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Introduction

In this report, we describe the application of Ant Colony Optimization (ACO) [14,
15] to a dynamic on-line optimization problem, namely routing in mobile ad hoc
networks in urban environments. Routing is the task of finding and using paths
to direct data flows through a network while optimizing one or more performance measures. This often comes down to a problem of finding minimum cost
paths between pairs of source and destination nodes in the network. Hence, the
problem of routing maps rather well to the solution model most commonly used
in ACO, which is inspired by the ability of certain types of ants in nature to find
the shortest path between their nest and a food source through a distributed
process based on stigmergic communication [7]. An important aspect of routing,
which sets it apart from many other applications of ACO, is that it is typically
a distributed and dynamic problem, which means that the description of the
problem changes over time and decentralized solutions must be adopted. This
is because the situation in the network changes, e.g. because the traffic process
at the nodes varies, or because there are link or node failures. As a consequence,
the optimization algorithm for routing needs to adapt continuously.
Here, we focus on routing in a specific type of communication networks,
namely mobile ad hoc networks (MANETs) [31]. These are networks that consist
entirely of wireless nodes, placed together an ad hoc manner (i.e., on-the-fly, or
with minimal prior planning) and without the support of a fixed communication
infrastructure. All nodes are mobile, and can enter or leave the network at any
time. Data are forwarded among the nodes of the network in multi-hop fashion.
An example could be a network created by users carrying WiFi enabled laptops
or palmtops operating in ad hoc mode, or a network created among moving cars
that are enabled with wireless technology (in this case we also talk of vehicular
networks [24]). MANETs are substantially different from more traditional wired
communication networks such as the Internet. They are highly dynamic, have
severe restrictions on the effective usable bandwidth (mainly due to the sharing
of the wireless medium) (e.g., [18, 23]), have limited battery power available at
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each node, are based on the use of possibly unreliable wireless communication
channels, etc. Algorithms and protocols for MANETs should be adapted to deal
with these challenging properties. In this report we show how techniques from
ACO can be applied to support routing in this kind of networks. We focus in
particular on MANETs deployed in urban environments, which are confronted
with specific conditions in terms of the network node movement patterns and
the wireless radio propagation.
In the rest of this report we first provide some more background on MANET
routing. Then, we explain the main ideas behind existing work on ACO for
routing. Next, we present the AntHocNet routing algorithm, which applies
ACO routing in MANETs. After that, we describe the properties of the urban
scenarios used in our studies, and finally we present the results of a set of
experiments in which we study the general characteristics of urban MANETs,
and we evaluate the performance of the AntHocNet routing algorithm in these
scenarios compared to AODV [29], a state-of-the-art MANET algorithm.

2

Routing in mobile ad hoc networks

The task of routing is particularly hard in MANETs. Due to the ad hoc and dynamic nature of these networks, the topology can change continuously, and paths
between sources and destinations that were initially efficient can quickly become
inefficient or even infeasible. This means that routing information should be
updated more regularly than in traditional wired telecommunication networks.
However, this can be a problem in MANETs, because they typically have limited bandwidth and node resources, and make use of possibly unreliable wireless
communication channels. New routing algorithms are therefore needed, which
can give adaptivity in an efficient and robust way.
A lot of research has been carried out on routing in MANETs in recent years
(see [4] for a survey). Existing MANET routing algorithms can be classified as
being proactive, reactive or hybrid [31]. Proactive algorithms try to maintain
up-to-date routes between all pairs of nodes in the network at all times. The
advantage is that routing information is always readily available when data
need to be sent, while the main disadvantage is that the algorithm needs to
keep track of all topology changes, which can become difficult when there are
a lot of nodes or when they are very mobile. Examples of proactive algorithms
are Destination-Sequence Distance-Vector routing (DSDV) [28] and Optimized
Link State Routing (OLSR) [9]. Reactive algorithms only maintain routing
information that is strictly necessary: they set up routes on demand when a
new communication session is started, or when a running communication session falls without route. This approach is generally more efficient, but can lead
to higher delays as routing information is often not immediately available when
needed. Examples of reactive routing algorithms include Dynamic Source Routing (DSR) [22] and Ad-hoc On-demand Distance-Vector routing (AODV) [29].
Finally, hybrid algorithms use both proactive and reactive elements, trying to
combine the best of both worlds. An example is the Sharp Hybrid Adaptive
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Routing Protocol (SHARP) [30].
So far, most of the work has been carried out in simulation and has addressed
simplified scenarios considering open space environments, random mobility patterns, and generic traffic loads. In this report we introduce a novel hybrid
routing algorithm and we study its behavior and performance in a simulated
urban environment considering realistic radio propagation, user mobility, and
data traffic. Urban environments pose a number of unique challenges that set
them apart from the open space cases. This kind of studies is fundamental to
pave the road to the practical application of MANETs in real-world environments, which is still very limited.

3

Ant Colony Optimization for routing: general
principles

ACO routing algorithms take inspiration from the behavior of ants in nature and
from the related field of ACO to solve the problem of routing in communication
networks. The main source of inspiration is found in the ability of certain types
of ants (e.g. the family of Argentine ants Linepithema Humile) to find the
shortest path between their nest and a food source using a volatile chemical
substance called pheromone. Ants traveling between the nest and the food
source leave traces of pheromone as they move. They also preferentially go in the
direction of high pheromone intensities. Since shorter paths can be completed
faster, they receive higher levels of pheromone earlier, attracting more ants,
which in turn leads to more pheromone. This positive reinforcement process
allows the colony as a whole to converge on the shortest path. It forms the
basis of most of the work in the field of ACO.
As pointed out earlier, the problem of finding shortest paths maps quite
well to the problem of routing in networks. Moreover, the ability to solve these
problems in a distributed way is important in communication networks, as these
usually operate without a point of central control. It comes to no surprise
therefore that routing was one of the early application areas of ACO. Early
work on ACO routing includes the Ant-Based Control algorithm (ABC) [35]
for circuit-switched wired networks and the AntNet algorithm [11] for packetswitched wired networks. Over the years, many variations and improvements of
these algorithms have been proposed, as well as applications to different kinds
of network (see for example the Q-Colony algorithm for routing in Quality-ofService networks [40]).
The main idea behind all of these algorithms is that nodes in the network
periodically and asynchronously send out artificial ants towards possible destination nodes of data. These ants are small control packets, which have the
task to find a path towards their destination and gather information about it.
Like ants in nature, artificial ants follow and drop pheromone. This pheromone
takes the form of routing tables maintained locally by all the nodes of the network. They indicate the relative quality of different routes from the current
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node towards possible destination nodes. Ants normally take probabilistic routing decisions based on these pheromone tables, giving a positive bias to routes
of higher pheromone intensity, in order to balance exploration and exploitation
of routing information. Often, the tasks of following and updating pheromone
are split between a forward and backward ant, whereby the forward ant finds a
path towards the destination and the backward ant travels back over the path
to update pheromone tables. The result of the continuous ant sampling process
is the routing information in the pheromone tables, which is used to forward
data. This can again be done probabilistically, or deterministically following
the path with the highest pheromone level.
ACO routing algorithms boast a number of interesting properties compared
to traditional routing algorithms. First of all, they are adaptive, thanks to the
use of continuous path sampling and probabilistic ant forwarding, which leads
to an uninterrupted exploration of the routing possibilities. Next, they are robust. This is because routing information is the result of the repeated sampling
of paths. On the one hand, the different samples are to some extent redundant,
and the algorithm can therefore support packet loss. On the other hand, the use
of sampling implies that routing information is based on direct measurements of
the real network situation, which enhances its reliability. Finally, ACO routing
algorithms can usually set multiple paths, over which data packets can be forwarded probabilistically like ants. This can result in throughput optimization,
automatic data load balancing, and increased robustness to failures.
For routing in MANETs, especially the properties of adaptivity and robustness are particulary interesting, as was pointed out in section 2, so that ACO
routing algorithms could form a possible solution to deal with the challenges
found in such networks. However, the fact that these algorithms rely on the
continuous generation of small ant packets to gather routing information can
easily lead to excessive overhead in the bandwidth limited MANETs. This is
especially problematic since MANETs usually rely on contention based mechanisms for medium access control, which essentially means that a high number
of small packets generates much more overhead than a lower number of larger
packets. The challenge is to develop an ACO routing algorithm that can offer
adaptivity and robustness while keeping overhead limited. In what follows, we
describe the AntHocNet routing algorithm, which solves this issue by taking a
hybrid approach that combines ant based path sampling with other mechanisms
for learning.

4

The AntHocNet routing algorithm

In this section we describe AntHocNet, an ACO routing algorithm for MANETs.
AntHocNet can be considered a hybrid algorithm, since it contains both reactive
and proactive elements. It is reactive in the sense that it only gathers routing
information about destinations that are involved in communication sessions. It
is proactive in the sense that it tries to maintain, improve and extend routes
while the communication session is going on. This hybrid architecture improves
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the efficiency by focusing efforts on ongoing sessions. Another factor to help
the efficiency is found in the organization of the proactive route maintenance
and improvement process, which combines ant-based path sampling with other
forms of information gathering. Routing information in AntHocNet is stored in
pheromone tables. Forwarding of ant and data packets is done in a stochastic
way, using these tables. Link failures are dealt with using specific reactive mechanisms, such as local route repair and the use of warning messages. Below, we
describe the general working of the AntHocNet routing algorithm. For detailed
accounts, we refer to [12, 17, 16].

4.1

Pheromone tables

Routing information is organized in pheromone tables. Each node i maintains
one pheromone table Ti , which is a two-dimensional matrix. An entry Tijd of
this matrix contains information about the route from node i to destination d
d
over neighbor j. This information includes the pheromone value τij
, which is a
value indicating the relative goodness of going over neighbor j when traveling
from node i to destination d, as well as statistics information about the route,
and possibly virtual pheromone. This latter value is derived from the normal
pheromone, which we will from now on refer to as regular pheromone, and is
used to support proactive route maintenance an improvements. More details
about virtual pheromone will follow in subsection 4.3. Apart from a pheromone
table, each node also maintains a neighbor table, in which it keeps track of which
nodes it has a wireless link to.

4.2

Reactive route setup

At the start of a new communication session, the source node s of the session
checks its pheromone table, to see whether it has any routing information available for the session’s destination d. If it does not, it starts a reactive route setup
process, in which it sends a reactive forward ant out to find a route to the d.
Since s has no information about where to find d, it broadcasts the ant, i.e.
sends it to all its neighbors simultaneously. Each node i in the network that
receives a copy of the reactive forward ant checks whether it is the ant’s final
destination, and if this is not the case forwards the ant in turn. This forwarding
can be done by broadcasting, in case i does not have any routing information
available for d, or by unicasting, in which case i chooses a next hop for ant
d
probabilistically based on its pheromone entries for d. The probability Pin
of
choosing a next hop n from among i’s set of neighbors Ni is calculated using
equation 1, whereby β1 is a parameter to tune how much preference is given to
higher pheromone values.
d
Pin
=P

d β1
(τin
)
,
d β1
(τ
j∈Ni ij )

β1 ≥ 1,

(1)

The first copy of the reactive forward ant to reach d is converted into a reactive backward ant, while subsequent copies are destroyed. The reactive backward
6

ant retraces the exact path that was followed by the forward ant back to s. On
its way, it collects quality information about the route, which is calculated based
on the measured strength of the wireless signals on the links along the route. At
each intermediate node i and at the source s, it updates the pheromone values
with respect to d based on this quality information. This update is done using
an exponential moving average, as follows:
d
d
+ (1 − γ)qid ,
τin
= γτin

γ ∈ [0, 1],

(2)

whereby n is the upstream node from i in the route, γ is the smoothing factor
d
of the moving average and qin
is the measured route quality. In this way, a first
route between source and destination is established at completion of the reactive
route setup process. The full process is repeated later if the source node falls
without valid routing information for the destination of the session while data
still need to be sent.

4.3

Proactive route maintenance and improvement

Once a first route is made available between the source and destination of a data
session, and for the entire duration of the session, the algorithm carries out the
proactive route maintenance and improvement process. This process is aimed
at finding new and better routes, and extending the single route created by the
reactive route setup to a full mesh. It consists of two subprocesses: pheromone
diffusion and proactive ant sampling.
The aim of the pheromone diffusion subprocess is to spread out pheromone
information placed by the ants. It is implemented using update messages that
are broadcast periodically and asynchronously by all the nodes of the network
to their neighbors. In these messages, a sending node n places the list of destinations it has information about, including for each destination d its best
d
). A node i receiving the message from n
pheromone value τ̂nd = maxj∈Nn (τnj
can then derive an estimate of the goodness of going from i over n to each of
the destinations d, by combining the quality of the link from i to n with the
d
,
reported pheromone value τ̂nd . The result is the virtual pheromone value ωin
which is stored in i’s pheromone table. This virtual pheromone can in turn be
forwarded in the next periodic update message sent out by i, so that eventually
a virtual pheromone field pointing to each of the destinations d is created in
the MANET. The general way of working of the pheromone diffusion process
is based on principles of distributed dynamic programming, and can be found
back in many other algorithms, such as for example in Bellman-Ford routing
algorithms [6]. In reinforcement learning, this approach is referred to as information bootstrapping [39]. The advantage of information bootstrapping is that
it is a very efficient way of spreading information, as the estimates calculated
by the nodes are fully reused by neighboring nodes. Its main disadvantage is
that it can be slow to converge to correct estimates and might therefore give
suboptimal results in highly dynamic non-stationary environments. This is why
we combine it with the second subprocess, the proactive ant sampling.
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The proactive ant sampling subprocess follows the typical mode of operation
of ACO routing algorithms. The source node s periodically sends out proactive forward ants towards the destination d. These ants construct a path in a
stochastic way, choosing a new next hop probabilistically at each intermediate
node. The probability for an ant in a node i to choose next hop n is given in
equation 3. As can be seen from the formula, proactive forward ants can follow both regular and virtual pheromone. Different from reactive forward ants,
they are never broadcast: when the reach a node where no routing information
about d is available, they get dropped. Once a proactive forward ant reaches the
destination, it is converted into a proactive backward ant that travels back to
the source and leaves (regular, not virtual) pheromone along the way, just like
reactive backward ants. This way, each proactive ant explores a route indicated
by virtual pheromone, and then, once it has verified that it is correct and leads
to the destination, marks it with regular pheromone.
d
Pin
=P

d
d
(max(τin
, ωin
))β2
,
d
d
β2
j∈Ni (max(τin , ωin ))

β2 ≥ 1,

(3)

Using these two subprocesses, the proactive route maintenance and improvement process combines two approaches to learning: information bootstrapping
and ant based sampling. Information bootstrapping provides an efficient way
of spreading routing information, while ant sampling provides robustness and
reliability.

4.4

Data forwarding

Data packets are forwarded from their source to their destination like ants,
choosing a next hop probabilistically at each node. They follow thereby only
regular pheromone, as virtual pheromone is potentially unreliable and is only
meant to guide the ants’ exploration process. The formula used to calculate
the probability of each possible next hop for data packets is the same as in
equation 1, but with a different parameter β3 instead of β1 . β3 is normally
higher than β1 , so that data focus more on the best routes. By setting β3 to
infinity, deterministic routing over the best route can be obtained.

4.5

Dealing with link failures

Link failures are detected in AntHocNet via failed transmissions of data or
control packets, or through the use of the pheromone diffusion messages playing
the role of so-called Hello messages. Hello messages are short messages that
are periodically sent out by all nodes in the network. The reception of a hello
message is indicative of the presence of a wireless link, while the failure to receive
such messages points to the absence of a link. In practice in AntHocNet, the
function of hello messages is fulfilled by the same periodic update messages that
are used for pheromone diffusion. Upon detection of a link failure, nodes control
their pheromone table, to see which routes become invalid due to the failure, and
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whether alternative routes are available for the affected destinations. Then, the
node broadcasts a link failure notification message to warn neighboring nodes
about all relevant changes in its pheromone table. Neighbors receiving this
message update their routing information accordingly and if this leads to the
loss of a route for them too, they send out their own notification message. In
case the link failure was associated with a failed data packet transmission, the
node can also start a local route repair to restore the route to the destination of
this data packet. To this end, it sends out a repair forward ant. Repair forward
ants are similar to reactive forward ants, in the sense that they follow available
pheromone information where possible (using equation 1), and are broadcast
otherwise, but they have a limited maximum number of broadcasts, so that they
cannot travel far from the old failed route. Upon arrival at the destination, the
repair forward ant is converted into a repair backward ant that travels back
to the node that started the repair process and sets up the pheromone for the
repaired route. A last tool in dealing with link failures is the use of unicast
warning messages. These are needed when data packets for a lost destination
still arrive at the node after a link failure notification has already been sent.
This can be due to bad reception of the broadcast notification message. In this
case, the node sends a warning to the node it received the data from, in order
to inform it that it can no longer forward data for this destination.

5

Working in an urban environment

In this report, we are particulary interested in the evaluation of our AntHocNet routing algorithm in MANETs that support interactive communication in
an urban environment. The use of this specific type of scenarios has a strong
influence on important aspects of the working of the MANET. First of all, the
structure of the urban environment defines possible movement patterns for the
nodes of the network. Second, the presence of buildings and other obstacles has
a strong impact on the way radio waves can propagate and hence influences the
connectivity between the nodes of the network. Finally, the interactive communication defines the data load and data traffic patterns. These properties
set these scenarios apart from the kind of settings applied in most MANET
evaluation studies, which rely on open space scenarios, random movement patterns and random communication patterns. We believe that the study of urban
scenarios is important as this will become an important application area for
MANET technology in the near future. Recent projects with wireless mesh networks, which are static ad hoc networks, in large cities such as Taipei [2] and
Philadelphia [3] also point in this direction.
In what follows, we discuss the mentioned aspects of node mobility, radio
wave propagation and data communication patterns in turn. We describe their
effects and explain how we modeled them in the simulation study that will be
presented in the next section. After that, we also give a short overview of other
studies that focus on the use of MANETs in urban settings.

9

Figure 1: The setting of our study: an area of 1561 × 997 m2 in the center of
the Swiss town of Lugano.

5.1

The urban environment and node mobility

The urban setting used in our simulation study is the center of the southern
Swiss town of Lugano. Lugano is a relatively small old town presenting an
irregular street topology common to most European cities. We focus on an area
of 1561 × 997 m2 , which covers most of downtown Lugano. The street structure
is shown in figure 1. As shown in the figure, the cityscape is composed of streets
(the white lanes) and buildings (the gray polygons). Streets define the open
spaces where nodes are free to move. Buildings are in our study inaccessible to
the nodes and basically play the role of obstacles that put constraints on node
movements and shield radio wave propagation. Other elements are the lake, in
the bottom of the image, and urban infrastructures. However, these latter do
not play any role and are left in the image for the sole purpose of showing the
town organization.
To define node movement patterns, we used an urban mobility model based
on the so-called random waypoint model (RWP) [22]. Under the RWP model,
nodes choose a random destination and speed, move in a straight line to the
chosen destination at the chosen speed, and then pause for a certain time before
picking a new destination and speed. In our urban version of RWP, destinations
are only chosen from among the open spaces in the town, and nodes do not
move along a straight line to their destination, but instead follow the shortest
path through the streets of the town. In order to define node destinations
and movements, we derived a graph representing the street structure of the
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town. Destinations were chosen from among all points that are located on an
edge or in a vertex of the graph, and shortest paths were calculated in the
graph using Dijkstra’s algorithm [27]. We have chosen maximum node speeds
that correspond to realistic inner city movements: from 3 m/s (10.8 km/h) to
represent pedestrians or cyclists up to 15 m/s (54 km/h) to represent cars. The
pause time of our RWP model is 30 s. Finally, we keep 20% of the nodes static,
to represent immobile network users. These can for example be wireless access
points placed by shop or restaurant owners, or infrastructure nodes provided by
the town authorities.

5.2

Radio propagation

Wireless communication in an urban environment is strongly conditioned by the
way radio waves interact with the objects they encounter. The most basic effect
is that waves produced at street level are blocked by buildings, so that connectivity in urban wireless networks is restricted compared to open space scenarios.
Some urban simulation studies for MANETs in the literature only account for
this effect, using open space propagation models along the line of sight (LoS)
and blocking any non-LoS communication (see e.g. [25]). In our study, we use a
more detailed approach, which incorporates also other propagation effects. The
most important of these effects is reflection off buildings: as radio rays bounce
off building walls, they can travel around corners into side streets. Also, reflection allows a signal to travel further along the LoS through a street than
it would in open space, since multiple reflected rays are tunneled in the same
direction. This means that crude approximation models that do not account
for reflection are too restrictive. Another important effect is diffraction, which
allows rays to bend around corners to a certain extent. This further improves
connectivity into side streets. Other effects include scattering, which is the reflection off small objects and uneven surfaces, and signal variations over time
due to changes in the environment, such as the passing of vehicles or people.
Both of these last effects are hard to model correctly and greatly increase the
computational complexity (see [37]), and are therefore not taken into account
here.
Making detailed calculations of radio wave propagation in an environment
with many obstacles is a computationally intensive task, especially when many
simultaneous transmitters and receivers are involved, as is the case in MANET
experiments. For our simulation study, we needed to make these calculations in
an efficient way and hence decided to do them off-line in a preprocessing step.
We started from the two-dimensional map of the center of Lugano, and assumed
each building on the map to be of a height that is sufficient to block radio communication going over it (a height of 5 meters already makes diffraction over a
building impossible [37]). Then, we defined a discretization of the space in which
the nodes move, in order to allow an efficient preprocessing: we chose sample
points at regular intervals of 5 meters along the streets of the town, resulting
in 6070 different positions. In each of these points, we placed a transmitter
sending at 2.4 GHz and with a power of 10 mW, and we calculated with which
11

strength its signal was received in each of the other points. All radio propagation calculations were done using the WinProp tool [5]. This is a commercial
software package to model ray propagation in urban environments. WinProp
makes use of raytracing, a technique derived from the field of computer graphics
in which the trajectories of all the waves going between a transmitter and a receiver are first calculated individually, and then combined in order to derive the
resulting signal [36]. The results of the preprocessing calculations were stored
in a matrix of 6070 × 6070 entries. During the simulation, the signal strength
between a transmitting node a and a receiving node b was approximated by the
precalculated signal strength between a transmitter in the sample point closest
to a and a receiver in the point closest to b. This allows very fast calculations,
while only causing an inaccuracy of maximally 2.5 meters on each side.

5.3

Data traffic

For data traffic we use patterns that can reflect realistic applications of the network. We assume that the MANET will in the first place be used to support
interactive communication between users. We model this type of applications
using bidirectional point-to-point data communication sessions. The data packet
size is 160 bytes. We consider a range of different data rates, from 1 packet every
30 seconds, representing an interactive SMS conversation, up to 25 packets per
second, which is sufficient to support good quality voice-over-IP (VoIP) applications. In order to represent silent periods in the interactive communication,
only 40% of all scheduled packets are sent. This corresponds to the typical
proportion of send time in VoIP traffic [21].

5.4

Related work on the simulation of MANETs in urban
environments

While there exists a lot of work on the evaluation and comparison of different
routing algorithms for MANETs (e.g., see [8, 10]), most of it is carried out using
open space scenarios with random mobility and idealized signal propagation
models. Only recently some studies have appeared that investigate the use of
MANETs in urban environments. Here we provide a short overview of this work.
None of these studies include the evaluation of an ACO routing algorithm.
One could make a distinction between simulation studies that make rather
rough approximations of how an urban setting influences node mobility and radio wave propagation, and studies that aim at high accuracy, thereby sacrificing
efficiency. The work presented in [20] belongs to the first category. The authors
propose a scenario with randomly placed building blocks, whereby node mobility is limited to paths between the buildings and radio wave propagation is
implemented using a simple LoS approach: nodes can only communicate when
there is no building between them. The authors investigate how this setup influences the behavior of the AODV routing protocol in comparison to open space
scenarios and notice a severe drop in performance. The authors of [25] follow a
similar approach, but with buildings placed according to a regular grid pattern,
12

rather than randomly. They evaluate how the performance of the DSR routing
protocol is influenced by the urban setting and find a drop in performance that
is however not as strong as the one observed in [20]. Finally, the authors of [19]
use a similar grid town pattern, but with a different radio propagation model:
radio signals are weakened with a fixed amount for every corner they take. The
aim of the paper is to investigate whether a MANET could be used to support
communication between a fleet of taxis. Node movement patterns in the grid
world are based on data about the behavior of real taxis. The authors find that
a high density of users in the system is critical for good performance.
Among the studies that apply a higher level of accuracy, we find in the first
place the work presented in [38] and other papers by the same authors. In
this work, real and very detailed town maps are used, and radio propagation
is modeled using a raytracing approach with some limited preprocessing. Node
movement patterns are based on models derived from diverse research areas
including urban planning, meeting analysis and time use. The authors study
the use of a static ad hoc network running AODV in an area of central London. The highly accurate simulations take very long, in the order of tens of
processor days. The conclusion is also here that high node density is a critical
factor for good performance. Another study that uses a very detailed simulation model is the one described in [34]. The authors also use raytracing, and
apply a preprocessing step that is based on using a discrete set of transmitter
locations but an unlimited number of receiver locations. Their simulations are
reasonably efficient: they are only about a factor 1.5 slower than comparable
open space simulations. The authors compare the performance of AODV in the
urban scenario to that in an open space scenario, and observe a large drop in
performance.
The work presented in this report is in approach and level of detail similar
to the last described work. It allows to get a reasonable feel for what the effects
can be of an urban environment, while making enough abstraction to get an
efficient simulation.

6

Experimental evaluation

In this section we present the results of a simulation study in which we evaluate the use of AntHocNet in the urban setup outlined above. We first describe
technical details about the setup of the study, and then investigate some general
properties of the wireless network under the urban scenario as compared to an
equivalent open space scenario, in order to give the reader a better understanding of the conditions in which these experiments are run. After that, we discuss
a number of tests in which we compare AntHocNet to the AODV routing algorithm. AODV is an important reference in the field of MANET routing: it
is the most studied algorithm around, and is one of the candidates for standardization by the MANET working group of the IETF [1]. We do tests with
varying data send rates, varying numbers of communication sessions, varying
network node densities, and varying node speeds. Finally, we also investigate in
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more detail whether it is possible to support voice communications with these
routing algorithms in the given urban scenario.

6.1

Technical details about the simulation setup

We run simulations of 500 s each, and do 20 individual runs with different
random seeds for each data point. We normally use MANETs of 300 nodes,
but also carry out experiments varying the number of nodes from 100 up to
400. All simulations are carried out using the QualNet network simulator [33].
Urban node movement patterns were fed to the simulator as mobility traces,
and adaptations were made to the simulator code in order to load and use
the precalculated radio wave propagation data (see section 5). For the network
protocols situated at the different layers of the network protocol stack, we follow
choices that are common in MANET research studies and make use of the
implementations available in QualNet. At the physical layer we use the IEEE
802.11 protocol sending at a frequency of 2.4GHz and with a bit rate of 2Mbps.
At the MAC layer, we use the IEEE 802.11 DCF protocol. Finally, at the
transport layer, we use the UDP protocol.

6.2

General network properties

We study how the properties of the network formed between the MANET nodes
are affected by the fact that we work in an urban environment. The data shown
here were obtained by running simulations with an increasing number of nodes
in both the urban scenario and an open space scenario of the same dimensions.
During these simulations, no data traffic was sent, and all nodes were moving
with a speed between 1 and 3 m/s. We report results for the average number
of neighbors each node has, the connectivity (i.e., the fraction of node pairs
between which a path exists), the average length of the shortest path between
each pair of nodes, and the average link duration.
The average number of neighbors per node are shown in figure 2a. We
can see that it is a lot lower in the urban scenario than in the open space
scenario. This is due to the limited radio propagation caused by the shadowing
by buildings of the town. This means that for an equal number of nodes per
square meter, nodes in the urban scenario locally experience a lower density. As
a consequence, connectivity is worse in the urban scenario, but radio interference
is also lower. The lower connectivity in the urban scenario is confirmed by the
results of figure 2b, where we report the fraction of node pairs between which a
path exists. While the open space scenario is always fully connected, the urban
scenario has limited connectivity when there are few nodes in the network. In
figure 2c, we report the average number of hops on the shortest path between
connected node pairs. Also this value is very much affected by the environment:
paths are about double as long in the urban scenario. Finally, in figure 2d,
we report the average duration between the appearance and disappearance of a
link, which is a measure for how dynamic the network is [32]. The average link
duration is independent of the number of nodes: it is constant on about 65 s in
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Figure 2: Properties of MANETs with increasing number of nodes in the urban
setting and in an open space environment. We report averages for (a) the
number of neighbors per node, (b) the fraction of node pairs between which a
path exists, (c) the number of hops on the shortest path between nodes, and
(d) the link duration.
open space, and 43 s in the urban scenario. This means that the change rate of
the network is higher in the urban environment.

6.3
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Figure 3: Results for AntHocNet and AODV with increasing data send rates in
the urban scenario: (a) delivery ratio and (b) average end-to-end delay.
We compare the performance of AntHocNet and AODV in the urban scenario with 300 nodes and with increasing data send rate. We use 10 parallel
bidirectional data sessions of 0.033 packets/s (1 packet every 30 seconds) up to
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25 packets/s, using as intermediate values 0.2, 0.5, 1, 2, 5 and 10 packets/s. As
performance metrics, we use the delivery ratio, which is the fraction of successfully delivered data packets, and the average end-to-end delay, which measures
the average time between data packet generation and delivery at the destination.
The results are shown in figures 3a (delivery ratio) and 3b (average delay).
We can see that both algorithms have bad performance for both metrics at the
lowest data rates, better performance at intermediate rates, and worse performance again at the highest rates. The bad performance at the lowest rates is due
to the fact that both AntHocNet and AODV need to set up a route between
source and destination prior to communication. When data packets are sent
sporadically, previously constructed routes can rarely be reused, and new route
setups are often necessary, creating excessive network load. As data rates increase, subsequent packets can profit from previous route setups. In AntHocNet
this effect is visible at lower rates than for AODV because the proactive route
maintenance and improvement process keeps routes alive for longer periods. At
the highest rates, both algorithms have a decrease in performance because the
high load of data packets starts to interfere with the control packets. In general,
we can see that AntHocNet outperforms AODV for most data rates (except for
delay at the highest data rate). This shows that it is better equipped to deal
with the specific properties of the urban scenario with its longer paths and less
good connectivity. Nevertheless, it must be noted that neither of the algorithms
is able to provide a delivery ratio that is sufficient to support a VoIP application
(see also further in subsection 6.7).

6.4
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Figure 4: Results for AntHocNet and AODV with increasing number of data
sessions in the urban scenario. We use data rates of 5 and 10 packets/s, indicated
by different curves in the figure. Data plots show (a) delivery ratio and (b)
average end-to-end delay.
Here, we report the results of tests in which we vary the number of simultaneous data sessions, from 5 up to 25 sessions, with as intermediate values
10, 15 and 20 sessions. We used two different values for the data send rate: 5
and 10 packets/s. In figure 4, we report delivery ratio and average end-to-end
delay. Both performance metrics show similar patterns: performance is good
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when there are few data sessions, and deteriorates as the number of sessions
increases. At higher data rates, this deterioration is much more pronounced,
due to the higher radio interference caused by the increased amount of traffic
in the network. In general, we can see that AntHocNet outperforms AODV
for both performance metrics in all the studied scenarios, showing its superior
ability to deal with the difficult conditions of the urban scenario.
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Figure 5: Results for AntHocNet and AODV with increasing number of nodes
in the urban scenario. We use data rates of 0.033, 2 and 25 packets/s, indicated
by different curves in the figure. Data plots show (a) delivery ratio and (b)
average end-to-end delay.
In these tests we increase the number of nodes from 100 to 400 with increments of 50. Since the network area size of our urban scenario is fixed, increasing
the number of nodes comes down to increasing the node density. Scenarios with
higher node density normally have better connectivity and shorter paths, but
also more radio interference between nodes (see also subsection 6.2). We use
10 bidirectional data sessions, and do tests with three types of data load: low
(0.033 packets/s), medium (2 packets/s) and high (25 packets/s). The results
are shown in figure 5, where we again report delivery ratio and average end-toend delay.
In terms of delivery ratio, we observe a fixed pattern for both algorithms and
for each of the data rates: performance improves with increasing node density,
up to 250 nodes, after which it stabilizes. The delivery ratio is best for low and
medium data rates, and worse for the highest rate, confirming that it is difficult
to support the data rates needed for VoIP traffic. AntHocNet outperforms
AODV for all data rates and all node densities, except for the highest rate
at the highest density, where performances are comparable. This shows that
AntHocNet can deal better with the conditions of the urban scenario, until the
point where both algorithms start suffering too much from the increased radio
interference due to both the increased node density and the increased data
load. It is also interesting to see that the trend followed by the delivery ratio
graphs is the same as that of the pairwise connectivity in the urban scenario,
shown in figure 2b: first steeply increasing and then stabilizing. This shows that
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connectivity is an important factor to get good performance in urban scenarios
(this has also been observed by other authors, e.g. see [38]). In terms of end-toend delay, we can see performances that are relatively stable with respect to the
node density. AntHocNet outperforms AODV for low and medium data rates.
For the highest data rate, AODV has better delay. At this rate, however, both
algorithms deliver only a limited fraction of the sent data packets.
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Figure 6: Results for AntHocNet and AODV with increasing maximum node
speed in the urban scenario. We use data rates of 0.033, 2 and 25 packets/s,
indicated by different curves in the figure. Data plots show (a) delivery ratio
and (b) average end-to-end delay.
In these experiments we vary the maximum node speed: we increase it from
the 3 m/s, which correspond to a slow cycling speed, up to 15 m/s, which is a
reasonable maximum speed for cars in an urban environment. As intermediate
values we use 6, 10 and 12.5 m/s. We keep using 10 bidirectional data sessions
and again do tests with three types of data load: low (0.033 packets/s), medium
(2 packets/s) and high (25 packets/s). In figure 6, we report the delivery ratio and the average end-to-end delay. As can be expected, delivery ratios go
down with increasing node speeds under all data send rates for both algorithms.
Apart from that, we get a confirmation of earlier results. Delivery ratios are
highest for medium and low data rates, and lowest for the highest data rate.
AntHocNet delivers more packets than AODV, except for the highest data rate,
where delivery ratios are comparable. In terms of delay, we get a similar picture.
Delay goes up with increasing nodes speeds, although the effect is minimal. The
best delays are obtained for the low and medium data rates, and the worst for
the highest rates. AntHocNet outperforms AODV at low and medium data
rates, while AODV is the best at the highest data rate.

6.7

Supporting VoIP traffic

In a final set of experiments, we investigate the issue of delivering sessions
with VoIP level data rates. In subsection 6.3, we saw that both algorithms
have trouble when data rates go up to the high levels needed to support voice
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Figure 7: Results for AntHocNet and AODV with VoIP level data rates (25
packets/s) and varying numbers of data sessions in the urban scenario: (a)
delivery ratio and (b) average end-to-end delay.
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communication: AntHocNet drops to a delivery ratio of 67% and a delay of
0.19 s, while AODV has a delivery of 63% and a delay of 0.1 s. To support
good quality VoIP, a delivery ratio of 90% is needed, while the end-to-end delay
should not exceed 0.15 s (see [26]). These combined standards are not met by
either of the algorithms. Here, we investigate this in more detail.
We do tests varying the number of data sessions from 1 to 10. All sessions
are bi-directional and send 25 packets/s. The results are show in figure 7.
When few sessions are started, both algorithms obtain an end-to-end delay
that is well inside the requirements for VoIP, while AntHocNet also reaches the
requirements for delivery ratio. Then, when the number of sessions is increased,
both algorithms fail to reach the combined VoIP requirements. These reported
results are averages over all the started communication sessions though. In
order to get a more precise view, we investigate for each scenario how many of
the individual sessions reach the cited requirements. These results are shown
in figure 8. Using AntHocNet, a considerable number of sessions could obtain
VoIP quality. This number first grows as more sessions are started up, and then
drops again as data packets from too many sessions start to interfere with each
other. For AODV, the number of sessions receiving the required service quality
always remains low.
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Figure 8: Sessions reaching VoIP quality requirements in terms of delivery ratio
and delay: (a) as a fraction of the total number of started sessions and (b) in
absolute numbers.
19

The results show that using AntHocNet it is in principle possible to support
VoIP in the given urban scenario, despite the fact that on average it does less
good at these data rates than AODV. However, not all sessions can get the
required levels of service, and when too many sessions are started, all of them
suffer. This indicates that it might be useful to refuse some sessions to start (e.g.,
those that would likely not receive the required quality because they need paths
that go through highly congested or poorly connected parts of the network)
in order to be able to deliver a good service to others. This points to the
importance of the use of admission control in resource limited urban MANETs.
For existing work on admission control in MANETs, see e.g. [13].

7

Conclusions

In this report, we have presented an application of ACO to the highly dynamic
on-line optimization problem of routing in MANETs in a realistic urban environment. We have first given a short introduction to the area of MANET
routing in general. Then we have explained the ideas behind the application of
ACO to routing. We have highlighted the mechanisms that make this approach
unique, and have discussed their advantages and disadvantages compared to
more traditional routing algorithms, especially with respect to the specific conditions found in MANETs. After that, we have presented AntHocNet, a hybrid
routing algorithm for MANETs that is based on ACO routing. AntHocNet is
a concrete example of how ACO routing techniques can be adapted to work
in highly challenging environments. Concretely, the algorithm combines ACO
routing with other approaches to learning in order to get adaptivity and robustness while maintaining an efficient working. Next, we have described the urban
environment we work in, and we have explained how it influences the conditions
of the MANET deployment and its differences with respect to open space scenarios. We have also discussed how we modeled the MANET behavior in the
urban environment in terms of radio propagation and mobility patterns, and
how we simulated it in an efficient way. Finally, we have presented a number of
test results in which we compared the performance of AntHocNet in the given
urban MANET scenario to that of AODV, a state-of-the-art algorithm in this
area, considering realistic models for interactive communications and different
configurations for node density, speed, and traffic loads. The results show that
AntHocNet is better able to deal with the difficult conditions that are found in
the urban MANET. The only exception is the case with very high data rates,
corresponding to the traffic generated by voice communications, where both algorithms incur high packet losses due to the increased radio interference, and
AntHocNet suffers a higher average delay. However, when looking at individual
sessions in these same scenarios, AntHocNet is more often than AODV able to
offer the level of service required to support good voice communication.
In this report, we describe the application of Ant Colony Optimization
(ACO) [14, 15] to a dynamic on-line optimization problem, namely routing in
mobile ad hoc networks in urban environments. Routing is the task of finding
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and using paths to direct data flows through a network while optimizing one
or more performance measures. This often comes down to a problem of finding minimum cost paths between pairs of source and destination nodes in the
network. Hence, the problem of routing maps rather well to the solution model
most commonly used in ACO, which is inspired by the ability of certain types
of ants in nature to find the shortest path between their nest and a food source
through a distributed process based on stigmergic communication [7]. An important aspect of routing, which sets it apart from many other applications of
ACO, is that it is typically a distributed and dynamic problem, which means
that the description of the problem changes over time and decentralized solutions must be adopted. This is because the situation in the network changes,
e.g. because the traffic process at the nodes varies, or because there are link or
node failures. As a consequence, the optimization algorithm for routing needs
to adapt continuously.
Here, we focus on routing in a specific type of communication networks,
namely mobile ad hoc networks (MANETs) [31]. These are networks that consist
entirely of wireless nodes, placed together an ad hoc manner (i.e., on-the-fly, or
with minimal prior planning) and without the support of a fixed communication
infrastructure. All nodes are mobile, and can enter or leave the network at any
time. Data are forwarded among the nodes of the network in multi-hop fashion.
An example could be a network created by users carrying WiFi enabled laptops
or palmtops operating in ad hoc mode, or a network created among moving cars
that are enabled with wireless technology (in this case we also talk of vehicular
networks [24]). MANETs are substantially different from more traditional wired
communication networks such as the Internet. They are highly dynamic, have
severe restrictions on the effective usable bandwidth (mainly due to the sharing
of the wireless medium) (e.g., [18, 23]), have limited battery power available at
each node, are based on the use of possibly unreliable wireless communication
channels, etc. Algorithms and protocols for MANETs should be adapted to deal
with these challenging properties. In this report we show how techniques from
ACO can be applied to support routing in this kind of networks. We focus in
particular on MANETs deployed in urban environments, which are confronted
with specific conditions in terms of the network node movement patterns and
the wireless radio propagation.
In the rest of this report we first provide some more background on MANET
routing. Then, we explain the main ideas behind existing work on ACO for
routing. Next, we present the AntHocNet routing algorithm, which applies
ACO routing in MANETs. After that, we describe the properties of the urban
scenarios used in our studies, and finally we present the results of a set of
experiments in which we study the general characteristics of urban MANETs,
and we evaluate the performance of the AntHocNet routing algorithm in these
scenarios compared to AODV [29], a state-of-the-art MANET algorithm.
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