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Abstract. In this paper, we address a fundamental problem concerning the best ßooding strategy to minimize cost and latency for target
discovery in wireless networks. Should we ßood the network only once to search for the target, or should we apply a so-called Òexpansion

called Òexpansion ringÓ 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 ßooding 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 Þrst 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 ßooding over-
head compared with ßooding the network just once. If not,

when and how should the expansion ring technique be ap-
alytic solutions for each question. We mainly focus on the
Þrst question, which is to Þnd only one target with the small-
est cost. We brießy investigate the other questions, but due
to space constraints, we limit our discussion of these topics.
Our contributions are more than just solving these problems.
First, we propose a general framework to model and analyze
ßooding schemes in wireless networks. Second, most of our
conclusions and algorithms can be directly applied to existing
networks and protocols. Finally, we clarify that the Òexpan-
sion ringÓ 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 Þrst formal study undertaken
to compare different searching strategies.

The rest of this paper is organized as follows. Section 2 pro-
vides an overview on the previous efforts in reducing discovery
overhead and some other related work. Section 3 presents the
analytic framework and procedures we will use throughout
this paper. In Section 4, we address the ßooding problem in
large-scale networks. In Section 5, we extend the problem to
small-scale networks with no restrictions, that is, nodes may
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=
1

NT Š 1
(2(NT Š 1) + (NT Š 1)2

Š NM(NT Š 1) Š (NT Š 1)Nk + ak NM Š ak) (2)

SubtractingC1 from C2, we have the difference between
the two-ring scheme and the once-for-all scheme

D2,1 = C2 Š C1

=
1

NT Š 1
(NT Š 1 Š (NT Š 1)Nk + ak NM Š ak)

(3)

If D2,1 < 0, which meansC2 < C1, the two-ring scheme is
preferred; otherwise, the once-for-all scheme is better. The
only variable ofD2,1 is k, which is the hop number for the
Þrst searching attempt, and all the other parameters such
asNM andNT are constants for a given network. Now we
want to determine if there is somek that enablesD2,1 < 0,
and if so, what the optimalk should be to achieve minD2,1.

After placing a large number of nodes in a disk of unit
radius and determining the number of the nodes within the
Þrstk hops from the center node, we found that before edge
effects occur, the number of nodes at a certain hop distance
from the source is roughly linear with hop number.2

Thus, we can estimateNi � Bi for large scale networks,
where B is a constant value larger than 1 and is closely
related to the network density� . Thus we estimate the se-
quenceN0, N1, . . . , NM as 1, B, 2B, . . . , M B. Using this
estimation, the total number of nodes insideM hops,NT ,
equals

� M
i = 0(Bi), and the cost difference equation (3) Þ-

nally becomesD2,1 = B(kŠ M)(Š1Š M+ k(Š1+ BM))
M(M+ 1) .

D2,1 is a parabola function withk ranging from 1 to
M Š 1. By analyzing this function, we reach two con-
clusions. First, whenkopt = � M

2 � ,3 D2,1 achieves its min-
imum value, and this value is less than zero. Thus, by ap-
plying a two-ring scheme withkopt as the Þrst attempt
hop number, we can achieve less cost than the once-for-all
scheme. Second, whenk = 1, D2,1 reaches its maximum
maxD2,1 = B(Š1+ M)(2+ MŠ BM)

M(M+ 1) . This value is less than zero
whenB > 1.

Based on our estimation, we conclude that the costs of
all the two-ring schemes are less than the cost of the once-
for-all scheme. Furthermore, the cost of a two-ring scheme
reaches its minimum when the Þrst attempt hop limit is set
to � M

2 � . The cost reaches its maximum among all the two-
ring schemes when the Þrst attempt hop limit is set to 1.

3. n = 3. In a three-ring scheme, there are two parameters to
adjust, the Þrst attempt hop limith1 and the second attempt
hop limit h2. Let us look at a special scheme in whichh1 =
1 Þrst. Using similar procedures as above, we Þnd that the
best performance occurs when we chooseh2 = � M+ 1

2 � .

2 This can be seen from part (3) and (4) of Þgure 3 when the source node is
located at the network center with the distance to the network borderx = 1.
The node distribution shows a linear tendency with small numbers of hops
before edge effects occur.

3 � x� means the smallest integer greater than or equal tox.

Also, we Þnd that the cost of this (1, � M+ 1
2 � , M) scheme

is even lower than the cost of an (� M
2 � , M) scheme when

B > 4.
In a more general case,h1 does not equal 1. However, we

cannot prove that the special three-ring scheme ofh1 = 1
is the best among all the three-ring schemes.

4. n � 2. Also, we are not able to prove that an (n + 1)-ring
scheme derived from an n-ring scheme is always worse.
From the Þnal equation of the cost difference equation be-
tween these two schemes, we notice that there is one neg-
ative term on the order ofh3

i , while there are two positive
items on the order ofh4

j for 1 � hi , h j � M. This indicates
that there are very few choices for a derived (n + 1)-ring
scheme to be better than ann-ring scheme in terms of cost.

In this part, we have studied hop-based ßooding schemes
in large scale networks in terms of cost. Let us summarize our
conclusions.

1. To obtain a good two-ring scheme, the Þrst hop limit should
be set to� M

2 � and the second hop limit should be set toM.
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.

2. To obtain a good three-ring scheme, set the Þrst hop limit
to 1, the second hop limit to� M+ 1

2 � and the third hop limit
to M. We haveproven that this three-ring scheme has even
less cost than the optimal two-ring scheme.

3. However, we cannot prove that our three-ring scheme is
optimal among all the three-ring schemes. We also cannot
prove that it leads to higher cost by splitting ann-ring
scheme to an (n+ 1)-ring scheme. However, we conjecture
that it is quite probable that any (n + 1)-ring scheme will
have a larger cost than then-ring scheme from which it
wasderived forn � 3.

4. The scheme that is applied currently in DSR, which is to
set the hop limit to 1 for the Þrst attempt andM for the
second attempt, can be seen as one of the two-ring schemes.
Based on our results, we show that this approach leads to
the highest cost among all the two-ring schemes.

For geography-based ßooding, using similar analytical
methods as above, we can easily prove that the once-for-all
scheme has the same cost as the two-ring scheme, and this cost
is the lowest among all the costs of possiblen-ring schemes.
These conclusions are valid for both large-scale and small-
scale networks [3].

4.2. Latency

Let us deÞne a constantT as the time interval from when
a node receives a packet to when it Þnishes forwarding the
packet. Then the time a ßooded packet takes to reach a node
l hops away islT . Suppose the target node isi hops from
the source node andhk < i � hk+ 1, for k � { 0 . . . n Š 1}. To
Þnd the target, the source node has to fail for the Þrstk times,
which takes 2hmT time for themth attemptm � { 1, · · · k}, and
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succeed at the (k + 1)st attempt, which takes 2iT 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 -hops away isLi =

� k
m= 1 2hmT + 2iT .

SinceNi is the total number of nodes exactlyi hops away
from the source, the probability that a node isi hops away from
the source node isPi = Ni� M

i = 1 Ni
= Ni

NT Š1, for i � { 1 . . . M}.
The average latencyL to search for a random node is:

L =
M�

i = 1

Pi Li

=

�
M�

i = 1

2Ni i +
nŠ1�

k= 1

hn�

i = hk+ 1

(2hk Ni )

�
T

NT Š 1
(4)

Applying mathematical induction on equation (4), we can
easily prove that for all the (n + 1)-ring schemes withn �
1, we can Þnd ann-ring scheme that has a shorter latency.
Furthermore, we can prove that the once-for-all scheme has
the shortest latency of all the schemes (proof omitted).

5. Single target discovery: Unrestricted search
in small-scale networks

In the previous section, we assumed that during the discovery
process, nodes are unwilling to ßood the whole network and
have certain restrictions on the maximumregionto be covered.
In this section, we extend the model to small-scale networks in
which nodes may search the whole network for a target. The
main difference between this model and the previous model
is that nodes are no longer the absolute center of the ßooded
region and edge effects must be taken into account during
analysis. In other words, the node distribution at certain hops
away from the source node no longer shows a linear tendency
and is closely related to the source nodeÕs position.

In this section, we will conÞne our discussion to the once-
for-all and the two-ring schemes. The average cost is slightly
different from that in Section 4. Not knowing what the largest
hop number is, in order to guarantee that the whole network is
covered, the source node has to apply a large enough hop limit
number for the last attempt. The direct effect is that nodes at
the maximum hops also have to forward the packet; while in
Section 4, nodes atM hops do not forward the packet.

As before, we look at the cost fromn = 1.

1. n = 1. All the nodes have to forward and the costC1 = NT

(note the difference with that in large-scale networks).

2. n = 2. The cost of a two-ring scheme withk as the Þrst
attempt hop number is

C2 =
1

NT Š 1
[ak(1 + ak Š Nk)

+ (NT Š ak Š 1)(1+ ak Š Nk + NT)] (5)

whereak =
� k

i = 1 Ni , which is the total number of the Þrst
k hops nodes, as deÞned earlier.

Figure 2. The intersection area is the region covered by ßooding. Whenr <
x0, it is f1(x, y); whenr � x0, it is the intersection of two areas.

Whether to use the once-for-all scheme or a two-ring
scheme depends onD2,1, the cost difference between these
two schemes.

D2,1(k) = C2 Š C1

= [(NT Š 1) Š ak Š Nk(NT Š 1)]
1

NT Š 1
(6)

If we applyk + 1 for the Þrst attempt hop limit instead of
k, the difference becomes

D2,1(k + 1)

=
(NT Š 1) Š ak Š Nk+ 1 Š Nk+ 1(NT Š 1)

NT Š 1
(7)

If D2,1(k+ 1) < D2,1(k), a two-ring scheme applyingk+ 1
is preferred over a two-ring scheme applyingk. Subtracting
equations (7) and (6), we have

D2,1(k + 1) Š D2,1(k)

= [Nk(NT Š 1) Š Nk+ 1NT ]
1

NT Š 1
� Nk Š Nk+ 1

(8)

As can be seen, as long asNk < Nk+ 1, we should apply
a two-ring scheme usingk + 1 as the Þrst attempt hop limit
instead ofk. This trend continues untilNk starts to becomes
larger thanNk+ 1. Todetermine this turning point, an estimation
of the sequenceNi is necessary.

Just as we estimatedNi in Section 4, we provide a general
algorithm for the sequence estimation of nodes at different
locations. We set up two-dimensional coordinates as shown
in Þgure 2. The node is located atx0 away from the network
border. When the ßooding radius is large, part of the potential
ßooding area exceeds the edge of the network. In Þgure 3, we
show the geographic overlapping areaA(r ) and the number
of nodes at different hop numbers when the source node is
located at different distancesx0 from the network border. We
notice that the node distribution in the lower part is just like
the sampling of the derivative of the continuous geographic
overlapping area shown in the upper part. Thus, we only need
to estimate the maximum hop number and do proper sam-
plings at each hop number. Due to space constraints, we omit
the details here. We suppose that given the nodeÕs distance
from the borderx0 and the network parameters of the total
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Figure 3. AreaA(r ) of ßooded region and the relation between the number of nodesNi exactly i hops away withd A(r )
dr . Part (1) is the ßooded areaA(r ); part

(2) is d A(r )
dr ; part (3) is theNi in a network of 1000 nodes and transmission range 0.1; part (4) is theNi in a network of 2000 nodes and transmission range 0.2.

Part (3) and part (4) look like a sampling of part (2).

number of nodesNT and the node transmission rangeRt , we
have the estimated sequence÷Ni,x0 of Ni for a node at location
x0.

5.1. Self-location aware

First, suppose a node knows its distance to the border of the
network x0 and can adjust its own hop limitk for the Þrst
attempt. Here is our proposed two-ring scheme for this case:
the node Þrst estimates÷Ni,x0 based on its locationx0. Then it
Þnds out from the estimated sequence÷Ni,x0 the value ofi where
÷Ni,x0 � ÷Ni + 1,x0 and setsk to this value for the Þrst attempt. If
this fails, the node must pick a large enough number for the
second attempt to ensure that the ßooded packet reaches all
nodes in the network.

5.2. Self-location unaware

More realistically, nodes do not have knowledge of their loca-
tion in the network. Every node has to apply the same ßood-
ing strategy and set the same predetermined values for each
attempt. Now we consider how to minimize the cost from the
system view.

First, we can prove that for a uniformly distributed network,
the Probability Distribution Function (pdf) of a random node
locatedX away from the border is

fX(x) = 2(1Š x) for 0 < x � 1 (9)

For a node located atx, after the estimation of its node
number sequence, we can correspondingly calculate the cost

C(x, k) of a two-ring scheme with Þrst attemptk from equa-
tion (5). Since a consistent strategy has to be applied, suppose
every node setsksysas its Þrst attempt. We Þnd the overall cost
for the whole systemCsys(ksys) as

Csys(ksys) =
� 1

0
fX(x)C(x, ksys) dx

=
� 1

0
2(1Š x)C(x, ksys) dx (10)

Based on equations (5) and (10), we propose our two-ring
scheme here. First, gather enough samples ofx and estimate
the sequences÷Ni,x for each sample ofx. Then from equa-
tion (5), calculate the two-ring cost sequenceC2(x, k) of each
samplex. Put eachC2(x, k) into equation (10) and calculate
the system costCsys(k). Finally, determine the global point
kopt as the point where the minimumCsys is achieved. The
calculation of this goodksys can be implemented during the
network design phase and input to each node as a system
parameterÑnodes do not need to calculate this value on the
ßy.

Overall, we propose a good two-ring scheme to reduce the
cost for hop-based small-scale networks. For the Þrst attempt,
if a node has knowledge of its current position with regard to
the network boundary, it can set its Þrst hop limit from the esti-
mation of ÷Ni,x to minimize cost. If it has no such information,
it should set the number to the pre-calculated good value to
minimize overall system cost. For the second attempt, nodes
just need to set a large enough hop limit to cover the entire
network.
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M have an effect on the amount of the cost savings. However,
they do not affect our above conclusions.

Earlier, we have claimed that all other schemesÕ latency is
larger than the once-for-all scheme. Through simulations, we
Þnd that our two-ring and three-ring schemes have close cost
performance and they have a higher latency than the once-
for-all scheme with a percentage around 50Ð60%. The expan-
sion ring scheme has around 120% higher latency, while the
DSR scheme has only around 10% higher latency. The la-
tency is not related to the network density. When the network
density changes,Ni changes with the same scale, and from
equation (4),L remains the same.

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

In this part, we compare the performance of different schemes
in a small-scale network in which nodes have knowledge of
their own locationsx0 as in Þgure 2. The total number of nodes
NT varies from 1000, 4000, 7000 to 10000. Nodes have dif-
ferent costs for target searching based on their locations. In
Þgure 5, thex-axis is the different locationx0 of the investi-
gated nodes. They-axis is the cost of nodes at locationx0 ap-
plying different schemes of once-for-all, expansion ring, DSR,
our two-ring scheme, the ideal two-ring scheme and the ideal
three-ring scheme. Our scheme is to estimateNi with the given
locationx0 as ÷Ni,x0 and Þnd the point where÷Nk,x0 = ÷Nk+1,x0 as
the Þrst attempt hop number. The second attempt hop number
is chosen large enough to cover the entire network.

As can be seen from Þgure 5, our scheme performs con-
sistently close to that of the ideal schemes, which indicates

that our estimation matches reality quite well. DSR also per-
forms consistently and is close to the once-for-all scheme.
Nodes at different locations have much different costs when
applying the expansion ring scheme. Some nodes may achieve
less cost while other nodes may achieve more cost. Over-
all, the expansion ringÕs cost tends to be larger than that of
the once-for-all scheme. Whenx0 = 1, which means nodes
are close to the center, the average cost decreases since more
nodes are a relatively smaller number of hops away from the
center.

As for latency, nodes that are close to the center usually
need less time to cover the whole network and the resulting
latency in Þnding the target is smaller.

6.4. Performance comparison for small-scale networks
without location information

In this part, we compare the system cost savings of different
schemes in a small-scale network without location informa-
tion. Nodes have to apply a consistent parameter for a search-
ing scheme instead of choosing different values for the Þrst
attempt.

In the right part of Þgure 6, we Þnd that our estimated opti-
mal point through equation (10), which is 13 for the network
of 1000 nodes and 16 for the network of 2000 nodes, is quite
close to the real optimal point. For this reason, the cost of our
scheme is also close to that of the optimal scheme. Again,
the expansion ring is the worst scheme and the DSR scheme
achieves 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 investigated nodes.
The Y-axis indicates the cost of different schemes. Different network sizes of 1000, 4000, 7000 and 10000 nodes are simulated. The tested schemes are:the
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 coefÞcient determined by the forwarding mech-
anism such as ßooding and gossiping. Also, by deÞning the
cost directly as the searching area, we minimize the number of
variables and simplify our analysis without loss of generality.
The conclusions drawn from this deÞnition can be speciÞed for
different applications simply by mapping the area to realistic
application parameters.

To aid the expression, let us deÞne a virtual 0th attempt
search for the area ofA0 = 0. For thei th search attempt, the
costCi is simply the cost summation of the Þrsti attempts
Ci =

� i
j = 1 Aj The probability for one target to be outside the

areaA is (1 Š A), and the probability for all them targets
to be outside the areaA is (1 Š A)m. In order to perform an
i th search attempt and complete the task, all them targets
must be outside the areaAi Š1, or else the task would have
been completed earlier. Also, not all them targets are outside
the areaAi , otherwise the task will not end at thei th search
attempt. Thus, the probabilityPi for the task to be completed
in thei th attempt is

Pi = P{all targets outsideAi Š1,

but not all targets outsideAi }

= P{all targets outsideAi Š1}

Š P{all the targets are outsideAi }

= (1 Š Ai Š1)m Š (1 Š Ai )m (11)

The expected costCn for a generaln-ring searching approach
is

Cn =
n�

i = 1

Pi Ci

=
n�

i = 1

((1 Š Ai Š1)m Š (1 Š Ai )m)

�
i�

j = 1

Aj

�

=
nŠ1�

i = 0

Ai + 1(1 Š Ai )m (12)

The Þnal equality above can be easily proven through mathe-
matical induction.

7.2. Algorithms

Based on equation (12), we can perform a brute force search
over then-dimensional spaceA (n) = { A1, . . . , An} to Þnd the
optimal solutionA (n)

opt to minimizeCn, given a speciÞcn. How-
ever, this method is prohibitive since the computational re-
quirement increases asO(( 1

� )n), where� is the brute force
searching granularity. To reduce computations, we propose
two heuristic solutions: a pre-calculated algorithm called Ring
Splitting (RS) and an online algorithm called Online Ring
Splitting (ORS).

RS is a greedy algorithm that starts from the one-ring
searching scheme with [A0 = 0, A1 = 1] and splits a ring if it
provides the largest cost reduction until there are no possible
choices to split a ring to achieve any more cost savings. The
procedure is as follows.

1. Start with the ring [0, 1].

2. With an existingn-ring scheme, a given ring set of{[0, a1],
[a1, a2], . . . , [anŠ1, 1]} already exists. Check all thesen
rings and Þnd out the candidates that can be split to further
reduce the cost.

3. Terminate if there are no more candidates. Else, go to Step
4.

4. Pick the candidate that will reduce cost the most and split
it. Go back to Step 2.

Whether a ring between [Ak, Ak+ 1] should be split and
become a candidate is determined as follows.

1. From equation (12), Þnd out the cost differenceD between
the oldn-ring scheme and the new (n + 1)-ring scheme
whenAj is inserted between the ring [Ak, Ak+ 1].

D = Cn Š Cn+ 1

= Ak+ 1(1 Š Ak)m Š (Aj (1 Š Ak)m + Ak+ 1(1 Š Aj )m)

(13)

2. By solving � D
� Aj

= 0, we have the potential splitting point
Aj . Numerical methods are required to ÞndAj .

3. First, check ifAj is within [Ak, Ak+ 1]. Second, check if
D(Aj ) is larger than zero. Only when both requirements
are satisÞed, shouldAj be a ring splitting candidate for
[ Ak, Ak+ 1].

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
knowledge, ORS can only split the remaining ring; hence it
performs slightly worse than RS. However, it requires even
less computation than RS. There is only one computation for
each additional searching attempt, and there is no wasted com-
putation.

Figure 7 shows the optimal expected cost for each algo-
rithm, where BF indicates the brute force method. The sub-
plots show the optimal expected cost for the 2-ring and 3-ring
schemes. The table shows the overall optimal cost by each
algorithm and the respective computations. By comparing the
results of the RS, ORS, and brute force approaches, we reach
the following conclusions.

1. For each speciÞcn, there exists an optimal solution. The
overall optimal cost is reduced whenn increases from 1.
However, there exists a certain valuen0 such that the op-
timal overall cost will not decrease after this value. In the
table of Þgure 7, BF Þnds its optimal at the 4th ring, while
RS Þnds its optimal at the 6th ring and ORS Þnds its opti-
mal at the 5th ring.

2. The optimal two-ring approach may reduce the cost dra-
matically, while the optimal three-ring approach may
reduce cost around 2 to 5 more percent and it is already
very close to the overall optimal. More searching attempts
can only reduce the cost by a negligible amount of less than


