either
assume that time is divided into pontlguogs tlmeglots by exchanging the GPS location information between one-
2+ :={0,1,2,...}, where the duration of a timeslot is taken, ., haiahhors (for example, by piggybacking it in HELLO
to be a unit time. Although the mobility of a node is Cont'”ﬂoumessages) or by observing the received signal strength and
in real life, we approximate it using a discrete-time statita angle in which signals arrive
process and assume that the location of a node is fixed durlng“ﬂodes emplo;geographic(o.r position-basejirouting; they
f"‘“mes'?‘- Th!s may be a reasonaple assumption when a_n%jﬁte packets using location information of the destinmetio
is (quasi-)stationary much of the time and spends a relgtiv 32], [33]. It has been suggested [17], [22] that geographic
small fraction of time in transition between locations or i out’ing leads to better performance in Iallrge multi-hop leise
the dur_e_mon of tlmgslot is small enough so that, ,W't.h Ni9fetworks than other routing schemes that do not exploit-loca
probability, the_Iocauon qfa no<_je does not qhange S|gr|nt!ya tion information (e.g., destination-sequenced distaneetor
over the duration of a single timesIbtA similar assumption (DSDV) routing [25] or dynamic source routing (DSR) [18]).

IS loften mtlrpt:]uced n lthe IlteraturE (e.g.h[lo], [35], IBG b A main reason for the performance gain is that, while routing
n a multi-hop wireless network one-hop connectivity beg e mes sych as DSDV requgiebal topological information
tween nodes is likely to be maintained through exchan

YFat can change frequently, geographic routing allows sdde

qukclontrol I;nessages (le'g" HELL% Ime;ssages% at the dﬁ‘igkelocal decisions based on the locations of their immediate
Ink layer. For our analysis we model the one-hop networ ighbors and the destination, without having to learn tend-
connectivity using a random geometric graph (RGG) [23), route information

Et?]Ch noddez 'ih.a\’\{?re of and fcan Sommqmgate with all Obviously, for proper operation of geographic routing, the
other nodes within 1tsommMunicatioror ranSMISSIONangey —4iion information of the destination contained in paske

(agc:]);dmg o t.h N IIEUC“.d i%n dlst?ncs),_w\?vlch Wet[:]arthtid'ate. must be accurate enough so that nodes can route them to their
Neighbors or SIMplyneignbors of node:. We say tal NEre 1S o gin ations using the destination ID and location infdioma

a bi-directional link, or simply a link, between two neighibo However, more accurate location information requires more

The RGG mOdel has been used extenS|ver.|r.1 the I't(,arat%ﬁs, hence, larger overhead. We are interested in the case
as an approximate model to one-hop connectivity of W'rele%chere the provided location information of destinations is
network_s (e.g., [11], [14], .[15]’ [16], [28]). The ransreien - occurate enough so that multi-hop packet routing can be
rangey in the RGG model is assumed to be determined by tlﬂ%rformed using the location informatiomithout having to

transmit power emp!oyed py the nodes,. channel prOpagatingod the neighborhoods of destinations with packets, while
and the signal-to-noise ratio corresponding to a bit erate r

constraint [11]. Under a channel loss model often used in the, practice, for proper operation of geographic routing tbeation

information of neighbors needs to be accuregkative to the transmission
“However, with small probability, the location of a node may mfa range of the nodes. However, for simplicity of exposition vasiane that
significantly from one timeslot to next. nodes know the exact locations of neighbors.
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minimizing the number of bits required to describe location Ill. M OBILITY MODEL AND PARAMETRIC SCENARIO

information. _ . This section first describes the node mobility processes we
Our study aims at (i) developing a new framework fog,nsider, and then explains the parametric scenario wetadop

quantifying routing overhead in MANETs employing geotq stydy how theexpectedrouting overhead increases with

graphic routing and (i) examining how the routing overheage network size under geographic routing. We define all the

(measured in the unit of bitsmeters per unit time proposed inyangom variables (rvs) and stochastic processes of itenes
[12]) required todisseminat@ndacquirelocation information ¢ome common probability spa¢e, F, P)

of the nodes, scales with the number of nodes. We do not, N
however, concern ourselves with the delays experienced Ay Mobility model

messages. More precisely, we assume: (i) nodes can deliveodes move on a domaiff), D]> =: D.® As mentioned
their location information at timeslate {1,2,...} =: N, t0 earlier, we approximate the mobility of the nodes using
any other nodes within the same timeslot (assuming netwaflscrete-time processes; thaobility processor trajectory
connectivity discussed in the following subsection); aifl (of a nodei is given by a discrete-time stochastic process
assuming that nodes know where to access it, they can= {Li(t);t € Z,}, where Li(t) = (L;(t), Li,(t)) € D
retrieve the location information of other nodes during thepecifies thdocation or position of the node at time, using
same timeslot. This implicitly assumes that the network h@ise Cartesian coordinate system. We assume that, at each
sufficient bandwidth to handle all overhead, including mgit timeslott € N, the transition fromL;(t — 1) to L;(t) takes
overhead, and to transport data in a timely manner. In @ectiplace at thebeginningof the timeslot.

however, the delays incurred during dissemination and/orThe steady-state spatial distribution of the nodes is asdum
acquisition of location information can be non-negligibled to yield acontinuousdensity functionf : D — R, :=[0,00).
cause inconsistency or staleness of location information. For eacht € Z,, f! denotes the joint density function of

Exchange of control messages to discover neighbors anotg;(()% ..., Li(t)). We assume that there exist constais
maintain links with them introduces additional overheathat and¢,, 0 < & < & < oo, such that, for alk € 7. and for

data linklayer. However, we do not consider this overhead af| ¢, ¢ D'*!,
the data link layer, including the overhead due to exchange i . 1
of location information with immediate neighbors, becaitse 0<&T <L) <& <o, 4)

does not depend on the adopted routing scheme. We T&fer ¢, every finitet, the joint density functionf* is non-
interested readers to a study by Bisnik and Abouzeid in [3]\'/anishing and is also upper bounded 5157’1 over D1,

B. Network connectivity and critical transmission range  This implies that node’s locations do not concentrate inesom

A primary function of a communication network is to enapl@@ts of the domainD over time. For example, a two-
exchange of information between nodes. When information §&mensional Brownian motion with reflection, starting with
time-sensitive or cannot tolerate large delays, timelyveey appropriate |_n|t|al condition and sampled perlpdlcalbatlsfles
of information demands that the underlying network be cofis assumption. Removal of the assumption in (4) has arathe
nected. In other words, there must exist an end-to-end p&fffi0US consequence on network connectivity (see [13]ror a
from a source to a destination (with a high probability) whefX@mPple). Its impact on expected routing overhead is dialis
such a path is desired. This is the scenario of interest Wemore detail in Section VII.
consider in this paper. B. Parametric scenario

Recently there has been much work on connectivity of a
multi-hop wireless network (e.g., [11], [14], [15], [24R8]).
We refer interested readers to a monograph by Penrose [
In particular, Penrose [24] (and later by Santi [28]) proteel
following result we will borrow: Suppose that » > 1, nodes
are placed independently of each other, according to a cam e assume that the mobility of the nodes is homogeneous,

spatial density functiorf with connected and compact suppor " ) ) i
D and smooth bounda@D. Let~ be a common transmissionar(]g) the m?gll|ty process of nqde € N s 9_"’e” by
range of the nodes. The network is said to be connected%’, = {L; (t);?_ € Z+} and ('f; gssumed stationary and
for everypair of nodes(i, j), we can find a sequence of links€"gedic. The mobility processes; ', i N, of the nodes
providing an end-to-end route between the two nodes. &€ also mutually independent.

Theorem 1 ([24], [28]): Define f. := infxep f(x) and 1. Connection requests:For eachi € N andt € N, let

assumef, > 0. The minimumcommon transmission rangeAz(") (t) denote the number of requests arriving at tiker

In order to study how the expected routing overhead scales
ith the number of nodes in the network, we consider the
offlowing parametric scenario with increasing For each

fixed n € N, there aren nodes moving on the domaib,

d we denote the set of nodes B¥™ = {1,2,...,n}.”

required for connectivity, denoted by (n), satisfies nodes for a connectioto node: at timeslott. Without loss
 nrym)? 1 _ B of generality, we .assu.meAgn)_(t);.t € N} = /AE”)., are
lim —————— = — with probability 1. (3) independent and identically distributed (i.i.d.) Berrdbus

oo 1 7 . S S
og(n) f with parametep™ > 0. This implies that at most one other

A similar result in the case of a uniform spatial distributio . , .
. . . . We assume a square region for convenience. However, simdaltséhold
of nodes is obtained in another independent study by GuURlg any arbitrary compact, convex domain.
and Kumar [11]. This is often called alensenetwork in the literature.
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node will generate a connection request to nodehich is a(n) < ¢4 - b(n). Note thata(n) = ©(b(n)) if and only if
called thesource of the connection, in each timeslot. Wea(n) = O(b(n)) anda(n) = Q(b(n)).
assume that the source is equally likely to be any of thé5. A function a(n) ~ b(n) if lim,, . (a(n)/b(n)) = 1.
remainingn — 1 nodes, independently of the past and the
sources of other connection requests. IV. DESCRIPTION OF NODE LOCATIONS
Each connection request arriving at its source needs theFirst, note that the IocatiorLZ(-”)(t) e D of nodei at
location information of its destination for geographic tiog. time ¢ is a two-dimensionatontinuousrandom vector for all
We assume that connection requests arrive at their soutceg a 7, . Therefore, theycannotbe described exactly with a
the beginning of each timeslat € IN after nodes move to finite number of bits in general. Moreover, for the purpose
their new IocationsLE”)(t),z‘ € N, The connection requestof routing packets using location information, exact |imas
arrival processes‘AE"),i e N, are mutually independentare not necessary and sufficiently accurap@roximationsof
and also independent of mobility procesiélél),i e N, locations suffice. Hence, we are interested in finding out how
Since we are interested in Studying how the routing Ovea.CCUrate the location information contained in paCketSthS
head grows with the number of nodes, we assume that #f S0 as to allow successful routing of packets based on the

average number of connection requests to each node Pejvided location information.
timeslot is fixed. i.e.E | 4™ (t)} — p = p > 0 for all The number of bits needed for approximated location infor-

e N and all 5 h ¢ ._mation carried by packets for geographic routing is gowérne
Le and alln € I, ecause the source of a connectiogy yhe aforementioned required accuracy and the way latatio
request to a node is equally likely to be any of the remaining,mation is encoded. The first determines theantization

nf_ 1 nodes, it is clear thﬁt’ for each le@zd%]N, thehnumber level to be selected for approximation. Bisnik and Abouzeid
of connection requests that arrive at a node (as the soutce)d iijized the rate distortion theory to compute the nec-

a timeslot is a binomial( — 1, 77) rv. essary information rate subject to a squared-error distort

2. Transmission range:We are interested in the case whereonstraint. This approach, however, may require that rdiffe

the nodes adjust their common transmission range to maintgiuantization levels be used in different regions, dependin
network connectivity as discussed in subsection II-B. €heron the spatial distribution, and allows the possibilityttttze
fore, the transmission range of the nodes should be at lelastation information of nodes in an area of low spatial dgnsi
the CTR~*(n) = ¢*+/log(n)/n with ¢* = 1//7 f, [28]. is not accurate enough for successful delivery of packetiseto

In their seminal paper on transport throughput [12], Guptsodes.

and Kumar showed that, in order to minimize interference to We argue that a communication network should be able
other simultaneous transmissions and to maximize trahspir deliver packets irrespective of the locations of the sode
throughput in a multi-hop wireless network, nodes shoulthis is especially true when the spatial distribution of the
employ the smallesttransmission range while maintainingnodes is not correlated with their communication needs. In
network connectivity (i.e., the CTR*(n)). In the subsequent this case, non-uniform approximation of location inforioat
sections we follow this finding by Gupta and Kumar [12] andemanded by rate distortion theory, which does not consider
assume that nodes employ a common transmission rangghef communication needs, may compromise the communica-
~v*(n) to maximize transport throughput and keep the netwotlon with nodes in low spatial density areas and, hence, may

connected with a high probabiliy. be unsuitable.

Assumption 1:For each fixedn € NN, the transmission Inthis section we investigate the minimum expected number
range of the nodes is given by (n). of bits required per timeslot to specify approximated oozt

We will discuss how different choices of transmission ranggf a node to enable geographic routing. For the reason ex-
affect our findings in Section VII. plained above, we assume that the selected quantizatieh lev

for approximating node locations do@e®t depend on their
. locations. Furthermore, as stated in subsection IlI-B, ocei$
C. Notation - .
_ _ _ . . our study only on the case of practical interest where the
In this subsection we describe the notation we will usgetwork is connected with probability approaching one, by

throughout the paper. setting the common transmission range of the nodes to the
N1.A functiona(n) is O(b(n)) if there existd < ¢; < oo and CTR v*(n) = ¢*/log(n)/n.
ny < oo such that, for allv > nj, we havea(n) < ¢; - b(n). Before stating our result, let us first briefly describe traessl

N2. A function a(n) is ©2(b(n)) if there existc; > 0 and of packet routing schemes we consider. Packets carry both
n3 < oo such that, for all, > n3, we havec; - b(n) < a(n). the destination ID andpproximatedocation information. The
N3. A function a(n) is w(b(n)) if for every ¢ > 0, there exists encoding and decoding rules for approximated locations are
n*(¢) such that, for allh > n*(c), ¢- b(n) < a(n). assumed common knowledge.

N4. A function a(n) is ©(b(n)) if there exist0 < c3 < ¢4 < 1. The source of a packet encodes the location of its des-
oo andnj < oo such that for alle > n3, we havecs - b(n) < tination, which is approximated with a selected quantorati

level, using the common encoding rule and places the encoded
8To ensure network connectivity with high probability for it n, the |gcation information in the packet.
transmission range should be set3d - v*(n), where 3* > 1. However, 2 A rel de th . ket fi hecks if th
for notational simplicity we omit3* in the analysis. The omission of this <* relay node that receives a packet first checks If the

constant3* does not change our results. destination is an immediate neighbor. If so, it delivers the
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packet to the destination. If not, it decodes the approxchatThis implies that, without knowing a more precise locatidn o
location of the destination using the common decoding ruléne destination, the entire cell will need to be flooded wiité t
It then selects an immediate neighbor that is closest to thacket before it can reach its destination. This tells usttiea
decoded approximated location as the next hop. Recall tlogiantization level ofty*(n) is notaccurate enough to prevent
the nodes are assumed to know the precise locations of tHoding of the packet.
immediate neighbors, which are much more accurate than the.et us compute the expected number of bits required
approximated location information contained in packets fer timeslot to describe the locations using thisufficient
routing. quantization level ofly*(n). Under the stated assumptions on
It has been observed that as the network becomes derssationarity of the mobility processes and spatial derisifyt)
a greedy approach that either minimizes the distance iarsubsection IlI-A, the differential entropy rate of the bility
maximizes the forward progress to the destination work$ welrocess [5, p.416]
[22]. However, when a greedy approach fails, other schemes,
such as Greedy-Face-Greedy (GFG) routing scheme [4], can h, = lim (5)
be used to guarantee the delivery. T—o0 T
The foIIovymg lemma states that the minimum expectedyists and is bounded below (resp. above)-bipg(&s) (resp.
number of bits needed on average to describe the approﬂmaielog(&) < 00).
Iocations_of a node for geographic routing approadbeén) For eachA > 0, IetL(Q(t) be an approximation of (™ ()
asymptotically as: — oc. ) T oo (n) Ny 11
Lemma 1: The minimum expected number of bits requiredith @ quantization level; L; A (t) = ((k1+3)A, (k2+3)A)
per timeslot to describe approximated locations of a nodfeL™ (1) € [k1-A, (ki +1)A)x [k2-A, (ks +1)A). Denote
under Assumption 1, denoted byi,.(n), satisfiesni,.(n) ~ the approximatedmobility processes bjLZ(._’Z = {LS’Z(t);t €
log(n). Z.}. From the inherited stationarity of the abproximated
Proof: We find lower and upper bounds fe#,.(n) and mobility processes, the entropy rate o A
show that both bounds are asymptoticdllg(n).

h(L™(0), LM (1), ..., L™ (T - 1))

2

(n) (n) (n)
1. Lower bound: In order to find a lower bound fom,.(n), H(An) — lim H(Li’A(O),LZ.}A(l), - '7Li,A(T —-1)) ©6)
consider the following: Suppose that a quantization level T—oo T
of 49*(n) is selected for approximating locations and thexists [5, Thms 4.2.1 and 4.2.2, p.75]. In addition, theofoH

domain D is divided into cells of lengthdy*(n), where ing equality holds [5, Thm 8.3.1, p.248]: For 4l > 1,
~v*(n) = ¢*+/log(n)/n is the CTR introduced in subsection

[I-B, as shown in Fig. 1. ) H(LE’Z(O),LE"A)(l),...,LZ(.’Z(T -1))
lim : : : + 2log(A)
NI T
4yx(n)
_ I 0), L), . LT - 1)) ;
Ee?tjuaﬁo’n \‘\\\ - T : ( )
. 1 . Equations (5) through (7) imply that, for every> 0, there
cell | 2 K [ existA*(v) > 0 andT*(v) < oo such that, for allA < A*(v)
‘ v | andT > T*(v), we have
\\\(\:\entroid /,'( o L(TI,) 0 . L(_n) T_1
b — 2log(A) — v < (£; A(0) . AT —1)
< h, —2log(A)+v . (8)
Fig. 1. Partition ofD into cells of lengthdy*(n) on both sides. SubstitutingA (n) := 4v*(n) in place ofA yields

Without loss of generality, we assume that the approximated — 2 log(A(n)) &+ v
locations of the nodes in a cell with the assumed quantizatio log(n)
level are given by the centroid of the cell. This means that & h, — 2log(4y*(n)) £ v = h, — 2log (4 * ) +
relay node forwarding a packet to the destination shownén th
figure will use the location of the centroid as the approxadat = log(n) — log(log(n)) + (h. £ v — 4 — 2log(c")) . 9)
location of the destination (after decoding the locatiomgs _. . i .
the common decoding rule). If none of relay nodes is apnce/fx £ ¥ — 4 — 2log(c”) are fixed, it is clear from (9)
immediate neighbor of the destination (which is more likeff@t7x — 2log(A(n)) £ v ~ log(n). Together with (8), this
than not), the packet will eventually enter the inner circl roves that, forll sufficiently largeT’,
centered at the centroid with radig3(n). Once this happens, H(L(n) (0) 7 (T —1))
the packet cannot be delivered to any node outside the outer LAY TLAR) ~ log(n) . (10)
(dotted) circle with radiug+*(n); the nodes inside the inner T
circle do not know the precise locations of the nodes outsidée left hand side of (10) is equal to the minimum expected
the outer circle because they are not immediate neighbansmber of bits we need per timeslot fointly code the lo-
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cations,Lng(TL) 0),..., Lg’z(n) (T —1),° using an insufficient Following the same steps in (9), after a little algebra
quantization levelA(n). Hence, it serves as a lower bound to

(n) _ (n)
the number of bits we need, and (10) tells us that this lower Li (1)) = 2log(¢™) £ v

bound increases (asymptotlcallly) Bg(n). _ h(Lf;") (1)) - 2log (?c* log(n)> e

2. Upper bound: We can obtain an upper bound foifi,.(n) n

following essentially the same argument used to find thedowe = log(n) — log(log(n))

bound: Recall that, in order to route a packet to a node WL () + v — 921 3/3) — 21oe(c*

it suffices to deliver the packet to any immediate neighbor HRLT () £ v o8(v2/ ) og("))
within the transmission range*(n) of nodei. As in the ~ log(n) . (12)

previous case of lower bound, suppose that the dorbais  Therefore, from (11) and (12) we find
divided into cells of length (™, where¢™ := \/2y*(n)/3.
The approximated location of a node in a cell is given by the H(ng)(n) (0)) ~ log(n) . (13)
centroid of the cell. This is shown in Fig. 2.

A packet is relayed using the location of the centroid 021
the cell in which its destination lies. If none of relay nodegu
the packet traverses before it enters the cell is an imnmdi%

neighbor of its destination, it will eventually be relayes & locations with a sufficient quantization leveln) is (asymp-
node in the same cell as the destinatidrt is clear from otically) log(n). Thus, from the lower and upper bounds in

. . t
Flg.th2 t(rjlat,t.ontqe a t[k)]acke;[j rea_c"hf)s a?{ ntod(;a Iln th(:hsame gtk‘{) and (13), respectively, one can conclude that the mimm
as the gestination, the node will be able lo deliver the pac pected number of bits needed per timeslot to describe the
directly to the destination because the distance betwegn Peations of a node satisfies; (n) ~ log(n) -
two noqles n the same cell IS boundedz_by (.n)/ 3. Thereﬁofe’ The above proof of Lemma 1 reveals the following interest-
approximating locations with a quantization level gf is ing observation: In the calculation fi..(n), nodei’s mobil-

sufﬁueptto ensure.suc_cessful _dehvery of packets using trllt%/ determines the differential entropy dif.")(t),t €7, and
approximated location information. i

the differential entropy raté, of the mobility procesif.").

When the network size is small, the number of bits required

to describe node’s locations is mostly governed by these

differential entropy and entropy rate that depend on thaildet

of the mobility processes. However, as the number of nedes

} 4 grows, in a dense networkm,.(n) is predominantly shaped
()

Equation (13) suggests that, even when the locations of
node are codedeparatelyat each timeslot, from the as-
med ergodicity of mobility processes, the minimawerage
mber of bits needed per timeslot to approximate ndsle

Z(n) Destination

by the required quantization level for describing the |z
v(m of nodes, which is in turn dictated by the CTR needed for
network connectivity. As a result, the details of nodes’ itigb
become less important in a large, dense network, as long
as the differential entropy of the locations of nodes and the
differential entropy rate of the mobility processds,, are
bounded, which is satisfied under the assumption in (4).
Fig. 2. Partition ofD into cells with area of(n)?. (v*(n) = 3 <(n)/V/2) Our finding in Lemma 1 will be used to study how the rout-
ing overhead increases under proactive or reactive gebigrap
We proceed to compute the average number of bits neegggting (Section V) and to derive the scaling law of minimum
per timeslot to approximate the locations using the quangixpected routing overhead (Section VI). In addition, we can
zation level<(™). From [5, Thm 8.3.1, p.248] and assumeshfer from the proof of Lemma 1 that the required number
stationarity of the mobility processes, we have of bits for describing the locations of a node will be smaller
lim H(Lgﬁ(t)) +2log(A) = h(LE”) t)) forall t € Z . when_larg_er transmission ranges are employe_zd,_for thenexdjui
AlO ' guantization level increases with the transmission range.

Y

Centroid

Thus, for everyv > 0, we can findAT(v) > 0 such that, for
all A < Af(v), V. ROUTING OVERHEAD UNDER PROACTIVE AND

(n) (n) REACTIVE GEOGRAPHIC ROUTING
, — —v< . . . . .
P(L()) — 2log(A) —v < H(LA(¢)) (11) In this section we examine how the expected routing over-

< h(LZ(.") (t)) —2log(A)+ v . head scales when proactive or reactive geographic rousing i
employed and address the issue of how to measure the total
( distance traveled by control messages. Recall from Settion
i, A(n i i i I -
using a different coding scheme. As a reSuIt(, >such joint @pdif node’s that a _geogr_aphlc routmg_ scheme is callegpraactive g.e .
locations will be difficult to implement in practice. ographic routing scheme if each node attempts to maintain

10Here we assume that there is a node in the cell with a high pilitpab
We will revisit this issue in Section VI and show that the pblity that 1IA similar result can be obtained for extended networks wittréasing
there is no node in the cell goes to zeroras~ oo. domains.

9Joint coding of the locations of noderequires that, for eache 7., the
sequence of the Iocatior{iz(.”A)(7L>(0), ..,L™ ()} be coded together,
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consistent, up-to-date location information fevery known length of an MST is the minimum among all (reasonable)
destination in the network by flooding the network witita- measures of the total distance connecting all neighbors.
tion update messageSimilarly, a geographic routing scheme Theorem 2:The minimum expected routing overhead re-
is said to be aeactive geographicouting scheme if nodes doquired per timeslot fordisseminatinglocation information
not maintain up-to-date location information to known dest under proactive geographic routingin'-> log(n)).

tions and, instead, location information is provided onlyen Proof: Let us first introduce a lemma that will be used in
it is requested. When no location information of a desiretie proof of the theorem. Suppoé&’,,; n € N} is a sequence
destination is available at a source, the location infoiomais  of rvs, whereX,, is a binomialg, p) rv with 0 < p < 1.
discovered py flooding the network with Iacati(_)n r_equgst Lemma 2: Define 28 (&)a where0 < a < 1. Then,
messageuntil another node, possibly the destination itself, '

replies to the request with location information. We poiat o lim E[Z;]=1 forall 0<a<1.

that these proactive or reactigeographicrouting schemes el

are different from the traditional proactive or reactivaiting Proof: Let Y, := Z} = ,‘% The strong law of large
algorithms that use topological information. numbers [9, p.326] tells us thaf, converges to 1 in mean

square, i.e.E||Y, —1°| — 0 asn — co. Since|Z2 — 1| <

A. Routing overhead under proactive geographic routing
— 1| forall 0 < a <1, we have

Suppose that location information of a node is forward c}i/"
to and stored at all other nodes within distarce 0. If e >  E[|Z? — 1] <E[|Y, —1*| -0 as n— oo,
V2D, the location information of every node is forwarded t%vhich implies Z¢ — 1 in mean square (clearl [(Zo‘)z] <
all nodes in the network. This is because the distance betwelen n nod =

o " +E[(Y,)? 1{Y, > 1}] < oo forall n € N).
any two points inD is upper bounded by/2- D, i.e., Recall that convergence in mean square implies convergence

sup |[x—yl[=v2-D, in mean [9, p.310]. Hence,
x,yeD
Y o E[Z—1]—0 asn— oo
where||x — y|| denotes the Euclidean distance betwgeand

y. First, it is clear that, under our assumptions in subsetheorem 3 [9, p.351] tells us that; — 1 in meanif and only
tion 1II-B, at leastlog(n) (and at mostiog(n) + 1) bits are if E[Z}] — 1 asn — oo (and, equivalently{Z;;n > 1} is
required to identify the source of a message. uniformly integrable). This completes the proof of the leeam
]
We now proceed with the proof of Theorem 2. Steele [31]
showed the following result on the total length of an MST with
an increasing number of nodes: Suppose that nodes are placed
independently of each other in accordance with distrilsutio
with compact suppors ¢ R?. Let M(n) denote the total
length of an MST connecting the first nodes. Then, with

probability 1,
M
lim (n) =e* / Vg(x) dx (14)
n— oo \/ﬁ xES
Fig. 3. Total distance traveled by a location message. for some constant*, whereg is the density of the absolutely

continuous part ofu. In other words, the total length of an

The total distance traveled by a location update messdg&T is asymptotically proportional tg/n.
from a node, say nodg to all its neighbors within distance From the assumed mutual independence and stationarity of
e can be computed in different ways. In this paper, wie mobility processeEE”),i e N the number of nodes in
take the viewpoint that once a neighbor receives the logatian areaD c D at timeslott is a binomial rv with parameter
information of nodei, it can serve as a surrogate source di,pp), where ps = [5 f(y) dy. Let d.(x) denote the
the location information for other nodes. This is shown imtersection of the mobility domaif and the disk centered at
Figure 3. It is more consistent with the operation of a multik € D with radiuse. Then, for everyx € D, Area.(x)) >
hop wireless network where each relay node is responsible foc2/4, hence¢; © ¢2/4 < fdé(x fly) dy < & 7 €2
delivering a packet to the next hop, and thus each transmitte This observation, combinecf with the result by Steele in
receiver pair can be viewed as a source-destination pair {&@4) and Lemma 2 withh = 1/2, suggests that the expected
the purpose of exchanging location information. total length of an MST that connects all nodesdnx) is

If we count only the first copy that arrives at each nodesymptotically proportional tq/n for all x € ID. Therefore,
the total distance traveled by a location update messagk tofeom the assumed ergodicity and mutual independence of the
the nodes within distance is given by the total length of a mobility processes, the average total distance travelea by
spanning treeconstructed by the propagation of the messagecation update message of noél¢o its neighbors within a
which connects all the nodes withinObviously, this distance fixed distance: is €2 - Q(y/n).
is lower bounded by the total length ofrainimumspanning Since (i) there are nodes that move according to mutually
tree (MST). In fact, by the definition of an MST, the totaindependent mobility processes, (ii) each message rexjuire
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at leastlog(n) bits to identify the source of the messagendependence of the mobility processes. Here, we assurhe tha
(iii) location information of the source needs asymptdljca Assumption Al (instead of Assumption Ala) is in place.
log(n) bits from Lemma 1, and (iv) the average total dis- Theorem 3:The minimum expected routing overhead re-
tance traveled by a location messagéis,/n), the expected quired per timeslot for location request and reply messages
routing overhead (measured in bitsieters per unit time) for under reactive geographic routing§ixn'-5 log(n)).

disseminating location information to local neighborheqer Proof: We examine the routing overhead that arises from
timeslot under proactive geographic routing(lén - log(n) - location requests and replies separately. We first showtlileat
vn) = Q(nt5log(n)). m expected overhead due to handling location reque$§tis->-

log(n)), and then demonstrate that the expected overhead from
location replies i (n - log(n)).

First, each location request message must have the ID of

As stated earlier we assume that, under reactive geograpthie destination, which requires at ledsg(n) bits. Second,
routing, if location information is not available at a soeircanalogously to the proactive geographic routing case,ota t
when a connection request arrives, it generates a locatidistance traveled by a location request message to all iesno
request message and floods the network. When a node withwhhin the distance to the destination is lower bounded lgy th
requested location information receives the request rges#ia total length of an MST connecting the nodes. Under these
generates #ocation reply messageith the location informa- assumptions, by conditioning on the distance to the ddgiima
tion. In this subsection, we study the expected overhead dud following the same argument used in the proof of Theorem
to the location request messages and location reply messa@jeone can show that the expected total length of such an MST
under reactive geographic routing. is Q(y/n). Therefore, since location requests arrive at a rate of

In practice there is additional overhead due to locatignat each node, the expected overhead for handling the request
recovery when a destination moves while the connection risessages i€ (n - log(n) - v/n) = Q(n'® log(n)).
active and the source does not know the new location of theUnlike location requests, location replies need not be
destination. However, we do not study the overhead due to ft@oded!? Also, because (i) the source of a request for the
recovery of location information while connections ardl stilocation information of node is equally likely to be any

B. Routing overhead under reactive geographic routing

active. We will discuss this issue in Section VII. of the othern — 1 nodes and (ii) the mobility processes
In order to make progress, we introduce following simplimgn),j € N, are assumed stationary and ergodic and are

fying assumptions: also mutually independent, treveragedistance,d,.., from

: ‘e i 3
Al. Only the destination for which a location request iQOdeZ to the source of the request, say nddes given by
generated responds with a reply message; do = / / < — < dy dx > 0 15
A2. Location request messages reach the nodes in the order e s Jp ] yll Fx) ) dy ’ (15)
of increasing distance from their sources. The inequality follows from the assumptidnfyep f(x) >

Assumption A2 implies that if a node that generates a repfy > 0 in (4) with ¢ = 0. Note thatd,,, doesnot depend on
message is at distandefrom the source, the request messag@e number of nodes. Since reply messages must carry the
reaches all the nodes within distanédérom the source. ID of the source and the location information of the destorat
Under our assumption in subsection I11-B thaf™ (¢) are (and the source), the overhead due to reply messagés,is
i.i.d. Bernoulli rvs, at most one request is generated for @(n - log(n)). Therefore, the overall routing overhead under
connection to nodeé in each timeslot. Thus, no other noddeactive routing is(n'° - log(n)). L
will have cached up-to-date location of nodédowever, when It is clear from the proof of Theorems 2 and 3 that the
more than one node can generate a connection requesflégved scaling laws for the expected routing overhead unde
nodei in a timeslot, it is possible that some other nodes thBtoactive and reactive geographic routingr change when
acquired node’s location information may cache the locatiord transmission range is set larger than the CTR. This is lsecau
information, and a reply can be generated by another no@fdly the average number of bits required to describe the
with cached location information. In this case, we can replalocations of nodes may decrease when a larger transmission
Assumption Al with the following alternate assumption,hwit range is employed, while the number of bits needed to identif
out altering our findings below: a node is always lower bounded byz(n). Thus, the average
Ala. Suppose that the location of a source generatingndmber of bits in each control message remairtig(n)).
location request messagefiss D. Then, the location of the N the following section, we will show that, compared to
closestnode that generates a reply message depends onlyt minimum expected routing overhead, both proactive and
¢ and has distribution/ (-, £). reactive geographic routing suffers a penalty of at legat

Assumption Ala means that the distance to the closest rmdﬁReplies can be routed back either by using the location iméion of

sending a reply doesot depend on the number of nodeshe sources attached to the request messages or by maintainiaghe at
in the network. This may be reasonable when the locatidnermediate nodes which temporarily stores all request rgesseeceived

information of each node is available only at a limited numb@&¥er & sliding time window along with the first nodes that forded them.
13When Assumption Ala is in place instead and néds a node with

of other nodes, in particular in a S_ma”_ neighborhood aroungcheq location information of the requested destinatib®) is replaced by
the node. When only the destination is allowed to generatg, = L(fR+ y m(y,£) dy)f(£) d¢ > 0, wherem(-,£) is the derivative
a reply message, Assumption Ala holds by virtue of mutued 77, ¢).
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for flooding the network with either the location informatio Proof: In order to prove the lemma, it suffices to find
of nodes (proactive geographic routing) or location retues scheme under which the expected routing overhead per
messages (reactive geographic routing). This also hiatsifth timeslot is upper bounded hy- n - log(n) for all sufficiently
we eliminate or reduce flooding of messages, we can alter taege n, for some finite constant > 0. The scheme we
way routing overhead scales with the increasing network siziescribe here combines the features of both proactive and
reactive geographic routing schemes in such a way we can
avoid expensiveanulti-hop flooding of messages, by forming
) ) . o virtual location servers using the existing nodes. A similar idea
In this section we examine how theinimum expected o ysing existing nodes as location servers without knowing
routing overhead scales with the number of nodes under {hei igentities was used by Li et al. [22].
assumptions stated in Section IlI: For each fixed N, let us A key idea is that we store the location information of each
denote the minimum expected routing overhead required RRJe; in a small region (relative to the transmission range) so
timeslot fordisseminatingand acquiring location information 15t once a location request message for notEachesome
by Rmin(n). We prove thatRuyi(n) = O(n -log(n)) i node in the region, the node, if it does not have the location
two steps: First, we show thak..i,(n) increases at leastintormation of nodei, can find another node with the location
as a - n - log(n) for some constant, i€, Rmin(n) = informationwithouthaving to flood a multi-hop neighborhood.
Q(n-log(n)). Second, we demonstrate that, for all sufficiently, ihis sense, the set of nodes in the region, which varis wit
large n, the minimum expected routing overhead is UPPgfme, collectivelyserve as a virtual location server on behalf of
bounded by - n - log(n) for another constant, proving noqde;. Hence, individual nodes participate not only in routing
Riin(n) = O(n-log(n)). These two findings yield our claim n4ckets, but also in providing location service for othedem

VI. MINIMUM EXPECTED ROUTING OVERHEAD

thatRmin(”)_: O(n - log(n)). _ To this end, we choose a quantization level ¢f) =
_ Lemma 3:The minimum expected routing overhead pe{@y*(n)/?» for approximating node locatiots divide the
timeslot Ryin(n) = (n - log(n)). domain of mobility intocells of area A(n) = <™ x ¢,

_Proof: Let us first focus on a single connection requesging store the location information of each node in a cell with
originating, say, at nodé € N, with nodei,i # k, @ 4 known coordinate® The coordinate of the cell where the
the destination. Firstany location message of nodemust |gcation information of node resides, is computed using a
carry the ID and location of nodé As mentioned earlier, n5sh functionh™ : N s S, ), WhereS, ., is the set of
a minimum oflog(n) bits are needed to identify nodein  coordinates of the cells that hold location information isTh
the message, and from Lemma 1, the minimum expectgflos us to skirt the problem of not having location servers
number of bits required on average to describe the locatbnsyith known or fixed locations. In addition, the hash function
nodei asymptotically approachésg(n). Second, the expectedgan pe designed to distribute the load of storing location

distance the location message of nadmust traveldirectly nformation among the nodes. The hash functiér® are
from node: to nodek is given byd.,, in (15) and does not 55sumed common knowledge.

depend om. First, if we are to store location information in a cell,

Summarizing these, (i) from the assumed ergodicity aRgh must ensure that there is at least one node in the cell
stafuonanty of mobility processes, the average dl|stam1;e '(with probability approaching 1 as — o) so that location
cation messages travel directly from the destinations & tfhformation can be stored in the cell and be accessible troth

sources of connection requests equéls, > 0, and (ii) the odes. It is obvious thatl(n) = w(1/n) because
expected number of bits in each location message required

for both the ID and the location of a destinationd$log(n)). Aln) =
o (n) " ) q-An) =n = — 00 as n — 0o .
Since i)IL;",i € N, are assumed mutually independent, ||$1 9 9n
connection request processﬁ§")7i € N, are independent From the assumption on the spatial distribution in (4) and
of the mobility processes, and iii) the average total nundfer mutual independence of the mobility processes, if the @&l s
connection requests in a timeslot equalsp, the minimum A(n) is w(1/n), the probability that there is no node in a cell
expected routing overhead required on average (irxbitsters at timeslott € Z, approaches zero as— oc:
per unit time) for delivering location information diregtl _ _ _
from the destinations to the sources of connection requektsThere is no node in a cell at timeslgt< (1 — & - A(n))"
is ©(n - log(n)). Obviously, the minimum expected ro“ting\NhenA(n) — w(1/n)
overhead cannot be smaller than the overhead required for
transporting location information directly from the destiions (1-¢&-An)" =~ exp(=& -n-An))
to the sources. Hencé,,i, (n) = Q(n - log(n)). [ | . 0 asmn — oo .
The proof of Lemma 3 indicates that, even when transmis-
sion ranges are allowed to be larger than the CTRs, Lemman the rest of the proof we describe how the location infor-
3 is still true. Therefore, this finding only requires thae thmation is disseminated and retrieved by nodes and compute
transmission range of the nodes be selected large enough '59 . N _
ensure network connectivity, but not necessarily the CTR. eo;:gfl'i'cf:gz‘tir‘]ge proof of Lemma 1 that™) is sufficient for enabling
Lemma 4:The minimum expected routing overhead pe% 15By storing Ioca;tion information in a cell, we mean storing itcate or
timeslot Rynin(n) = O(n - log(n)). more nodes in the cell.

2v*(n)2  2n c**log(n)

, for sufficiently largen,
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the overhead due to these operations. state probability that a node is in céll™ (i). Recall that (i)
1. Dissemination of location information: As mentioned from the assumption on spatial distribution in (#)is upper

*2
earlier, under our scheme, we convey and store the Iocat%(ﬁun(_j_ed bf? x area of a cell€ £ x 2 ¢*” log(n)/(9-n)) .
information of a node in cell »(™) (i) that serves as a virtual a?d) (,”) the distance from the |§St relay node to any nod_e n
location server for node Intermediate nodes route a locatio’ (%) t*hat hears the message is boundgd by the transmission
message of nodé using the location of the celh(™ (i) range~*(n). Thus, the total expected distance from the last

R . . i () () i
computed using the common hash functt®tnlike a unicast relay node to all nodes ih™™/() is upper bounded by

data packet that is routed to a specified destination node, 2 & ¢*? log(n) log(n)
however, a location update message of nodees not include n-p-y*(n) < —— X N —

a specific destination ID in the message. This is becauseinode 9 3 1ol D "

is unlikely to know in advance which nodes are in @glb (3). _ 26 lg7(n) . (16)

Instead, since there is a node in ceil”) (i) (with probability 9vn

approaching 1), when a location update message reaohes |t is clear that (16) decreases to zeroras— oo. This tells

node in cell,("™ (i), the node stores the location information ofis that the contribution from the last hop to the total expact

node: and terminates the message without relaying it furthefistance traveled by a request message vanishes-asco,

Obviously, the distance traveled by a location message @ naand that the total expected distancediél).

i to any node in celh(™ (i) is upper bounded by/2 - D. A reply message produced in response to a request message
A location update message of a node carries the nodesntains the IDs and location information of both nogemnd

ID and location information. Combining with our finding in;. The reply message is then routed back to the source (i.e.,

(13) that the minimum average number of bits needed t@de;), using the location information of nodecopied from

describe the locations of a node with quantization leyel) is  the request message. It is obvious that the expected déstanc

asymptoticallylog(n), we conclude that the routing overheadraveled by a reply message @g1).

due to transporting the location information of the nodes to Since a location request message generated by node

their respective cells that store their location informatis contains the IDs of both nodesand: and the location in-

Rr(n) = O(n -log(n)). formation of nodej with quantization levet(n), the required

2. Retrieval of location information: In order for a nodej  expected number of bits in a location request is on average

to access the location information of another node, say node, ., (n) ~ 3log(n) from (13). Similarly, the expected number

node; first generates a location request with (i) its own ID angf bits required in reply messages for the IDs and location

location information (with the same quantization levéh)), information of both nodes is on averagg,(n) ~ 4log(n).

and (i) the ID of nodei. The request message is then relayedence, the expected number of bits needed for handling

by intermediate nodes using the location of the &IV (i) a single location request under our scheme is on average

computed from the ID of nodeé in the request message an@(n) = byeq(n) + bres(n) ~ 7log(n). Recall from Section I

the common hash function, until it reachesmenode in cell that each node generates route request messages at a rate of

R (4). p requests per timeslot. Together with earlier findings on the
When the request message arrives at a node im€el(i), expected total distance traveled by request and reply messa

one of following two events occurs: (i) If the node has thand their sizes, we conclude that the expected routing eaerh

location information of node, it generates a reply messageincurred per timeslot due to retrieval of location inforinat

or (i) if it does not, it broadcasts the request message @@der our scheme iR4(n) = O(n - log(n)).

its neighbors in cellh(™ (i), all of which lie within its

transmission range. In the latter event, since there isadgt le

one node in the celh(™ (i) with the location information SR .

of nodei (with robabilit( )a roaching 1), another node iby our scheme, which ist"(n) = Rr(n) + Ra(n). Since
(o W P Y app g "R*(n) = ©(nlog(n)), we haveRyn(n) = O(n-log(n)). m

cell (i) with the location information generates a reply We note that nodes actively disseminate their location

message. Again, the reply message is heard by all other nod?s

in the cell because they are all within the transmission ean%negrr?:t'ﬁiz :gut?r?rts(sggst;ionnet\v/\g\r)kalrjlgds[”bsoéneg:ge}ﬁtlrﬁe
hence only a single reply message is generated. grap 9

In the case of second event, compared to the first, oﬁ[aOOf of Lemma 4. However, there are some key differences

additional broadcast transmission is required. HoweVaret etwe.en our s'ch'e me and .bOth proactl\{e anq reactive geo-
is no need to flood amulti-hop neighborhood in search Ofgraphlc routing: First, proactive geographic routing flsaud

a node with location information (which is the case wiﬂ"?tOres location |r_1format|on in the nelghb_orht_)od arom_md the
) ) . nodes, whereas in our scheme the location information of a
reactive routing). The total distance traveled by the bcaat

request message over the last hop to all the nodes in neque Is stored only in a small area (a cell) with a pre-assigne

h(™ (i) can be computed as follows: From the assumed mutE% ation that can be computed using its liddependently of
independence of the mobility processes, the number of nod Sactual location Since nodes are mobile, unless sources are
in cell (™ (i) is a binomialg, p) rv, wherep is the steady-

The minimum expected routing overhe&tl,;,,(n) is obvi-
ously not greater than the expected routing overhead iedurr

always close to selected destinations, promulgating imcat

information to a small neighborhood around the nodes will
16The location of the cell is the same as the approximated latatfoa b? of I'm'teq use. Secondly, we limit the area to be flooded

node in the cell, i.e., the centroid of the cell, as explaiireGection IV. with a location request message to the same cell. In other
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words, only the cell in which the location information of a@raveled by each advertisement &(,/n). Therefore, the
requested destination is stored, is flooded with the lonatioverall expected overhead due to advertisements per tinesl
request message. These simple features eliminate the @eedsfO(n - \/n - log(n)?) = O(n' - log(n)?).
unnecessary and expensive flooding of control messages in thZhou and Abouzeid [36] studied similar routing overhead
network, resulting in lower overhead. under two-tier hierarchical proactive routing where regul

It is noteworthy that, in computing the routing overhead umiodes report the detailed local topology information toirthe
der both our scheme and proactive/reactive geographimmut cluster heads that maintain global ownership information.
flooding of location information or request messages chaing&/hen the number of subregion® (with one cluster head
only the distances traveled by them, while the number of biper subregion) is fixed, the overall routing overheai? -
carried by them remains the same. Therefore, the disparitylbg(n)) under all three different physical scalings of the
expected routing overhead is caused only by larger dissancetwork they considered (Table IV in [36]). In particular,
traveled by control messages under proactive/reactive gemder the second physical scaling in which the communicatio
graphic routing (which demands higher resource experalituange of the nodes is adjusted so that the expected number
by their transmissions). Therefore, this highlights thepam of neighbors of a node i®(log(n)), the routing overhead is
tance of modeling and accounting for the traveled distancé3(n>®). Furthermore, even when the number of subregions
computing only the information rate required to model noded/ is allowed to depend on, one can show that the overall
mobility and uncertainty in their locations (e.g., [3]) wdu routing overhead i€2(n!-°) under all three different physi-
not reveal this discrepancy in (the scaling law of) expectezhl scalings in [36] (and(n?//log(n)) under the second

routing overhead under these schemes. physical scaling).
Theorem 4:The minimum expected routing overhead per Reactive topological routing: Assume that routing infor-
timeslot Rin (1) = O(n - log(n)). mation is discovered by flooding the network withreute

Proof: The theorem follows from Lemmas 3 and 4m request messagender a reactive topological routing scheme,
and Assumptions Al and A2 in subsection V-B hold (with
VII. DISCUSSION ‘location request’ replaced by ‘route request’). Then, the

. ) ) overhead stemming from flooding of route request messages
Throughout this paper we assumed geographic routing %QdQ(nlﬁ “log(n)) by a similar argument in the proof of

a non-vanishing spatial density of the nodes while adoyitieg Theorem 3. As mentioned in the same proof, replies need

RGG model for one-hop network connectivity. In this SeCtio,Hot be flooded. Instead, they can be routed back to the source

we first compare the expected overheac_j of geographic rout maintaining a cache at intermediate nodes and temppraril
schemes to that of topology-based routing schemes. Then, &ing all request messages with the IDs of the sources

examine the effects of a vanishing spatial density andimeat ,,y ne first nodes that forwarded them. Then, following a

recovery procedures on routing overhead. Finally, we ©®Si giyiiar reasoning, one can show that the overhead due tp repl
a family of network copnectmty models, which contains th?n ssages i®(n - log(n)), giving the overall routing overhead
RGG model as a special case, and show that our results gfleb 15

(n” - log(n)).
hold under the new models. We also note that introducing virtual servers withute
A. Geographic routing vs. topology-based routing: In informationto nodes (analogous to the virtual location server
Section V we showed that the expected routing overhead unifethe proof of Lemma 4) will be problematic in topological
proactive or reactive geographic routing n'- - log(n)). routing schemes. This is because, unlike in geographiéngut
Here, we briefly discuss the same under a proactive or mghere the same location information for node: can be
active routing scheme that uséspological information of provided to any node that wishes to communicate with node
the network (i.e., network connectivity) for routing deoiss: i, the end-to-end route information to nodlearies from one
Each node maintains and uses the next-hop information, fuzde to another, depending on the position of the node in
example, along a minimum-hop path, for each known destire network topology relative to that of nodeHence, it is
nation through exchange of (local) topology informatione Wnot obvious how one can reduce the routing overhead brought
call these routing schemespological routing schemes. about by costly flooding of control messages.

Proactive topological routing: Suppose that, under a proacB. Vanishing spatial density: When the spatial density
tive topological routing scheme, each node advertisesise lof the nodes is non-vanishing, it is easy to see from (3)
of its neighbors along with its own ID to all other nodeshat the CTR is proportional td/\/f., where f, is the
within distancee > 0, which we call anadvertisementThe infimum of the density function. Thus, the uniform distriioumt
information on immediate neighbors is the minimal amount eéquires the smallest CTR among all distributions with non-
information needed to reconstruct the network topology amdnishing density. The intuition behind this finding is tltae
is the same information reported by regular nodes in [38fansmission range must be increased to maintain a certain
[36]. Given the assumptions in Section Ill and the transioiss level of degree (i.e., the number of immediate neighbors) of
range~*(n), the expected number of neighbors of a node the nodes in lower density regions.

O(log(n)). Thus, the average number of bits required for an In [16] Han and Makowski used a simple example to illus-
advertisement containing the list of neighborsciglog(n)?) trate the effects of vanishing density on network connégtiv
because each ID requires on the averagén) bits. From the Suppose that: nodes are placed on a unit interval [0, 1]
proof of Theorem 2, we know that the expected total distaneecording to a distributiorF,(z) = 2!, = € [0,1], where
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p > 0. The distribution yields a continuous density functiotransmission range required for network connectivitysits
fplx) = (14+p)zP, x € [0, 1], which vanishes at = 0. When ~*(n)/o2 < F(n) < v*(n)/o1. When this condition is met,
n nodes are distributed according to this density functibe, tfollowing the proof of Lemma 1, one can show that the
CTR is given byn‘ﬁ (as opposed té‘% in the case of necessary quantization level for describing location rimfa-
uniform distribution [1]). This demonstrates not only thiae tion is ©(v*(n)) and Lemma 1 still holds. This is because
presence of vanishing point(s) significantly alters the way when the target rangg(n) = ©(~v*(n)), if we compare the
CTR decreases with an increasing number of nodes, but aidtgest quantization level we can employ to describe looati
that how it decreases depends on how the density approachéamation under both the RGG model and the new model
zero around the vanishing points. Moreover, the GTR=7 here (under the same set of assumptions otherwise), tHey dif
is of a larger order than the CTR bfg(n)/n with the uniform by at most aconstantfactor upper bounded by, /. Since
distribution, i.e.,% = o(n*ﬁ)_ the constant factor plays a negligible roleras+ oo (as shown

The findings by Han and Makowski and by Penrose suggdithe proof of Lemma 1), consequently Theorems 2 through

that the order of the CTR may be the smallest when the spaffafiold as well. -
Under a quasi unit disk graph (QUDG) model [20], pre-

distribution is uniform. This means that the average nunolber He ]
bits required to describe the locations of a nod®iog(n)). sumably with fixed transmit power, there are two thresholds
d <7 <7 <o where~y; = 7 - v, for somer € [0, 1].

Therefore, since the number of bits needed to identify a nod - Y _ .
is lower bounded bylog(n) when source-destination pairst) If the distancex(i, j) Petwe?”_mdeﬁ?”dﬂ Is at mosty,,
are selected randomly, it is likely that the minimum expéctdl€re is a link between and j; (ii) if d(i, j) > 72, no link

routing overhead i®(n-log(n)) under a large class of spatial®XiSts between them; and (iii) #f, < d(i, j) < 72, there may
distributions (or mobility models) of nodes. or may not exist a link between them. It is obvious that, under

C. Overhead d | . . . . suitable scaling ofy, and~; (through transmit power control)
- Overhead due to location recovery in reactive routing: - 55 5 fynction ofn, while maintaining network connectivity,

As discu_ssed in subse_cti_or_1 VB suppose thf”‘t a destinattian %he QUDG model is similar to the above model. Hence, our
connection moves while it is still active. In this case, @sléhe results are true under the QUDG model.

_defstmatl_on mfo;}ms the sour_ﬁebof Its (I;IGW(;OCﬁ(thOE, theﬂm: i Under a cost-based model (e.g. [29]), there is a cost fumctio
information at the source will be outdated and the source wil. R. — R, such that, (i) the cost at distandeis given by

need to acquire the new location of the destinatio_n throughc@) € [p1-d, p-d], whered < ¢, < s < o0, and (ii) nodes
recovery process. If we assume that the recovery is perﬁbrrr}eandj have a link if and only ifc(d(4,j)) < ¢, for some

by flooding a control message _similar to the original IOcmtiothresholdfzt;L. The cost function: is not assumed monotonic in
request message, then the additional overhead due to rgcoygGqiance. |t is clear that, given a thresholg, we can find an

}N'" be c%mparable tothe ovekr]headr:nlcurrcled during the D&li e and lower bound on the maximum distance between two
ocation discovery process (through location request apijr nodes that would permit a link between the nodes. Therefore,

messages). Thus, if we assume that cor)nectior]s need, réelecting appropriate thresholeg (n) as a function of the
average K recovery processes (per connection) while they aHumber of nodes: that would ensure network connectivity

active, the expegted routing overhead will sc_ale by a factor and following a similar reasoning as above, we can show that
K, and the scaling law of the expected routing overhead WHLH‘ results hold under this model as well

remainQ(n'® log(n)).
D. Different network connectivity models: While we mod- VIIl. CONCLUSION

eled the network connectivity using an RGG so far, our result we investigated the expected routing overhead in MANETs
can be generalized to the following family of connectivityemploying geographic routing, with an emphasis on the
models: Givenn € N nodes in the network, Ief(n) be the overhead rising from dissemination and retrieval of lamati
target transmission range selected by the nodes. There eXjfbormation. We focused on a scenario where packets can
constants) < o1 < 1 < 02 < oo so that, givery(n), () be routed to their intended destinations using only the 1D
nodesi andj have a link if their distancé(i, j) < o1-5(n), and location information of the destinations without being
and (i) they do not have a link ifi(i, j) > o2 - 7(n). When flooded. We showed that when nodes move independently
o1 -7(n) < d(i,j) < oz -7(n), however, we do not specify while employing a common transmission range to ensure
whether or not there exists a link between nodeand j. network connectivity (with a high probability), a minimunfi o
Different rules, such as a probabilistic rule, can be appie 10¢(n) bits are needed on average to describe the approximated
this case. The RGG model is a special case with= 02. |ocations of each node, whereis the number of the nodes.
The interpretation of this family of models is that once rodaviaking use of this finding, we first proved that the expected
select atarget transmission range, they should be able tguting overhead i§)(n!5 log(n)) under both proactive and
communicate direCtIy with other nodes that are well Withi?eactive geographic routing. Then, we demonstrated that th
the target range, whereas other nodes that are (much) fartfighimum expected routing overhead scalescds log(n)).
away than the target range would not be directly reachabigur study also revealed a main source of inefficiency of
Connectivity between nodes roughly target range away frofoactive and reactive geographic routing as well as themaj
each other, however, may depend on other (random) factagntributors to routing overhead in MANETS.
and we do not provide a specific rule for this case. It is clear from our findings that, when nodes’ mobility
From Theorem 1 and the above rules, the minimum target independent, the locations of destinations are mutually
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independent and introduce the linear tetrm the scaling law [21]
(as pointed out in the introduction). When nodes’ mobility is
correlated, however, the expected routing overhead may arp2
slower; the exact manner in which it will grow is likely to
depend on many factors, including the details of corretfatio
structure imposed on nodes’ mobility as well as the selacti?B]
of source-destination pairs. We plan to investigate theseeis

in the future. [24]
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