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Abstract— In this paper we use an information-theoretic for- changes. The minimum routing overhead is the minimum
mulation for characterizing the minimum routing overhead of amount of state information rate needed to be received by
link state routing in a mobile ad hoc network. We formulate 1,0 nodes, such that the current state of the network can be
the minimum overhead problem as a rate-distortion problem. identified withi tain distortion b d. Thi .

We evaluate lower bounds on the minimum overhead incurred 'd€ntiie W,' Ina cgr ain distortion oun. : ,'S necesss
by maintaining link state information when link state routing the use of information theory and rate-distortion theoryaas
protocols are designed with guaranteed delivery ratio for data tool for developing lower bounds on the routing overhead.
packets. We also characterize the deficit caused by the routing  |n this paper we study the class of proactive link state
overhead on the overall transport capacity of a mobile network. routing protocols, in which each node collects the link estat

Further we derive a threshold value for the delivery error ratio, . f fi f th t K f th d h that it
and conclude that no link state routing protocol can achieve a Information of the network from other nodes suc atit can

delivery error ratio smaller than this threshold. compute paths and thus make routing decisions immediately
upon the arrival of data packets. In our analysis,abeiallink
. INTRODUCTION status of a link and theerceivedlink status by an arbitrary

Routing in mobile ad hoc networks faces strong challengasde (say, nodé) are both treated as random processes. Two
due to dynamically changing network structure and limitetypes of errors associated with these two processes may occu
communication resources. We view that the primary objectiat nodek: 1) the actual link status of a link is ‘down’ but is
of a routing protocol is to maintaistate information such perceived as ‘up’ by; 2) the actual link status is ‘up’ but is
that packets can be forwarded within an acceptable qualjggrceived as ‘down’ byt. The link state routing overhead is
metric. The state information may be comprised of link statethe bit rate at which a node must receive link state inforamati
node locations, velocity of nodes, queue lengths, etc. Thach that the probabilities that the two types of errors may
guality metric could be minimum delay, maximum throughpufyccur are bounded. We formulate the problems of finding the
maximum lifetime or merely best effort delivery of packets. minimum value of these bit rates as rate-distortion proklem

The design of routing protocols can be viewed as choosifgee e.g. [3] for an introduction to rate-distortion thory
a subsetof classes of state information about the networlJsing the rate-distortion formulation, we present loweunds
and then specifywhen and how to collect and disseminate on minimum link state routing overhead for fixed distortions
the chosen state information. The process of collectintg sté; andd, for the two types of errors.
information incursrouting overhead A number of routing  We further show that there is a connection between the
protocols have been designed, and they differ from eactr otlpeobabilities that the two types of errors may occur, and the
by selecting different subsets of classes of the statermdor data packet delivery ratigl — n) in the network layer. This
tion. It may be difficult to make a comprehensive comparisalows us to derive a lower bound on the minimum overhead
among all the routing protocols, since there are many typesfor link state routing protocols with guaranteed deliveayio
evaluation criteria to be used and many network scenarios(tio— 7). This result is then connected with the results on the
be tested. The premise of this work (as well as related primansport capacity of multi-hop wireless networks evaddan
work [1] and [2]) is that, instead of trying to find the bes{4] in order to characterize the effective capacity avdddior
available protocol under certain cases, we could chaiaeterusers. It is observed that delivery error ration cannot be
the routing overheads incurred by a few key classes of rgutiachieved by any link state routing protocols if it is smaller
protocols. The work in [1] addressed the overhead for th&sclahan some threshold valug.
of topology-based hierarchical routing protocols, whi®y [ In this paper we exclusively consider the scenario where
considers geographic routing protocols. This paper eteduathe routing protocol initiates forwarding process as soema
the overhead for the class of link state routing protocoldeun packet arrives at the source. Thus the capacity improvement
a flat (non-hierarchical) network structure in which nodageh due to node mobility (achieved at the cost of delay assatiate
identical protocol responsibilities. with waiting for the destination to move to a nearby location

We present an information-theoretic framework for charagointed out in [5], [6] is not applicable to our work.
terizing the minimum overhead incurred by link state rogtin  The class of link state routing protocols is dominant in wire
protocols. The key departure point of this framework is éatr networks [7]. However, when migrating from the wired to
the link state as a random variable/process that exhibitbora  wireless, conventional link state routing protocols maguin
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large amount of overhead and thus face scalability chadienct""

[8]. To improve the scaling properties of link state routimg |* <—Z—>] 7.~ rE——
number of modified protocols have been proposed [9], [1( <] e <> ¢
[11], [12], [13], [14]. Specifically, fish eye routing dedogid °© n " g T & T

in [9], [10] and [11] introduces the notion of multilevel fisye

scope to reduce routing overhead through reducing then@utirig. 1.  An illustration of the relationship between randoariablesL(t),
packet sizes and update frequency. Optimized link statingu Y= and Z,, associated with node paft, ).

protocols (OLSR) [12] produce less control overhead as it

forces the propagation of link state updates only at multi- ] ) . ]
point relay nodes [13]. Similarly, topology broadcast lase packets can b_e delivered Wl_th guaranteed dehvgry ratio.
on reverse path forwarding (TBRPF) protocols [14] reduce 3) We characterize the effective transport capacity of a
link state update forwarding at leaf nodes of each source Mobile ad hoc network after taking into account the
tree and disseminates differential updates. To the best of Minimum routing overhead incurred by reliable link state

our knowledge, there is still no theoretical work reported o routing. .
finding the minimum link state routing overhead. The objexti 4) We derive the threshold valug® for the delivery error
of this work is to fill in this gap. ratio, and point out that no link state routing protocols

The relation between this paper and the existing related Can achieve a delivery error ratio smaller than this
work for modeling and analysis of protocol overhead can be  threshold.
summarized as follows. One of the earliest and pioneeringThe rest of this paper is organized as follows. The network
works that use information theory to understand protocehd routing protocol models are presented in Section Il. The
overhead in communication networks can be found in [15jate-distortion formulation and the evaluation of a loweuid
Gallager [15] used an information-theoretic method to abar on the minimum routing overhead are presented in Section IlI
terize the minimum amount of protocol information requirediVith the results in Section Ill, the rate-distortion lower
to keep track of the sender, receiver and timing of messadexinds on the overheads of link state routing protocols with
for a simple (stationary) network model. It is pointed ouatth guaranteed delivery ratio are derived in Section IV-A, and a
if the packet lengths are small compared to the random inteiscussion of the capacity deficit caused by routing ovetfiea
arrival times, then the protocol overhead required per @acks presented in Section IV-B. We present conclusions and
can be prohibitively high. Several relatively recent paptbat future research directions in Section V.
use information theory to understand the effects of mabilit
on wireless networks can be found in [17], [18], [1] and [2].
In [17], the authors propose the entropy of link change & Network Model
the metric for mobility models against which performance of The ad hoc network consists af mobile nodes all lying
wireless network protocols must be evaluated. Authors 8f [1in a torus of unit area. The location of nodeat time ¢ is
use rate-distortion theory to investigate the optimalignfor given by X;(¢), i = 1, ...,n. The proces§ X;(-)} is stationary
updating a certain link state metric (e.g. bandwidth) sinet t and ergodic with stationary distribution uniform on the aare
the update rate is minimized within a given cost constraindf interest; moreover, the trajectories of different nodes
One of our prior works [1] uses an information-theoretilndependent and identically distributed (i.i.d.). Eactd@ds
approach to characterize the minimum routing overhead agguipped with an omnidirectional antenna and the transoniss
memory requirements of hierarchical routing protocolsddr radius is given byr. It is assumed thatzrr? > 1, which is a
hoc networks. Our work shares a similar flavor with anotherecessary condition for network connectivity.
one of our prior work [2], in which the family of geographic Let the random variabld;;(t) € {0,1} denote the link
routing protocols are studied and rate-distortion loweurtts  status between any two nodésnd j at time ¢, where1(0)

Il. MODEL

on geographic routing overhead are derived. represents the link state is up (down). Formally,
Compared to [1], [2] and other related works, our main 1 () — X (1) <
contributions may be summarized as follows: Lit)=4{ > ! | Xi(t) = X; () <7, 1)
. . ) . J 0, otherwise
1) We present an information-theoretic formulation for

evaluating routing overhead incurred by link state routNote thatZ;;(¢) is induced byX;(t) andX;(t), thus itis also a

ing. As compared to our prior work [1], apart from thestationary ergodic process. For the sake of notation saityli

different network structures studied (flat and hierarchin the rest of this paper we will usk(t) instead ofL;;(t) if

cal), the routing protocol model used in [1] specifiethere is no ambiguity.

the exact mechanisms about when and how to update In order to facilitate the analysis, the following assurap$

network state information. Such specifications are notgarding{L(-)} are made:

used in this work and thus this formulation is more Assumption 1All the processeqL;;(-)|i # j,1 < 4,5 <

general. n} are assumed to be mutually independent. Although this
2) We evaluate lower bounds for the minimum rate at whichssumption may not be true in general, theoretical analysis

a node must receive link state information such that daita[1, Section 111.C.4] and simulation studies presenteili,
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Fig. 2. An illustration of encode-transmit-receive-and:aige procedure for |1
nodek to monitor the status of linkz, 7). |
t
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Section 9] show that the dependency between two neighboring o . .
links is weak and can be negligible. Fig. 3. An example o(z,]) s link statusL(t) associated Wlt‘h the sequence

i . {Tm}, and the perceived link status(¢) at nodek associated with the

Assumption 2:The random process.(-) is modeled as sequence7},}.

an alternating renewal process ([19]), which is elaborated
follows. Let {Y,,,}5_; and {Z,,}55_, denote the sequences
of successive ‘up’ and ‘down’ time durations df(¢) (the [1l. OVERHEAD ANALYSIS
relatipnship betweerL(t), Y,, and Z,, is briefly illustrated g, any given nodes, j and k, there are basically two
by Fig. 1). Both the sequencgy,, };7_, and the sequenceiypes of errors associated with j)'s link statusL(t) and the
{Zm}m-, are assumed to be independent and identically disarceived link statug(t) by k: 1) type-1 erroris the one that
tributed (i.i.d.) with probability density functions (9dfy () happens at time if L(t) = 0 and L(t) = 1; 2) type-2 error
and fz(-), respectively. Moreover, we assume tHaf,} 21 s the one that happens at timé L(t) = 1 and L(t) = 0. In
and{Z,, };;_, are independent from each other. The expecteffs section we evaluate a lower bound on the minimum bit
values ofY,, andZ,, are denoted by,y andy.z, respectively. rate at which a node must receive link state informationhsuc
For the convenience of further analysis, we definas that the time portions of these two types of errors are bodinde

=y + pz ) from above byd; andd., respectively.

B. Link State Routing Protocol Model A. Notation and Rate-Distortion Formulation

A link state routing protocol requires each node to collect Definition 1: S; is the set of time instants at which type-1
link state information from other nodes such that it can congfror happens during the time interyel w], i.e., Sy = {¢[0 <
pute a path to any potential destination node in the netwotk< w, L(t) = 0, L(t) = 1}. Similarly, S, is the set of time
The process of collecting link state information produces iBstants at which type-2 error happens during the time vater
routing overhead. Specifically, the link state informatioh [0,w], i.e., Sy = {t|0 <t < w, L(t) = 1, L(t) = 0}.
any given node paifi, j) (¢ # j) may be encoded and sent Definition 2:D§,})(L,ﬁ) is the time portion of type-1 error
out as control packets by the routing protocol, and then neay im the link state information of node pait, j) at nodek over
received and decoded by some nddé = 1,...,n) in order a time period[0, w], i.e.,

to allow nodek to monitor the link status ofi, j). The link . 1 .

state routing overheadssociated with nodé is thus formed DI(L,L) = */ |L(t) — L(t)|dt )
by bit streams of all such control packets received by nade W Jtes,

for any givenk =1, ..., n. Similarly, D{?)(L, 1) is the time portion of type-2 error in the

This encode-transmit-receive-and-decode procedurkiss il jink state information of node paifi, j) at nodek over a time
trated by Fig. 2. The link status ¢f, j), which is represented period [0, ], i.e.,

by L(t), is encoded by the link state routing protocol and then

sent to nodek such thatk is able to reproduce it as{" (t) D@L, L) = l/ |L(t) — L(t)|dt 4
(for simplicity, we will use ﬁ(t) instead in the rest of this W Jtes,
paper). Here we make two assumptions as follows: Definition 3: {T,}2°_, is the sequence of time instants at

Assumption 31t is assumed that the perceived link status/hich the link status ofi, j) changes (i.e. the value df(t)
L(t) is updated and maintained based on the link state ichanges).
formation collected by from outsideonly. This means that Based on the Assumption 3 and Assumption 4 (made in
nodek does not make its own decisions to determir(¢) at Section 1I-B), it can be observed that every change.n)
any given timet (e.g., no prediction based schemes are usedllows after a change i (¢) at some time instarif,,, and is
link status is maintained and updated according to thevedei followed by a change irL(¢) at the time instanf’,,.;. And
control packets only. there is at most one change fv(t) betweenT,, and T}, 1

Assumption 41t is assumed that the positions of node for any givenm. Let T}, denote such a change fr(t). Fig. 3
and;j do not change significantly during the encode-transmitlustrates an example of(t) and L(t). It shows thatL(t)
receive-and-decode procedure described above. In otheiswahanges its value gty and Ty, and hasl; < 7y < T and
the time scale of forwarding a packet is much smaller thah thE, < Ty < T3. It can be noted thaf’m is not clearly defined
required for a significant change in position. for some values ofn (m = 3,4 for the example shown in



Fig. 3). To make the definition of,, complete, we define Similarly, D u?) is the expected value of the time portion of

Ty = Ty = Ty in the example illustrated by Fig. 3. Formally,type 2 error over the time peridd, w], i.e.,

we have the following definition fof},,. ) NN 9) 1N 12N
Definition 4: Let {7},}°_, denote a sequence of timeD,, = E |:D1(u):| = / P, [t it :|D1(u)dt dt
instants which is defined according to the following two case (N TN INT e F N
1) If L(t) is not constant ove{T},, T}n11), i.€., there exists (14)
ce{0,1} andr € (T}, T)n41) Such that Definition 10: P, (41, d2) is defined as the family of pdfs
R . Vit € (T, 7); P, [tN;fN'} such that the following inequalities hold:
L) = { 1= ¢, W€ (r,To) ®) :
) s Lm+1) Th <T,, < Tm+1
then let p 3 ﬁg) <6 (15)
m =T (6) p® <4,

2) If L() is constant ovelTy,, Trnt1), i€, L(t) = c € Now we will present a rate-distortion based formulation to
10,1}, for anyt & (Tin, Tm1), then let find the minimum bit rate required to represent the link state

P { Tn, iFLt)=c Vt€ (Tm,Tms1); % information such that the inequalities in (15) are satisfied

T Tsrs If L(E) # ¢, VE € (T, Tint1)- Definition 11: R,,(d1,d2) is defined as the rate-distortion

function associated with the time intenj@l w]— the minimum

bit rate at which a node must receive link state information

such that the inequalities in (15) are satisfied. Accordimg t

Thus we have a sequendd), : m = 1,2,..}, Ty = 0,
whereT,,, denotes the time instant at whidi(¢) changes its

value, and the following inequality [3], Rw(51,32) is given by
T < T < Tp 8
= i ® Ru(01,02) =  min  ~1(TN; PN (16)
holds form = 0,1,2, .... Pu€Pu (81,02) W
Definition 5: Let N(w) denote the number of changes inyheres(7V; 7"} is the mutual information betweeR¥ and
L(t) during the time interval0, w]. Formally, TN’
N(w) = sup{m|T)n < w} ©@ The min?mum raFe (in bi.ts(sec) at which a node mus.t receive
o . . link state information of(¢, j) such that a large fraction of
Similarly, N'(w) is defined as packets are delivered, representedby, &), is given by
N'(w) = sup{m|T;,, < w} (10) R(d1,02) = lim Ry, (81, 062) (17)
(For the sak/e of simplicity, we will us&/ and N" instead of  |n order to facilitate the analysis in the following section
N(w) and N'(w) in the rest of this paper.) we define another two rate-distortion functions as follows.
By Definition 3-5, it is readily known that Consider the i.i.d. sequendd’,} drawn according to the
N—-1<N <N (11) pdf fy(y), v € Y. Let {Y,,} denote the reconstruction

of {YV;,}. We assume that for any givem, the following
Then according to the network model described in Section Heconstruction constraint is satisfied:

B, the average rate df, j)'s link status changes is given by v oSy (18)
N N’ 2 2 me . )
lm — = lm —=———=- (12)  Let f,.y(y,9) be the joint pdf ofy” andY’, (y,§) € ¥ x .

w—o0o W w—oo W Wy + nz u
N N The distortion measurel: ) x Y — R*, is defined as
Definition 6: 7 and TV" are defined as random vectors

such that?'™ = [T1, T, ..., Tiy] and TN = [T, T3, ..., T/ dy,9)=9-y (19)
DefineT? := T, = 0 and TO := Ty = 0 for the trivial case Let F()(e) denote the family of the joint pdff, ¢ (. 9)
N=0. ., _ satisfying

Definition 7: 7V and 7" are defined as the sets of all ooy 9) =0, fory>g (20)
possible vectord™™ and 7', respectively. YR ’ ’

Definition 8: P, {tN;fN'} denotes the joint probability @nd
density function (pdf) of random vectof&" and TN, with // Y) fy(y, §)dydf < e. (21)
tN e 7N andiN’ %

Definition 9: D is the expected value of the time portionThus the rate-distortion function fdr is defined as follows.
of type-1 error over the time peridd, v, i.e., Definition 12: RY)(e) is the rate-distortion function for
—a . sourceY, with reconstruction constraint (18) and distortion
D, =E [ij)] = / P, [tN;tN } DM dtNdiN" measure (19). According to [3R™)(e) is given by

tNeTN N eTN RY)(e) = min I(Y;Y) (22)

(13) fy v (W9 EF) ()



Similarly, we defineR(Z)(e) as the rate-distortion function h(Tm\Tm_l,Tm) is already conditioned offi,,,_, subtracting
for the i.i.d. sequencéZ,,} drawn according to the pdfz(z) it from T, is similar to translating the random variable by a
with the same reconstruction constraint and distortionguea scalar. Equation (32) follows directly from (31), (27) ara8).

as in Definition 12. Define a random vectdv,, such that
B. Link State Routing Overhead Upn =T — Tt (33)
Lemma 1:The mutual information betwee™ and 7" Sincer,, depends only o}, andT},_;, we have
satisfies the following relationship . .
) N AN h(Ym‘T2m72vT2mfl) = h(Ym|T2m72aT2mflaU2mfl)
Pweﬁf(fél,éz)I(T ) < (Y Uzm—1);

. V\[/J R < wh, ) . {N/J e ( w6y ) (23 similarly we can get(Zu,|Tom—1, Tom) < M(Zm|Uzm).

B) ] 5 ] Then we get the following upper bound far72M |72M):
Proof: Note that BT T2) < 5 (WYl Us 1) + h(ZnlUsm))  (34)
m=1

N.HN'y _ N’ . AN’
(reT )N I](VT T )_ ) Now considerh(T?M). SinceYi, ..., Yo, ..., Z1, .o, Zpn, ... Ar€
_ { (I T T )(2 0), if N=N"+1; 54 independent, we have

0, otherwise o
., 2My _
Then only need to show tha(7™";7V") is no less than the h(T™) mX::l (h(Ym) + h(Zm)) (35)
right-hand side of equation (23). Bv combinina (26). (34) and (35). we get
When N’ is odd, i.e.,N' =2M + 1 and M € N, we have y g )M( ) (35) g
I(TN'.TN’) LM 7MYy > S (1Yo Usim—1) + 1(Zm; Uarn)) - (36)
aonrs A m=1
= I(T*™, Tornrr; T*M, Torrta)
= I(T*;7*M Topnrin) + I(Tonsr; TM Topg i |[T?M)  Define pY) = E[Usm-1— Y (37)
> [(TMTM Ty pD = EUsm — Zy] (38)
= I(T?M. 7ML [(T?M Typr | T?M) By equation (33) it is easy to verify thdfs,, 1 — Y,, > 0
> [(T2M, T2M) (25) andUsm — Zy, > 0. Thus by Definition 12 we have
Thus only need to show that (23) is true f¥ is even, i.e., I(Ym;Uzm-1) > R () (39)
N'=2M and M € N. I(Zy;Usm) > RD(pD) (40)
Using the standard definition of mutual information we get From (3), (8) and (13) we have
I(TZM; T2M) _ h(T2M) o h(T2M|T2]W) (26) — B 1 A
. . w = E|= |L(t) — L(t)|dt
whereh(-) denotes the differential entropy. W Jies,
Then we considek (7™ |T2M). Without loss of generality, 1 M
we assume thakt(0) =0, i.e.7y; = Y;. Thus = EE Lz_:l Uz — Zm)]
M
Yo = Tom-1—Tom—2 (27) _ 1 WL (41)
Zm, == T2m — T2m_1 (28) Wm=1
M
Then Similarly we can getD( ) =L >0 o)
m=1 ..
h(T2M|T2M) _ 22]%[ h(Tm|Tmfl’T2M) (29) By subsfututm_g (39) a_nd (48) in (36) anZd noticing the fact
that rate-distortion function®¥)(-) and R(#)(-) are convex
2M R and non-increasing, we have
S mzzzlh(Tm|Tm—1a Tm) (30) I(T2N[; TQM)
2M ~ M
= Z h(Tm o m_1|Tm_1’Tm) (31) 2 Z R(Y)(p'm ) + Z R Z)(pgf))
m=1 m=1 m=1
M )
. 1 M 1 M
= A(Y | Torm—2, Tom— > MR (LS, L yr® (L s @
mzzjl ( ( | ? a0 1) - R (Mmz—:lpm * = MHLZ::lpm
+h(Zn| Tom1, Tom) ) (32) > MR™ (D)) + MR (D)

Equation (30) follows from (29) since conditioning does MR® (wél + MRY) <1;i[2) (42)

not increase entropy, and (31) follows from (30) since = M



Hence we have proved this lemma. | Theorem 1 implies that, apart from the distortion-related

The following lemma provides a lower bound on the minparameterg; andé,, mobility patterns impose a major impact
imum rate (in bits/sec) at which a nodemust receive link on the minimum link state update rate, since it largely depen
state information about an arbitrary node pa@iry). on h(Y), h(Z) andu.

Lemma 2:Under the distortion criterion parameterized by
8, andé,, the lower bound on the minimum rate (in bits/sec§: Routing Overhead Under Markovian Mobility Pattern
at which a nodek must receive link state information of an  Now we consider a special case for the mobility pattern,
arbitrary node pai(i, j) is given by where we assume that both the up-tidGeand down-timeY

1 1 for each link follow exponential distributions. This asgution

R(01,62) = — <h(Y) + h(Z) + logy 62u25152> (43) implies that the processL(t)}, which describes the link status

u
. . . . changes, is a two-state Markov process. This allows us to
whereuw is defined in equation (2). ng d b

Proof: F Equati 12) L 1 and the definiti erive closed-form results for the lower bound én and
fool. From Equation (12), Lemma and the oetinitions G efore we may gain some insights without involving with
rate-distortion functions (16) and (17), it follows that

complicated analysis.

R(01,02) = lim Ry (1,02) Since bothY” and Z follow exponential distributions, then
¥ N Y) =log 2
; L 2 J (Z) why L 2 J (v) wdo h(Y') = logy(epy) (52)
S B T B h(Z) = logy(epz) (53)
2 2

R@) (us RY) (us Since the proces4.(t) is a stationary ergodic process (see
- (uor) + (uds) (44) Section II-A), then it is readily known that

u
According to Definition 12, the rate-distortion function  py[ (; j)'s link status is up = e (54)
RY)(¢) is given by By + piz
R(Y)(e) — min I(Y;Y) (45) By substituting (2), (52), (53) and (54) in (51), we get the

fy v (W,5)€F ) (e) following corollary.
Corollary 1: When the network is exhibiting Markovian

Let Expd¢) denote the exponential distribution with mean Ve
link status changes, the lower bound on the minimum rate

Then
R R (in bits/sec) at which a node must receive link state infor-
I(V:Y) = WY)-h{Y]Y) mation from the entire network under the distortion criteri

h(Y)—h(Y —Y|Y) parameterized by, andd,, is given by

> A(Y)—-h(Y -Y) (46) —1 21 — mr?

A o> nin—1) log, wr?(1 — mr?) (55)
> h(Y)—h (Expo(E[Y - Y])) (47) 2u 5162
> h(Y) — log,(ee) (48) V. PRACTICAL IMPLICATIONS

Here equation (47) follows from (46) since for a nonnegative [N the previous section, we evaluated the lower bound on
random variable with fixed mean, exponential distributiode minimum rate of link state routing overhead such that the
maximizes the differential entropy_ (48) follows from (47?”’0[’ in the link state information available at each node is

since fy ¢ (y,9) € FY)(e). Thus bounded. In this section, we will show that this result can
’ be applied to capture the interplay between control and data
R (€) > h(Y) — logy (ee) (49) traffic, i.e., the tradeoff between the overhead incurred by

Similarly control packets and the delivery ratio for data packets.nThe
RD(e) > h(Z) — logy(ee) (50) We characterize the deficit caused by the routing overhead on

o i the overall transport capacity of a mobile network. Further
By substituting (49) and (50) in (44) we get (43) and hengge derive a threshold value for the delivery error ratio, and
have proved this lemma. B conclude that no link state routing protocols can achieve a

. —1 .
Since there are totally*’~ node pairs and based ondelivery error ratio smaller than this threshold.
Assumption 1, we get the following theorem that provides
a lower bound on the minimum rate at which a node muét The Tradeoff between Control and Data Traffic

receive link state information from the entire network. Consider the design of link state routing protocols so as to
Theorem 1Under the distortion criterion parameterized byg re that the delivery ratio for data packets is no less tha
01 anddy, the lower bound on the minimum rate (in bits/sec); _ ) | other words, such protocols require each node to
at which a node must receive link state information from thgs apje to compute a valid path for any possible destination
entire network, denoted b$(d,, d2), is given by with probability no less tharl — 7).
n(n—1) 1 Let ¥, denote the class of link state routing protocols
®(01,02) 2 2u (h(Y) +(Z) + log e2u25152> (51) capable of ensuring a delivery ratio 0f — n). Then a lower



bound on the routing overhead of any protogole V¥, is
given by the following theorem.

Let S(t) denote the hop distance of trectual shortest
path from k£ to [ given the precise link state information

Theorem 2:In order to ensure that the delivery ratio forof the network. Similarly letS(¢) denote the hop distance

data packets be no less th&h — n), the lower bound on of the computedpath from k to [ (S(t) :=

oo if k is

the minimum rate (in bits/sec) at which a node must receiumable to compute a path ). Let Fs(s) := Pr[S > s

control packets, denoted @(n), is given by

In (n — (7r*)~") —Ing(n,r) — 1
+ log, egﬂ(ugrziln (7)1 _>(7T'r2)€$) _)1) '77> 9)

whereg(n,r) is given by

g(n,7) =nln (57)

1—7r2

Proof: Consider any protocap € ¥,,. For any given nodes ps(t) = (PT{L(’&) = 1L(t) = 1]) =1 =)
k andl, let A; denote the event that is able to compute a Then the probabilitys

denote the complementary cumulative distribution fumrctio
(ccdf) of S(¢), and let Fg(, (s) denote the ccdf ofS(t).

Then the probability mass function (pmf) fat(t), denoted
by {f5(5)}, is given by

fa)(8) = Fgy(s = 1) = Fgy(s), VS €N (65)

According to Assumption 1, the probability that the com-
puted path fronk to [ is a valid path given its hop distance
S(t) = s, denoted byp;(t), is given by

(66)

(t) that k is able to compute a valid

valid path tol at time¢, and leto(¢) denote the probability path tol at timet is given by

that A, happens, i.e.,

n—1
PriA,] = o(t) (58) ot) = EZI Fay ($)ps(t)
Since protocol) is able to route data packets with guaranteed _ = 1 — C()5(F- 1) — F-
delivery ratio of (1 — ), then we have 5:1( CO)* (Foy (s = 1) = Fypy(s))
lim l / O’(t)dt Z 1— 7 (59) = 1- C(t)sz::()(l - C(t)) FS‘(t)(S) (67)
w—00 W 0

Let a1 (t) andaz (¢) denote the probabilities that type-1 and

type-2 errors in(i, j)'s link state information occur at node
at timet, respectively, where node and node pai(i, j) are
arbitrarily chosen. That is,

{ a1 (t) = Pr[L(t) = 0, L(t)

|
as(t) = Pr(L(t) =1, L(t) (60)

=1
=0
Then the posteriori probability that link, j) is down given
that the perceived link status at noklés up, denoted by (¢),
is given by

((t) = Pr(L(t) =0[L(t) = 1]
B PriL(t) =0,L(t) =1
© Pr[L(t) = 0,L(t) = 1] + Pr[L(t) = 1, L(t) = 1]
= o (f) (61)

o (t) + mr2 — as(t)

Let @;, @, and{ denote the time averages af (t), ax(t)
and((t) respectively, i.e.,

@ = lim 1 [Faq(t)dt
a = Jim o fy eo(t)dt (62)
¢ = lim L [F¢(t)dt

Note that((t) > Pr[L(t) = 0,L(t) = 1] = ay(t) and

as(t) < Pr[L(t) = 1] = mr?, then it follows from (62) that

ay (63)
mr? (64)

]
¥
IN IV

Note that if nodek is able to compute a valid path from to
at timet (i.e. the event4, happens), then obviously the hop
distance of the computed path must be no less than the hop
distance of the actual shortest path, 5¢t) > S(t). This fact
implies that

Pr[S(t) > s|A¢] > Pr[S(t) > s|A4] (68)

According to equation (58) and (68), we have

Fg(t)(s) PriA)Pr[S(t) > s| A

a(t)Pr[S(t) > S‘Ai] B

o(t) (Fs(s) — PrlA]Pr[S(t) > s|A])
(t)

) (Fs(s) = (1= 0(6)) Fy (3, (5)) (69)

where Fg,)%,(s) = Pr[S(t) > s[A] is the ccdf of S(t)
conditioned on the evend,.

Note thatS is the hop distance of the shortest path between
two vertices in a random graph in which there argertices
and each of thél(g—’l) possible edges occurs independently
with probability ¢ == Pr[L(t) = 1] = ar?> > L. Then
according to Lemma 3 in [21, Appendix], the ccdf §fis
lower bounded by

v

(AVARIVS

I
Q

_ _(g(n,)®
FS(S) Z e n—(mxr2)=1

(70)

INotice that the ccdf o (t) (i.e. Fs(s)) is time-invariant. This is implied
by the fact thatS(¢) is a stationary process. The stationarityift) can be
deduced as followsS(¢) is the hop distance of the shortest path frénto
I at time ¢, which is determined by the node positiofiX;(¢)}?_,. Since
{Xi(t)} are assumed to be stationary and i.i.d., tt#&m) must also be a
stationary process.



It can be deduced from equation (67) and (69) that

7(t) < 1= (o () X (1 - (1) Fs(s)

o0

+o(t)(1 —o(t))C(t) ;0(1 =) Fgpym, (s) (71)
in which
5 (1= C) Foopa, (9 € X (1=C0)° = 5t (72
& © _ _(gn.r)®
S (- COrFuls) 2 [ (1= (oye = EHTas
s=0 0
T [Coke In (1 — ¢(¢)) 1
Ing(n,r) r ( Ing(n,7) 'n-— (7rr2)_1)

1 T<1n(1_<(t)) 1

>
~ Ing(n,r) Ing(n,r) 'n— (7r2)-1

) (73)

where I'(a,b) = [, 2% le~"dx is the lower incomplete

x 10

T
—— n=100
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Fig. 4. The minimum rate of receiving control packets vs. dgliverror
ratio n and the number of nodes in the netwatk

Corollary 2 When the network is exhibiting Markovian
link status changes, the lower bound on the minimum rate

Gamma function. It is easy to show after some algebraig bits/sec) at which a node must receive control packets,

manipulations that

In (1 —¢(1)) 1 o (n— (rr2)- 1) —
(g ) 2= ) -1

Combining (71), (72), (73) and (74) we get
In (n— (7r?)~1) —1
B Ing(n,r)

(74)

olt) < 1 (o (t)+o(t)—o>(t) (75)

Rearranging (75):

(;b—ouﬁ (76)

Ing(n,r)
O =1

Since0 < ((¢),0(t) <1, then

Ing(n,r)

min {1, TICE T = . (0(10 - a(t)> }
In (n—(mr?)~") — 1

In(n— (7r2)~1) —Ing(n,r) — 1<1 —o®) (77)
Taking the time average @f(¢) and then combining with (59):
/“’ (ln (n— (7r?)~1) — 1) (1- U(t))dt
o Inm(n—(mr2)=1)—Ing(n,r)—1
In(n—(mr?)~1) -1

()

<

= 1
¢ lim —

w—00 W

IN

In(n — (7r2)~!) —Ing(n,r) — 1 N (78)
Substituting (63) and (64) in (78) we have
In (n — (mr)71) ~ 1 iy (79)

— _
aez =y (n—(7r2)~1) —Ing(n,r) — 1

while ensuring that the delivery ratio for data packets be no
less than(1 — ), is given by
~ n(n —1)
o) =2 =5 —
(1 —7r?)(In (n — (7r?)~') —Ing(n,r) — 1)
(In(n—(7r?)~1) —1)-n

whereg(n,r) is given by equation (57).

Fig. 4 shows the plot of the lower bound ah against
delivery error ratiay and number of nodes according to (81).
It is shown that for larges, the minimum rate at which a node
must receive control packets becomes very high. Moreower, i
is observed that there is a linear relationship betweerotlerl
bound on® and the logarithm of), and® can be arbitrarily
large with the decrease of. This result characterizes the
tradeoff between the routing overhead incurred by control
traffic and the routing efficiency for data traffic.

(81)

log,

B. Capacity Deficit

A wireless ad hoc network is said to transport one bit-meter
when a bit is transmitted over a distance of one meter [4]. The
transport capacity of a network (in bit-meters/sec) is defin
as the supremum over the set of feasible rate vectors of the
distance weighted sum of rates [20]. The transport capacity
is expressed aan.l, where ) is the average arrival rate (in
bits/sec) at the nodes is the number of nodes and is
the average distance travelled by the bits. It is shown in [4]
that the transport capacity of an arbitrary wireless nekwisr

According to Theorem 1, the bit rate of the minimum routin§® (WV ”A)’ wheren, W and A are the number of nodes

overhead is no less thab(a;, @»), i.e.,

®(n) > (a1, az) (80)

Then the result follows directly after substituting (79480)
in (51). |

The next corollary follows directly from Theorem 2 when

Markovian link status changes are assumed.

deployed, the transmission rate of these nodes and the area
over which the network is deployed respectively. It is shown
in [4] that for a particular interference model known as the
Protocol Mode] the upper bound on the transport capacity of
an arbitrary wireless network is given by

V8 iW\/M (bit-meters/sec)

AL < X2 (82)



where A is some constant.

Theorem 2 shows that in order to ensure a delivery ratio as
high as(1 —#), each node must receive control packets at the
rate ®(7) (in bits/sec). Since the a control packet received by
a node travels at least one hop which covers a circular area of
radiusr, the total routing overhead measured in bit-meters/sec
is at leastnr®(n). This leads to the following theorem.

Theorem 3For the Protocol Model, the upper bound on the
residual transport capacityavailable to an arbitrary network
for transmitting dataAnL] , is given by

5.5

45F

35r

sl Unachievable Region for (. [AnZ] )

25

15F

0.5 s

Upper Bound on Residual Transport Capacity (bit-meters/sec)

> o—Y .
0.001 0.01 0.1 0.2
Delivery Error Ratio (n)

[AnL],, < ﬁlw\/ﬁ — nr®(n) (bit-meters/sec) (83)
™ A Fig. 5. The upper bound on the residual transport capacitylable for
Theorem 3 implies that it is impossible to make the delivemyansmitting data packets vs. delivery error raio
error ration arbitrarily small, since the transport capacity may
be overwhelmed by the overhead incurred by control packets.
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