0 spacc Lollstallits, we HTit our UioCussiOln Ol tiese I0PICS.
Our contributions are more than just solving these problems.
First, we propose a general framework to model and analyze
Booding schemes in wireless networks. Second, most of our

conclusions and algorithms can be dire XfjEpRHERYaKkSiAd, 607D618, 2005
© HARRENGK BRIESESS. BURING SR YA tRalMABURSIHEH in The Netherlands.

sion ring® scheme can reduce the searching cost only under
certain conditions, and they are usually non-optimal. To the
best of our knowledge, this is the brst formal study undertaken

. to compare different searching strategies.

Flooding Strategy for Targeetre@mmwem iRt retess Netaorks
vides an overview on the previous efforts in reducing discovery
overhead and some other related work. Section 3 presents the
ZHAO CHENSp ek WM IR« Bkl \ddebMred we will use throughout

Department of Electrical and Computaid=paipeering S&uhersity, B uarysRALNRYBHING HeblekiSh

large-scale networks. In Section 5, we extend the problem to

small-scale networks with no restrictions, that is, nodes may
Abstract. In this paper, we address a fundamental problem concerning the best Rooding strategy to minimize cost and latency for target

discovery in wireless networks. Should we Bood the network only once to search for the target, or should we apply a so-called Oexpansion

called Oexpansion ringO to search for a target [8] (see Section
2 for a description of expansion ring). The authors claim that
in this way, a node can explore for the target progressively
without Booding the entire network, and the only drawback
of this scheme is the increasing latency due to multiple dis-
covery attempts. However, DSR applies a simpler scheme that
searches the one-hop neighbors brst and then the entire net-
work. The idea of the expansion ring was implemented later
in AODV [12]. An interesting question is whether or not using
the expansion ring technique always reduces [3ooding over-
head compared with Booding the network just once. If not,
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Also, we Pnd that the cost of this,(1¥31 | M) scheme
is even lower than the cost of an% , M) scheme when
B> 4.
Inamore general cade, does notequal 1. However, we
SubtractingC* from C2, we hawe the difference between ~ €annot prove that the special three-ring schemfe 6f 1
the two-ring scheme and the once-for-all scheme is the best among all the three-ring schemes.
_ 4. n 2. Also, we are not able to prove that an{ 1)-ring
D, = C?S ! scheme derived from an n-ring scheme is always worse.
1 L . . From the Pnal equation of the cost difference equation be-
= W(NT S1S(NrSI1)Nk+ aNwm S &) tween these two schemes, we notice that there is one neg-
ative term on the order df?, while there are two positive
®3) items on the orderdf‘j‘forl hi, h; M. Thisindicates
that there are very few choices for a derivaedH 1)-ring
scheme to be better than msting scheme in terms of cost.

1 - 5
= —— (2(NT S 1)+ (N7 S 1)
NT81((T )+ (Nr S 1)

S Nm(Nr S 1)S (Nr S IN¢ + aNy S &)  (2)

If D21 < 0,which meang€? < C1,the two-ring scheme is
preferred; otherwise, the once-for-all scheme is better. The
only variable ofD, 1 is k, which is the hop number for the  In this part, we have studied hop-based Rooding schemes
prst searching attempt, and all the other parameters sirharge scale networks in terms of cost. Let us summarize our
asNy andNr are constants for a given network. Now weconclusions.

want to determine if there is sorkehat enable®,; < 0,
and if so, what the optim& should be to achieve miD, ;.

After placing a large number of nodes in a disk of unit

radius and determining the number of the nodes within the
brstk hops from the center node, we found that before edge

effects occur, the number of nodes at a certain hop distance . ] o
from the source is roughly linear with hop numBer. 2. To obtain a good three-ring scheme, set the brst hop limit

Thus, we can estimatd, B for large scale networks, 10 1, the second hop limit to™>1  and the third hop limit
where B is a constant value larger than 1 and is closely ©M.We haveproven that this three-ring scheme has even

related to the network density. Thus we estimate the se- €SS c0st than the optimal two-ring scheme.

1. Toobtainagood two-ring scheme, the brst hop limit should
be setto % and the second hop limit should be seMo
Wehave proven that this two-ring scheme has less cost than
the once-for-all scheme and is optimal for all the two-ring
schemes.

quenceNg, Ng,..., Ny as 1 B, 2B, ..., MB. Using this 3. However, we cannot prove that our three-ring scheme is
estimation, the total number of nodes insiehops, N+, optimal among all the three-ring schemes. We also cannot
equals i'\io(Bi), and the cost difference equation (3) b- prove that it leads to higher cost by splitting afring
nally becomed, ; = B M)(Sl\l/ls(m:'f)(s 1+BM) scheme to am(+ 1)-ring scheme. However, we conjecture

D, is a parabola function witlk ranging from 1 to  thatitis quite probable that any ¢ 1)-ring scheme will
M S 1. By analyzing this function, we reach two con- have a larger cost than threring scheme from which it
clusions. First, whekop = % 2 Dy achieves its min-  wasderived fom 3.
imum value, and this value is less than zero. Thus, by ap- The scheme that is applied currently in DSR, which is to
plying a two-ring scheme witliop: as the prst attempt  set the hop limit to 1 for the Prst attempt aht for the
hop number, we can achieve less cost than the once-for-all second attempt, can be seen as one of the two-ring schemes.
scheme. Second, whétF 1, D, reaches its maximum  Based on our results, we show that this approach leads to
maxD,, = BELRIEICBM Thisvalueislessthanzero  the highest cost among all the two-ring schemes.
whenB > 1.

Based on our estimation, we conclude that the costs of For geography-based Booding, using similar analytical
all the two-ring schemes are less than the cost of the oné‘é@thc’ds as above, we can easily prove that the once-fqr-all
for-all scheme. Furthermore, the cost of a two-fing schen? heme has the same cost as the two—nng_ sc_heme, and this cost
reaches its minimum when the brst attempt hop limit is s@hthe lowest among all the_costs of possibleng schemes.
to M The cost reaches its maximum among all the twohese conclusions are valid for both large-scale and small-

2
ring schemes when the brst attempt hop limit is set to 1§cale networks [3].

n = 3. In athree-ring scheme, there are two parameters to

adjust, the brst attempt hop lintif and the second attempt4.2. Latency

hop limith,. Let us look at a special scheme in whith=

1 prst. Using similar procedures as above, we Pnd that thet us dePne a constaifit as the time interval from when

best performance occurs when we chobse % . anode receives a packet to when it bPnishes forwarding the
packet. Then the time a Rooded packet takes to reach a node

2This can be seen from part (3) and (4) of bgure 3 when the source nodF iﬁops away idT Suppose the target nodeiishops from

located at the network center with the distance to the network bardet.
The node distribution shows a linear tendency with small numbers of ho
before edge effects occur.

E;e source node arftk < i hys 1, fork {0...nS 1}. To
nd the target, the source node has to fail for thelbtistes,

3 x means the smallest integer greater than or equal to which takes B, T time for themth attemptm { 1, --- k},and
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succeed at thek(+ 1)st attempt, which taked 2 time. Note
that each attempt time is doubled because the source node has
to wait enough time for a potential acknowledgement from
the target. Thus we have the total latency to search for a target
i-hopsawayid; = K_,2h, T+ 2iT.

SinceN; is the total number of nodes exactlyops away
from the source, the probability that a nodeli®ps away from
the source node i®; = —i— = &g, fori {1...M},
The average latendy to seéh’:\fﬁ for a random node is:

M Figure 2. The intersection area is the region covered by Rooding. Wken
L= PilLi Xo, itis f1(x, y); whenr  Xxo, itisthe intersection of two areas.
i=1
M nS1 hy T .
_ r , Whether to use the once-for-all scheme or a two-ring
= 2N;i + (2hgN)) ——=— 4) -
i=1 ke 1izher 1 NrS1 scheme depends dn,, the cost difference between these

. . _ ) two schemes.
Applying mathematical induction on equation (4), we can

easily prove that for all then(+ 1)-ring schemes witm D2a(k) = C*S C*
1, we can bnd am-ring scheme that has a shorter latency. . .
Furthermore, we can prove that the once-for-all scheme has = [(NrS1)SaS Nk(Nr S 1”@ (6)

the shortest latency of all the schemes (proof omitted). o
If we applyk + 1 for the brst attempt hop limit instead of

k, the difference becomes

5. Single target discovery: Unrestricted search Doa(k+ 1)
in small-scale networks ' e - .
_ (NrS1)SakS Ner1S Ners(Nr S 1) 0
In the previous section, we assumed that during the discovery Nt S 1
process, nodes are unwilling to ood the whole network and ¢ . (k+ 1) < D, 4(K), a two-ring scheme applyirig+ 1

have certain restrictions on the maximeegionto be covered. ;¢ preferred over a two-ring scheme applylgSubtracting
In this section, we extend the model to small-scale networksérauations (7) and (6), we have

which nodes may search the whole network for a target. The 5
main difference between this model and the previous model Dyi(k+ 1)S Dy (k)
is that nodes are no longer the absolute center of the Rooded

- . 1 ,
region and edge effects must be taken into account during = [Nk(NT S 1)S NsaNt]l——5—= N« S Nksg
. S . Nt S1
analysis. In other words, the node distribution at certain hops
away from the source node no longer shows a linear tendency 8

and is closely related to the source nodeOs position. As can be seen, as long && < N1, we should apply
In this section, we will conPne our discussion to the OnCe- 6. ring scheme ,using + 1 s the brst attempt hop limit
for-all and the two-ring schemes. The average cost is slighflystead ofk. This trend continues untiN, starts to becomes

different from that in Section 4. Not knowing what the largest rger thari,, ;. Todetermine this turning point, an estimation
hop number is, in order to guarantee that the whole network{gpe sequench; is necessary.

covered, the source node has to ap'ply alarge gnough hop limity ot 45 we estimated in Section 4, we provide a general
number_for the last attempt. The direct effect is that ”Od_esﬁborithm for the sequence estimation of nodes at different
the maximum hops also have to forward the packet; while jgcations. We set up two-dimensional coordinates as shown
Section 4, nodes & hops do not forward the packet. in bgure 2. The node is located>ataway from the network

As before, we look at the cost from= 1. border. When the Rooding radius is large, part of the potential
1. n= 1. Allthe nodes have to forward and the c64t= Ny f300ding area exceeds the edge of the network. In Pgure 3, we

(note the difference with that in large-scale networks). show the geographic overlapping ard@) and the number
2. n= 2. The cost of a two-ring scheme wikhas the brst of nodes at different hop numbers when the source node is

attempt hop number is Iocgted at different d|s'FanF:e(§_from the network bor_dgr. Wg
notice that the node distribution in the lower part is just like
1 = the sampling of the derivative of the continuous geographic
2 — - + . .
c Nt S 1[ak(1 S No overlapping area shown in the upper part. Thus, we only need
+(NrSaS 11+ aS N+ Np)] (5) © estimate the maximum hop number and do proper sam-
plings at each hop number. Due to space constraints, we omit
whereay = ik:l N;, which is the total number of the brstthe details here. We suppose that given the nodeOs distance
k hops nodes, as debned earlier. from the borderxy and the network parameters of the total




612 CHENG AND HEINZELMAN

Figure 3. AreaA(r) of Rooded region and the relation between the number of nNdesactlyi hops away With‘ﬂ&rﬁ. Part (1) is the Rooded areX(r); part

2)is M‘;P; part (3) is theN; in a network of 1000 nodes and transmission range 0.1; part (4) I§;tlrea network of 2000 nodes and transmission range 0.2.
Part (3) and part (4) look like a sampling of part (2).

number of node®t and the node transmission rangg we C(x, k) of a two-ring scheme with brst attembtrom equa-

have the estimated sequerigg, of N; for a node at location tion (5). Since a consistent strategy has to be applied, suppose

Xg. every node setksysas its Prst attempt. We bnd the overall cost
for the whole systenCsys(ksys) as

5.1. Self-location aware

1

First, suppose a node knows its distance to the border of the Csys(Ksys) = fx (X)C(X, ksy9) dX
network xo and can adjust its own hop limk for the brst 0
attempt. Here is our proposed two-ring scheme for this case: 1 .
the node brst estimaté , based on its locatiory. Then it 2(1S x)C(x, ksys) dx (10)
Pnds out from the estimated sequenicg, the value of where 0
Nix, Ni+1x and setk to this value for the brst attempt. If
this fails, the node must pick a large enough number for the Based on equations (5) and (10), we propose our two-ring
second attempt to ensure that the Rooded packet reachese@ileme here. First, gather enough samplesarid estimate
nodes in the network. the sequences « for each sample ok. Then from equa-
tion (5), calculate the two-ring cost sequeXx, k) of each
samplex. Put eachC?(x, k) into equation (10) and calculate
the system cos€sys(k). Finally, determine the global point
More realistically, nodes do not have knowledge of their Ioczlzl(i’pt as t_he pomt_ where the mmlml_JmsyS IS achuaved_. The

%alculatlon of this goodksys can be implemented during the

tion in the network. Every node has to apply the same Boonéﬁwork design phase and input to each node as a system

ing strategy and set the same pred_etgrmmed values for eaarameterl(lnodes do not need to calculate this value on the
attempt. Now we consider how to minimize the cost from th‘éy

system view.

First, we can prove that for a uniformly distributed net\Norkc()g\flgrril(l)’ V_Vsazg)g(s);eaﬁ_gg;g tr\]’\g:\;\r/g]r?(:cg;n:ﬁ;(;:? :ti:r:]het
the Probability Distribution Function (pdf) of a random nod P ' Pt

locatedX away from the border is |eT a node has knowledge of its cprrent positi.on.with regard tp
the network boundary, it can set its brst hop limit from the esti-
. mation ofNj x to minimize cost. If it has no such information,
fx(x)=2(1Sx) for0O<x 1 (9) it should set the number to the pre-calculated good value to
minimize overall system cost. For the second attempt, nodes
For a node located ak, after the estimation of its node just need to set a large enough hop limit to cover the entire
number sequence, we can correspondingly calculate the aostwork.

5.2. Self-location unaware
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M have an effect on the amount of the cost savings. Howeviirat our estimation matches reality quite well. DSR also per-
they do not affect our above conclusions. forms consistently and is close to the once-for-all scheme.
Earlier, we have claimed that all other schemesO latenciNisdes at different locations have much different costs when
larger than the once-for-all scheme. Through simulations, @@plying the expansion ring scheme. Some nodes may achieve
Pnd that our two-ring and three-ring schemes have close clests cost while other nodes may achieve more cost. Over-
performance and they have a higher latency than the onedl; the expansion ringOs cost tends to be larger than that of
for-all scheme with a percentage around 50D60%. The exptire once-for-all scheme. Wheny = 1, which means nodes
sion ring scheme has around 120% higher latency, while thee close to the center, the average cost decreases since more
DSR scheme has only around 10% higher latency. The laades are a relatively smaller number of hops away from the
tency is not related to the network density. When the netwocenter.
density changesy; changes with the same scale, and from As for latency, nodes that are close to the center usually
equation (4)L remains the same. need less time to cover the whole network and the resulting
latency in bnding the target is smaller.

6.3. Performance comparison for small-scale networks
with location knowledge

In this part, we compare the performance of different schem®s. performance comparison for small-scale networks
in a small-scale network in which nodes have knowledge of vithout location information

their own locationgg as in bgure 2. The total number of nodes
Nr varies from 1000, 4000, 7000 to 10000. Nodes have difa this part, we compare the system cost savings of different
ferent costs for target searching based on their locations.dchemes in a small-scale network without location informa-
bgure 5, thec-axis is the different locationg of the investi- tion. Nodes have to apply a consistent parameter for a search-
gated nodes. The-axis is the cost of nodes at locatiopap- ing scheme instead of choosing different values for the brst
plying different schemes of once-for-all, expansion ring, DSRttempt.
our two-ring scheme, the ideal two-ring scheme and the ideal In the right part of bgure 6, we Pnd that our estimated opti-
three-ring scheme. Our scheme is to estin\ateith the given mal point through equation (10), which is 13 for the network
locationxg asn; ,, and Pnd the pointwhe, ,, = N1, as of 1000 nodes and 16 for the network of 2000 nodes, is quite
the prst attempt hop number. The second attempt hop numblesse to the real optimal point. For this reason, the cost of our
is chosen large enough to cover the entire network. scheme is also close to that of the optimal scheme. Again,
As can be seen from bgure 5, our scheme performs cdhe expansion ring is the worst scheme and the DSR scheme
sistently close to that of the ideal schemes, which indicatashieves little cost savings.

Figure 5. Cost of different schemes for nodes at different locations in small-scale networks. The X-axis indicates the location of the invedégated n
The Y-axis indicates the cost of different schemes. Different network sizes of 1000, 4000, 7000 and 10000 nodes are simulated. The tested fthemes are:
once-for-all scheme, the DSR scheme, the expansion ring scheme, our two-ring scheme, the ideal two-ring scheme and the ideal three-ring scheme.
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a constant coefbcient determined by the forwarding mech- Start with the ring [01].

anism such as Booding and gossiping. Also, by debning the wjith an existingi-ring scheme, a given ring setfj0, a],

cost directly as the searching area, we minimize the number of (5, 5,1, .. [a.s1, 1]} already exists. Check all these

variables and simplify our analysis without loss of generality. rings and bnd out the candidates that can be split to further

The conclusions drawn from this dePnition can be speciPed for reqyce the cost.

different applications simply by mapping the area to realist

application parameters. 4
To aid the expression, let us debne a virtual Oth attempt " ) ) ]

search for the area ok = 0. For theith search attempt, the - .P|ck the candidate that will reduce cost the most and split

costC; is simply the cost summation of the bisattempts ~ it- G0 back to Step 2.

G = .'j:l Aj The probability for one target to be outside the  whether a ring betweenA, Ay 1] should be split and
areaAis (1S A), and the va‘Obablll'[y for all then targets pecome a candidate is determined as follows.

to be outside the areAis (1S A)™. In order to perform an ) .

ith search attempt and complete the task, alltheargets 1. Fromequation (12), bnd out the cost differebretween
must be outside the areys;, or else the task would have ~ the oldn-ring scheme and the new ¢ 1)-ring scheme
been completed earlier. Also, not all thetargets are outside ~ WhenA; is inserted between the ring\{, Ay 1].

the areaA;, otherwise the task will not end at thth search

S Terminate if there are no more candidates. Else, goto Step

” D=c"scm!?
attempt. Thus, the probabilit}; for the task to be completed
in theith attempt is = Ax1(1S A)™S (Aj(1S A)™+ A 1(1S AD™
P, = P{all targets outsid&\s1, (13)
but not all targets outsidé } 2. By solvingTDi = 0, we have the potential splitting point
= P{all targets outside\ 51} A;. Numerical methods are required to PAgl
& P{all the targets are outsidg} 3. First, c_heck ifA; is within [Ax, Ac+1]. Second, check if
. L D(A;) islarger than zero. Only when both requirements
= (1S As)"S (1S A)" (11) are satisped, should; be a ring splitting candidate for
The expected co€l" for a generah-ring searching approach [Ac: A al.
is ORS is derived from RS for online calculations. Unlike

=

RS that calculates the entire searching area set in advance,
ORS tries to split the remaining ring to achieve the lowest
expected cost upon each failure. Due to the lack of global
n i knowledge, ORS can only split the remaining ring; hence it

= (IS As)"S(AS AT Aj performs slightly worse than RS. However, it requires even

=1 =1 less computation than RS. There is only one computation for
nS1 5 each additional searching attempt, and there is no wasted com-

= A1(1S A)T (12)  putation.

i=0 Figure 7 shows the optimal expected cost for each algo-

The Pnal equality above can be easily proven through mathighm, where BF indicates the brute force method. The sub-

matical induction. plots show the optimal expected cost for the 2-ring and 3-ring
schemes. The table shows the overall optimal cost by each

7.2. Algorithms algorithm and the respective computations. By comparing the

) results of the RS, ORS, and brute force approaches, we reach
Based on equation (12), we can perform a brute force seafgR following conclusions.

over then-dimensional spaca™ = { Ay, ..., A,} to bnd the _ _ _ _
optimal solutiorA(()”gt to minimizeC", given a specipo. How- 1. For each specibw, there exists an optimal solution. The

ever, this method is prohibitive since the computational re- Overall optimal cost is reduced whenincreases from 1.
quirement increases a3((})"), where is the brute force However, there exists a certain valngsuch that the op-
searching granularity. To reduce computations, we propose timal overall cost will not decrease after this value. In the
two heuristic solutions: a pre-calculated algorithm called Ring t@ble of bgure 7, BF Pnds its optimal at the 4th ring, while
Splitting (RS) and an online algorithm called Online Ring RS Pnds its optimal at the 6th ring and ORS bnds its opti-

Splitting (ORS). mal at the 5th ring.
RS is a greedy algorithm that starts from the one-ring. The optimal two-ring approach may reduce the cost dra-
searching scheme withAp = 0, A; = 1] and splits aring if it matically, while the optimal three-ring approach may

provides the largest cost reduction until there are no possible reduce cost around 2 to 5 more percent and it is already
choices to split a ring to achieve any more cost savings. The very close to the overall optimal. More searching attempts
procedure is as follows. can only reduce the cost by a negligible amount of less than



