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Abstract

A mobile ad hoc network(MANET) is a multi-hop wire-
less network having no infrastructure. Thus, the mobile
nodes have to perform basic control tasks, such as rout-
ing, and higher-level tasks, such as service discovery, in a
cooperative and distributed way.

Originally conceived as a peer-to-peer application for
the Internet,distributed hash tables(DHTs) are data struc-
tures offering both, scalable routing and a convenient ab-
straction for the design of applications in large, dynamic
networks. Hence, DHTs and MANETs seem to be a good
match, and both have to cope with dynamic, self-organizing
networks.

DHTs form a virtual control structure oblivious to the
underlying network. Several techniques to improve the per-
formance of DHTs in wired networks have been established
in the literature. A particularly efficient one isproximity
neighbor selection(PNS). PNS has to continuously adapt
the virtual network to the physical network, incurring con-
trol traffic. The applicability of PNS and DHTs for MANETs
commonly is regarded as hard because of this control traf-
fic, the complexity of the adaptation algorithms, and the dy-
namics of a MANET.

Using simulations supported by analytical methods, we
show that by making a minor addition to PNS, it is also
applicable for MANETs. We additionally show that the
specifics of a MANET make PNS an easy exercise there.
Thus, DHTs deliver good performance in MANETs.

1. Introduction

In a mobile ad-hoc network(MANET), mobile nodes
communicate over wireless links. Typically, a MANET
does not have any infrastructure available. Since commu-
nication involves multiple hops, every node has to act as a
router. Apart from routing, the nodes also have to coopera-
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tively run higher-level protocols, such as service discovery
or naming services.

As others have already noted, MANETs share their ba-
sic properties withstructured peer-to-peer (P2P) overlays:
Both have to cope with a dynamic environment and perform
their functionality in a hop-by-hop manner [18]. Structured
P2P overlays such as Chord [23], Pastry [22], or CAN [21]
establish an application-defined address space in a virtual
network overlaid onto an existing physical network. To
date, however, most of the proposals for P2P overlay proto-
cols are only suited for fixed networks like the Internet.

A well-known application based on the P2P principle is
thedistributed hash table(DHT). DHTs offer data storage
in a scalable, distributed, fault-tolerant, and self-organizing
manner. They inherit these properties from being imple-
mented as structured P2P overlays.

As in a fixed-network environment, a P2P overlay can
serve two purposes in MANETs: First, it can be used to
provide scalable routing by implementing it at the network
layer. And second, it can be used to provide the basic func-
tionality for the implementation of distributed directoryser-
vices. Thus, it seems natural to use P2P overlay solutions
in order to solve the problems faced in MANETs.

Every routing control structure, that is a routing hier-
archy or a structured P2P overlay as discussed here, ab-
stracts from the underlying network graph. Compared to
shortest-path routing, this abstraction introduces a perfor-
mance penalty by lengthening the paths among nodes. Oth-
ers have shown that this penalty can be made constant
(i.e., independent of the number of nodes in a network)
for an overlay such as Chord deployed on an Internet-like
graph [8, 16, 28]. The technique used for achieving this
is proximity neighbor selection(PNS). However, PNS only
works on graphs having certain properties [28].

To our best knowledge, the performance of PNS in a
MANET environment has not been evaluated before. Yet,
PNS is performance-critical and a vital component of any
scalable protocol implementing structured P2P overlays or
DHTs. This especially applies to resource-limited scenarios
like wireless MANETs.

Thus, to answer the question whether a DHT can deliver
good performance in MANETs, we first have to answer the



question whether PNS is feasible there. (In the remainder
of this paper, we will use the termsDHT and structured
P2P overlayinterchangeably; they are not the same, since
a DHT is an application built on structured P2P overlays.
However, both share the same basic structure to which PNS
is applied.) This question can be broken down into several
individual questions which we answer in this paper:

1. Does PNS work in MANETs at all?

2. If yes, how good is the performance of a DHT with
PNS in MANETs?

3. How do we achieve good performance in practice?

In the next section of this paper, we provide the relevant
background and define the models used here. In Section 3,
we examine the general applicability of PNS to a DHT in
the wireless case. We relax some idealized assumptions in
Section 4 to examine practical considerations for the imple-
mentation of PNS in MANETs. Related work is discussed
in Section 5. In the last section, we conclude our findings
and give an outlook on directions for further research.

2. Background and Models

In this section, we describe the assumptions made, the
background of the protocols, and the models employed for
the evaluations presented in this paper. We use the PNS-
enabled Chord [23] as a structured P2P overlay, since its
structure is both simple and particularly well-suited for
PNS [8, 16, 28]. The MANETs are modeled asunit-disk
graphs.

2.1. Chord

Chord was proposed as a scalable lookup service for
large-scale applications. It is a virtual network implemented
as a structured P2P overlay. Alln nodes in the virtual net-
work have unique, location-independent overlay addresses
that are drawn from a uniform random distribution on a
large linear integer space[0,1,2, . . . ,s−1] (s= 2m) which
is wrapped around at its borders, making it a ring. In the
following, we usei to both denote the individual node, as
well as its unique address.

Nodes are sorted on the this ring on the basis of their
unique addresses, taking into account the wrap-around.
Each node has to maintain a virtual link to itssuccessor,
that is the node directly following it in the thus ordered node
set. With this structure, any node can route messages to any
other node simply by each intermediate node forwarding
the message to its successor until the destination is reached.
This, however, results in path lengths ofO(n), rendering
routing not scalable.

To make Chord routing scalable, each nodei maintains
a routing table ofm entries where the entry with the index

l ∈ {0,1, . . . ,m− 1} is a virtual link to thefirst node ly-
ing in the address rangeRl (i) = [i + 2l , i + 2l+1) (modm).
(For convenience and legibility reasons, we do not repeat
the (modm) in the following formulae; because of the ad-
dress space wrap-around, however, any address range given
has to be read as(modm).)

Stoica and others [23] provided a descriptive picture of
routing in the thus constructed Chord network: To forward
a message, the distance from the current intermediate node
to the destination is expressed in binary notation. Thel th

bit corresponds to thel th entry in the current node’s routing
table. A bit having the value of 1 has to be “fixed” to a
0. This is greedily done by sending the message over the
virtual link which–among all links where the corresponding
bit in the distance is set to 1–makes the most progress in the
address space, not exceeding the destination.

As a result, in a fully populated address space with each
node keeping a state ofm virtual links, a message is routed
to its destination inm/2 virtual hops on average.

In less densely populated networks, each node has to
keep O(log2n) state information, and the average path
length is(log2n)/2. If, as a result of the sparsity, there is
no nodej ∈ Rl1(i), the routing table entry with the indexl1
is duplicated from the entry for the next non-empty range
Rl2(i) with l2 > l1.

Since we investigate P2P overlays for implementing ba-
sic control structures in MANETs, and since these control
structures have to be cooperatively maintained by all nodes,
we assume that every node in the MANET participates in
the P2P overlay as well.

In the Internet, each virtual link corresponds to a trans-
port connection (i.e., TCP or UDP). Chord has to regularly
maintain its virtual links, thus issuing control traffic. Ina
MANET where bandwidth is scarce, a cross-layer approach
where the structured overlay is implemented as a routing
protocol at the network layer is more appropriate [6,18,20].

The decision of where the overlay is implemented affects
the addressing architecture. If the overlay is implemented
above the network layer, a node has both a virtual over-
lay address, and a network address. Then, virtual addresses
have to be resolved into network addresses before routing
can take place. Typically, a virtual address is generated by
hashing the network address.

If the overlay is implemented within the network layer
(called overlay-based routingby us), the distinction be-
tween the overlay address and the network address does not
necessarily have to be made. There, a node’s network ad-
dress can also coincide with its virtual address.

We do not assume any particular protocol architecture in
this paper, however. The results we derive are based on the
graph-theoretical properties of a MANET. They are gener-
ally applicable to designs of both the above-mentioned ar-
chitectural types.



2.2. Proximity Neighbor Selection (PNS)

As was mentioned above, the average length of a path
in the Chord overlay isO(log2n) virtual hops. Virtual hops
correspond to physical paths in the underlying network. Let
∆ be the average length of a shortest path in the underlying
network. (The unit of∆ can either be hops or time.) Be-
cause of the random address distribution, establishing vir-
tual links in the original way prescribed by Chord results
in randomly selected physical paths. Therefore, the average
physical length of one virtual hop is∆, too. In summary,
the average concatenated physical path length of a complete
virtual path isO(∆ log2n).

The performance penalty of routing in the overlay over
taking the shortest path in the underlying network is quanti-
fied by thestretch. It is defined as the ratio of the combined
lengths of the physical paths traversed for a complete vir-
tual path to the length of the shortest physical path between
the source and the destination node. For example, in the
unoptimized Chord, the average stretch isO(log2n).

However, the stretch of Chord can be reduced to a con-
stant by relaxing the rules for constructing the overlay. (In
the following, we call this relaxationRandomized Chord (R-
Chord).) Instead of pointing to the first node inRl (i), a vir-
tual link can point toanynode inRl (i), making it possible
to select physically close nodes as virtual neighbors. This
is calledproximity neighbor selection[4,16]. The modified
construction rule does neither alter the required amount of
state, nor the average virtual path length. Selecting appro-
priate neighbors, however, the combined physical length of
a virtual path is reduced toO(∆), and thus stretch isO(1).
Empirically observed by Gummadi and others [16], this re-
sult has been formally proven by Zhang and others [28].
Dabek and others [8] estimated the constant factor in the
stretch ofO(1) to be 2 by assuming a uniform latency dis-
tribution and approximating the average latency by the me-
dian latency. This roughly coincides with results measured
using a more realistic latency distribution [16].

All of these results assumeperfect information. There,
nodes know the overlay addresses of all other nodes, and
their distance to all other nodes in the network. This allows
them to select the best neighbors for all address ranges and
makes it possible to determine the optimum stretch. The
practical difficulty of PNS lies in actuallyfinding physi-
cally nearby neighbors which fall into the respective address
ranges.

2.3. Wireless Multi-Hop Networks

We model wireless multi-hop networks asunit-disk
graphswhich are geometric random graphs. Then nodes in
the network are placed onto a two-dimensional, quadratic
areaA= a2 according to a random uniform distribution. An

Figure 1. Instance of a unit-disk random graph

edge between two nodesi and j is added if for their Eu-
clidean distanced(i, j) it holds thatd(i, j) ≤ r = 1. The
homogeneous assignment of a single transmission radius
r to all nodes does not correctly reflect physical propaga-
tion [24], however the model is commonly used since it al-
lows easier analyses.

Fig. 1 depicts an example instance of a unit-disk graph
with n = 315, r = 1.0, anda = 10.0. To avoid artifacts in
the results presented here, it was ensured that all generated
graphs are connected (i.e., there exists a path from any node
to any other node).

A mobility model which–at any instance of time–results
in a uniform node distribution as described above is theran-
dom directionmodel [2, 3, 15]. In this paper, we do not
consider direct effects resulting from node mobility such as
link breaks and protocol overhead; we are only interested
in statistical properties, that is the lengths of paths between
nodes, and the number of nodes falling into certain portions
of the overlay address space. We thus assume the MANET
to be in a steady state, meaning that itsstatisticalproperties
do not change over time. This enables us to derive results
from the respective probability distributions. For compari-
son, we also obtained values from simulations. If not stated
otherwise, each simulation result is the average of ten inde-
pendent simulation runs. In each run, a new graph is instan-
tiated.

Considering the number of nodes in a given sub-area of
the quadratic deployment area, it is difficult to calculate the
exact distribution because of the border limiting the deploy-
ment area. There, nodes have a different number of one-hop
neighbors than in the center of the area. For complexity



reasons, we neglect these border effects which nevertheless
gives us a very good approximation of the simulated values,
as can be seen in the following.

For this case, Bettstetter obtained the result that in the
limit, the uniform distribution becomes a homogeneous
Poisson point process of densityλ = n/A if n→ ∞, A→ ∞,
while λ is constant [3]. This stochastic process has the prop-
erty that the number of nodes in a finite subareaB ≤ A is
Poisson distributed with meanλB.

3. PNS in Wireless Multi-Hop Networks

3.1. Efficacy

Zhang and others [28] made the fundamental finding that
the efficacy of PNS is dependent on theexpansionproperty
of the underlying network graph. They defineN(x) to be the
number of nodes within latencyx of a node. A graph hasd-
power-law latency expansionif N(x) ∝ xd, andexponential
latency expansionif N(x) ∝ αx with α > 1. Their result is
that PNS is only effective if a graph hasd-power-law expan-
sion. Then, latency stretch of a PNS-enabled R-Chord is a
constant. With exponential expansion, latency stretch grows
asO(logn). Note that all studies on PNS in fixed networks
employlatencyas their proximity measure [8,16,28].

In a MANET, packet loss and mobility make it difficult
to measure the actual round-trip time between two nodes, as
was shown in an evaluation of TCP performance by Holland
and others [17]. Therefore, we use the hop distance between
two nodes as the measure of their proximity. We justify this
choice by the fact that most MANET routing protocols also
use this measure for calculating paths. To quantify the qual-
ity of PNS, we thus have to consider hop stretch instead of
latency stretch. (Both measures are the same if we assume
unit or constant latency for traversing a single hop.)

Hence, to show the efficacy of PNS in a MANET, we
have to determine the hop expansion property of unit-disk
graphs. LetN(k) be the number of nodes withink hops of
a node. The area covered byk hops equalsπ(kr)2, and the
average number of nodes in this area isN(k) = λ ·π(kr)2 ∝
k2 (cf. Section 2.3). This means that a unit-disk graph has
2-power-law hop expansion, affirming the efficacy of PNS
in a MANET complying with our model.

3.2. Influencing Variables

Next, we examine the quantitative performance of PNS,
that is the hop stretch, in MANETs. Potentially, all model
parameters could influence stretch. These are: 1) the length
of an address (in bits)m, 2) the number of nodesn, and
3) the network densityλ = n/a2. The density is varied by
keepingn constant while varyinga.
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Figure 2. Effect of network density on hop
stretch (500 nodes)

3.3. Performance Evaluation

As stated before, we ensured the networks to be con-
nected. Starting with the lowest possible density, the side
lengtha was decreased in integer steps down to 1. For a
500-node network, this means thata∈ {9,8, . . . ,1}.

Each data point is the average of ten independent sim-
ulation runs. In each run, 1000 messages were sent from
random sources to random destinations, both drawn from a
uniform distribution. The figures show approximate 95%-
confidence intervals calculated using Student’st distribu-
tion with 9 degrees of freedom.

The address lengthm was varied from 9 to 31 bits for
a 500-node network witha = 9. No significant effect on
stretch, which on average was 2.37, could be found. The
same observation applies to varyingn from 100 to 2000,
where network density was chosen to be the lowest pos-
sible for eachn, respectively. We believe that the devia-
tion from the theoretical value of 2 published elsewhere (cf.
Section 2.2, and [8]) results from the path lengths not being
uniformly distributed, and from calculating average values
instead of median values.

As can be seen from Figure 2, network density has a sig-
nificant effect on hop stretch. Stretch rises steeply as the
network gets more dense. The reason for this is that with
a→ 1 and thusλ → n, the average path length∆ converges
to the minimum value of 1. This can also be seen in Fig-
ure 3 which depicts the empirical cumulative distribution
functions for different network densities.

Hence, in dense networks, it does not make a difference
whether PNS is used or not, since all shortest physical path
lengths are close to 1, coinciding with∆. Therefore, PNS
becomes ineffective, as stretch then equals the average vir-
tual path length of(log2n)/2. This can also be seen in Fig-
ure 4 where the stretch value is shown forn ∈ [100,2000]
andλ = n. The measured values perfectly agree with the
expected theoretical values.
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Figure 3. Empirical path length CDFs (500
nodes, a∈ {9,3,1})
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Figure 4. Hop stretch with PNS in single-hop
networks

To improve the performance of PNS in dense networks,
nodes should maintain additional information about the
other nodes in their physical neighborhood. By caching
the overlay addresses of the nodes in thek-hop neighbor-
hood, the overlay is augmented with more links. The greedy
routing procedure of Chord remains unchanged with each
node forwarding the message to its virtual neighbor which
reduces the distance towards the destination the most.

The overlay protocol instance on a node does not neces-
sarily know the addresses of the node’s physical neighbors.
However, information about the 1-hop neighborhood can
be easily provided to the overlay protocol by an underly-
ing routing protocol, or by each node periodically emitting
hellopackets containing its address via radio broadcast. (As
discussed in Section 2.1, the type of the address depends on
the protocol architecture. It can either be an overlay address
or a network address which is to be hashed into the corre-
sponding overlay address.) If each node additionally ap-
pends the addresses of its currently known 1-hop neighbors
to this packet, all nodes get to know their 2-hop neighbor-
hood.
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Figure 5. PNS improvement by using neigh-
borhood information (500 nodes)

We evaluated the effect of augmenting the basic Chord
network with the virtual links obtained from the nodes’ 1-
and 2-hop neighborhoods, respectively. Figure 5 compares
the hop stretch of plain PNS with that of the PNS using
1-hop information (labeled “+ 1”), and 2-hop information
(labeled “+ 2”). It can be seen that this simple and–in terms
of per-node control packet overhead–cheap modification of
PNS yields a significant performance improvement. This
is not only the case for dense networks, where stretch now
is close to its optimum value of 1, but even for sparse net-
works.

4. Practical Considerations for PNS

To achieve good performance for routing in a structured
P2P network, PNS has to select physically close nodes for
the virtual address ranges of a node. In a practical setting,
the perfect information assumption made before (cf. Sec-
tion 2.2) does not hold. Getting perfect information about
the distances to all other nodes in the network requires con-
tinuously updated measurements of these distances. The
cost of perfect information becomes prohibitively expensive
for larger networks. Thus, we have to relax this assumption.

The question of how PNS can achieve good performance
in practice therefore translates into the following question:
How easily can we find good virtual neighbors?We exam-
ine this question in the remainder of this section.

4.1. Sampling

To establish the virtual overlay network, each nodei
has to find other nodes falling into its address rangesRl (i)
where l ∈ {0,1, . . . ,m− 1}. (In the following, we calll
the range indexof the corresponding range.) The prob-
ability that a node falls withinRl (i) = [i + 2l , i + 2l+1) is
pl = 2l/2m = 2l−m. Thus, the expected number of nodes in
Rl (i) is n·2l−m. This limits the number of actually required



neighbors, as forn≪ 2m, many ranges will not contain any
node.

The largest required index ism− 1. The smallest re-
quired index is determined by a node’s successor, since by
definition, there does not exist any other node whose ad-
dress lies between the address of a node and that of its suc-
cessor. As there is exactly one successor per node, for the
expected indexls of a successor, it holds that the expected
number of nodes inRls is n·2ls−m = 1. Thus,ls = m− log2n.

Node i does not only have to find a neighbor for each
requiredl (ls ≤ l ≤ m− 1). For PNS to work properly,i
has to find good, that is nearby neighbors. The process of
finding a nearby neighbor for a range among all eligible
neighbors is calledsampling. Sampling is easy to model
in our MANET scenario. To find a good neighbor, nodei
has to search for it in an increasingly expanding neighbor-
hood around it. (Note that this does not imply any protocol
behavior; as in Section 3.3, nodei could have cached infor-
mation about itsk-hop neighborhood in which it searches.)
The number of nodes that have to be inspected, that is their
virtual addresses have to be known toi, until the first node
falling into the respective address range is found follows a
geometric distribution with mean 1/pl = 2m−l .

We can now equate this mean with the average number
of nodes within thek-hop distance ofi to get the expected
minimum number of hops towards a good node for range
index l . This yieldsk =

√

2m−l/(λπ), making the distance
of good neighbors forl only dependent on the network den-
sity λ, sincem is fixed for all nodes. The maximum hop
distancekmax to search in for all virtual neighbors is de-
termined byls. It follows that kmax =

√

n/(λπ) = a/
√

π.
(Note thata cannot be chosen independently ofn, since net-
work connectivity requires a minimum network density [3].
If the densityλ is kept fixed while varyingn, thenkmax is in
Θ(

√
n).)

4.2. Performance Evaluation

We evaluated the theoretical results of the last section by
comparing them with simulation results. To account for the
maximum search distancekmax which is determined byls,
we calculatek as follows:

k(l) =

{
√

2m−l/(λπ), if l > ⌊ls⌋;
√

n/(λπ) = a/
√

π = kmax, otherwise.

(Since messages can only be sent over complete hops, in
our evaluation, we roundk to the next greater integer.) In a
network withn = 500, a = 9, andm= 31, for each range
index, we determined 1) the average minimum distance, 2)
the average distance, and 3) the average maximum distance
to nodes falling into the corresponding address range. The
result is depicted in Figure 6.
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The theoretical result fork gives a good approximation
of the measured average minimum distances to the virtual
neighbors. As mentioned above, the maximum hop distance
to search in is determined by the length of the path from a
node to its successor. For a fixed network densityλ, the
average length of this path is inΘ(

√
n). This can be seen

in Figure 7 which shows the expected distance⌈kmax⌉ to a
node’s successor in networks of 100–1000 nodes with den-
sitiesλ ∈ {6,12,18}.

As was described in Section 2.1, a virtual address size
m of 31 bits does not necessarily imply that a node has to
maintain 31 different virtual neighbors. As a result of the
sparsely populated virtual address space, in the example of
Figure 6, all routing table entries below the index of the suc-
cessor (≈ 21–22) are filled with the address of the successor.
That is, each node only has to maintain≈ 9–10 different vir-
tual neighbors.

It can be seen that it is particularly easy to find neighbors
for the higher range indexes. Fifty per cent of all required
nodes are situated within 2 hops of a node, and sixty per
cent are within 3 hops, even though the network is sparse.

We obtained similar results for a sparse network of 1000



nodes. This can be explained as follows: For fixedk, the
number of range indexes for which virtual neighbors are
found in the physicalk-hop neighborhood of a node only
depends onλ. Thus, if λ and k are fixed, the number of
virtual neighbors found is constant. The range indexls of
the successor is a logarithmic function of the network size
n. As only the neighbors with indexes≥ ls and≤ m−1 are
required, the number of virtual neighbors per node is also
a logarithmic function ofn. Therefore, the percentage of
neighbors found withink hops among all required neighbors
only diminishes slowly withn.

4.3. Discussion

The results presented in the last section also show that
a large number of physically close virtual neighbors can be
easily found in the presence of mobility. Statistically, there
is always a sufficient number of appropriate nodes available
in the physical neighborhood of a node. If a node has cur-
rent knowledge about itsk-hop neighborhood, it will also
find suitable virtual neighbors with high probability.

Since with probability 1/2 each range is used for for-
warding a message, nodes have to find good neighbors for
all of their ranges in order to make PNS effective. Finding
neighbors forl gets increasingly harder asl gets smaller.
Thus, for this case, more efficient approaches than search-
ing in thek-hop neighborhood of a node have to be used.
Otherwise, ifk gets too large, this corresponds to a flooding-
based solution which limits network scalability.

Therefore, a hybrid solution for discovering all virtual
neighbors seems to be appropriate. For larger range in-
dexes, for which nodes can be found within few physical
hops, a proactive approach for continuously maintaining
information about thek-hop neighborhood of a node (cf.
Sec. 3.3) can be used. This has the two-fold benefit that
the average hop stretch of PNS is reduced (cf. Sec. 3.3),
and that a large fraction of the required virtual neighbors is
found (cf. Sec. 4.2).

For smaller range indexes, neighbors should be discov-
ered more efficiently than with a flooding-based approach.
This can be done by exploiting the structure of the P2P over-
lay. For example, ISPRP [6, 7] demonstrates how to effi-
ciently find paths to the successor nodes in our scenario.

Neighbors for the remaining, intermediate range indexes
can be obtained from querying the overlay. Although this
selection does not necessarily imply that the best nodes are
chosen for these ranges, it can be a good solution for two
reasons: First, the number of nodes appropriate for these
ranges is limited. And second, the differences in the dis-
tances to the eligible nodes do not vary that much as for
the higher range indexes. However, this approach has yet
to be evaluated. The cost for discovering and maintaining
these remaining virtual neighbors might outweigh their ac-

tual performance benefit.
This hybrid approach as discussed above differs from

previously published, non-hierarchical MANET routing
protocols in that for a uniform traffic pattern, a solution
based on structured P2P overlays only has to maintain
O(logn) paths per node instead ofO(n) paths.

5. Related Work

A number of publications has been devoted to bringing
P2P protocols into ad-hoc networks. Many of the publica-
tions are mainly conceptual, presenting architecture propos-
als but not evaluating them (cf. [5,9,11,13,18,26]).

Hu and others [18] proposed DPSR, a cross-layer ap-
proach for using the structured P2P overlay Pastry as a
network-layer routing protocol by integrating it with the
MANET routing protocol DSR [19]. No performance eval-
uation of DPSR is available.

Ekta [20], which is based on DPSR, is a DHT for
MANETs. It is also based on the proximity-aware Pastry
overlay and DSR. The details of the proximity adaptation in
the MANET scenario have not been explicitly evaluated by
the authors. Yet, they claim that Chord cannot be adapted
to the physical network as flexible as Pastry; the results
published earlier by Gummadi and others [16] disprove this
claim.

ISPRP [6,7] is a self-stabilizing protocol that creates the
basic ring structure of a Chord overlay for overlay-based
routing at the network layer of an ad-hoc network. It does
not employ flooding for discovering the routes to the suc-
cessor nodes. However, it does not handle node mobility at
present.

CrossROAD [10] is also based on Pastry; the evaluation
was made in a network of only eight nodes.

Ebersp̈acher and others [13], and Gruber and others [14]
argue that structured P2P overlays cannot be adapted to
the underlying physical network, and thus are infeasible in
MANETs, ignoring the previously published results on PNS
for structured P2P overlays in the seminal works by Castro
and others [4], and by Gummadi and others [16].

A different strategy than PNS for adapting a virtual net-
work to its underlying network isproximity identifier se-
lection(PIS) [16] where a node’s overlay address is chosen
according to the node’s current location (cf. [12,25,27]).To
enable location-independent addressing for routing, in this
case, a level of indirection has to be introduced for map-
ping a location-independent address to its current location-
dependent address. Maintaining and querying this directory
service incurs additional communication overhead.

Unstructured P2P networks have less rigid construction
rules than structured P2P overlays do. By this, they can
be adapted to the physical network with more flexibility.
Therefore, some authors advocate the use of unstructured



P2P overlays for MANETs (cf. [1, 14]). However, these
overlays cannot provide bounded path lengths or lookup
guarantees as structured P2P overlays can, and in general
require flooding within the overlay for sending messages,
making them less scalable.

6. Conclusions and Future Work

The performance of structured P2P overlays and their ap-
plications, such as DHTs, strongly depends on the quality
of the adaptation of their virtual network to the underlying
physical network. A well-known technique for this adapta-
tion, where node addresses remain location-independent, is
PNS. With PNS, the performance penalty paid for routing
in the virtual network compared to routing in the underlying
network is constant for certain classes of networks. How-
ever, in the literature, PNS has only been considered for
Internet-like graphs.

In this paper, we affirmatively answered the question
whether PNS is also applicable to MANETs. Using Chord
as a basis, we presented simulation results to quantify the
quality of PNS in MANETs. For sparsely connected net-
works, it is comparable to the case of fixed networks. How-
ever, the performance of PNS was shown to be strongly de-
pendent on the network density, degrading with increasing
density. We have shown that it is significantly improved by
augmenting the virtual network with additional information
about a node’s physical neighborhood.

Using simulations and analytical models, we have shown
that sampling in a MANET, that is the process of selecting
proximate virtual neighbors for adapting the overlay to the
physical network, is easy even for sparse networks of 1000
nodes: a large fraction of the required virtual neighbors is
found within 2–3 hops. This result is important regarding
node mobility, since it also implies that for being able to for-
ward messages, nodes need not continuously maintain their
virtual links to these neighbors; with high probability, there
is always a sufficient number of suitable virtual neighbors
available in the physical neighborhood of a node.

It remains an open and important research question how
large the savings in protocol overhead of a structured P2P
overlay actually get by leveraging the results presented here.
We are currently developing a network-layer routing proto-
col based on a structured P2P overlay to answer this ques-
tion.
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[15] R. A. Gúerin. Channel Occupancy Time Distribution in a Cellular Radio Sys-
tem. IEEE Transactions on Vehicular Technology, 35(3):89–99, Aug. 1987.

[16] K. Gummadi, R. Gummadi, S. Gribble, S. Ratnasamy, S. Shenker, and I. Stoica.
The Impact of DHT Routing Geometry on Resilience and Proximity. InProc.
ACM SIGCOMM 2003 Conf., pp. 381–394, Karlsruhe, Germany, 2003.

[17] G. Holland and N. Vaidya. Analysis of TCP Performance over Mobile Ad Hoc
Networks. InProc. ACM/IEEE MobiCom ’99, pp. 219–230, Seattle, WA, USA,
1999. ACM Press.

[18] Y. C. Hu, S. M. Das, and H. Pucha. Exploiting the Synergy between Peer-to-
Peer and Mobile Ad Hoc Networks. InProc. HotOS IX Workshop, pp. 37–42,
Lihue, HI, USA, 2003.

[19] D. B. Johnson and D. A. Maltz. Dynamic Source Routing in Ad Hoc Wireless
Networks.Mobile Computing, 353:153–181, Feb. 1996.

[20] H. Pucha, S. M. Das, and Y. C. Hu. Ekta: An Efficient DHT Substrate for
Distributed Applications in Mobile Ad Hoc Networks. InProc. of the 6th IEEE
Workshop on Mobile Computing Systems and Applications (WMCSA 2004),
English Lake District, UK, Dec. 2004.

[21] S. Ratnasamy, P. Francis, M. Handley, R. Karp, and S. Shenker. A Scalable
Content-Addressable Network. InProc. ACM SIGCOMM 2001 Conf., pp. 161–
172, San Diego, CA, USA, 2001. ACM Press.

[22] A. Rowstron and P. Druschel. Pastry: Scalable, distributed object locationand
routing for large-scale peer-to-peer systems. InProc. IFIP/ACM Middleware
Conf. 2001, Heidelberg, Germany, Nov. 2001.

[23] I. Stoica, R. Morris, D. Karger, M. F. Kaashoek, and H. Balakrishnan. Chord:A
Scalable Peer-to-peer Lookup Service for Internet Applications. InProc. ACM
SIGCOMM Conf. 2001, pp. 149–160, San Diego, CA, USA, 2001.

[24] I. Stojmenovic, A. Nayak, and J. Kuruvila. Design Guidelines for Routing
Protocols in Ad Hoc and Sensor Networks with a Realistic Physical Layer.
IEEE Communications Magazine, 43(3):101–106, Mar. 2005.

[25] A. C. Viana, M. Dias de Amorim, S. Fdida, and J. Ferreira de Rezende. An Un-
derlay Strategy for Indirect Routing.Wirless Networks, 10(6):747–758, 2004.

[26] L. Yan, K. Sere, and X. Zhou. Towards an Integrated Architecture for Peer-
to-Peer and Ad Hoc Overlay Network Applications. InProc. of the 10th IEEE
International Workshop on Future Trends of Distributed Computing Systems
(FTDCS ’04), pp. 312–318, Suzhou, China, May 2004.

[27] T. Zahn, R. Winter, and J. Schiller. Simple, efficient peer-to-peer overlay clus-
tering in mobile, ad hoc networks. InProc. IEEE ICON 2004, pp. 520–524,
Singapore, Nov. 2004.

[28] H. Zhang, A. Goel, and R. Govindan. Incrementally Improving Lookup La-
tency in Distributed Hash Table Systems. InProc. ACM SIGMETRICS ’03
Conf., pp. 114–125, San Diego, CA, USA, 2003.


