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Abstract—Greedy routing can be used in mobile ad-hoc
networks as geographic routing protocol. This paper proposes to
use greedy routing also in overlay networks by positioning overlay
nodes into a multi-dimensional Euclidean space. Greedy routing
can only be applied when a routing decision makes progress
towards the final destination. Our proposed overlay network is
built such that there will be always progress at each forwarding
node. This is achieved by constructing at each node a so-called
nearest neighbor convex set (NNCS). NNCSs can be used for
various applications such as multicast routing, service discovery
and Quality-of-Service routing. NNCS has been compared with
Pastry, another topology-aware overlay network. NNCS has
superior relative path stretches indicating the optimality of a
path.

I. INTRODUCTION

Every overlay network can be visualized as a graph. In
such a graph, each overlay node is represented as a vertex
and each overlay link is represented as an edge. Those edges
may be weighted, i.e. each edge can be assigned a weight
corresponding to the round trip time (RTT) of the overlay link.
In general, such a graph is a directed graph, because the fact
that overlay node A has overlay node B as a direct neighbor,
does not always imply that B has A as its direct neighbor.

Finding a route between two overlay nodes (usually end
systems) in an overlay network can now be reduced to the
problem of finding a cycle-free path between the two vertices
representing those overlay nodes in the graph of the overlay
network. We can quantitatively compare different paths be-
tween the same two overlay nodes by comparing their sum of
weights (RTT stretch). The lower this sum is, the better is the
path. Since the number of vertices and edges in such a graph
is finite, the number of possible cycle-free paths between two
overlay nodes is finite, too. The path with the lowest minimal
RTT stretch is denoted as optimal path.

Unfortunately, we need to know the whole graph to find the
optimal path. This poses a problem, since every overlay node
has only a limited amount of memory to store the information
of the complete overlay network. The size of the overlay
network is therefore limited by the available memory for the
routing protocol on each overlay node. Thus, in order to have a
scalable overlay network, we must accept a trade off between
optimality of found paths and memory requirements of the
routing protocol. Ideally, the amount of memory required on
each overlay node is constant and independent of the size of
the overlay network. Another problem when complete network
knowledge is needed is the overhead and delay to disseminate
network and topology updates.

Most of the currently existing structured overlay routing
protocols [3], [17] require a constant amount of memory, but
they totally disregard the RTT stretch of the found paths.
Instead, they optimize the number of hops on the path. As a
result, they find routing paths with only few hops, but possibly
with a high RTT stretch. Different suggestions have been made
to reduce the RTT stretch of the found paths and thus the
approaches are made more topology-aware [14], [15]. Still,
resulting paths are far from being optimal.

In this paper, we present an approach for overlay network
routing, which takes advantage of embedding overlay nodes in
a virtual space. Embedding overlay nodes into an Euclidean
space, where RTTs between overlay nodes are represented as
Euclidean distances, was originally introduced [2], [6], [8]–
[10], [16], [18] as a method for scalable RTT prediction. We
present applications of such an embedding in order to provide
topology-aware unicast and multicast routing. We also present
a way to provide locally bound flooding services to be used
for service discovery.

In the following Section we present related work on RTT
embedding, geographic routing and topology aware overlay
networks. Section III discusses problems related to applying
geographic routing protocols in overlay networks and presents
nearest neighbors convex set (NNCS) overlay networks, which
are easy to build and to maintain in a distributed manner.
Greedy routing is always successful in NNCS overlay net-
works. In Section IV, we introduce applications of NNCS,
Section V compares NNCS with Pastry concerning the path
stretch in an overlay network. Section VI concludes the paper.

II. RELATED WORK

A. Greedy Routing

Greedy routing allows us to keep routing decisions simple.
It compares distances of each known neighbor to the destina-
tion. The neighbor nearest to the destination is chosen as the
next hop of the message to be sent. This procedure is continued
until the destination has been reached.

More formally, the procedure of greedy routing is the fol-
lowing: When an overlay node R with neighbors {N1 . . . Nc}
with corresponding positions in the virtual space {CN1

. . . CNc
}

receives a message for destination D with destination position
CD, it calculates the distances between its neighbors and the
destination: {dn|dn := d(CNn , CD)}. The neighbor Nm with
dm, the minimal distance to the destination, is chosen for the
next hop.

What makes greedy routing problematic is the requirement
that for each routing decision we have to choose a neighbor978-1-4799-0059-6/13/$31.00 c© 2013 IEEE.



that is closer to the destination. If we are unable to find such
a neighbor, our routing protocol can end up in a loop and
is never able to deliver the message to its destination. If we
would be able to build an overlay network that guarantees that
at each overlay node there is at least one neighbor closer to
the destination than the current overlay node, greedy routing
would always be successful. If we use just any overlay network
such as [12] or [14], there is no guarantee that we will always
be able to make “progress” toward the destination. In Section
III, we will show that if overlay nodes have positions in a
virtual Euclidean space, we can construct an overlay network
in which the success of greedy routing is guaranteed.

Figure 1 illustrates an example of a message delivery path,
where each node forwards a message for a destination to a
neighbor node closer to the destination.

Fig. 1. Example of Greedy Routing in a Virtual Space

B. Greedy Routing in Mobile Ad-Hoc Networks

Mobile ad-hoc networks (MANETs) often use geographic
node positions, which means that the number of dimensions
is limited to two or three. In an overlay network, we assume
that each overlay node can communicate directly with every
other overlay node via the underlying network. In a MANET,
each node’s radio transceiver has a limited transmission range,
which restricts its communication range to direct neighbors.
Another difference is node mobility. In MANETs, every node
can change its position at any time. In overlay networks,
overlay nodes change their position in the virtual space only if
there has been a significant change in the underlying network.
Still, the basic problem remains the same: Each overlay node
has limited memory, limited available bandwidth and knows
only its own position as well as that of the destination node.

C. Topology Aware Overlay Networks

There are already different existing topology aware overlay
networks. Most of them are designed to limit the number of
routing hops and topology awareness is then added. Pastry [15]

orders all overlay nodes in an one dimensional torus key space
(a ring). Each overlay node chooses a random ID from the key
space as a unique node address within the Pastry ring. Routing
in Pastry is done similarly as in Plaxton routing [13]. Topology
awareness of routing is ensured by preferring neighbors with
smaller measured RTTs for the routing table.

III. NEAREST NEIGHBORS CONVEX SET (NNCS)
OVERLAY NETWORKS

A. Problems of Greedy Routing

The main problem of greedy routing in any kind of network
is posed by non-convex “holes” in the network. The presence
of non-convex holes leads to the failure of greedy routing.
This problem is illustrated in Figure 2, where greedy routing
decisions lead to a loop. The message is sent back and forth
between two overlay nodes and never reaches its destination.

Fig. 2. Example Greedy Routing Failure Due to a Non-Convex Network
Hole

To solve this problem, greedy routing schemes usually
have a backup mode which is used when greedy routing fails,
e.g., the Right-Hand rule in GPRS. The Right-Hand rule can
only be used in two-dimensional graphs, but not in general
Euclidean graphs with more than two dimensions. Fortunately,
it is possible to construct an overlay network in such a way
that the creation of non-convex holes is prevented. If we can
guarantee that each overlay node can choose a relay closer to
the destination, greedy routing will always work.

B. Requirements for Overlay Networks

Unicast routing in an overlay network is equal to finding
a cycle-free path between two vertices. Each time an overlay
node receives a unicast message that is not addressed to it, it
has to forward it to one of its neighbors. In this Section, we
assume that every overlay node is part of an overlay network
and is embedded into a k-dimensional Euclidean space. In
our approach, we will use the overlay nodes’ position for the
routing decision.



We also assume that each overlay node knows the location
and underlying network address of its direct neighbors. This
information is provided by the overlay network protocol im-
plementation. One possibility for such an overlay network is
NETICE9 [8]. We require that the overlay network protocol
provides each overlay node with the knowledge of its direct
neighbors and makes sure that this information is up to date.
The overlay network protocol has to ensure that the overlay
network is a connected graph. Otherwise, no routing protocol
can ever find a path to every destination within the overlay
network.

C. Nearest Neighbors Convex Set

In order for greedy routing to succeed, we must make sure
that on each “hop” within the overlay network we are able
to progress towards the destination overlay node. There are
different methods to achieve this. One of them is to create a
Delaunay triangulation of the overlay network, where greedy
routing is always successful [1]. Constructing a Delaunay
triangulation of an overlay network is non-trivial. Building
a Delaunay triangulation in a distributed manner is possible,
but overlay nodes need to cooperate and share states. The
communication protocol and the algorithm required to achieve
this may be complicated. We propose a far simpler approach
involving the minimal neighborhood convex hull. If we can
guarantee that for any possible destination position within the
virtual space each overlay node has at least one neighbor
that guarantees progress towards the destination, then greedy
routing is always successful. We ensure that this property is
fulfilled by requiring that each overlay node knows its nearest
neighbors convex set (NNCS).

We define the nearest neighbors convex set (NNCS) as
follows. For any given overlay node R with position CR
in the virtual space, its NNCS contains c overlay nodes
{H1, . . . , Hc} with positions {CH1 , . . . , CHc} as neighbors of
R. NNCS is the convex set defined by the intersection of half
spaces Sj , j ∈ {1, . . . , c}. Each half space Sj is bound by the
hyperplane orthogonal to the line containing both CR and CHj

and containing CR as depicted in Figure 3.

NNCS has following properties:

• NNCS of R contains R and its direct neighbors
{H1, . . . , Hc}.

• Every other overlay node Hx that is not a neighbor of
R (Hx /∈ {H1, . . . , Hc, R}), is outside of R’s NNCS.

Figure 4 presents an example of NNCS in two dimensions.

D. Greedy Routing in NNCS

NNCS guarantees that greedy routing makes progress
(reduces the distance to the destination) at each hop. The
mathematical proof for this statement can be outlined as
follows.

Let us assume that some overlay node R receives a message
MD for overlay node D. Furthermore, greedy routing chooses
its neighbor Hn as the next hop. If distance d(CHn

, CD) is
greater or equal than distance d(CR, CD) greedy routing would
not make any progress and hence it will not be successful.
Now, if we closely inspect the properties of half spaces, we

Fig. 3. Half Space Defined By One Neighbor

Fig. 4. Example of a Nearest Neighbors Convex Set (NNCS) in two
Dimensions

can see, that if a half space Sn defined by CHn and CR with
d(CHn

, CD) < d(CR, CD) must contain CD, too. If we then
revise the properties of an NNCS, we can see that in that
case CD is within R’s NNCS. This also means that D is one
of the neighbors of R. This contradicts to the assumption,
that greedy algorithm would choose another neighbor, since
d(CD, CD) := 0. Hence, our assumption is not correct. This
means that every “hop” in the overlay network reduces distance
to the destination and greedy routing is always successful in
NNCS.

1) Building a NNCS Overlay Network: Since overlay nodes
do not have a global view of the overlay network, they must
have means to discover and maintain their NNCSs. Since each
overlay node R has its own NNCS, which is independent
of NNCSs of other overlay nodes, maintenance can be done
rather easily. As in any other overlay network, each overlay



node joining the network must know at least one overlay node
already participating in the overlay network. At the beginning,
a new overlay node Nn knows one overlay node B that is
already participating in the NNCS overlay network. Since B
is the only overlay node known to Nn, it puts B in its NNCS.
After that Nn queries B about its NNCS. After receiving the
NNCS of B, Nn uses Algorithm (1) to update its NNCS. This
procedure is repeated until NNCS of Hn becomes stable (no
new neighbors are taken into the NNCS). As soon as NNCS
of Hn becomes stable, Hn periodically queries its neighbors
about their NNCSs. If some of the neighbors repeatedly do
not answer, Hn assumes that the neighbor has left the overlay
network and removes it from its NNCS.

Algorithm 1 Algorithm for maintaining NNCS of an overlay
node
Require: RNNCS: NNCS set of R

for N ∈ RNNCS do
NNNCS ← query neighbor(N) {Query neighbor to get
its current NNCS}
for Ni ∈ NNNCS do

if Ni is inside convex set defined by RNNCS then
RNNCS ← RNNCS ∪ {Ni} {add Ni to RNNCS}

end if
RNNCS ← minimize nncs(RNNCS) {Remove all
neighbors from RNNCS that are not in the NNCS}

end for
end for
return RNNCS

Algorithm 2 Algorithm for finding minimal NNCS of an
overlay node (minimize nncs)

Require: RNNCS: NNCS set of R
Require: CR: Position of R in the virtual space

S ← construct halfspaces(CR, RNNCS) {Construct all
halfspaces of every neighbor}
for N ∈ RNNCS do
CN ← get position(N) {Get position of neighbor in the
virtual space}
for H ∈ S do

if CN /∈ H then
RNNCS ← RNNCS \ {N} {remove N from RNNCS if
coordinates of N are not contained in one of the half
spaces}

end if
end for

end for
return RNNCS

2) Making NNCS Overlay More Robust: Since every over-
lay network, where overlay nodes are involved, has a high
churn each overlay node should not only know its NNCS but
also have a possibility to quickly replace neighbors that left the
overlay network. Also, there is a case where an overlay node,
which is located on the “edge” of the virtual space, could
have only one neighbor node in its NNCS. If this neighbor
fails or leaves the overlay network, the overlay node will end
up without any neighbors. In the worst case, this will lead to
that overlay node isolated from the overlay network. To re-join
the network, such an overlay node would need to re-iterate the

Fig. 5. Two Layers of NNCSs for one Overlay Node

bootstrap process. To avoid such situations, we propose each
overlay node using two layers of NNCSs. The first NNCS
layer is the NNCS of an overlay node. The second layer is the
NNCS that is built when neighbors that are in NNCS layer
1 are ignored. Figure 5 illustrates this idea. By keeping track
of two NNCS layers, each overlay node can quickly replace
a neighbor from the first layer that is leaving the overlay
network. At the same time both layers can be used to choose
neighbors for greedy routing.

3) Optimizing Routing: Using NNCS in an overlay network
results in short routing jumps. This means that for each routing
decision the message is sent to the nearest neighbor. This
behavior may be satisfactory for routing on short distances.
On long distances, this involves too many overlay nodes and
unnecessarily delays message delivery. A much more desirable
behavior would be that for distant destinations some more
distant overlay node would be used for relaying the message.
Since NNCS offers the choice of only nearest neighbors, we
must broaden our choice in order to achieve this. In [12], we
have described a Fisheye overlay network, which has ideal
properties regarding the choice of neighbors in the sense of
the choice of near and remote neighbors. Nevertheless, there
is no guarantee that greedy routing is successful in the Fisheye
overlay network. If we combine NNCS and the Fisheye overlay,
we obtain an overlay network, which is both able to perform
long routing jumps and where greedy routing is guaranteed to
succeed. Hence, we propose maintaining both Fisheye overlay
and NNCS overlay networks by allowing the greedy algorithm
to make its choice from the set of neighbors containing both
NNCS and Fisheye overlay neighbors.

IV. NNCS APPLICATIONS

A. Multicast Routing

Unicast routing using a geographical routing protocol can
be useful, but has a few drawbacks. One of the drawbacks
is that the position within the virtual space of the destination



Fig. 6. Example of Building a Multicast Tree on Reverse Unicast Greedy
Paths

must be known. As we have shown in [8] this position can
change over time. Even if we use Global Network Positioning
(GNP), the positions of overlay nodes will change as soon as
there is a change in the topology of the underlying network. A
more useful application of greedy routing is its use to construct
multicast trees. The idea of multicast routing is the following:
Sender S has a position in the virtual space CS . We assume
that every overlay node participating in the overlay network
is interested in receiving multicast data. There is one overlay
network per multicast group. We also require that every overlay
node participating in the overlay network not only stores and
updates its own NNCS, but also keeps track of NNCSs of all
other overlay nodes to which it is a neighbor. This information
can be gathered, since every overlay node periodically queries
its neighbors (as described in Section III-D) and with the
query message it can also send its current NNCS. Every
multicast message MS from sender S contains the position
CS of the sender. This position is used to determine receivers
of the message at each overlay node. When an overlay node
R receives MS , R delivers the message locally (since every
overlay node is interested in receiving multicast traffic) and
sends a copy of MS to all overlay nodes that would route a
unicast message towards S via R. In other words, multicast
messages are flooded along the reverse unicast paths towards
S. This approach is illustrated in Figure 6.

B. Service Discovery

One interesting application of a topology aware overlay
network is to find a nearest service of some kind. This
service discovery could be used to find a nearest overlay
node containing a file copy. Another example is to find an
overlay node with enough storage or CPU capacity to perform
calculations with special requirements in a cloud computing
environment. If using such services involves transferring large
amounts of data, finding the nearest overlay node can have
significant impact on the performance of the whole operation.

Finding such services is usually done by flooding the

overlay network with request messages. Every overlay node
matching the query (e.g. has the requested file) can then
directly answer to the sender of the message. For example this
is how Gnutella [5] is performing search queries. Of course,
this way of searching in an unstructured overlay network is
very inefficient, since flooding has no means of avoiding loops,
meaning that there is a high probability that the same query
is delivered to the same overlay node more than once.

Fortunately, there is a way to provide a similar operation
in a topology aware manner. For this purpose, we use the
algorithm described in Section IV-A to flood an NNCS overlay
network. In analogy to multicast routing, we flood each overlay
node with query messages along the reverse paths, i.e. along
the path that overlay node would use to reach the sender of
the query message.

Flooding begins at overlay node C, which sends one copy
of query message QC to each of the overlay nodes that have C
as its NNCS neighbor. Each of those neighbors Hn determine
themselves which overlay nodes have Hn in their NNCS and
would route a message with C as its destination through Hn.
Hn sends one copy of QC to each of those neighbors. This
procedure is repeated every time an overlay node receives
QC as depicted in Figure 7. This chain of reverse forwarding
terminates, when none of the overlay nodes that contain Hn in
their NNCSs would route a message towards C through Hn.

Fig. 7. Example of Query Flooding on Reverse Greedy Routing Path

Every overlay node also processes the received query and
responds directly to C if it matches the query. Since we
use flooding in a metric space, we might not be interested
in overlay nodes providing the service and are very distant
(beyond some predefined RTT r). Thus, we also may limit the
radius of the query as presented in Figure 8. In this case, a
query Q would be forwarded to an overlay node H only if
the position H (CH ) lies within the hyper ball with radius r
around C. In other words, the distance d(CH , CC) should be
lower than r. By doing so, we reduce the load imposed on
the overlay network, since we do not flood the whole overlay
network, but only the part of the network that interests us.



Fig. 8. Example of Spatially Bound Query Flooding on Reverse Greedy
Routing Path

In the next Section, we will broaden this idea into flooding
different shapes within the virtual space to provide a service,
which is otherwise not easy to obtain: finding the QoS paths
in overlay networks.

C. Solving Network Optimization Problems (QoS)

Providing quality of service (QoS) guarantees between two
overlay nodes A and B in an overlay network means that a
path in the overlay network can be found on which a given
set of parameters is satisfied. Frequently used QoS parameters
are bandwidth, jitter, delay, etc. In the worst case, finding
such paths in an overlay network is NP-complete, since every
possible path between A and B must be examined. In this
Section, we propose a solution that considerably reduces the
number of overlay nodes examined when searching for the
optimal QoS path.

To find a path fulfilling QoS requirements Qr between
two overlay nodes A and B with positions CA, CB , we have
to examine almost every possible path between A and B. It
is relatively easy to find a path that fulfills one of the QoS
requirements, e.g. RTT or number of hops. However, it is rather
unlikely for that path to fulfill also all other QoS requirements,
e.g. bandwidth or jitter. Thus, in our search, we may have to
examine all paths to ensure that we find the one that best
fulfills all required QoS parameters. In other words, to find a
path that fulfills Qr, we may have to flood the entire overlay
network.

Since we have an embedding of all overlay nodes into a
virtual space, we can reduce the extent of flooding. To achieve
this, we only consider the portion of the virtual space that
fulfills the requirement concerning the maximum RTT (QRTT).
In Figure 9, we depict such a portion in a two-dimensional
space. As we can see, as long as the required RTT is larger than
the distance between A and B in the virtual space, the portion
of the two-dimensional virtual space fulfilling QRTT is an
ellipse. Should the required RTT be smaller than the distance

Fig. 9. Portion of Virtual Space Covered by QRTT

between the two overlay nodes, the search can be terminated
immediately, as it is impossible to find such a solution. In
higher dimensions, this portion would be an ellipsoid.

To find a path that fulfills all given QoS requirements Qr,
among which there must be a condition QRTT limiting RTT, we
propose using the same NNCS overlay network as described
in Section III. We propose to flood a spatially bound section of
the overlay network. Only the forward paths are flooded, i.e.
overlay nodes do not need to compute the reverse paths, and,
hence, they do not need to gather the NNCS sets of their direct
neighbors. We initialize the flooding with request messages for
finding paths at overlay node A. Each flood message Mf has
the following fields:

Qr Original QoS request.
This field is used to identify the request to which Mf

belongs. The request must state an upper limit for the
RTT of the path (QRTT).

Q′
r Current QoS request.

This field contains the current values of the QoS
parameters after the characteristics of the path so far
have been removed. For example, at each “hop” in
the overlay network, the RTT of the preceding “hop”
is deducted from the RTT counter, resulting in the
current Q′

RTT. The same applies for all other additive
parameters of Q′

r such as jitter.

P Recorded path.
This field is a list of all overlay node addresses, which
the message passed along its path. This information is
used to reconstruct successful paths.

In the beginning, an initial flood message Mf is sent out,
where P contains only the address of the initiating overlay
node A and Q′

r is equal to Qr. Overlay node A then calculates
the distances for each of its neighbors {N1 . . . Nc}. To each
neighbor Ni, for which the sum of the distances d(A,Ni) +
d(Ni, B) is lower than QRTT, a copy of M i

f is sent. Message

M i
f contains Q′

r, which was adjusted with the characteristics



of the logical link between A and Ni, e.g. RTT, jitter, etc.

Before M i
f is sent the availability of non-additive QoS

parameters such as minimum bandwidth is also checked. If all
parameters are fulfilled, e.g. the bandwidth between A and Ni

is larger or equal to the requested bandwidth, M i
f is sent to Ni.

This procedure is repeated at each hop. All messages that reach
overlay node B contain paths that fulfill the QoS requirements
defined in Qr. Then, either overlay node B chooses one of the
paths and sends reservation messages backwards through the
path, or every path that fulfills Qr is sent back to overlay node
A, so that A can decide which path to reserve.

V. EVALUATION

To evaluate our approach, we implemented the NNCS
protocol using an event based network simulator [11]. Our
network model delayed the delivery of messages by half the
value of RTTs contained by the provided RTT matrix. We used
RTT data sets as our RTT matrix. One data set was provided by
the Planet-Lab “all sites ping” experiment [19] and contained
217 overlay nodes. The other data set (KING) was obtained
by measuring RTT distance between 462 overlay nodes using
the King method [4]. The overlay network was built using the
Fisheye overlay network [7]. To determine the positions of the
overlay nodes we used NetICE9 [8]. On top of NetICE9, we
built an NNCS overlay network.

All our results present the relative path stretch between
two overlay nodes, which is obtained by dividing the actual
RTT on the path through the overlay network by the RTT
along the optimal path in the underlying network. The relative
path stretch can never be smaller than 1.0. A value of 2.0, for
example, means that the path through the overlay network was
twice as long as the optimal path.

We compared the performance of our approach (NNCS) to
the performance of Pastry [15] in terms of the relative path
stretch. We related the path streches found when using greedy
unicast routing in the NNCS overlay network with the path
stretches achieved by Pastry unicast routing. Our goal was to
determine if the NNCS overlay protocol finds better paths than
another well-known and established topology-aware overlay
protocol. Another goal was to deliver estimates on the possible
errors for the approaches described in Sections IV-B and IV-C.

Both Pastry and NNCS use random numbers for different
aspects of the protocol. To reduce the influence of randomness
on the results, we performed our simulations on the same data
using different initial seeds. We performed every simulation
with 20 different seeds, which were used to initialize pseudo
random generators in the simulations. We collected all results
and present them as one cumulative distribution function
(CDF) curve in Figures 10 and 11.

Since the number of dimensions used influences both, the
precision of the RTT embedding performed by NetICE9 and
the average number of neighbors in NNCS, we simulated
NNCS with a varying number of dimensions. As stated in [2],
[9], the optimal number of dimensions for embedding distances
obtained from the Internet is in the range 5−7. For this reason,
we varied the number of dimensions used in our simulation
from 3 to 6.
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Fig. 10. CDF of Relative Path Stretch in Simulations Performed Using Planet
Lab Data
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Fig. 11. CDF of Relative Path Stretch in Simulations Performed Using Data
Obtained With King Method

Figure 10 shows that NNCS outperforms Pastry in the
Planet-Lab data set already with k = 3 dimensions. With an
increasing number of dimensions, the performance of NNCS
improves further. The largest performance increase is achieved
using 5 dimensions. With k larger than 5, there is no significant
performance gain.

As Figure 11 shows, the situation with the King data set is
similar. Here, however, Pastry performs better than NNCS in
a 3-dimensional virtual space. With an increasing number of
dimensions, the performance of NNCS improves. Similar as
with the Planet-Lab data, the performance of NNCS in k = 5
and k = 6 dimensions does not significantly differ. With k =
5 dimensions, the maximum dimensionality of the provided
data is almost achieved. Thus, every increase in the number of
dimensions does not further improve the embedding.

VI. CONCLUSIONS

In this paper, we have introduced a novel method for build-
ing an overlay network with overlay nodes that are embedded
into a virtual metric space: the nearest neighbors convex set
(NNCS) overlay network protocol. The main advantage of



NNCS is that greedy routing is always successful. Based on
NNCS, we have described a trivial unicast (greedy routing)
and a multicast (flooding on reverse unicast greedy routing
paths) protocol. We also described how the multicast protocol
can be spatially bounded to achieve limited flooding that can
be used for localized searches in the overlay network, e.g., for
service discovery. We also showed how NNCS can be used
to reduce overhead when searching for paths that fulfill given
QoS requirements. In our evaluation we showed that paths
taken through an NNCS overlay network are more efficient
than paths taken in Pastry.
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