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Abstract

Unidirectional links in an ad hoc network can result from factors such as heterogeneity of receiver and transmitter
hardware, power control or topology control algorithms, or differing sources of interference or jamming. Previously
proposed metrics for evaluating the difficulty of a unidirectional scenario are limited in scope and are frequently mis-
leading. To be able to analyze ad hoc network routing protocol behavior in a complex networking environment, it is not
sufficient to merely assign a single level of difficulty to a unidirectional network scenario; the many interrelated routing
characteristics of these scenarios must be understood. In this paper, we develop a set of metrics for describing these
characteristics, for example for characterizing routing scenarios in simulations, analysis, and testbed implementations.
Based on these metrics, we perform a detailed simulation analysis of the routing characteristics of the three most com-
mon simulation models for generating unidirectional links in ad hoc networks: the random-power model, the two-power
model, and the three-power model. Our findings enable protocol designers to better choose a set of network scenarios
and parameters that truly explore a wide range of a routing protocol’s behaviors in the presence of unidirectional links,
and to better understand the complex interplay between routing mechanisms and network conditions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A group of wireless mobile hosts that wish to

communicate may form an ad hoc network, for-
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has been based on the simplifying assumption that
all wireless links in the network are bidirectional
and would therefore work equally well in both
directions. However, there exist a variety of cir-
cumstances in which this assumption does not
hold. Unidirectional links can result from factors
such as heterogeneity of receiver and transmitter
hardware (leading to differing transmission
ranges), power control algorithms (in which nodes
vary their transmission power based on their cur-
rent energy reserves), or topology control algo-
rithms (aimed at reducing interference in the
network by computing the lowest transmit power
that each node needs to stay connected to the net-
work). Unidirectional links may also result from
interference around a node that prevents it from
receiving packets even though other nodes are able
to receive its packets. For example, unidirectional
links may often occur if some nodes in the ad hoc
network are mounted on vehicles, using powerful
transmitters, and others are carried by pedestrians,
using battery-powered transmitters with a shorter
transmission range.

Routing protocols for ad hoc networks may
deal with the possibility of unidirectional links in
a number of ways:

e Some protocols, such as DSDV [9] or conven-
tional distance vector routing protocols, simply
do not consider the problem and thus may cre-
ate routes that fail to work, causing packet
losses.

e Other protocols handle the presence of unidi-
rectional links by treating all links as if they
might be unidirectional, in order to avoid the
problem above, but this causes extra routing
overhead. For example, DSR [5,6] normally
returns a RouTE REPLY packet using the
reverse of the route recorded in the ROUTE
REQUEST packet, but this only works over bidi-
rectional links; DSR alternatively can be config-
ured to independently discover the route for
returning the RouTE REPLY, which can signifi-
cantly increase routing overhead.

e Still other protocols detect and keep track of
unidirectional links as network conditions
change, and then either use them for routing
(e.g., [11]) or simply ignore them as in AODV

[10]. Nodes using AODYV attempt to learn
which links to neighboring nodes are unidirec-
tional; such a neighbor is remembered in a
“blacklist” set, and new routes through such
neighbors are ignored and not used for some
time. This approach limits connectivity in the
network, and may lead to increased overhead
and failure to setup a route, when the mecha-
nism to learn of unidirectional links has not
yet detected a new unidirectional link or when
bidirectional communication becomes possible
over a previously unidirectional link.

There is growing interest in routing techniques
that enable efficient routing over networks with
unidirectional links, and in the effects of unidirec-
tional links on routing protocol performance (e.g.,
[1,7,8,11,14]). However, little work has been done
on evaluating the routing difficulty or routing char-
acteristics of ad hoc networks with unidirectional
links, for instance for characterizing routing sce-
narios in simulations, analysis, and testbed imple-
mentations. In general, routing difficulty is higher
when the likelihood that the routing protocol
would encounter a unidirectional link is higher,
since handling each unidirectional link requires
additional mechanisms and control packet trans-
missions to either ignore or be able to use the link
for routing. For example, if some node A receives
a packet directly from a node B but the link from
B to A is unidirectional, then A would not be able
to return an acknowledgment packet directly to B;
rather, node A would need to send the acknowl-
edgment to B along a multihop path (a multihop
acknowledgment).

In prior work, the difficulty that a unidirectional
scenario presents to the routing protocol has fre-
quently been expressed simply as the number or
fraction of unidirectional links in the network.
However, these metrics present a very limited view
of the routing characteristics of the network and do
not adequately reflect the routing difficulty of a uni-
directional network scenario. For example, AODV
[10] is an on-demand routing protocol for ad hoc
networks that utilizes RouTE REQUEST packet
floods to discover routes and to perform route re-
pair when routes break. Fig. 1 shows the number
of RoUTE REQUEST transmissions in AODV for
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Fig. 1. Simulation of AODYV in mobile ad hoc networks with
10 nodes with transmission range Ryjgnh = 250 m and 90 nodes
with range Rjoy, all moving according to a Random Waypoint
model with 1 m/s maximum speed and 0 pause time. 35 pairs of
nodes exchange one-way CBR traffic at four 64-byte packets
per second.

a set of unidirectional scenarios. Since the number
of unidirectional links and the fraction of unidirec-
tional links decreases monotonically from left to
right in the graph (in-neighbors curve in Fig. 2),
the effort expended by the routing protocol, as ex-
pressed by the number of ROUTE REQUEST trans-
missions, might be expected to also decrease
monotonically from left to right. However, this is
not the case. We are able to analyse the behavior
of AODYV in Section 5.7 with the help of the metrics
we develop in Section 3.

In this paper, we develop a set of metrics to ex-
pose the routing characteristics of networks with
unidirectional links. Although some of these met-
rics have been considered separately in prior work,
the combined set of metrics is the first to provide a
comprehensive view of unidirectional networks
from the point of view of routing protocol design
and evaluation.

We demonstrate the usefulness of our set of
metrics by performing detailed simulation-based
evaluation of the routing characteristics of net-
works with unidirectional links generated by the
three most common simulation models for gener-
ating unidirectional links in ad hoc networks: the
random-power model, the two-power model, and

the three-power model. We use a wide range of
parameterizations of each model (e.g., power levels
and number of nodes per power level) and gener-
ate both mobile and static unidirectional network
scenarios. In the course of our evaluation, we show
how commonly used sets of metrics may be mis-
leading and may fail to reveal some important
characteristics of the network. We base this evalu-
ation on simulation rather than on formal analy-
sis, in order to account for the detailed, complex
behavior of the network and individual packets,
without the abstractions and simplifications often
necessary with formal analysis.

Our metrics and analysis of the characteristics
of the three power models enable protocol design-
ers to better choose a set of network scenarios and
parameters that truly explore a wide range of a
routing protocol’s behaviors in the presence of
unidirectional links, and to better understand the
subtleties of the interplay between routing mecha-
nisms and network conditions.

The rest of this paper is organized as follows.
Section 2 discusses related work. We present the
power variation simulation models in Section 3.
In Section 4, we present our routing characteristics
metrics, and in Section 5, we present our simula-
tion results. Section 6 concludes the paper.

2. Related work

Most prior work on routing in the presence of
unidirectional links uses unidirectional network
scenarios generated by a random-, two-, or three-
power model. The difficulty or routing characteris-
tics of these scenarios are often not evaluated or
are evaluated using only one or two metrics. In
addition, some metrics used in previous work,
although useful in some ways in characterizing
the properties of an ad hoc network, were not
specifically designed to expose its routing
characteristics.

Pearlman et al. [8] presented mechanisms for
routing over unidirectional links and evaluated
these mechanisms in networks generated by a two-
power model. However, they analyzed the routing
difficulty of these network scenarios by looking only
at the fraction of unidirectional links in each. We
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build on their work by studying a larger set of
parameterizations of the two-power model, and
by conducting a comprehensive evaluation of the
routing characteristics of the scenarios generated.

Sinha et al. [14] proposed extensions to the
Zone Routing Protocol (ZRP) [4] for handling uni-
directional links and evaluated these extensions in
networks with unidirectional links produced using
the same two-power approach but with less
parameterizations and with no characterization
of the unidirectional scenarios.

Ramasubramanian et al. [11] presented a proto-
col for a bidirectional abstraction of unidirectional
links that handles them below the routing layer.
The authors used five unidirectional network sce-
narios to evaluate the proposed protocol, gener-
ated using a two-power, a three-power, and a
four-power model. The parameters for generating
these scenarios were hand-picked to provide a
range of routing difficulty. The authors use only
the average number of in-neighbors of a node
(neighbors that can reach a node but cannot be
reached by it) and average reverse route length
to characterize these scenarios.

Marina and Das [7] investigated the potential
benefits of using unidirectional links for routing
in ad hoc networks, using a random-power model,
a two-power model, and a distributed topology
control method. They characterized the scenarios
generated by each model by analyzing the connec-
tivity of the networks in each scenario in terms of
the size and number of strongly connected compo-
nents in networks with different densities. They
also measured the difference in path length be-
tween a network scenario with unidirectional links
and the same scenario with only bidirectional
links. With the exception of the path metric, the
rest of the metrics were not specifically designed
to study the routing characteristics of the network.
Our analysis is based on a wider range of parame-
terizations of the random- and two-power models,
uses a set of metrics to expose the routing charac-
teristics of the network, and also includes the
three-power model, not discussed by Marina and
Das [7]. Unlike their work, we do not discuss
topology control algorithms here, as each topol-
ogy control algorithm is unique, and it is thus dif-
ficult to generalize the results from such analysis.

Ramasubramanian and Mosse [12] also studied
the connectivity of ad hoc networks with unidirec-
tional links. Their analysis focused only on static
networks with power variations produced by a
random-power model and by a model that deter-
mines the directionality of a link according to a
uniform random distribution (e.g., each link has
a probability P of being unidirectional). The met-
rics they used to characterize network connectivity
are reverse route length, the average size and dis-
tribution of connected components for reverse
route lengths smaller than 1, 2, 3, or 4 hops, and
average path length. In this paper, we use a broad
range of metrics to expose the characteristics of ad
hoc networks with unidirectional links from a
routing perspective in the context of three different
power models.

3. Methodology

In this section, we describe the network param-
eters and power models that we use to generate ad
hoc networks with unidirectional links.

3.1. Network parameters

We simulated networks of 100 mobile nodes
using ns-2 [3]. The nodes were placed on a rectan-
gular 1200 m x 800 m area. A rectangular arca was
chosen in order to allow for the formation of long-
er paths (along the longer dimension) than would
be possible with a square site having the same total
area.

The nodes move according to the Random
Waypoint model [2]: each node is initially placed
at a uniformly randomly chosen location, stays
there for a period of time called the pause time,
and then starts moving toward a new randomly
chosen location, at a randomly chosen speed up
to some maximum speed; once the node reaches
this new location, it remains stationary again for
the pause time and then repeats the process, mov-
ing toward a new location at a new speed.

Each simulation was run for 900 s of simulated
time. We use two maximum speeds, 1 m/s and 20
m/s, and two pause times, 0 s (continuous mobil-
ity) and 900 s (a static network).
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Wireless transmission attenuation follows a free-
space model up to a reference distance and then a
two-ray ground reflection model [2]. The nominal
(omni-directional) range of each device is 250 m.

These network parameters are representative of
those widely used in performance analysis of ad
hoc networks.

The simulation environment makes the simpli-
fying assumption that all nodes have a circular
wireless transmission pattern. We believe that
our results are also useful in describing the effect
of unidirectional links on routing protocol behav-
ior with more generalized transmission patterns
that also produce unidirectional links.

3.2. Power variation models

The most commonly used methods for generat-
ing unidirectional network scenarios for use in ad
hoc network simulations are based on varying
the transmission range of nodes in the network,
whereby the transmission range of each node (or
set of nodes) is set to a fraction of the nominal
transmission range.

Two characteristics of these models make them
attractive for use in simulations of ad hoc net-
works. First, the resulting scenarios are realistic,
as they correspond to a potentially common
situation in which the ad hoc network consists of
heterogeneous devices that may have different
transmitter and/or receiver capabilities. Second,
the scenarios are straightforward to generate.

For simplicity, in the rest of this paper, wireless
range is discussed in terms of distance instead of
transmission power level, because distance is easier
to conceptualize.

3.2.1. Random-power model

In the random-power model, each node is as-
signed a random transmission power level chosen
from a range of transmission powers that corre-
spond to a (Rpin, Rmax) distance range. In our
work, we use Ry,.x of 250 m, the nominal transmis-
sion range, and we study values of R, ranging
from 0 m to 225 m at 25 m increments. This model
generates networks that are “completely” hetero-
geneous, in that each device may have a different
transmission range.

3.2.2. Two-power model

In the two-power model, the nodes in the net-
work are divided into two groups, each of which
is assigned a different power level, corresponding
to a different transmission range, Rjow and Rpigh,
respectively; Ny, total nodes have range Ry,
and Ny, total nodes have range Ry;gn (set to the
nominal transmission range). We vary Ry, from
0 m to 225 m at 25 m increments, and vary Noy
from 10% to 90% of the total number of nodes.

3.2.3. Three-power model

In the three-power model, the nodes in the net-
work are divided into three groups, each of which
is assigned a different power level, corresponding
to a different transmission range, Riow, Rmediums
and Ry,;gn, respectively. Ny, total nodes have range
Riow> Nmedium total nodes have range R,edium, and
Nhigh total nodes have range Rpgp (set to the nom-
inal transmission range). In this evaluation, Ny
and Njeqium Were varied between 10% and 90%
of the total number of nodes, at 10% increments,
thus covering the range of possible combinations
of (Niow>Nmedium-Nnign) at a 10% discretization.
The simulation computational cost of varying Ryo
and Rjeqium to cover all possible combinations
even at a 10% discretization is prohibitive. Instead,
two sets of values for Rjyy, and Rycqium are used in
our experiments, and only the fraction of nodes in
each power group was varied. The values for Ry,
and Reqium are 0.6 and 0.7 of the nominal range
for the first set of network scenarios (which we call
Scenario 1), and 0.2 and 0.4 for the second set of
network scenarios (which we call Scenario 2). The
differences between the values of any pair in the
set Riows Rmedium» Rhigh 10 Scenario 1 are twice as
large as the corresponding differences in Scenario
1. Our experiments do not cover a full set of power
parameterizations of the three-power model, but
Scenarios 1 and 2 explore two different points in
its behavior.

4. Metrics

In this section, we propose a set of metrics to
expose the routing characteristics of unidirectional
network scenarios. These metrics cover a wide
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range of network events and states as expressed by
the primitives that directly affect routing protocol
performance: links and routes (or paths).

Since most current routing protocols strive to
route along the shortest path between a source
and a destination, all path-related metrics in the
analysis consider only the shortest paths between
each pair of nodes that exist in the network, as
these paths are the most likely to be used by the
routing protocol.

All metrics are computed as averages over all
nodes in the network and over the lifetime of the
simulation.

4.1. Neighbor-related metrics

The number of bi-neighbors of a node is the
number of neighboring nodes (i.e., nodes within
transmission range of the node) with which a node
has bidirectional links. The in-neighbors of a node
are the neighbors of the node that can reach the
node but cannot be reached by it. The sum of
the in- and bi-neighbors of a node is the total num-
ber of neighbors of the node.

The total number of neighbors metric reflects the
level of connectivity in the network. For example,
the higher the total number of neighbors per node,
the higher the number of paths along which nodes
can communicate with each other (on average).

The in-neighbors metric reflects the average
number of unidirectional links that are present in
the network.

The in-neighbors fraction metric represents the
number of in-neighbors as a fraction of the total
number of neighbors. It indicates the likelihood
that the routing protocol will encounter a unidirec-
tional link rather than a bidirectional link. Each
encountered unidirectional link may cause the
routing protocol additional overhead to either use
the link or to avoid it, as described in Section 1.

4.2. Node reachability metrics

The wunreachable nodes metric represents the
average number of nodes to which a node does
not have a route and which do not have a route
to this node (no routes exist). This metric reflects
the extent to which the network is partitioned

and can help protocol designers to differentiate be-
tween poor routing protocol performance due to
the presence of unidirectional links versus poor
routing protocol performance due to the presence
of partitions.

The bidirectionally reachable nodes metric repre-
sents the number of nodes to which the average
network node has a shortest path that is bidirec-
tional. This metric reflects the likelihood that the
routing protocol would encounter a bidirectional
path for routing between a pair of nodes.

A unidirectional path is one that contains at
least one unidirectional link. The mutually unidi-
rectionally reachable nodes metric represents the
number of nodes to which a node’s shortest paths
are unidirectional, whose shortest paths to it are
also unidirectional. This metric reflects the likeli-
hood that the routing protocol would encounter
a unidirectional path when trying to route between
a pair of nodes.

The one-way unidirectionally reachable nodes
metric represents the number of nodes to which a
node’s shortest path is unidirectional, but which
do not have a route to this node. Only protocols
that do not involve two-way per-hop or end-to-
end communication can route to destination nodes
that are only reachable in one direction (e.g., a
protocol using network-wide broadcast to deliver
data).

4.3. Path characteristics metrics

The unidirectional links per path fraction metric
represents the average number of unidirectional
links as a fraction of all links in a unidirectional path
(over all unidirectional shortest paths in the net-
work). This metric reflects the ‘“unidirectionality”
of a unidirectional path, i.e., the level of effort that
the routing protocol would need to expend on aver-
age when it encounters a unidirectional path. The
higher the value for this metric, in general the higher
the routing overhead, as each additional unidirec-
tional link may incur additional overhead, for
example in terms of multihop acknowledgments.

Path length is an important network routing
characteristic, because packet latency, as well as
the likelihood of link breaks and packet collisions
along a path, are in part proportional to the length
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of the path. In addition, the discovery and mainte-
nance (monitoring for link breaks) of a longer path
may incur higher latency and a higher number of
control packet transmissions.

The average shortest-path length metric repre-
sents the average path length computed over all
shortest paths in the network. The maximum short-
est-path length metric represents the longest path,
among all shortest-paths between pairs of nodes,
encountered during the lifetime of the network.

The path length benefit metric represents the
number of hops on average by which the average
unidirectional shortest path is shorter than the
shortest bidirectional path between a pair of
nodes. This metric is computed when the shortest
unidirectional path is shorter than any existing
bidirectional paths.

4.4. Link and path change metrics

The link changes metric represents the average
number of link changes per second in the network;
a link can change between being reachable and
unreachable, and between being unidirectional
and bidirectional. The number of link changes re-
flects the level of mobility in the network, which in
turn affects routing protocol performance, as it
takes time, and often additional overhead, to react
to changes in link directionality and reachability,
and to avoid or reduce interruptions in the flow
of traffic caused by link changes.

The unidirectional to bidirectional link changes
metric represents the number of times per second
that a unidirectional link becomes bidirectional.
Protocols that can detect this condition can auto-
matically reduce their control overhead, as they
can stop sending acknowledgment packets across
multihop reverse paths but start sending them
directly.

The bidirectional to unidirectional link changes
metric represents the number of times per second
that a bidirectional link becomes unidirectional.
This metric indicates how many perceived link
breaks are actually changes to unidirectional links.
Protocols that can distinguish between a link that
has become unidirectional and one that has be-
come disconnected can continue routing along
the route containing this link, whereas ones that

cannot make this distinction would initiate route
repair procedures and incur more overhead and
potentially a disruption in packet delivery.

The unidirectional to unreachable link changes
metric represents the number of times per second
that a unidirectional link becomes unreachable.
This metric reflects the frequency of disconnection
in the network, and can also be used in conjunc-
tion with the unidirectional to bidirectional link
changes metric to indicate whether unidirectional
links in a given scenario are more likely to become
bidirectional or unreachable.

Mobility and the resulting link changes affect
the paths along which packets are forwarded to-
wards their destinations, and may cause the rout-
ing protocol to discover alternate routes. The
number of shortest-path changes per second metric
represents the average number of times that a
shortest route between two nodes breaks or a
shorter path becomes available.

5. Results and analysis

In this section, we analyze the routing charac-
teristics of unidirectional network scenarios pro-
duced by the random-, two-, and three-power
models with the help of the metrics we defined in
Section 4.

5.1. Overview

The mean values for the metrics characterizing
the generated network scenarios prior to introduc-
ing variations in power (i.e., all nodes have the
nominal transmission range) are shown in Table
1. The notable differences in the values of the met-
rics between scenarios with different levels of
mobility are in the total number of neighbors,
number of link changes per second, and number
of shortest-path changes per second. The total
number of neighbors is higher when the network
is mobile, due to the fact that the Random Way-
point movement leads to a non-uniform distribu-
tion of the nodes, with the density of the
network being higher towards the center of the
area [13]. The total number of neighbors is similar
at different speeds, because the speed of node
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Table 1

Network scenarios without power variations

Metric Static 1 m/s 20 m/s
Total number of neighbors 16.12  22.08 23.24
Unreachable nodes per node 0 0.16 0.03
Average shortest-path length 2.92 241 2.34
Maximum shortest-path length 7.1 7 7.5
# Link changes per second N/A 3.41 43.1

# Shortest-path changes per second N/A  42.7 496.2

movement in the Random Waypoint model does
not affect node distribution and network density
at a pause time of 0 [13]. Higher speeds produce
a higher number of link and shortest-path changes
with the following relationship: a 20-fold increase
in speed of motion leads to a factor of 12.6 in-
crease in the number of link changes per second,
and a factor of 11.6 increase in the number of
shortest-path changes per second. The increase in
number of shortest-path changes at a higher
speeds is smaller than the increase in the number
of link changes, because not all link changes lead
to a path change.

In Sections 5.2-5.5, we consider a Random
Waypoint movement model with a maximum
speed of 1 m/s. Section 5.6 discusses the effects
of increasing the speed to 20 m/s, as well as the sta-
tic network case.

Each point (or bar) in the graphs presenting the
results is the average of 10 simulation scenarios for
the given pause time and maximum speed, gener-
ated as described in Section 3.1. All metrics are
averages computed over all nodes and over the en-
tire duration of the simulated scenario (e.g., 900 s).

The axes of the three-dimensional figures pre-
sented in this section are not always oriented the
same way. This was necessary in order to make vis-
ible important features of the graphed data.

In this section, we aim to address the following
general questions:

e What is the range of values of each metric for a
given model? For example, for a given network
density, is there a parameterization of the ran-
dom-power model that will result in scenarios
in which more than 70% of the links in the net-
work are unidirectional? Answering such ques-
tions enables protocol designers to select a

model and a set of parameterizations of it that
would produce scenarios with the desired rout-
ing characteristics and level of difficulty.

e What is the relationship between the values of
different metrics for a given network density in
the context of a given model? For example, is
the value of one metric predictive of the values
of other metrics?

e Given a unidirectional network scenario, what
are its routing characteristics? What are the
factors that influence these characteristics?
Answering such questions will give researchers
insight into the behavior of the network and
the effect of this behavior on routing protocol
performance. Understanding unidirectional net-
works would also be useful in designing routing
mechanisms and protocols that route over uni-
directional links.

5.2. Neighbor-related metrics

The neighbor-related metrics reveal the level of
connectivity and average number of unidirectional
links in the network, as well as the likelihood that
the routing protocol would encounter a unidirec-
tional link (Section 4.1).

5.2.1. Random-power model

As the minimum wireless range, R,,;,, increases,
the average wireless range in the network increases
as well. As a result, more nodes can reach each
other (i.e., more links are formed) and the network
becomes better connected, as reflected in the
monotonic increase in the total number of neigh-
bors per node (Fig. 2). In addition, for larger val-
ues of Ry, the differences between the ranges of
the nodes become smaller, which leads to a de-
crease in the likelihood of a link between two
nodes being unidirectional. The smaller number
of unidirectional links at a larger average range
in the network, leads to a decrease in the number
of in-neighbors and an increase in the number of
bi-neighbors of a node (Fig. 2). The increase in
the number of bi-neighbors is faster than the de-
crease in the number of in-neighbors, because the
formation of one bidirectional link creates one link
from the point view of each neighbor (i.e., a total
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Fig. 2. Random-power model: total number of neighbors per
node (1 m/s).

of two one-way links), while the creation or loss of
one unidirectional link represents only one one-
way link.

In the random-power model, the likelihood of a
neighbor being unidirectional reaches a maximum
of 50% for R, of 0 m, and decreases monotoni-
cally by about 2-5%, down to 3%, as Ry;, in-
creases. An approximation of these results can be
obtained analytically: in the random-power model,
at Ry, of 0 m and a maximum range of 250 m,
half of the nodes have a range smaller than the
mean range (i.e., a range less than 125 m) and half
have a range larger than the mean range; thus, on
average, half of the links in the network should be
unidirectional, as a node is equally likely to have a
link with a unidirectional neighbor as it is to have
a link with a bidirectional neighbor.

5.2.2. Two-power model

Unlike the random-power model, in which one
parameter (the minimum range) changed between
scenarios, in the two-power model, two parameters
and their interaction determine the routing charac-
teristics of the network; these parameters are the
number of low power nodes, or Ny, and the wire-
less range of the low power nodes, Ry, (Section
3.2). Similarly to the random-power model, the
total number of neighbors in the two-power
model increases monotonically with the increase
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Fig. 3. Two-power model: total number of neighbors per node

(1 m/s).

in average range (i.e., with the decrease in Ny
and the increase in Rj,y), and also with the de-
crease in the differences between the high and
low power ranges, Rpigh and Rjoy (Fig. 3). The in-
crease in the total number of neighbors is larger
for higher average ranges, because the number of
links grows faster when the connectivity in the net-
work is higher and the average range is higher.
The total number of neighbors increases faster
with the decrease in N, than with the increase
in Ry, indicating that the effect of the number
of low power nodes is stronger than the effect of
the magnitude of their range, even though the
average range in the network is equally affected
by both parameters. The reason for this is that
Niow has a stronger effect than Ry, on the in-
neighbors component of the total number of
neighbors (Fig. 4): unlike the number of in-neigh-
bors in the random-power model scenarios, which
depends on the average range in the network, in
the two-power model, the number of in-neighbors
is more dependent on the number of nodes with
different ranges (i.e., the pairs of nodes which
can form unidirectional links) and to a lesser ex-
tent on the magnitude of the differences between
these ranges. As a result, the number of in-neigh-
bors increases with an increase in Ny, up to
Niow = Nhign, Which is the point at which the num-
ber of pairs of nodes with different ranges is high-
est, and when N, becomes larger than Ny;gp, the
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Fig. 4. Two-power model: number of in-neighbors per node

(1 m/s).

number of pairs of nodes with different ranges be-
gins to decrease, which leads to a decrease in the
number of in-neighbors as well.

The values for maximum number of total, in-,
and bi-neighbors are similar to the corresponding
maximum values in the random-power model,
whereas the minimum values in the two-power
model reach values that are about four times smal-
ler; the two-power model produces scenarios with
a wider range of these particular routing character-
istics than the random-power model.

Unlike the random-power model, the number
of in-neighbors and the fraction of in-neighbors
metrics in the two-power model follow different
trends: the number of in-neighbors metric achieves
its maximum at Ny = 50 and Rjoy, = 0.1 X Rpigh,
whereas the in-neighbors fraction metric achieves
its maximum at Ny, =90 and Riow = 0.1 X R4«
(Fig. 5). The in-neighbors fraction increases mono-
tonically as Ry, decreases, and for values of Ry,
of 0.1 and 0.2, it increases monotonically with an
increase in N, as well. For values of Ry, higher
than 0.2, however, the behavior becomes more
complex, as the increase in the in-neighbors frac-
tion stops and turns into a decrease as Ny
increases. The point at which this switch occurs
is different for different Ry,,, values, and as Rj,,, in-
creases, the switch happens for increasingly lower
values of Ny, This is due to the fact that for lower
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Fig. 5. Two-power model: in-neighbors as a fraction of the
total number of neighbors (1 m/s).

values of Ry, the effect of the magnitude of the
differences in range overwhelms the effect of the
number of nodes with different ranges, whereas
for higher values of Ry., the magnitude of the dif-
ferences in range decreases, and thus the dominant
effect is that of the number of low power nodes,
which results in the maximum in-neighbors frac-
tion for each value of Ry, occurring at an increas-
ingly smaller value of Njo.

5.2.3. Three-power model

Similarly to the random- and two-power mod-
els, network connectivity in the three-power
model, as expressed by the total number of neigh-
bors, increases with the increase in average range,
1.e., with the decrease in the number of low and
medium power nodes, Ny and Nyedium, respec-
tively. The total number of neighbors is generally
higher for Scenario 1, because the average range
in this scenario is higher and therefore reachability
is higher.

The number of in-neighbors in both Scenarios 1
and 2 increases with the increase in N, and
Niedium Up to a point and then decreases (Scenario
1 is shown in Fig. 6; the Scenario 2 graph, not
shown, is similar). The number of in-neighbors
metric is more dependent on the value of N, than
on the value of Npegium, indicated by a higher
slope of the graph as N, increases than when
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In-Neighbors

Fig. 6. Three-power model (Scenario 1): number of in-neigh-
bors per node (1 m/s).

Npedium increases. This is due to the fact that the
low power nodes have larger differences in range
with the high power nodes on average, and are
thus more likely than the medium power nodes
to be involved in unidirectional links with the high
power nodes. The values for the number of in-
neighbors metric in Scenario 2 are higher by 1.55
on average, whereas the values for the number of
bi-neighbors metric are lower by 6.86 on average,
as the network is much less connected than in Sce-
nario 2 and the average range is lower.

The maximum value for the number of in-neigh-
bors in both Scenarios 1 and 2 occurs at (Now,
Nmedium»> Nhigh) = (40,10,50). For each successive
value of Ny, the highest value of the in-neighbors
metric occurs at a smaller value of Nyedium. In
addition, up to the maximum value of the number
of in-neighbors for each value of Ny, Npigh is 50.
This indicates that the effect of the magnitude of
the differences between the ranges of different
nodes has a higher impact on the number of unidi-
rectional links in these parameterizations of the
three-power model than does the number of such
differences (in contrast to the two-power model).
Since the highest magnitude of the differences in
range occurs when a low power node forms a link
with a high power node, the highest value for the
number of in-neighbors is achieved when the num-
ber of low power nodes and high power nodes are

as similar as possible, which happens at point
(40,10,50). The reason why Ny, has a higher
value than Ny, at the maximum point is that this
is the case in which the highest average magnitude
of differences in ranges is created, as the difference
between Rpighn and Ryedium 18 larger than the differ-
ence between Rcgium and Ry, (Section 3.2.3).
The values of the in-neighbors fraction metric in
Scenario 1 follow the trend of the values of the in-
neighbors metric except that the in-neighbors frac-
tion metric reaches its maximum of 0.23 at
(Niow> Nmediums Nhigh) = (50,10,40) rather than at
(40,10, 50), the point at which the number of in-
neighbors is highest. The maximum is not at
Nhigh = 50, since at this value, the number of bidi-
rectional links is high as well (these are bidirec-
tional links between the high power nodes) and
compensates for the higher number of unidirec-
tional links. As in the two-power model, a higher
number of unidirectional links does not necessarily
result in a higher fraction of unidirectional links.
Unlike Scenario 1 but similarly to the two-
power model, the in-neighbors fraction metric in
Scenario 2 exhibits a different behavior from the
in-neighbors metric (Fig. 7). It achieves values of
up to 0.8, which is about 3.4 times higher than in
Scenario 1, and increases monotonically with suc-
cessively higher values of Ny, reaching its maxi-
mum value at (80, 10, 10). Since the ranges in
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Fig. 7. Three-power model (Scenario 2): in-neighbors as a
fraction of the total number of neighbors (1 m/s).
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Fig. 8. Three-power model (Scenario 2): number of nodes
unreachable from a node (1 m/s).

Scenario 2 are lower and the differences between
them higher than in Scenario 1 (Section 3.2.3),
the level of unreachability is high (Fig. 8), and as
a result the in-neighbors fraction is also high: when
the number of low power nodes is high in Scenario
2, pairs of nodes that are reachable usually include
a low power node and a medium or high power
node (pairs of low power nodes are likely to be
unreachable) and such pairs are likely to be con-
nected via a unidirectional link due to the differ-
ences in range.

5.2.4. Summary

The two- and three-power models can produce
unidirectional network scenarios with a larger
range of values for the neighbor-related metrics
than the random-power model. In general, models
that have a larger number of configurable param-
eters can achieve a larger set of routing character-
istics, but are also more complex to analyze. For
example, in the random-power model, the number
of in-neighbors and the fraction of in-neighbors
follow the same trend, as average range increases
across the set of unidirectional scenarios (Section
5.2.1), whereas in the two- and three-power mod-
els, the number of in-neighbors and the in-neigh-
bors fraction may exhibit different behaviors
from each other (Section 5.2.2). In addition, some
metrics do not exhibit a uniform behavior in

scenarios produced by successive parameter values
of a given model; for example, the in-neighbors
fraction in the two-power model exhibits a non-
uniform behavior for different R, values, achiev-
ing its maximum values for different values of
Niow- These findings indicate that choosing a range
of values for parameterizing a model for generat-
ing unidirectional links and expecting that the like-
lihood that a routing protocol would encounter
unidirectional links increases monotonically with
each successive parameterization is not necessarily
a good strategy. The routing characteristics of the
scenarios produced by each parameterization need
to be analyzed in detail.

5.3. Node reachability metrics

The node reachability metrics (Section 4.2) re-
flect the likelihood that a node can reach an arbi-
trary node in the network (i.e., the likelihood of
partitions), and the type of reachability it would
have with that arbitrary node (i.e., via a bidirec-
tional, mutually unidirectional, or one-way unidi-
rectional path). The higher the likelihood of
encountering a unidirectional path, the higher the
overhead the routing protocol would have to ex-
pend due to having to route over unidirectional
links, or due to trying to find alternate bidirec-
tional paths (Section 4.2).

5.3.1. Random-power model

The number of unreachable nodes per node
starts out high (30% of all nodes) at R;, of 0 m
(Fig. 9). As the average range in the network
increases, previously unreachable nodes become
unidirectional or bidirectional neighbors, and as
a result, the number of unreachable nodes drops
sharply and becomes negligible at R, of 0.3-
0.4. A significant number of nodes are reachable
only one-way at R,;, of 0 m as well. The similarity
between the values of the unreachable nodes and
one-way unidirectionally reachable nodes metrics
is due to the fact that poorly connected nodes
(e.g., ones close to the edges of the site (Section
5)), flap between being barely connected and being
partitioned as they move about. In addition, the
smaller the average range, the more likely it is
for a node to be partitioned (rather than unidirec-
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Fig. 9. Random-power model: per node connectivity to other
nodes (1 m/s).

tionally connected to the network). As a result the
unreachable nodes graph has higher values than
the one-way unidirectionally reachable nodes
graph, and the differences are more pronounced
for lower values of Ri,.

The number of bidirectionally reachable nodes
per node rises monotonically as the average range
in the network increases (similarly to the number
of bi-neighbors metric, Fig. 2). The number of uni-
directionally reachable nodes per node, on the
other hand, does not follow the monotonic de-
crease in the number of in-neighbors but instead
rises up to Ry of 0.3 and only then begins to de-
crease. This initial increase is due to the initial in-
crease in connectivity and average wireless range
which conceptually draws nodes closer together
as a result of which unidirectional links become
bidirectional and unreachable links become unidi-
rectional. The number of unidirectionally reacha-
ble nodes per node starts to fall when R,
becomes larger than 0.3 of Ry, since node
unreachability becomes negligible and the domi-
nant effect of an increase in average range is that
of unidirectional links becoming bidirectional.

The number of unidirectionally reachable nodes
is higher than what the average in-neighbors frac-
tion would suggest (Section 5.2.1) because the
addition of unidirectional links has a stronger im-
pact on the unidirectional paths metric than on the
in-neighbors fraction metric; the addition of one

unidirectional link can make multiple paths unidi-
rectional and vice versa, the removal of one unidi-
rectional link may make multiple paths
bidirectional.

5.3.2. Two-power model

Unreachability increases with a decrease in
average range, and at Ny, =90 and Ry, =
0.1 X Rpign, it reaches a value of 98% (Fig. 10),
which is over three times the maximum number
of unreachable nodes per node in the random-
power model. Unlike the random-power model,
the one-way unidirectionally reachable nodes met-
ric (Fig. 11) does not follow the same trend as the
unreachable nodes metric because in addition to
average range, it is also influenced by the number
of pairs of nodes with differing ranges; in the ran-
dom-power model both of these parameters
change together as only one parameter (the mini-
mum range) is varied. As a result, the maximum
value for the one-way unidirectionally reachable
nodes metric occurs at the same values of Ry
and N, as the highest value of the in-neighbors
metric (Rjow = 0.1 and Ny, = 50).

The number of bidirectionally reachable nodes
per node increases monotonically with N, for
values of Ry, of 0.1 and 0.2 (Fig. 12). For larger
values of Ry, it decreases with an increase in Njqy
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Fig. 10. Two-power model: number of nodes unreachable from
a node (1 m/s).
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Fig. 12. Two-power model: number of bidirectionally reacha-
ble nodes per node (1 m/s).

up to a point, and then starts to increase since Vo
becomes higher than Ny, after which point the
majority of bidirectional paths are between low
power nodes (since Ry, is high) and these paths
dominate the overall shortest-path reachability.
As Ry, increases, the number of bidirectional
paths increases as well, except that for values of
Niow smaller than 40, there is a temporary decrease
in the number of bidirectional paths around Ry,
of 0.6 and 0.7. This decrease is due to the fact that
at some point, nodes that were previously unreach-
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Fig. 13. Two-power model: number of mutually unidirection-
ally reachable nodes per node (1 m/s).

able are now reachable due to the higher average
range, but they are reachable only unidirectionally,
as the higher range is not high enough to make
them bidirectional neighbors.

The number of mutually unidirectionally reach-
able nodes metric behaves differently from the
number of in-neighbors metric. It increases with
increasing values of Ny, and Rjy,, (for low Ny
and Ry, values), and then begins to decrease
(Fig. 13). The initial increase is due to increased
connectivity in a poorly connected network in
the case of Ny, and an increased number of pairs
of nodes with differing ranges in the case of Rjuy.
The subsequent decrease is due to a decrease in
the number of unidirectional links.

5.3.3. Three-power model

There is very little unreachability in Scenario 1
(a maximum of 2.7 unreachable nodes per node;
figure not shown). The number of unreachable
nodes per node rises with a decrease in average
range, i.e., as Ny and Npegium increase. Similarly
to the random-power model, the number of one-
way unidirectionally reachable nodes graph tracks
the unreachable nodes graph very closely and has
slightly lower values.

In Scenario 2, unreachability also increases with
both an increase in Njow and Npegium, €Xcept, due
to the smaller values of R, and Ryedium, the
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Fig. 14. Three-power model (Scenario 2): number of one-way
unidirectionally reachable nodes per node (1 m/s).

unreachability is much higher than in Scenario 1,
reaching up to 90 unreachable nodes per node
(i.e., 91% of the nodes) (Fig. 8). Unlike Scenario
1, in Scenario 2 the number of one-way unidirec-
tionally reachable nodes initially increases with
the increase in average range, and then starts to
decrease along with the number of unreachable
nodes due to the increasing connectivity in the net-
work which leads to the formation of a higher
number of mutually unidirectionally reachable
and bidirectionally reachable nodes (Figs. 14 and
8).

The mutually unidirectionally reachable nodes
and the bidirectionally reachable nodes’ graphs in
Scenario 1 follow complementary trends (Figs.
15 and 16) as virtually all paths are either bidirec-
tional or mutually unidirectional due to the high
level of connectivity. In Scenario 2, the bidirection-
ally reachable nodes graph follows a complemen-
tary trend to the unreachable nodes graph (Fig.
8) as nodes are more likely to be unreachable or
bidirectionally connected to the network than to
be unidirectionally connected to the network, due
to the large differences between the ranges of dif-
ferent nodes. The number of mutually unidirec-
tionally reachable nodes in Scenario 2, increases
with an increase in Nyeqium as the medium power
nodes have a stronger impact on the growth of
the number of unidirectional paths in the network
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Fig. 15. Three-power model (Scenario 1): number of mutually
unidirectionally reachable nodes per node (1 m/s).
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Fig. 16. Three-power model (Scenario 1): number of bidirec-
tionally reachable nodes per node (1 m/s).

than do the low power nodes, since the medium
power nodes are more likely to participate in uni-
directional links than the low power nodes which
are more likely to be unreachable (due to their
small ranges). Unlike in the other power models
and Scenario 1, the connectivity of the network re-
mains low even in the most connected configura-
tion of Scenario 2 and as a result, the number of
mutually unidirectionally reachable paths does
not reach a peak value and then top off but only
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increases in our experiments. The in-neighbors
fraction actually does top off (Fig. 7) but the num-
ber of unidirectional links in the network has a
weaker effect on the composition of paths than
on the fraction of unidirectional links, as one uni-
directional link can cause multiple paths to be
unidirectional.

5.3.4. Summary

The analysis of the node reachability metrics
shows that attempting to predict the routing char-
acteristics of the network based on knowledge of
only the number or fraction of unidirectional links
in the network can be misleading as the values of
these metrics are not indicative of the types of
paths that the routing protocol is likely to encoun-
ter. In addition, picking seemingly similar param-
eterizations can lead to network scenarios with
very different characteristics, and vice versa, pick-
ing seemingly different parameterizations can lead
to network scenarios with similar routing charac-
teristics. Understanding the reachability character-
istics of the network would enable protocol
designers to better analyze routing protocol behav-
ior, as different routing mechanisms are sensitive
to the presence of different kinds of paths. Simi-
larly to the neighbor-related metrics (Section
5.2), the two- and three-power models provide a
wider range of values for the reachability metrics
but are more complex to analyze than the ran-
dom-power model.

5.4. Path characteristics metrics

The path characteristics metrics (Section 4.3)
characterize a scenario in terms of the average
and maximum shortest-path length in the network,
the path length benefit of using a shorter unidirec-
tional path instead of a longer bidirectional path,
and the level of unidirectionality of a unidirectional
path, i.e., the fraction of links on each unidirec-
tional path that are unidirectional. Only shortest
paths are discussed in this section as these are the
paths the routing protocol is most likely to use.

5.4.1. Random-power model
As the average range in the network increases,
so does the number of bidirectional paths. As a

result, the likelihood of encountering a bidirec-
tional path that is as short as the corresponding
unidirectional path between a pair of nodes in-
creases also. This trend is reflected in the path
length benefit of using unidirectional links which
decreases from 1.4 to 1 and remains equal to 1
for values of R, greater than 0.6, which is the
point at which the dominant reachability between
nodes in the network starts to be via bidirectional
paths (Fig. 9). The path length benefit is largely
insignificant in the random-power model.

The average and maximum shortest-path
lengths in the network decrease as connectivity in-
creases and more paths become available. The
maximum shortest-path length varies between
14.8 and 7.3 for Ry;n =0 and Ryin = 0.9 X Rax,
respectively, whereas the average shortest-path
length varies between 3.6 and 2.3 for the same R,
values. The decrease in average shortest-path
length is small due to the dominant contribution
of 1- and 2-hop paths, whose number increases
the fastest with increased connectivity.

The unidirectional links per path fraction is
about 45% at R.,;, of 0 m and decreases monoton-
ically to about 38%. There are several competing
factors that influence this metric. First, as R, in-
creases, there are less unidirectional links and
since links are shared between paths, the conver-
sion of a unidirectional link to a bidirectional link
(as a result of the higher average range) may affect
more than one path (leading to a lower unidirec-
tional links per path fraction). Another factor that
influences this metric is that path length decreases
with an increase in R, and shorter paths do not
share as many unidirectional links because there
are less nodes at which they can intersect (leading
to a lower unidirectional links per path fraction).
Finally, shorter paths can have a higher fraction
of unidirectional links with a smaller number of
unidirectional links on them (which leads to a
higher unidirectional links per path fraction).
The combination of these factors leads to a slow
decrease in the unidirectional links per path
fraction.

5.4.2. Two-power model
The average path length benefit of using unidi-
rectional paths reaches a maximum of 2.16 hops,
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which is higher than in the random-power model.
This is due to the wider range of values for the
number of unreachable and unidirectionally reach-
able nodes in the two-power scenarios (Section
5.3.2). As a result, at low values of Ny and Rjoy,
where the number of unidirectional links is high,
longer bidirectional paths are less likely to exist
than shorter ones; a single unidirectional link can
make the path unidirectional, and the more links
in a path, the more likely it is that one of them
may be unidirectional. As in the random-power
model, the path-length benefit declines with the in-
crease in the number of bidirectional paths.

The wider range of values for the unreachable
and unidirectionally reachable nodes (relative to
the random-power model), leads to a wider range
for the shortest and maximum shortest-path met-
rics as well, which vary between 1.87 and 4.57,
and 7 and 21.3, respectively. The range of values
for the unidirectional links per path metric is also
wider in the two-power model (0.12-0.59). Simi-
larly to the random-power model, this metric is
highest for scenarios with the highest in-neighbors
fraction and lowest for scenarios with the lowest
in-neighbors fraction, (Njow, Riow) = (90,0.1) and
(10,0.9), respectively.

5.4.3. Three-power model

The path length benefit in both Scenarios 1 and
2 decreases with the increase in the number of bidi-
rectional paths, just as in the random- and two-
power models. In Scenario 1, the maximum path
length benefit is only 1.22, because the number of
unreachable nodes is very low (Section 5.3.3).
The fraction of nodes that a node cannot reach
on average reaches 91% in Scenario 2 (Section
5.3.3) leading to a higher path length benefit of
using unidirectional links (up to 2.9 hops).

Similarly to the random- and two-power mod-
els, path length increases with an increase in
unreachability, for both Scenarios 1 and 2. The
average shortest-path length and maximum short-
est-path length reach values of 3.57 and 12.7 in
Scenario 1, and 4.45 and 20.8 in Scenario 2,
respectively.

The unidirectional links per path fraction met-
ric achieves ranges of 0.34-0.42 for Scenario 1
and 0.33-0.57 for Scenario 2, which are wider than

the ones in the random-power model but narrower
than the ones in the two-power model.

5.4.4. Summary

The analysis of the path characteristics metrics
reveals that unidirectional links can have a signif-
icant impact on the length of network routes,
and that unidirectional paths in the three-power
models generally contain a significant fraction of
unidirectional links. The path length benefit of
using unidirectional paths is fairly small though
of course, in some cases bidirectional paths are
actually not available, so protocols that attempt
to find a bidirectional path and are not able to
route over unidirectional paths, are not going to
be able to deliver their data and may incur unnec-
essary overhead.

As in the case of the neighbor-related and
reachability metrics, the two- and three-power
models provide a larger set of values for each met-
ric than the random-power model and thus pro-
vide protocol designers with more choices for
experimenting with routing protocols in unidirec-
tional networks with different characteristics.

5.5. Link and path changes metrics

The link and shortest-path changes metrics re-
flect the level of mobility in the network and the
challenge to the routing protocol in terms of dis-
tinguishing between changes in the directionality
of a link versus a link break, which affects protocol
efficiency (Section 4).

5.5.1. Random-power model

The number of links in the network increases
with an increase in average range and as a result,
the number of link changes increases as well
(Fig. 17); node movement in the presence of a
higher number of links causes a higher number
of link changes. However, the fraction of all links
that experience a change actually decreases from
0.009 at R, of 0 to 0.0065 at R, of 0.9 of R ay.
This decrease is due to the fact that the rise in the
number of links outpaces the increase in the num-
ber of link changes, since at a higher average
range, the distance traversed and thus the time
required to cause a link change is longer.
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Fig. 17. Random-power model: link changes (1 m/s).

300

Shortest-Path Changes per Second

50

00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

R_. as a Fraction of R
min max

Fig. 18. Random-power model: shortest-path changes (1 m/s).

The number of shortest-path changes and the
fraction of shortest paths that change decrease
with an increase in average range (Fig. 18), with
the fraction of shortest-path changes decreasing
from 0.035 to 0.01 at Ry, =0 and R, = 0.9 %
Ruax, respectively. This is due to the fact that as
average range increases, connectivity increases
leading to the presence of redundant links (i.e.,
links that do not improve reachability or path
length) and when a node encounters such a link
or when such a link breaks, the shortest paths
between it and other nodes are unaffected. This
effect is reflected in the ratio of the fraction of

shortest-path changes to the fraction of link
changes which starts out at 3.9 and decreases
monotonically, reaching a value of 1.51 at Ry,
of 0.9 of R.x.

We have divided link changes into several
groups to highlight several different types of link-
related events that may affect the routing protocol
(Section 4). The only statistically significant differ-
ences between the four types of link changes are
for the smallest and largest values of R, (Fig.
17). For small values of R, the likelihood of uni-
directional links becoming unreachable and
unreachable links becoming unidirectional is high-
er than the likelihood of unidirectional links
becoming bidirectional and bidirectional links
becoming unidirectional. For the highest several
values of R, this trend is reversed. These effects
are due to the fact that at low values of average
range, movement is more likely to cause two nodes
to go from being unidirectional neighbors to being
disconnected and vice versa, whereas for high val-
ues of the average range in the network, movement
is more likely to cause them to become bidirec-
tional neighbors.

5.5.2. Two-power model

The number of link changes per second is influ-
enced by the number of links in the network and
also by the number of unidirectional links in the
network (Fig. 19). The highest number of link
changes occurs at the point of highest value for

o]

o

Link Changes per Second
n S

- O

C 02 )
90
0.1 ROW as a Fraction of Rhigh

Fig. 19. Two-power model: link changes (1 m/s).
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the number of in-neighbors (N = 50) and high-
est number of links (Rjow = 0.9). The maximum
number of link changes per second in the two-
power model is 8.16, and the maximum number
of link changes per second in the random-power
model is 14.17, but the maximum fraction of link
changes approaches 0.01 in both models.

The fraction of shortest-path changes reaches a
maximum of 0.12 which is 3.43 times higher than
the maximum value of the fraction of shortest-
path changes in the random-power model. The
fact that a similar fraction of link breaks in the
two models causes a different fraction of route
breaks is due to the differences in path length
between the models (Sections 5.4.1 and 5.4.2);
longer paths are more affected by link changes
than shorter ones.

Similarly to the random-power model, the num-
ber of changes between unreachable and unidirec-
tional links is higher than the number of changes
between unidirectional and bidirectional links
when average range is low and the reverse is true
for high average range.

5.5.3. Three-power model

The number of link changes in Scenario 1 in-
creases with average range, e.g., as both Ny,
and Npeqium Increase (Fig. 20), and also with the
number of unidirectional links in the network,

10

Link Changes per Second

80 10 20 Nmedium

Fig. 20. Three-power model (Scenario 1): link changes (1 m/s).

which is why the link changes curve follows the
same trend exhibited by the number of in-neigh-
bors curve. When the number of unidirectional
links is highest, the number of link changes is also
highest, as unidirectional links participate in the
most types of link changes—unidirectional to bidi-
rectional or unidirectional to unreachable and vice
versa. Scenario 2 follows the same trend as well,
except there are less link changes (about 2, at max-
imum) since the connectivity is lower as there are
less links overall.

Similarly to the random- and two-power mod-
els, the number of shortest-path changes is influ-
enced by the lengths of the paths in the network.
The shortest-path changes in Scenario 1 increase
monotonically with both Ny, and Npcgium follow-
ing the average shortest-path length trend. The
number of shortest-path changes in Scenario 2
(Fig. 21) follows the same pattern except that it
has higher values than Scenario 1 up to N, of
50 (due to the much lower connectivity) and after
that starts to decline (rather than increase mono-
tonically as in Scenario 1) due to the higher level
of unreachability (Fig. 8). The fraction of link
changes reaches the same maximum value of 0.01
in both Scenarios as in the random- and two-
power models, whereas the shortest-path changes
fraction in Scenario 2 reaches a maximum of
0.08 (which is smaller than in the two-power model

Shortest-Path Changes per Second

Fig. 21. Three-power model (Scenario 2): shortest-path
changes (1 m/s).
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and larger than in the random-power model) and
is about 4 times higher than the maximum value
in Scenario 1 (which itself is higher than the max-
imum value of the metric in the random-power
model). As mentioned in Section 5.5.2, a similar
fraction of link breaks in all of the models causes
a different fraction of shortest-path changes in
each model due to the differences in path length
between scenarios generated by each model (Sec-
tions 5.4.1, 5.4.2, and 5.4.3); longer paths are more
affected by link changes than shorter ones.

The different types of link changes in Scenario 1
have similar values to each other and follow the
same trend as the link changes metric.

In Scenario 2, due to the higher level of
unreachability, the unidirectional to unreachable
link changes have higher values than the unidirec-
tional to bidirectional changes and vice versa.

5.5.4. Summary

The analysis of the link and path change metrics
shows that knowing the number or fraction of link
changes, does not always help in predicting the
number and fraction of shortest-path changes, as
these are also dependent on path length and the
types of paths that exist in the network. Our find-
ings reinforce once again, that it is important to
analyze the routing characteristics of the network
using a rich set of metrics, as different metrics ex-
pose different aspects of the routing environment
that often cannot be predicted based on the values
of other metrics.

5.6. Effects of mobility and speed of movement

To explore the effects of mobility, we performed
the same set of experiments described in Section 5
but with a maximum speed of movement of 20
m/s, instead of 1 m/s. In addition, we repeated
the experiments for a static network.

5.6.1. High mobility

The values of most of the metrics for the ran-
dom-power model at 20 m/s are nearly identical
to the values of the metrics in the 1 m/s scenarios
because they are influenced by node density rather
than mobility, and the Random Waypoint model
maintains a similar density between scenarios with

different maximum speeds at a pause time of 0
(Section 5). The metrics that are influenced by
the level of mobility in the network are the link
and shortest-path changes metrics for which the
shapes of the graphs are the same but the absolute
values are higher at 20 m/s due to the higher speed
of movement. The number of link changes is about
12.7 times higher, and the number of shortest-
path changes is about 11.5 times higher at 20 m/
s, which match the differences in the ratios of link
and shortest-path change metrics between 1 and 20
m/s in the scenarios without power variations
(Table 1).

The metrics for the two- and three-power mod-
els at 20 m/s exhibit the same behavior as in the
random-power model.

5.6.2. Static networks

In a static network with random-power model
generated power levels, the total number of neigh-
bors is 74% of the total number of neighbors in a
mobile scenario, and the total number of paths is
95% that of the mobile scenarios. This lower con-
nectivity is present in scenarios without power var-
iation as well (Table 1) and is due to the difference
in the distribution of nodes on the site between a
static network and a network in which the nodes
move according to a Random Waypoint model
(Section 5). The difference in the distribution of
nodes on the site, and the consequent difference
in connectivity between the static and mobile sce-
narios is the cause of differences in their routing
characteristics. The general trend in the values of
the metrics in the static network is the same as in
the mobile ones, except that the number of neigh-
bors is lower, the number of unreachable nodes is
higher, and the path lengths are higher. These dif-
ferences are generally in the range of 5-15%.

5.7. Routing example analysis

In this section, we briefly revisit the AODV
example introduced in Section 1, which we are
now able to analyze using the metrics studied in
the preceding sections.

As mentioned in Section 1, the number and
fraction of in-neighbors decrease monotonically
in the parameterizations of the two-power model,
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moving from left to right in Fig. 1. These simple
metrics, however, do not explain the non-mono-
tonic behavior of the routing protocol, which can
now be interpreted with the help of the metrics
we developed. In particular, Fig. 22 shows the
reachability metrics for the unidirectional scenar-
ios used in the simulation of AODV.

AODV gencrates ROUTE REQUESTS when it
encounters a unidirectional or broken link, and
when a destination node is unreachable. The peak
of the RouTE REQUEST graph is at Ry, of 0.3;
this is the scenario with the highest number of
unreachable and one-way unidirectionally reacha-
ble paths, and these cause the largest number of
route discoveries. For values of Ry, of 0.1 and
0.2, connectivity is lower than at 0.3, but it is so
low that RouTE REQUEST packets are not able
to propagate to many nodes. At Ry, of 0.4, the
number of unreachable nodes is much lower than
at 0.3, and even though the number of mutually
unidirectional paths is higher (triggering protocol
reaction), the number of bidirectional paths is also
higher, causing the ROUTE REQUEST curve to be-
gin to decline. This decline turns into a slow in-
crease at Ry, of 0.6, which is the point at which
the number of bidirectional paths in the network
begins to exceed the number of unidirectional
paths. At first glance, it seems that the number
of RouTE REQUESTs should begin to decline as

the protocol is more likely to find bidirectional
paths. However, as the number of bidirectional
paths grows, so does the number of link breaks
as well as the number of bidirectional to unidirec-
tional link changes (Fig. 19). As a result, the pro-
tocol is forced to perform more local repairs, both
in response to link breaks and also in response to
links changing from bidirectional to unidirec-
tional, which are perceived by the protocol as link
breaks.

6. Conclusion

In this paper, we have studied the impact of uni-
directional links on the routing characteristics of
multihop wireless ad hoc networks. Our analysis
focuses on mobile networks composed of heteroge-
neous devices with different transmission capabili-
ties. To generate such networks, we used the three
most commonly used power variation models for
simulations of ad hoc networks with unidirectional
links: the random-, two-, and three-power models,
each parameterized with a wide range of parame-
ter values. We presented a set of metrics that ex-
pose the routing characteristics of the resultant
network scenarios, indicating the routing difficulty
that each poses to the routing protocol. Our anal-
ysis shows that it is important to examine the
behavior of the network from multiple viewpoints,
as the difficulty and effects of a unidirectional sce-
nario on routing protocol performance can be
interpreted only with knowledge of the routing
characteristics of the network and insight into
their interactions. Our findings enable protocol
designers to better choose a set of network scenar-
ios that truly explore a wide range of a routing
protocol’s behaviors in the presence of unidirec-
tional links, and to better understand the subtleties
of the interplay between routing mechanisms and
network states.
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