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A B S T R A C T

Modern mobile handheld devices, such as smartphones and tablets, feature multiple wireless interfaces, some
of which can support device-to-device communications, which enable mesh networks on even when the
infrastructure is unavailable. One of the key technological challenges hampering the use of multi-hop mesh
networks is the extremely high communication overhead of route discovery and maintenance algorithms.
The problem is especially pronounced under dynamic network conditions caused by user mobility and nodes
joining and leaving the network. In this paper, we propose a fully distributed algorithm for constructing a
virtual coordinate system used for geo-like routing by approximating the physical network nodes coordinate.
The proposed algorithm, called gradient assisted routing (GAR), builds upon two-hop neighbors’ information
exchanged in beacons in contrast to conventional geographic routing protocols which rely on external
positioning information. We evaluate the proposed solution using algorithmic, topological, and routing-
related metrics of interest. We further numerically quantify how the node mobility increases the time needed
for topology stabilization, and how network size affects the route discovery success rate. Our comparison
also shows that for small to mid-size mesh networks (up to 60 nodes), the performance of the proposed
routing procedure is similar to the conventional geographic routing protocols that exploit external positioning
information. The proposed solution may efficiently supplement the traditional on-demand routing in small to
mid-size mesh systems by independently establishing 50 to 70% of paths and thereby reducing the discovery
overheads.
. Introduction

Modern handheld terminals such as smartphones and tablets fea-
ure several wireless interfaces, e.g., Wi-Fi, WiGig, Bluetooth, LTE,
R. Some of these interfaces support peer-to-peer communications

inks without the need for infrastructure using technologies such as
i-Fi direct [1,2], and LTE Sidelink [3,4]. The direct communications

upport is also expected to be introduced in IEEE 802.11ay and 5G NR
ystems [5,6], thus utilizing millimeter wave frequencies. These termi-
als may potentially organize an on-demand network for implementing
alue-added services anytime and anywhere [7,8].

The research on self-organized mesh networks has demonstrated
hat enabling efficient routing is critical in service provisioning for
esh networks [9,10]. The available approaches can be divided into

wo broad groups: table-driven (proactive) and on-demand (reactive)
outing protocols. The first group is largely derived from fixed network
outing protocols and is suitable for low-mobility scenarios such as
ireless sensor networks (WSN) [11]. In conditions where nodes are
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mobile or go through on/off state changes, the amount of signal-
ing overhead grows significantly [12,13], making proactive protocols
infeasible.

On-demand routing protocols such as Ad hoc On-demand Distance
Vector (AODV) [27] are commonly suggested for these cases. However,
these protocols rely upon network flooding to distribute route request
messages in the network, which may also lead to extreme overhead
growth [28,29] with network size. Furthermore, if the nodes are mo-
bile, the established routes frequently fail, resulting in the need for
additional broadcasts to repair the routes [30].

One of the optimizations available for on-demand routing in dy-
namic mesh networks is to integrate external location information
obtained using, e.g., Global Positioning System (GPS) or cellular/Wi-
Fi infrastructure. In this case, the route request packets can be sent
towards the destination using the gradients induced by node’s positions
in the network. A well-known example of such routing protocols is
Greedy Perimeter Stateless Routing (GPSR) [31], see [32] for an ex-
haustive survey. Still, precise positioning information may not always
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Table 1
Classification of topology organization algorithms.
# Algorithm Type Limitations

1 Coordinate algorithm [14] Anchor-based Not realistic link layer models and network topologies
2 Position-free solution [15] Anchor-based Possible collapses, additional parameterization is needed
3 GSpring [16] Anchor-based Significant signaling overheads due to global info exchange
4 Ibrid [17] Anchor-based No mobility
5 HVC [18] Anchor-based Reliability upon the cellular infrastructure
6 VCSCClockwise [19] Anchor-based Problem of holes in the network

12 TPM [20] Anchor-based Heavily depends on the anchor selection and their number
13 Anchor selection algorithm [21] Anchor-based Due to relaxations the application to real cases is doubtful
14 EATL [22] Anchor-based Only range-based localization algorithm is considered
7 DHT algorithms [23] Anchorless May cause flooding, high end-to-end latency
8 VCP [24] Anchorless Limited domain and mobility
9 VCP-M [25] Anchorless Security, link reliability

10 APS-OTBR [26] Anchorless Limited range, static networks
11 GrD-OTBR [26] Anchorless Limited range, only small networks are considered
be available at network nodes due to various reasons, e.g., the absence
of GPS modules, signal and/or infrastructure, indoor environments, or
user privacy.

Another approach to enable scalable routing in wireless mesh net-
works is to use specific algorithms, called virtual coordinate systems
(VCS), for building and maintaining topology at all times such that
the source immediately has information about the direction towards
the destination. Pioneered in [14], several such algorithms have been
suggested in the past. Most of these approaches assume ‘‘always-on’’
static nodes serving as topology ‘‘anchors’’ and thus are not suitable
for routing in dynamic mesh environments; the overhead induced by
these algorithms is often comparable to that of table-driven routing
protocols [24].

In this paper, we propose a novel Gradient Assisted Routing (GAR)
VCS for multi-hop mesh networks which induce a routing gradient
into the network without the need for positioning information received
from external sources such as GPS or cellular infrastructure, and ap-
proximating physical topology up to the network graph rotation and
translation operations. The proposed VCS distributes and dynamically
assigns logical addresses to nodes based on two-hop information period-
ically exchanged in the physical layer beacons or specifically designated
packets and (possibly erroneous) direct neighbor distance estimates
obtained via received signal strength (RSS). The system dynamically
adapts to changing network conditions, including network merging and
disjoining, on/off nodes behavior, and nodes mobility.

The main contributions of the work are:

• new GAR VCS capable of maintaining a virtual topology approx-
imating the physical one in the presence of nodes mobility and
nodes joining and leaving the network dynamically;

• performance evaluation of proposed GAR approach, using con-
vergence, stability, and routing-related metrics: (i) mean absolute
coordinates deviation at successive execution steps; (ii) topology
similarity index; (iii) number of undiscovered routes; and (iv)
mean route length;

• comparison of the GAR performance to geographical routing
GPSR protocol operating over precise location information avail-
able at all times and to the shortest path search algorithm with
the global network topology knowledge.

The rest of the paper is organized as follows. We review related
work in Section 2. Then, in Section 3, we introduce the main contribu-
tion of our work — the GAR VCS for routing in dynamic mesh networks.
The algorithms for address resolution and routing are introduced in
Section 4. Numerical assessment of GAR VCS is performed in Section 5.
Conclusions are drawn in the last section.

2. Related work

Starting from [14], the idea of utilizing virtual coordinates has

received considerable attention in the literature. The main aim of
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VCSs is to explicitly introduce topology to the network by assigning
virtual coordinates without the use of positioning support from external
entities such as GPS or infrastructure. The approaches proposed so far
in the literature can be broadly classified into two categories: so-called
anchor-based algorithms that use some ‘‘always-on’’ static nodes in the
network to compute its relative positions and anchor-independent algo-
rithms. Principally different VCS construction algorithms characterize
these categories (see Table 1.)

2.1. Anchor-based approaches

Most of the proposed VCSs target WSNs, where the information
needs to be routed to static ‘‘always-on’’ nodes, i.e., sinks. In a variety
of VCS proposals, these nodes serve as logical anchor nodes. All the
nodes measure their distance in hops towards these anchor nodes. It
can be done using specific packets generated by these anchor nodes and
flooded to the network. When nodes are mobile or may dynamically
join and leave the network, the intensity of these updates needs to
be increased appropriately, potentially leading to substantial signaling
overhead.

The study in [15] targets static WSN deployments with a small
fraction of nodes serving as sinks. Sinks are assigned unique addresses
and flood packets to the networks advertising their logical coordinates.
The virtual coordinates are determined using the centroid (mean) of
neighbors’ coordinates. This process needs to be updated regularly to
reflect the current virtual topology. There are still open questions re-
lated to the algorithm. Particularly, under some algorithm parameters,
the coordinates may collapse to a single point, and thus additional
attention to parameterization is needed. The authors claim that their
proposal can be extended to support the mobility, but no such topology
maintenance algorithm has been reported.

The approach suggested in [16] also targets static WSN deploy-
ments. However, instead of relying upon a predefined list of sinks acting
as anchor nodes for the topology construction process, it introduces a
complicated clustering procedure by exchanging information between
nodes in local neighborhoods. The algorithms select leaders, further
acting as dynamic anchor nodes. The chain-link topology between
anchor nodes is built while other nodes are logically attached to these
nodes. The unique feature of the proposed algorithm is the built-
in support for avoiding convex regions — a well-known problem in
geographical routing [33]. While the algorithm explicitly introduces
the network adaptation procedure, the negotiation process does not
only rely on the local knowledge of the nodes about its direct neighbors;
it also requires global state information to be exchanged between all the
nodes. Thus, the VCS construction and, especially, maintenance algo-
rithms introduce significant signaling overheads to adapt the protocol
to dynamic network conditions.

The study in [17] questions the uniqueness of anchor-based address-
ing in VCS built for conventional static VCSs. Notably, the authors

demonstrate that a single anchor node is not sufficient to identify a
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node in the network uniquely. Consequently, they suggest to introduce
(possibly artificially) additional ‘‘always-on’’ anchor nodes to the net-
work and use them all together to determine the unique location of
the rest of the nodes in the network. The study in [18] further notices
that selecting anchor nodes uniformly over the network may improve
VCS performance. They advocate introducing anchor nodes according
to the hexagonal grid and measure the distance (in terms of hops)
to the nearest anchor node. Although the authors do not explicitly
specify what kind of anchor nodes are considered, one may rely upon
the cellular infrastructure to build VCS. In [19], the authors suggest a
clusterization hierarchy to induce the uniqueness of virtual addresses in
their VCS. Notably, a node located in the logical center of the network
is chosen as an anchor. Then a clockwise structure is built around it by
successive application of the proposed algorithm. The VCS performance
heavily depends on the choice of the anchor node and its position in
the network, making the algorithm suitable for symmetric deployment.

Additionally, flooding of signaling packets is needed to facilitate
VCS construction. Unfortunately, the authors did not provide any topol-
ogy maintenance algorithm, leaving the question of VCS applicability
to the case of dynamic network conditions open. Furthermore, using
a chain-like structure to connect all the nodes in the network makes
the use of resources inefficient. The studies in [20], [21], [22] further
address the issue of the optimal number of anchors for a network and
how they are chosen.

2.2. Distributed approaches

An alternative approach when anchor nodes are not available is to
create structured topology using algorithms like distributed hash tables
(DHT) [23]. There are a few inherent problems associated with this
approach, including the selection of initiating topology construction
nodes, conflict resolution, and, especially, topology maintenance algo-
rithms in dynamic network conditions. The latter is a critical problem
as DHT-like solutions are known to be characterized by topology update
delays when nodes join or leave the network or change its position in
the structure.

A fully distributed approach for routing in mesh networks is pro-
posed in [24] specifying VCS, data lookup, and routing functionalities
in a single bundle. The cornerstone of the proposal is an algorithm
forming a chain-like topology. The algorithm is fully distributed and
is based on one-hop neighbor availability information exchanged in
beacon packets. Besides, it also specifies maintenance algorithms in
case of nodes leaving and joining the VCS. The resulting structure
guarantees the existence of a route between any two nodes in the
network and is based on local knowledge of the node’s neighborhood.
Nevertheless, the major shortcoming of the proposed solution is that the
path is far from the shortest one discovered by conventional on-demand
routing protocols. This property has drastic consequences in terms
of mesh network performance. Notably, network throughput becomes
bounded by the capacity of a single link; nodes in the logical chain
center spend more of their resources, including both bandwidth and
energy, compared to other nodes. They may run out of the operation
quickly, negatively affecting user experience and compromising the
overall network performance. A similar approach has been proposed
in [25].

In [26] authors suggest a new anchorless algorithm, named Orga-
nized Topology Based Routing (OTBR), which can be applied in both
static (APS-OTBR) and dynamic (GrD-OTBR) use cases. Simulations
show that static algorithm shows good results in sense of node utiliza-
tion frequency, while dynamic has stable performance when network
changes.
12
2.3. Summary and open problems

Most of VCSs proposed to date target static networks such as WSNs,
where there is the need to route information towards one or few
‘‘always-on’’ static sinks. This scenario affects the choice of the VCSs
construction logic, relying on sinks or infrastructure as anchor nodes.
Thus, nodes in VCSs estimate their position in the network with respect
to those anchors using, e.g., the number of hops towards one or few
anchors as a locally unique address. The core logic of anchor-based
VCS construction algorithms cannot be adapted to the case when all the
nodes may act as potential destinations since there are no guarantees
that nodes addresses are unique. Address uniqueness, however, can be
induced by adding more anchor nodes to the network. Finally, anchor-
based VCS systems usually rely upon broadcast transmissions to infer
the number of hops to the destination and thus induce significant
overhead for topology maintenance in meshes with on/off and mobile
nodes behavior.

Anchor-independent VCSs create DHT-like topologies in the net-
work using a local exchange of beacons packets between adjacent
nodes. These algorithms are often fully distributed, do not require
anchor nodes in the network, and support features for topology main-
tenance in case of node dynamics. Contrarily to the anchor-based
solutions, these algorithms route packets between any nodes in the
network. Yet, due to the specifics of these VCSs, the path between
arbitrarily chosen nodes might be far from the shortest one. They are
also characterized by inefficient resource utilization at network nodes.

None of the proposed VCSs allows creating and maintaining virtual
network topology simultaneously providing the following features: (i)
any-to-any communications, (ii) shortest path in the logical network
closely approximating that of physical topology, and (iii) supporting
nodes leaving/joining the network and their mobility. In the next
section, we report the necessary algorithms capable of creating VCS
that provides these features.

The overall rationale behind the proposed solution is to reduce the
routing overhead in arbitrary mesh networks in any location such that
it may scale linearly with the number of nodes in the network as com-
pared to other routing solutions, which typically scale quadratically.
Geographical routing is known to have this scaling behavior. However,
since nodes may not have geographical coordinates available at all
times, we propose a topology formation and maintenance algorithm
that relies upon only two hop information about its neighbors that
can be exchanged in beacon (keep-alive) packets. Importantly, and
in contrast to distance vector protocols, such beacon packets would
have fixed size, independent of network size. Such an approach can
be useful not only on conventional terrestrial mesh networks but also
for unmanned aerial vehicle (UAV) fleets performing missions indoors
or search and rescue operations in forests or mountains. Thus, the main
advantages of the proposed approach can be summarized as: (i) linear
overhead scaling for both VCS construction and routing as the number
of nodes in a network grows, (ii) ability to perform in environments,
where GNSS system is not available.

The research interest in the context of VCS is expected to grow in
the coming years. The rationale is the appearance of new application
areas including (i) infrastructure-free mesh networks [34–36] and (ii)
unmanned aerial vehicles (UAV) fleets performing missions in com-
plex environments such as indoor or search and rescue operations in
deep woods or mountains, where global navigation positioning systems
(GNSS) are not available [37–39]. Infrastructure-free mesh networks
mainly rely upon AODV-like solutions preventing these systems from
scaling to a large number of nodes. At the same time, the problem
of topology maintenance of UAV fleets in complex environments has
not received serious attention so far as most of the studies presume
availability of GNSS information or resort to specific methods. For
example, the authors in [37] propose to use a method of dead reck-
oning, i.e. calculate new coordinates using known initial coordinates
and motion parameters. Infrastructure-based solutions are discussed
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in [40]. In the context of infrastructure-less environments only inertial-
based solutions have been considered so far [41]. However, these
solutions are inherently biased due to accumulation of positioning
errors especially at high speeds.

3. Proposed coordinate system

In this section, we describe the proposed GAR VCS for a multi-hop
mesh network. First, we outline the general idea, introduce a mathe-
matical model of the system and then proceed to specify a candidate
algorithm for constructing and maintaining topology under on/off and
mobile node dynamics.

3.1. Requirements

The primary purpose of the proposed GAR VCS is to provide a
capability for a node to calculate its virtual GAR address based on
the locally available knowledge only to minimize the overheads of
information dissemination over the whole network.

We consider a network of 𝑛 mobile devices located in some 2D
space, 𝑛 < ∞. The device is unable to determine the geographic
coordinates of its location. Each device (network node) has a unique
identification number 𝑖, 𝑖 = 1, 2,… , 𝑛. Node 𝑖 is capable of receiving a
signal from other nodes within some radius. Based on a received signal
strength (RSS), node 𝑖 can estimate the physical distance 𝑑𝑖,𝑗 between
itself and another node 𝑗.

We denote a set of one-hop neighbors of the node 𝑖 as 𝑁𝑖. Here,
one-hop neighbors are the adjacent nodes directly available for com-
munication via radio interface without any intermediate relay nodes.
Two-hop neighbors of node 𝑖 are the nodes that require a one-hop
neighbor relay to transmit data to node 𝑖. A set of two-hop neighbors
of the node 𝑖 is denoted as 𝑀𝑖 = (

⋃

𝑗∈𝑁𝑖
𝑁𝑗 ) ⧵𝑁𝑖. The sets of one-hop

and two-hop neighbors do not overlap.
Given that the geographic coordinates of nodes are unknown, we

aim at building a virtual topology that reflects the physical one up
to the rotation, translation, and scale operations. In virtual topology
a node 𝑖 has its virtual coordinates 𝑠𝑖 = (𝑥𝑖, 𝑦𝑖). Since the nodes are
constantly moving in the network, their physical coordinates change
with time, and so do the virtual ones. For this reason we introduce
another index — time step, 𝑡. The aim is to find virtual coordinates
𝑠𝑡,𝑖 = (𝑥𝑡,𝑖, 𝑦𝑡,𝑖) of node 𝑖 at step 𝑡.

To build a virtual topology that reflects the physical one up to the
rotation, translation, and scale operations, we assume the following
information is available at each node:

• list of unique destinations identifiers (ID);
• list of one-hop neighbor nodes’ unique IDs, their GAR addresses

and distance assessment to them obtained via, e.g., RSS;
• lists of two-hop neighbors, i.e., for each one-hop neighbor, a list

of its neighbor nodes’ IDs and their GAR addresses.

Here, one-hop neighbors are the adjacent nodes directly available
for communication via radio interface without any intermediate relay
nodes, and two-hop neighbors are the nodes available via only a one-
hop neighbor relay. Therefore, these two sets do not overlap. We
note that more than two-hop neighbor information can be used by
the algorithm specified below. In general, the higher the amount of
information supplied to the algorithm, the better its accuracy. We limit
it by two-hop neighbors providing the trade-off between the overhead
and accuracy of the algorithm.

Most of the abovementioned information is received from neigh-
boring nodes through exchanging signaling packets, while distance
assessment may be obtained by measuring RSS and then applying
free-space propagation loss model or by any other means available,
including empirical assessment based on the number of common neigh-
bors. IDs must be stored beforehand in a phone book style. The rest of

the parameters should be predefined by a per-node basis or globally
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based on the type and characteristics of a radio interface in use and
general considerations regarding the network in question.

No specific restrictions are imposed on the nodes or the purpose of
the network. For instance, nodes can move freely, temporarily switch
on and off, etc.

3.2. Address allocation algorithms

In the section, we propose two algorithms for establishing the
GAR virtual addresses. Those are supposed to be used in a distributed
manner by the nodes in the network, enabling nodes to build a virtual
topology for communication or support of a separate routing protocol
on top of the virtual topology.

3.2.1. Single-step address allocation
The first algorithm, called single-step allocation, attempts to minimize

the time it takes for the whole network to establish acceptable quality
GAR addresses for further use. It is achieved by solving a local multilat-
eration problem [42]. The algorithm constructs a target optimization
function that incorporates distance assessments to one-hop neighbors
and penalties based on the two-hop neighbors. The optimization prob-
lem is solved to obtain the most fitting virtual address. This algorithm
best suits for nearly static networks with limited mobility.

Consider the following optimization function

𝐹𝑜(𝑠𝑘,𝑗 ) =
∑

𝑗∈𝑁𝑖

[

𝐹1(𝜌(𝑠, 𝑠𝑘,𝑗 ), 𝑑𝑖,𝑗 ) +
∑

𝑗∈𝑀𝑖

𝐹2(𝜌(𝑠, 𝑠𝑘,𝑗 ), 𝑑𝑖,𝑗 )

]

, (1)

here 𝜌(𝑠𝑖, 𝑠𝑗 ) =
√

(𝑥𝑖 − 𝑥𝑗 )2 + (𝑦𝑖 − 𝑦𝑗 )2.
The main idea of the optimization function (1) is to find the virtual

coordinates of node 𝑖 by minimizing the penalty assigned to it when
a set of rules is not obeyed. The first rule is that the distance between
the node 𝑖 and one-hop neighbors should be around a certain predefined
limit 𝑑𝑛. Node 𝑖 should not be closer than a physical distance estimation,
nd at the same time should not move away too far, since the one-hop
eighbors be definition. The second rule is that the distance between
he node 𝑖 and two-hop neighbors should be more or equal a certain
redefined limit 𝑑𝑚. Otherwise a two-hop neighbor falls inside the area
here node 𝑖 is capable to receive a signal from node 𝑗 and node

𝑗 becomes a one-hop neighbor by definition. The described rules are
reflected in (2) and (3).

The function 𝐹1(𝜌(𝑠𝑖, 𝑠𝑗 ), 𝑑𝑖,𝑗 ), 𝑗 ∈ 𝑁𝑖 operates with the current node
and its one-hop neighbors 𝑁𝑖. It compares the virtual distance 𝜌(𝑠𝑖, 𝑠𝑗 )

between node 𝑖 and its one-hop neighbor 𝑗 (calculated via Euclidean
istance) and the estimation of physical distance between 𝑖 and 𝑗 and
ssigns a certain penalty based on its difference. In general form the
unction is defined:

1(𝑑, 𝑑𝑛) =

⎧

⎪

⎨

⎪

⎩

‖𝑑 −𝐷𝐿‖ 𝑑 ≤ 𝐷𝐿(𝑑𝑛),
0 𝐷𝐿(𝑑𝑛) < 𝑑 ≤ 𝐷𝐻 (𝑑𝑛),
‖𝑑 −𝐷𝐻‖ 𝐷𝐻 (𝑑𝑛) < 𝑑,

(2)

Similarly to (2), function 𝐹2(𝑑, 𝑑𝑚) penalizes the current node 𝑖 for
eing too close to any of its two-hop neighbors 𝑗 ∈ 𝑀𝑖, as they are not
n the coverage. It is given by

2(𝑑, 𝑑𝑚) =

{

‖𝑑 −𝐷𝑇 ‖ 𝑑 ≤ 𝐷𝑇 (𝑑𝑚),
0 𝑑 > 𝐷𝑇 (𝑑𝑚).

(3)

An example of the algorithm application is illustrated in Fig. 2.
ere, nodes 𝑠𝑡,𝑗 , as one-hop neighbors, influence the coordinates of
ode 𝑠𝑡+1,𝑖 and force it to move in the regions with minimum penalty
depicted with blue color).

In the formalization (1) – (3), 𝐹𝑜(𝑠) is the optimization function,
here 𝑠 = 𝑠 = (𝑥, 𝑦) is the resulting pair of virtual coordinates for

he node in question to take for the current step; 𝑁1 is the set of all
ne-hop neighbors, while 𝑁2,𝑛 is the set of their corresponding two-
op neighbors, except those that are direct one-hop neighbors. Vector
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Fig. 1. Penalty functions 𝐹1(𝑑, 𝑑𝑛) and 𝐹2(𝑑, 𝑑𝑚).

Fig. 2. Example of single-step address allocation algorithm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

𝑐 = 𝑐𝑛 = (𝑥𝑛, 𝑦𝑛) holds the virtual coordinates currently known for node
𝑛; 𝑑𝑛 is the assessed distance between the current node and node 𝑛;
while 𝐷𝐿, 𝐷𝐻 , and 𝐷𝑇 are the fine tuning parameters controlling the
‘‘looseness’’ of the optimization problem.

Two functions 𝐹1(𝑑, 𝑑𝑛) and 𝐹2(𝑑, 𝑑𝑚) in (1) are the penalty func-
tions. The function 𝐹1(𝑑, 𝑑𝑛) is being used for multilateration purposes
to place the current node into a point that complies with the distance
measurements to one-hop neighbors. Function 𝐹2(𝑑, 𝑑𝑛) penalizes the
current node for being too close to any of its two-hop neighbors, as
they are not in the coverage. The structure of functions 𝐹1(𝑑, 𝑑𝑛) and
2(𝑑, 𝑑𝑛) is illustrated in Fig. 1. We note that the structure of these
unctions used in different algorithm implementations may differ from
he depicted ones. Particularly, nonlinear functions can be used.

.2.2. Gradual address convergence
The algorithm considered in the previous section attempts to de-

ermine the positions of nodes in the GAR network in one step and
s best suited for networks with no or low mobility. However, if the
odes forming the network are characterized by high or mixed mobility

r on/off dynamics, abrupt changes in the network topology may lead c
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Fig. 3. Force 𝐹3(𝑑, 𝑑𝑛) and 𝐹4(𝑑, 𝑑𝑚) as functions of virtual and physical distances.

o temporal divergence from the current optimal virtual topology. To
ddress these cases, we propose the second algorithm. This algorithm
nduces gradual convergence into the address allocation process and
orces the virtual network to follow the physical topology gradually. On
op of this, we employ the simplified formalization of the optimization
roblem, specifying the current gradient.

The second algorithm, called gradual convergence, favors a slower
pproach to establish a node’s virtual address by allowing nodes to push
nd pull each other with different forces depending on the virtual and
hysical distances between them. It enables nodes to create a topology
n a more organized and relaxed manner. This algorithm, characterized
y slower convergence, can be applied to dynamic mesh networks,
here nodes may join and leave the network as well as move. Updated
irtual coordinate for the current node is computed as follows

𝑘+1,𝑖 = 𝑠𝑘,𝑖 +

[

∑

𝑗∈𝑁𝑖

𝑠𝑘,𝑗 − 𝑠𝑘,𝑖
𝜌(𝑠𝑘,𝑖, 𝑠𝑘,𝑗 )

𝐹3(𝜌(𝑠𝑘,𝑖, 𝑠𝑘,𝑗 ), 𝑑𝑖,𝑗 )+

+
∑

𝑗∈𝑀𝑖

𝑠𝑘,𝑗 − 𝑠𝑘,𝑖
𝜌(𝑠𝑘,𝑖, 𝑠𝑘,𝑗 )

𝐹4(𝜌(𝑠𝑘,𝑖, 𝑠𝑘,𝑗 ), 𝑑𝑖,𝑗 )

]

𝛥, (4)

where 𝐹3(𝑑, 𝑑𝑛) and 𝐹4(𝑑, 𝑑𝑛) are given by

3(𝑑, 𝑑𝑛) =
𝐴
𝑑𝑛

(𝑑 − 𝑑𝑛),

4(𝑑, 𝑑𝑛) =

{ 𝐴
𝑑𝑛
(𝑑 − 𝑑𝑛) 𝑑 ≤ 𝑑𝑛,

0, 𝑑 > 𝑑𝑛.
(5)

In (4), 𝑠𝑘+1,𝑖 is a virtual coordinate of node 𝑖 in iteration 𝑘+1 updated
rom 𝑠𝑘,𝑖 recursively, and 𝛥 is the parameter defining the relative
onvergence step size. Functions 𝐹3(𝑑, 𝑑𝑛) and 𝐹4(𝑑, 𝑑𝑛) control the force
ith which the current node is pushed or pulled by its neighbors. The

tructure of functions 𝐹3(𝑑, 𝑑𝑛) and 𝐹4(𝑑, 𝑑𝑛) is illustrated in Fig. 3. We
ote that the structure of these functions used in the actual algorithm
ay differ from the presented ones. For both algorithms, in the cases
hen there are no neighbors and a node attempts to establish its
AR virtual address for the first time, it can be initialized with a
seudorandom address, which may be modified later as neighbors come
nto range.

The proposed VCS algorithm can be extended to multi-interface
peration. In this case, the distance estimation to the neighbor nodes
an be performed using all the available interfaces, improving its
ccuracy. Furthermore, no specific requirements on the GAR address
ormat are introduced. For example, one may use a two-digit address
i.e., X and Y coordinates as in our case) that may not be individually
nique.

The application of the algorithm is illustrated in Fig. 2. Here, we
alculate new virtual coordinates for the node i. Before calculation it
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3
4

Fig. 4. Example of gradual address convergence algorithm.

has virtual coordinates from the previous iteration, 𝑠𝑡−1,𝑖. We aim to
find virtual coordinates at the iteration 𝑡, i.e. 𝑠𝑡,𝑖. For it, we consider
two sets: one-hop and two-hop neighbors of node 𝑖. In our case there
are two one-hop neighbors, and one two-hop neighbor. The resulting
forces are as shown in Fig. 4.

3.3. Procedure and algorithm

The step-by-step procedure for VCS construction is illustrated in
Fig. 5. Note that this procedure is executed at individual nodes upon
reception of update messages from its neighbors. The block ‘‘Update
Virtual Coordinates’’ presumes execution of single-step or gradual con-
vergence algorithms described previously in this section. The pseudo-
code of the algorithm is presented in Algorithm 1. Recall that its aim
is to find virtual coordinates 𝑠𝑘,𝑖 = (𝑥𝑘,𝑖, 𝑦𝑘,𝑖) of node 𝑖 at step 𝑘 of
algorithm iteration.

4. Name resolution and routing

In this section, we introduce the upper layer functionality necessary
to establish routes and to perform GAR address resolution for multi-hop
mesh networks. These functions rely on the previously proposed VCS,
which provides the topology construction and maintenance.

4.1. GAR address allocation

The proposed solution assumes a global address system, such as
the one defined in ITU-T Recommendation E.164 [43]; however, GAR
addresses may also be used locally during a local network existence
time. From the user perspective, the system operates over unique global
IDs, for example, ‘‘Alice’’ and ‘‘Bob’’.

In this paper, we assume that the communication process relies on
a IDs distribution system which provides unique identifiers in the form
of a unicode string to those parties who want to communicate to each
other. The particular implementation of the names distribution system
may depend on many side factors and is thus out-of-the-scope of this
paper. Specifically, these IDs can be based on email addresses, phone
books, URIs, hierarchical naming schemes, social network usernames,
etc.
15
Fig. 5. VCS coordinates update algorithm.

Algorithm 1: VCS Update Algorithm
Input:

• signaling data packets 𝑝𝑗 ∈ 𝑃𝑖 with data:

– 𝑗 - ID of the one-hop neighbor of node 𝑖
– 𝑠𝑘,𝑗 - virtual coordinates of node 𝑗

– 𝑁𝑗 - a list of one-hop neighbors’ IDs of node 𝑗

– a set of virtual coordinates of 𝑁𝑗

• 𝑑𝑖,𝑗 - an estimate of the physical distance between nodes 𝑖
and 𝑗

Result: virtual coordinates 𝑠𝑘+1,𝑖 = (𝑥𝑘+1,𝑖, 𝑦𝑘+1,𝑖) of node 𝑖 at
iteration 𝑘 of the algorithm

1. During a specified time interval 𝛥𝑡 node 𝑖 may receive
signaling data packets 𝑝𝑖;

2. Calculate 𝑠𝑘+1,𝑖;
if 𝑃𝑖 = ∅ then

if 𝑠𝑘,𝑖 ≠ 𝑁𝑈𝐿𝐿 then
𝑠𝑘+1,𝑖 = 𝑠𝑘,𝑖

else
𝑠𝑘+1,𝑖 = 𝑟𝑎𝑛𝑑()

else
if low mobility then

Single-step Address Allocation
else

Gradual Address Convergence

. Broadcast 𝑝𝑖, 𝑝𝑖 =
{

𝑖, 𝑠𝑘,𝑖, 𝑁𝑖, 𝑠𝑘,𝑗 , 𝑗 ∈ 𝑁𝑖
}

;
. Repeat from point 1

Specific names distribution systems implementations may also de-
pend on the specific use cases and applications that will be communi-
cating over the GAR network. Particular applications may be working
only if users know each other’s name (e.g. video calls, email-like ser-
vices), while other applications may rely on centralized, decentralized,
or distributed IDs search mechanisms (e.g., content delivery services).
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Also, some of the applications that can work using GAR may not
need IDs at all. For example it might be ‘‘Infrastructure as a Service’’
recommendation systems, proximity based services or underlay for
Network as a service and Security as a service.

4.2. GAR address resolution

GAR address resolution corresponds to the so-called location ser-
vice [44] in geographic routing protocols; in the considered system, the
resolution can be performed using two options. According to the first
option, when cellular infrastructure is available, it can be assigned the
role of an address resolution service. All nodes in the network shall
register and regularly update their address at a specially designated
database. The update intervals are implementation-specific and may
depend on the node velocity. In this case, to discover Bob’s GAR
address, Alice sends a RETRIEVE message to the database and receives
a RESOLVE response with the current address associated with Bob’s
name.

The second option, when infrastructure is unavailable, is to utilize
a DHT [45] address storage system. The idea is to use a hash function
to convert any ID to a GAR address, which points to where the GAR
address of this node must be stored. Although the choice of the hash
function is implementation-specific, it must return the GAR addresses
in the same format as used in the network.

Consider an example of communications between two nodes: Alice
and Bob. For instance, we assume that Bob wants to start communica-
tion with Alice. Before Bob can start sending data to Alice two address
resolution operations should be completed. First, as soon as Alice joins
the GAR network she needs to send a STORE message to the network.
Second, Bob needs to send a RETRIEVE message to the GAR network.
Both STORE and RETRIEVE messages have the same destination, based
on a common for all GAR nodes hash function that translates unicode
string values (IDs) to GAR VCS addresses. If Bob successfully retrieves
Alice’s virtual coordinates address from GAR network, he will be able
to start communication.

A typical example of the storage and resolution processes is illus-
trated in details in Fig. 6. First, Alice uses a hash function to convert
its name ‘‘Alice’’ to a GAR address, e.g., 32760-32740. Alice then sends
a STORE message (see Fig. 6(a)) using GAR topology towards 32760-
32740 containing the mapping of the ID ‘‘Alice’’ to its current GAR
address, e.g., 32730-32825. To summarize, in this case, a STORE mes-
sage will be: ‘‘Alice 32730-32825’’@32760-32740. One can read this
message as ‘‘Alice’s current address is 32730-32825, please store it at
the node closest to address 32760-32740, which is her ID’s hash result’’.
The intermediate nodes, which will receive or relay this message, may
also decide to temporarily store the mapping for faster future address
resolution.

Fig. 6(b) considers the case of address retrieval. Assume Bob wants
to discover the route to Alice. In this case, he hashes (using the same
hashing function as Alice) her ID ‘‘Alice’’ and obtains the GAR address
32760-32740. He then sends a RETRIEVE message containing ID entry
‘‘Alice’’ using the GAR topology towards this address. Any node that
discovers the GAR address corresponding to the entry ‘‘Alice’’ responds
with a RESOLVE message containing Alice’s GAR address. Storage and
retrieve progress in time is shown in Appendix A and as signaling
diagram on Fig. 6(c)).

Both infrastructure-based and DHT storage of the IDs to GAR ad-
dress mappings can be used simultaneously. For example, if the infras-
tructure is temporarily inaccessible, the DHT address storage system
shall be utilized.

4.3. Applications of GAR VCS

Two applications corresponding to different operational regimes
are envisioned for the proposed system. In stand-alone GAR mode,

the GAR VCS can be used as is in the ‘‘opportunistic’’ mode without

16
Fig. 6. In-network address resolution approach.

any additional functionality to provide specific services such as instant

messaging. In this case, once Bob obtained Alice’s GAR address, he may
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immediately send a packet containing a short message to Alice without
the need for route establishment.

Furthermore, the proposed GAR VCS can be used in the ‘‘routing
underlay’’ mode, to support on-demand routing protocols. Specifically,
assuming the use of AODV protocol, once Bob obtains Alice’s address as
in Fig. 6, the route request packet (RREQ) of AODV is not broadcasted
to all nodes as it usually happens. Instead, RREQ is sent towards Alice’s
GAR address utilizing unicast communications based on the principles
of geographical routing [46].

For example, one can use a greedy algorithm to broadcast the mes-
sage, i.e., when the distance to the destination is shorter than that of the
previous hop [31]. In addition, similarly to GPSR extensions [47,48],
one may utilize multicast communications at each hop by sending the
routing packets to few nodes that are geographically closer to the
destination to improve the performance of the GAR VCS in the ‘‘routing
underlay’’ regime.

Besides, the proposed solution may not be the only option in opera-
tional wireless mesh networks. For delay-tolerant applications such as
data transfer, one may always opportunistically utilize GAR VCS first,
potentially reducing the amount of routing overhead in the network
and use conventional on-demand protocols such as AODV as a fallback
option [49,27].

4.4. Routing complexity on top of GAR

To quantify routing complexity on top of GAR and compare it with
other protocols, consider an example of a hypothetical network graph
with 𝑁 nodes and L edges. Define overheads in terms of rate of packets
that need to be sent by a all nodes in the network. Thus, asymptotic
best-case overheads will be defined as 𝑜(𝑓 ), and worst-case overheads
as 𝑂(𝑓 ) where 𝑓 is some function.

OSPF-like protocols will immediately initiate flooding across the
entire network, ultimately using at least one packet on every link. Since
each state update is critically important for correct operation of OSPF,
broadcasting can only be used if all neighbors send ACK packets in
reply, which would be almost the same size as link state advertisements,
thus reducing the benefit of broadcasting. The intensity of updates
propagating through the network at any time is directly proportional to
L (assuming fixed intensity of link state changes), and thus the cost of
running OSPF is 𝑜(𝑁𝐿). On-demand routing protocols have essentially
the same issues with scaling, since any new route construction still
causes flooding consuming resources as 𝑜(𝐿), with total cost of running
scaling as 𝑜(𝑁𝐿) (for a fixed intensity of connection requests). As
a result, on-demand routing provides benefits only when connection
intensity is low.

In contrast, a distance vector protocol has a fixed intensity of
updates (which is set by the administrators). Unfortunately, the size
of DV updates grows with 𝑁 as distance vector should include all
reachable nodes in the network, and thus their overhead is 𝑜(𝑁𝐿) for
a given update intensity.

Now, consider a virtual coordinate system such as GAR. Similarly
to DV protocols it has a fixed intensity of updates (which is set by
the administrators), but on top of that it also has fixed update size
which does not depend on the size of the network. As a result, its
total overhead as seen by a link is 𝑂(1) and does not depend on the
size of the network, or its traffic pattern, with total network-wide cost
proportional to 𝑂(𝑁), as desired. Clearly, when GAR cannot resolve
a path on its own, additional overheads are introduced, which are no
worse than in the case of conventional on-demand routing.

5. Numerical assessment

In this section, we evaluate the performance of the proposed GAR
VCS system using algorithmic, topological, and routing-related metrics
of interest. We first introduce the performance metrics we use to com-
pare the physical and virtual topologies. Then, assess the performance
17
of the proposed GAR VCS under various levels and types of network
dynamics. Finally, we compare performance of different geographical
routing algorithm on top of GAR.

We evaluate performance by concentrating mainly on GAR VCS
performance. The rationale is to test whether the proposed topology
organization and maintenance algorithm shows promising results and
can be considered as a candidate for geographical routing on top of
it. Nevertheless, in our simulations we also captured routing-related
metrics by benchmarking the performance of the proposed protocol
to those of GPSR and perfect Dijkstra algorithm as discussed below.
The performance evaluation campaign has been carried out by utilizing
specifically developed Matlab code implementing the GAR VCS system
on the graph of the physical network topology. The simulator has
been equipped with tools capturing system dynamics, i.e., ability to
dynamically remove and add nodes as well as move them according
to random direction mobility (RDM) model.

5.1. Performance metrics

In this section, we introduce three types of metrics we will utilize
to assess GAR performance. These are: (i) algorithmic metrics reflecting
convergence and stability properties, (ii) topological metrics describing
similarity between virtual and physical topologies and (ii) routing
metric reflecting the routing performance.

5.1.1. Algorithmic metrics
To assess convergence and stability properties of GAR VCS, we

utilize the mean absolute coordinates deviation at each step of the algo-
rithm at all the nodes. In our example, the period of exchange between
network nodes is equal to the beacon interval in IEEE 802.11n technol-
ogy, which is 102.4 ms. The mean absolute deviation is estimated by
averaging the difference between the previous coordinates of nodes and
the current coordinate over all the nodes in the network. When plotted
against time, this feature visualizes the convergence and stability of
the algorithm. Note that the mean absolute deviation does not directly
characterize the quality of the obtained virtual topology.

5.1.2. Topological metric
As the primary indicator of the similarity between the network

topology and the virtual one, we utilize the so-called topology similarity
index. This index is defined as the Pearson correlation coefficient [50]
between pairwise distances in the virtual and physical topologies.

5.1.3. Routing metric
We also investigate and compare the performance of the proposed

solution and conventional routing algorithms. For comparison pur-
poses, we select the Dijkstra’s algorithm and GPSR [31] protocol. First,
Dijkstra’s algorithm represents a perfect model of a routing protocol as
it always finds the shortest path to the destination using the complete
global knowledge of the network topology. Second, GPSR represents
a typical geographical routing protocol that operates using accurate
positioning information.

GPSR is a geographical routing method, where the route discovery
packets are relayed to the node that is geographically closest to the
destination. For GPSR protocol, we assume full knowledge of real
geographical coordinates via, e.g., GPS. Both GPSR and GAR use a
greedy path discovery algorithm that broadcasts the message further
if the distance to the destination is shorter than that of the previous
hop.

We use the following routing metrics:

• Fraction of undiscovered routes reflects the ability of the routing
protocol to discover paths in a network. We compute it as a
fraction of routes that cannot be discovered using the algorithm
to all the routes in the network.
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Fig. 7. Mean absolute deviation for static scenario.

Fig. 8. The topology similarity index for static scenario.

• Mean route length reflects the performance of routing over the
maintained topology, comparing the distances in the number of
hops between all nodes in the network. Particularly, we compare
the average distance of discovered paths in a network using the
proposed GAR VCS to GPSR, and the Dijkstra’s algorithm.

Note that for both Dijkstra and GPRS we capture only the algo-
ithmic part that evaluates the shortest path to the destination. In this
ontext, Dijstra algorithm provides an upper bound on the performance
hat cannot be attained by any other algorithm, while GPSR (or more,
pecifically, its algorithmic component forwarding packet only if the
istance to the destination from the receiving node is smaller than
he distance in the packet) provides an upper bound for geographical
outing algorithm. The proposed algorithm based on GAR VCS should
lways perform worse then these two, but the quantitative difference
etween GPSR and geographical routing on top of GAR VCS indicates
he performance loss due to unavailability of the GNSS information and
elying upon VCS for topology management.

.2. Scenarios and parameterization

To perform the comparison, we consider 3 network sizes with 𝑁 =
0, 60, 100 nodes in square area of 160 m×160 m, 210 m×210 m and
75 m×275 m, respectively. The coverage of each node is assumed to
e 50 m, which corresponds to modern Wi-Fi systems operating dis-
ance in the microwave ISM 2.4 GHz band. To assess the performance
f the proposed VCS, we consider three following scenarios:

• Static scenario. In this case, we assume that nodes are randomly
and uniformly distributed in the considered area and remain static
over time. All the nodes are immediately available in the system
at the initial time. This scenario aims to illustrate the network
formation process and assess GAR VCS performance for nearly
static scenarios such as crowded public events.
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• Nodes churn scenario. At the start of the simulation, there are no
nodes in the network. Nodes appear every 10 s one-by-one up
until all 𝑁 nodes are on. Once all the nodes are in on state, the
network remains static for 10 s. Then, every 10 s, a randomly
selected node is removed from the network, and after another
10 s, a new node with a randomly and uniformly chosen position
is added to the network. The procedure repeats with the next
random node until the simulation is over.

• Mobile scenario. The initialization period in this scenario is similar
to the previous one. However, all the nodes, as soon as they
appear, start moving according to the random direction mobility
(RDM) [51] model, which has been widely used for ad hoc
network performance analysis [46,52,4]. Wrap-around is used to
handle the boundary problem [51].

.3. Representative results

.3.1. Static scenario
We study the basic static scenario concentrating first on the sta-

ility properties of the proposed solution. Fig. 7 illustrates the mean
bsolute coordinates deviation at successive algorithm time steps at
etwork nodes as a function of the number of nodes. Namely, this
etric measures the coordinate updates’ stability and evaluates the
etwork convergence time. As one may observe, for two considered
ases with 30 and 60 nodes, the metric of interest decreases exponen-
ially, reaching negligible deviations already after 100–200 time steps.
s the beacon interval is set to 102.4 ms, this results in the network
onvergence time of approximately 20 s. Note that for 100 nodes, the
onvergence time is significantly larger and may take up to 400 time
teps.

We further analyze the structural similarity of the physical and
irtual topologies. Fig. 8 shows the topology similarity index as a
unction of the successive algorithm time steps at network nodes.
nalyzing the presented data, one may observe that despite small
oordinate deviations starting from time step 200 (see Fig. 7), the
lgorithm continues to improve the VCS topology gradually in time.
articularly, for 30 nodes, the correlation coefficient improves from
round 0.8 to almost 0.95 in 2000 time steps (approximately 200 s with
oordinates update exchange interval set to 102.4 ms), while for 60
odes case, the increase is from 0.5 to 0.87. However, we note that the
opology similarity index may not fully converge.

Recall that the aim of the proposed VCS is to decrease the amount of
outing information by using geo-like routing. However, the topology
imilarity index does not fully characterize this functionality as there
ight be many specific VCS graphs with high similarity index but
rastically different routing performance. To quantify the performance
f the proposed routing solution, Fig. 9 illustrates the number of undis-
overed routes for 30, 60, and 100 nodes and three routing strategies.
verall, there are 900, 3600, and 10000 (i.e., 𝑁2) distinctive paths

or 30, 60, and 100 nodes, respectively, in the considered cases. A red
ine on Fig. 9, 13, 16 shows the maximal number of possible routes
nd serves as an upper limit for the number of undiscovered paths. At
he same time, the blue line is the shortest route found using Dijkstra’s
lgorithm, serving as a lower limit.

Analyzing the data presented in Fig. 9, one may observe that in the
onsidered cases, similarly to the Dijkstra’s algorithm, GPSR is capable
f finding nearly all the routes in the network. Such success is not
lways the case in general due to so-called communication voids in
etwork topologies [32], i.e., a situation when the destination cannot
e reached following the greedy approach once a packet gets stuck
n a dead-end. To solve this problem, one can use the void handling
echniques. Note that these techniques also must be beneficial for GAR
erformance and can be used as one of its extensions.

For the 30 nodes case, the proposed GAR VCS solution that oper-
tes without any external positioning information has been capable of
howing similar performance after 1500 time steps. Initially, however,
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Fig. 9. Mean number of undiscovered paths for static scenario. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
Fig. 10. Mean route length for static scenario. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 11. Mean absolute deviation for churn scenario.

Fig. 12. The topology similarity index for churn scenario.

nly 30% of all the routes have been discovered. Nevertheless, this
raction reduces fairly quickly and reaches 3% already for time step 500
≈50 s). This behavior remains qualitatively similar to the 60 nodes
19
case plotted in Fig. 9(b). However, after 2000 time steps (≈200 s)
the virtual topology is still not perfect. At this time instant, 16% of
available routes remain undiscovered.

Another metric of the quality of routing is the mean path length
along the route between source and destination. This metric is demon-
strated in Fig. 10 for Dijkstra’s algorithm, GPSR, and the proposed GAR
VCS algorithm. Analyzing the data, we can observe that the proposed
solution, similarly to the FishEye routing algorithm [53], tends to find
shorter paths between source and destination, providing routes in the
closer neighborhood while keeping distant nodes unreachable. This
effect becomes more pronounced when more nodes are added to the
network. Thus, the mean length of discovered paths shown in Fig. 10 is
smaller than that of GPSR and Dijkstra algorithms. This effect becomes
more pronounced when more nodes are added to the network. One of
the ways to optimize the solution is to use destination address distance
to decide whether to utilize the GAR VCS solution or to use the standard
on-demand route discovery procedure.

Nevertheless, the absolute deviation between GAR VCS and GPSR
solutions is relatively high, even in the first few time steps (approxi-
mately 0.3 and 0.5 for 30 and 60 nodes cases, respectively). One may
observe that as the time progresses, the topology is becoming closer
to the physical one (see Fig. 8) and more routes are discovered (see
Fig. 9), and the mean path length of discovered routes tends to that of
GPSR and Dijkstra’s algorithm.

5.3.2. Nodes churn scenario
Having studied the critical characteristics of the proposed solution

in a static environment, we now proceed with analyzing the peer churn
scenario, where nodes may join and leave the network. Similarly to
the static scenario, we assess stability and convergence properties first.
Fig. 11 shows the mean absolute coordinates deviation at successive
steps of the algorithm for node churn scenario with 30, 60, and 100
nodes. Recall that in this scenario, nodes first appear one after another,
separated by a constant time interval. Once the number of nodes
reaches the maximum value, nodes start to leave and join the network

at regular intervals as well.
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Fig. 13. Mean number of undiscovered routes for nodes churn scenario.
Fig. 14. The topology similarity index for mobile case.

Fig. 15. Mean absolute deviation for mobile scenario.

Analyzing the presented data, we observe that nodes joining one
y one induce inconsistencies in the mean absolute deviation pattern
rolonging the convergence time. It takes approximately 500 and 1000
ime steps (50 and 100 s.) for 30 and 60 nodes, respectively, which is
round two times higher compared to static cases, see Fig. 7. Similarly,
odes leaving and joining affect the performance of the algorithm,
hich is indicated by regular spikes in the presented data. However,

hese spikes are well localized, implying that the algorithm handles
hese situations.

The topology similarity index, shown in Fig. 12, illustrates that
he dynamic behavior of nodes also affects the topology convergence
ime. Particularly, as one may observe, for 60 and 100 nodes, the
onvergence is extremely slow. The topology similarity index does not
each 0.8, even for 4000 times steps (400 s.). However, this behavior
an also be attributed to specific network topologies that the proposed
olution fails to capture well. In our experiments, the fraction of such
opologies remains below 10%.
20
Finally, Fig. 13 shows the number of undiscovered by the proposed
GAR VCS solution routes, GPSR protocol operating over physical co-
ordinates, and the Dijkstra’s algorithm. Before we proceed with the
analysis of the results, there are a few critical notes. First, the observed
periodic fluctuation of the overall number of paths is explained by
nodes joining and leaving at regular intervals and the number of routes
fluctuating between, e.g., 1002 and 992 for the 100 nodes case. Second,
the gradual increase in the overall number of paths available in the
network is caused by delayed nodes joining at regular intervals at the
beginning of simulations. Third, the slope is different for a different
considered number of nodes in the network as nodes appear in the
network one by one separated by a fixed time interval. As opposed
to the static case inspected previously, there are situations where
Dijkstra’s algorithm fails to find routes. It only happens when one of
the few nodes is physically disconnected from the network. To capture
routing behavior in realistic deployments, we allow these situations to
happen.

Analyzing the data presented in Fig. 13, one may notice that the
proposed solution performs as well as GPSR protocol for 30 nodes
case, even showing some minor improvements over it. However, the
performance changes for the higher number of nodes, 60 and 100.
Notably, we observe that the nodes leaving and joining may deteriorate
the efficiency of the proposed solution such that 30% and 50% of routes
are undiscovered in the GAR VCS approach. We note that this behavior
is typical for the proposed solution, implying that in dynamic networks
with node churn, it can only be used as a complementary solution for
standard on-demand routing protocols such as AODV.

5.3.3. Mobile scenario
The most demanding scenario from the topology organization and

maintenance point of view is when nodes are mobile. We characterize
the performance of the proposed GAR VCS for the most generic case
when all the nodes are mobile and may also join and leave the network.
In the examples reported below, the RDM speed is constant and set
to 1 m/s while the mean run length to 20 m. Wrap-around is used to
handle the boundary problem [51] and to simulate realistic situations
when a node leaves a network and joins another one.

Similarly to the static and dynamic scenarios, we study the perfor-
mance of the proposed solution for the mobile scenario with stability
and convergence time indicators. Fig. 15 illustrates the mean absolute
coordinates deviation for mobile scenario for 30, 60, and 100 nodes. As
one may observe, the proposed solution converges quickly, maintaining
the topology in the presence of mobility. The occasional spikes in
the graphs are explained by the wrap-around procedure when nodes
disappear at one side of the modeled area and instantaneously appear at
another. We specifically note that those wrap-around cases cause large
mean one-step deviations. Besides, these deviations are handled well by
the algorithm, implying that their effect on the routing performance is
not long-lasting.

The topology similarity index for mobile scenario with 30, 60,

and 100 nodes is illustrated in Fig. 14. Observing the presented data,
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Fig. 16. Mean number of undiscovered routes for mobile scenario. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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one may deduce that contrarily to the static case, where we observed
gradual converge of physical and virtual topologies, the mobility causes
smooth changes in the topology similarity index. In all our experiments,
the considered metrics fluctuate between 0.6 and 1.0, implying a
decent match between topologies. The specific behavior of the topol-
ogy similarity index is observed for the case of 100 nodes, where
there are extreme fluctuations caused by nodes wrap-around during
the simulation run. However, as one may observe, the proposed GAR
VCS algorithm is capable of quickly recovering from these occasional
mismatches, improving the similarity index.

Finally, we investigate the number of discovered routes by the algo-
rithms in the mobility scenario, see Fig. 16. Similarly to the case of the
node churn scenario, the mobility of the nodes leads to undiscovered
paths, even for the Dijkstra’s algorithm. Likewise, the movement causes
significantly more failures for GRSP protocol as well compared to the
node churn scenario, see Fig. 13. Analyzing the presented data, one
may deduce that the increase in the number of nodes leads to a higher
number of undiscovered paths, for both GAR VCS and GPSR solutions.
While the proposed solutions perform quantitatively similar to GPSR for
30 and 60 nodes discovering the majority of routes, GAR effectiveness
drops for 100 nodes case. However, even in this case, at least half of
the paths are discovered at all times.

5.4. Comparison of routing strategies

Finally, we compare the performance of different routing on top of
GAR VCS. To this aim, Fig. 17 shows the mean number of undiscov-
ered paths and average path length for static case and three different
protocols, two variants of GPSR called ‘‘greedy’’ and ‘‘loop-free’’ and
‘‘Compass’’ geographical routing. Compass routing makes a decision
on the next hop based on the angle between the current node and its
neighbors. The node with the minimal angular difference as compared
to the angle with the current node and destination is selected [54]. The
greedy version of GPSR operates similarly to the protocol considered
in previous parts of this section, while loop-free protocol implements
additional checks to avoid loops in the network.

By analyzing the data presented in Fig. 17, one may conclude that
the modified version of GPSR works significantly better as compared
to both the greedy version of GPSR and Compass. In terms of the mean
path length, the greedy version of GPSR is characterized by a slightly
smaller route length than the shortest path length provided by the Di-
jkstra algorithm. However, two other versions of geographical routing
produce mean route length that are higher on average. Logically, the
loop-free version of the GPSR is characterized by the maximal mean
path length. These results indicate that significant routing gains can
be achieved on top of the conventional greedy version of the GPSR

algorithm. q

21
Fig. 17. Comparison of routing strategies for static scenario.

. Conclusions

To reduce the overhead associated with on-demand routing in dy-
amic wireless mesh networks, we have proposed a new approach for
ogical topology organization and maintenance in distributed wireless
esh networks. The proposed GAR VCS does not require global net-
ork information and relies only on updates from the nodes in the

wo-hop proximity of the nodes that are exchanged periodically. A
ritically important advantage of the proposed solution is that GAR
cales linearly with network size. We have developed a completely
istributed algorithm for building GAR topology, which is robust to
etwork dynamics caused by nodes joining/leaving the network and
odes’ mobility.

To assess the performance of the proposed GAR VCS solution, we
ave analyzed algorithmic, topological, and routing-related metrics of
nterest. From the stability viewpoint, the solution has been found to

uickly adapt to network changes. At the same time, the convergence
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time heavily depends on network nodes’ characteristics, e.g., mobility
and frequency of nodes joining/leaving the system. In general, the
proposed GAR VCS solution is most suited to small-to-mid sizes net-
works with static or mobile nodes. The worst performance is observed
in crowded conditions when network nodes regularly join and leave
the system. However, even in this case, the proposed solution may
discover 50 to 70% of the paths in the network. Furthermore, the
proposed solution performs better at finding shorter paths and shows
worse results for longer routes.
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