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Abstract. This paper explores geographical location awareness to support soft-
ware agent mobility in ad hoc networks. The idea is to evaluate the concept of 
opportunistic communication to perform agent migration and mobility among 
nodes (handover), in an infrastructureless vehicular ad-hoc network (VANET). 
The application of this idea can support a number of applications, and one of 
particular interest is a “virtual sensor network” composed of software agents 
that implement missions in the form of sensing services, which use the available 
resources provided by the physical nodes, i.e. physical sensor devices, comput-
ing platforms and communication devices. A case study is presented together 
with simulations results to assess the efficiency of the proposed approach. 
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1   Introduction 

Increasing availability of mobile communication technologies enables exploration of 
opportunistic communication approaches as base for new types of systems. Scenarios 
in which data are transported from a source to a destination via mobile nodes that 
physically take the data from one place to another, without the need for an established 
network infrastructure, are explored in delay-tolerant applications [1]. However, such 
a paradigm demands a greater number of nodes that can contribute in relaying data, 
aiming to increase the probability of the data to be delivered. This also refers to the 
scale of the system in terms of coverage area, which can vary from a few square me-
ters up to the limits of a big city.  

Mobile devices are generally resource constrained. This means that such nodes 
may not offer support to an unlimited number of services or users, neither overuse of 
their communication capabilities. Another issue is how to get context awareness in-
cluding background information to support network communication decisions.  
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A promising approach to handle such problems is the use of mobile software 
agents, which can provide a modular way to implement services encapsulated to-
gether with intelligent behaviors that allow the management of the communication 
concerns related to their movements among network nodes. 

In this context, the present work explores an approach where mobile software 
agents collect data about a phenomenon of interested by dissemination in an infra-
structureless wireless network consisting of mobile nodes. These nodes can host the 
agents and, as physical resources, provide runtime environment and physical sensor 
devices needed to collect the desired data. The contribution is to offer an efficient 
way, in terms of network usage, to provide agent mobility. This proposal is called 
GAMAF, Geo-Aware Mission Agent Ferrying. 

The remaining text is structured as follows: Section 2 presents the motivations and 
an application scenario overview. Section 3 describes the proposed approach, called 
GAMAF, while Section 4 presents details about a case study. Section 5 is dedicated to 
the presentation of simulation results while Section 6 presents related works. Con-
cluding, Section 7 summarizes the paper and provides directions for future works.   

2   Motivation and Application Scenario  

A network of mobile nodes must count with limited resources [2], for example in 
relation to the available bandwidth (or energy in case of small battery supplied mobile 
nodes). Policies that drain these limited resources are for example message sending 
retries and sending of messages to nodes that are not suited to receive them, e.g. se-
lecting the wrong peer nodes to forward messages in a multi-hop network.  

Another aspect to be considered is that small mobile nodes often have constrained 
computation resources [3] and may not be able to handle some demands. A solution is 
dynamic resource sharing and allocation according to the current demands, aiming at 
the best compromise among demands and available resources.  

The scenario presented in this work, including the above assumptions, is a wireless 
network of mobile nodes that move in a given area and according to a given move-
ment pattern. The nodes are required to perform gathering of data in a certain region 
of this area (Total Area - TA), which is called Target Region (TR).  

The data collection is viewed as a mission implemented by software agents. The 
nodes provide basic support to the agents by offering computing resources and physi-
cal sensor devices. Each node is assumed to provide such basic support up to a given 
budget, constrained by its limited resources.   

The missions represented and implemented by software agents and their services 
must be sent to different TRs of TA, to respond to data and service needs from the 
users. This requires that the software agents move by themselves from some nodes to 
others, according to the nodes’ mobility, in order to reach the target destination, i.e. 
the corresponding TR to reply to a given data request. 

An illustrative scenario of the model, briefly presented above, is a fleet of taxis 
running in big cities, such as Moscow, Rio de Janeiro or Paris, providing the basic 
support, while different requests for sensor data from different parts of the city are 
submitted by users and handled by software agents that migrate among the taxis ac-
cording to the taxis’ displacements across the city. Figure 1 illustrates one possible  
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Fig. 1. Illustration of an application scenario 

application in which the software agents have as mission to collect data about pollut-
ants in an area with high concentration of industries (TR).  

Looking closer at this specific taxi-fleet scenario, taxis may offer the computing 
and physical sensor devices to allow software agents to implement “virtual” or “ab-
stract” sensors, based on data collection and data handling algorithms, including sup-
port for aggregation/fusion, for instance. Due to the above mentioned restrictions of 
the computational resources, the taxis may only host a given limited number of agents 
at a time. However, the taxis move independently and only to respond to the needs of 
their passengers and thus the routes that they follow may not coincide with the TR of 
a given data request. Thus an agent might have to decide to migrate to another taxi 
that has a more convenient destination, to allow it to fulfil its mission.  

However, migration implies the usage of wireless communication, which is a lim-
ited resource that has to be carefully used in mobile networks [2]. The problem in 
relation to this aspect is to find the appropriate node, in this case a taxi, to handover 
the mission agent to, in order to make it able to accomplish its mission, and at the 
same time avoid unnecessary communication. The unnecessary migration of agents 
may generate an inefficient usage of network bandwidth (and node energy).   

In this paper the taxi-fleet scenario will be modelled and analysed from different 
perspectives aiming at evaluating the efficiency of different strategies used to move 
the software agents across the infrastructureless network provided by the taxis. 

3   Geo-aware Mission Agent Ferrying in VANET 

The approach presented in this paper to address the needs highlighted in the previous 
section explores three related kinds of available information: 1) the current location of 
the node that carries the mission agent; 2) the location that the current node is moving 
towards; and 3) the location to which the meeting node is moving. This information is 
used to control the movements of the agent from one node to another in order to take 
it to the area where it is needed to accomplish its mission. In the context of opportun-
istic communications, this approach can be classified as a partially context-aware 
protocol, according to [4], as it is customized to a specific type of context informa-
tion, i.e. geographical location.   

This mentioned information awareness is very likely to be available in different 
kinds of mobile nodes. For instance, in the case of the taxi fleet, it is probable that the 
taxis, as many other vehicles, are equipped with a GPS receiver, which can provide 
the current location. In addition reservation and dispatch equipment can inform about 
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the destination of the taxi. One can also imagine other mobile applications, such as 
cellular phones equipped with GPS that, from their owner’s time schedules can tell 
when the person is going to a meeting or to visit a customer and associated locations 
and hence the next destination that the device is moving towards.  

Based on this, the current proposal considers the following assumptions:  

- The mobile nodes can provide information about their current position; 
- The mobile nodes can provide information about their next destination.  

Considering the need for communication among the nodes in order to transfer the 
agents, the following additional assumptions also hold:  

- The mobile nodes are equipped with wireless communication devices;  
- As wireless connections may suffer from several problems [6] and since 

the connection time between mobile nodes may be very short, an agent 
handing over to another node has to be acknowledged.   

Summarizing these assumptions, the awareness about the geographical positioning 
and direction, plus the movement of the agents across the mobile nodes in order to 
reach a given destination defined by mission directives, the Geo-Aware Mission Agent 
Ferrying (GAMAF) concept is built. It is a decision making process aimed at the 
migration of an agent, i.e. its handover to another node, based on geographical infor-
mation, i.e. current position plus destination established in the agent’s missions and 
the nodes’ destinations. As the agent is physically moved from one node to another, 
and thus carried to the desired location exploring the store-carry-and-forward para-
digm [1], the concept of data ferrying [7] is also inherited.  

The basic GAMAF algorithm, presented in Program Listing 1, implements the 
handover decision intelligence of the agent, needed to accomplish its mission, i.e. a 
sensing service in a requested TR.  

In this basic version, the agent just analyses if the current location of its hosting 
node is not inside the TR and if the node that is currently hosting the agent is neither 
in the direction towards the TR (line 02 of Listing 1). This analysis is done by means 
of the two functions Inside and Compare. The first takes as parameters a node 
location and the TR and returns true if the location is inside the TR and false 
otherwise. The second takes as parameters a node destination and its own TR, and 
returns true if its destination coincides with the TR and false otherwise.  

Then, if these two conditions hold, it waits until it meets another node (line 03 of 
Listing 1). When it occurs and if the destination of the meeting node matches with the 
direction towards the TR, a copy of the agent is moved to the meeting node and it 
waits for an acknowledge or a time-out (lines 06-10 of Listing 1). If the acknowledg-
ment is received, the local copy of the agent is released, i.e. deleted (line 13 of Listing 
1). Otherwise the agent keeps trying to find another node to move to.  

The level of intelligence of the agent can be increased by changing the analysis 
done in the comparison of the destination of the meeting node in relation to the direc-
tion of the TR, i.e. changing the Compare function. Different levels of intelligence 
related to the levels of context-awareness are presented in [4].  

Program Listing 1: Basic version of the GAMAF algorithm 
01 While (Agent_Local_Copy)  
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02   If not Inside(Current_Node.Location, TR) &&           
not Compare(Current_Node.Destination, TR)   then 
03     While not (Meeting_Node) 
04             Wait_Meeting; 
05      End_while 
06      If Compare(Meeting_Node.Destination, TR) then  
07          Copy_to(Meeting_Node) 
08          Set(Ack_TimeOut) 
09          While not (Acknowledgment or Ack_TimeOut) 
10                     Wait_Ack; 
11          End_while 
12           If Acknowledgment then 
13              Agent_Local_Copy  NULL;  
14           End_if 
15      End_if  
16  End_if   
17 End_while 
 
Two versions of the Compare function have been evaluated: 1) “one-step” com-

parison; or 2) “multi-step” comparison. In the first one the destinations are compared 
in terms of the smallest granularity of the nodes’ displacements, i.e. one movement 
step. The second version is more complex. It considers all the possible points in the 
route from the meeting point to the mobile node’s final destination, if these points are 
in the direction or even inside of the TR. Figures 2a and 2b present an example ob-
served by the different perspectives of each type of comparison. 

According to the evaluation criteria, stated in line 02 of Program Listing 1, the 
agent in Figures 2a and 2b tries to move from the current hosting node towards the 
meeting node, which does not have a copy of the agent. In part (a) of the figure  
the destination of the approaching vehicle (without agent) is considered one-step 
ahead of the meeting point. This analysis tells that the node is headed towards the TR 
direction. In part (b), all points of the route from the meeting place to the destination 
are considered. Note that the final destination is not inside the TR and the next step 
from the meeting place (P1) is neither in the direction of TR. However, points P2, P3 
and P4 are inside TR, and points P3’ and P4’ are considered in the direction of TR con-
sidering the node moving from P2’, so the node is considered in the direction of TR.  

4   Case Study: Taxi-Fleet  

In this paper, the scenario of the taxi-fleet is explored in order to analyse the perform-
ance of the GAMAF algorithm by means of simulations where taxis will move across 
a city in order to serve passengers by taking them to desired locations. The taxis are 
equipped with: 1) a GPS receiver in order to assist the driver to find specific locations 
in the city; 2) a wireless communication device for data exchange with other taxis 
(part of the same fleet or company); and 3) an embedded computer connected to the 
two devices.  

Figure 2c gives an overview of the simulation scenario, which is a squared-shaped 
map of a city with nodes distributed along the streets and with the TR indicated. The 
mobile nodes (represented by circles) are taxis with and without agents. 
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Fig. 2. Destination comparison criteria: (a) one-step; and (b) multi-step. (c) Simulation Sce-
nario Overview.  

The nodes’ movement patterns are: 1) Random; or 2) Destination Driven. In the first 
case the nodes randomly select a direction, i.e. North, South, East or West, when arriv-
ing to a road intersection. In the second one the node moves towards a destination 
defined in a map. After arriving at a destination, another one is chosen and the move-
ment continues. These two types of movements describe: 1) a situation in which a taxi 
is free and the driver is looking for a passenger or waiting for a call and 2) a situation 
when a taxi is carrying a passenger or responding a call for a taxi. When a node moves 
according to the first type and reaches the edge of the TA, it is assumed to return back 
via the same path. In the second case only points placed inside the TA are selected as 
destinations. To minimize the occurrence of “back-and-forth” movements along the 
same path, e.g. W-E-W-E or N-S-N-S, when a node comes to an intersection, the op-
posite direction is chosen with less probability (10%) if compared with the other three 
possibilities (30% each). Figure 3 presents how the random movement is done. 

 
Fig. 3. Random Movement Details 

5   Experimental Results  

Simulations of the proposed approach were conducted using ShoX, a wireless net-
work simulator [8]. In the following, the simulation scenarios are described and the 
corresponding results presented and discussed.  
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5.1   Simulation Setup 

The environment assumed is a square area (TA) with dimension 2.7 Km x 2.7 Km, 
divided in smaller 90 meter side square blocks. There is one TR in the TA, which is 
composed by a square of 7 by 7 blocks. Just one type of mission agent runs in the 
system, which has as goal to maximize the stay of its copies in the TR in order to 
accomplish its mission. The nodes have speeds that vary from 10 Km/h (kilometres 
per hour), up to 50 Km/h. The nodes’ speeds are randomly defined in the beginning of 
the simulation and remain constant during all the simulation run.    

Three different numbers of nodes were used, namely 50, 100 and 150, providing 
different node densities, i.e. 6.85 nodes/Km2, 13.71 nodes/Km2, and 20.57 
nodes/Km2, respectively. The nodes start at randomly selected positions on the roads. 
The total simulation time for each run represents 2 hours (7200 seconds). At the be-
ginning of the simulations, a given number of the nodes (a percentage of the total 
number of nodes) have a copy of the agent, and the nodes are randomly distributed 
over the TA. The following percentages were used in the simulations: 10, 25 and 
50%. Two main types of simulations were tested. The first one, called SimA, includes 
a mix of nodes using one of the two mentioned movement patterns. The second one, 
called SimB, consideres all nodes using the random movement pattern. For the first 
kind of simulation, three variants were tested: 1) the agents randomly decide to move 
from one node to another (SimA-1); 2) the agents decide only based on the next step 
of the nodes (SimA-2); and 3) the agents decide based on the nodes’ destination, 
which can be just one step from the current location, if the node is following the ran-
dom movement pattern, or multiple steps from the current destination, if the node is 
using the multi-step movement pattern (SimA-3). For the second simulation type there 
are two variants, one in which the agent takes a completely random decision whether 
it moves or not from a node to another (SimB-1), and another one in which the agent 
decides based on the nodes’ direction (next step) (SimB-2). A third variation for 
SimB is not presented, as in SimA, because as all the nodes move only according to 
the random movement pattern, the decisions that the agents can take are based on  
the next step (one-step comparison criterion), characterizing the same variation as 
SimB-2. Table 1 summarizes the differences among the types of simulations, while 
Table 2 summarizes simulation parameters. 

Table 1. Types of simulations performed  

Simulation Type Nodes’ Movement Pattern Agents’ Movement Decision Method 
SimA-1 Destination Driven &  

Completely Random 
Random 

SimA-2 Destination Driven &  
Completely Random 

One-step (next-step) 

SimA-3 Destination Driven &  
Completely Random 

Multi-step (destination-based) 

SimB-1 Completely Random Random 
SimB-2 Completely Random One-step (next-step) 
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Nodes communicate using IEEE 802.11bg, using omnidirectional antennas, with a 
limited range of 90 meters, which is realistic considering a complex city environment 
in which buildings hinder the wireless communications, as discussed in [9]. TCP 
connections oriented to wireless communications [6] are used to assure the agent 
delivering when it moves from one node to another. 

Table 2. Simulation Parameters 

Parameter Value 
Area Dimensions 2.7 Km x 2.7 Km 
Block Dimensions 90m x 90m  

TR Dimensions 7 x 7 blocks 
Simulation Time 2 h (7200 s) 

Nodes’ Start Position Randomly Selected 
Nodes’ Speed 10 Km/s – 50 Km/s 

Number of Nodes (Corresponding  
Density) 

50 (6.85 nodes/Km2), 100 (13.71 
nodes/Km2) and 150 (20.57 nodes/Km2) 

Percentages of Nodes with Agent 10%, 25% and 50% 
Nodes’ Communication Protocol (Range) IEEE 802.11bg (90m) 

5.2   Results  

GAMAF was evaluated by comparing simulation setups using the following metrics:  

- Number of nodes with a copy of the agents in the TR. This metric is an aver-
age of the number of nodes with a copy of the agent inside the TR for a given simula-
tion period of time during the total duration of the simulation. In all cases the period is 
set to 12 minutes (720 seconds).  

- Total number of agent migrations. This metric informs about the communica-
tion overhead due to the agent migration among nodes. In the performed experiments, 
the agents are small enough to fit in the payload of one communication packet. This 
gives a direct relation among the number of migrations and the number of packets 
communicated for that reason.  

For each considered variation of the simulation scenario, 100 runs were performed. 
The results present the average values for those runs.  

Figure 4 shows the results for the first evaluated metric. Observe that in the cases 
with the lowest node density, parts (a), (b) and (c) of the figure, it is difficult to dis-
tinguish each of the variations presented in Table 1. This is easier in graph (c), due to 
the increased percentage of nodes that have the agent, but a more significant im-
provement is only observable from the graph in part (e). From (e) to (i), one can see 
that the variants that use context information, namely SimA-2, SimA-3 and SimB-2, 
perform better than those using the simpler random decision approach.  

As expected, the higher the percentage of nodes that have a copy of the agent, the 
better the performance of the system, i.e. there are more nodes with a copy of the 
agent in the TR. This can be noticed even in the simulations with the lowest node 
density, i.e. the first set with only 50 nodes. By looking at parts (a) to (c) of Figure 4 it 
is a bit hard to observe this fact, but Table 3 may help in making it clearer. Table 3 
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complements Figure 4, presenting the averages for the first metric for the simulation 
setup presented in Figure 4 (a) to (c), where the corresponding letter in the table cor-
responds to the parts of Figure 4.  

Concerning the two different movement patterns, the analysis of the results showed 
a small significance of their difference in the results of the simulations types that do 
not use the additional information about nodes’ destination. This is possible to be 
noticed by comparing the results of SimA-1 with SimB-1 (lines with diamond dots in 
the graphs of Figure 4), and SimA-2 with SimB-2 (lines with squared dots in the 
graphs of Figure 4).  However, SimA-3 (lines with triangle dots in the graphs of  
Figure 4) presented better results, which is clearly understandable due to the usage of 
the destination information to decide more effectively about the agents’ migrations. 

Another interesting remark related to the results for the first metric is that if the 
first sample in each simulation is discarded (the first 12 minutes of the simulations), 
the results of the strategies using context information are in general better. It is shown 
by the stability of the averages of concentrations of nodes with the agent in TR during 
the simulation time. This corresponds to standard deviations around 15% below the 
values for the standard deviations if the averages for the first 12 minutes are taken 
into account. Additionally, one can observe that the results provided by the usage of 
GAMAF gave higher densities of nodes with a copy of the agent in the TR. The better 
result can be seen in part (i) of Figure 4, where SimA-2, SimA-3 and SimB-2 provide 
in average 3.5 times the density achieved by SimA-1 and SimB-1. 

Table 3. Averages for the acquired results for the first metric for the three first setups 

Simulation Type  (Setup 50 – 10%)  (Setup  50 – 25%)  (Setup  50 – 50%) 
SimA-1 0.580 0.580 2.000 
SimA-2 0.600 1.018 2.120 
SimA-3 0.706 1.464 3.105 
SimB-1 0.460 0.890 2.728 
SimB-2 0.465 1.180 1.695 

 
In Figure 5, the assessment of the second metric, the number of agent migrations, 

is presented. Here it is also possible to verify that the variations that use the context 
information present lower overhead, i.e. exchange agents fewer times, saving com-
munication resources. One aspect that should be noted is the big difference between 
the random decision variation, SimA-1 and SimB-1, and the other three, especially for 
the setups with higher number of nodes and agents. This shows that, indeed, the use 
of geographical context information in GAMAF gives good results. This conclusion 
gains more strength when the results for the second metric are cross-observed with the 
results for the first metric, telling that GAMAF provides better functional results 
working more efficiently, i.e. giving higher averages of incidence of nodes with an 
agent in the TR while it also consumes less communication resources.  

Contrary to the results for the first metric, the difference in the mobility models 
provides a more significant difference in the achieved results for the second one. This 
can be noticed by observing and comparing columns related to SimA-1 with SimB-1, 
and SimA-2 with SimB-2 in Figure 5. These results show that, in the simulations 
where there are nodes moving with a defined destination, the total number of agent  
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Fig. 4. Simulation Results for the first metric: number of nodes with agent in the TR 
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Fig. 5. Simulation results for the second metric: number of agent migrations 

migrations was smaller. An explanation for this behaviour can be that, due to the fact 
that the nodes have a destination, they make fewer changes in their movements, and, 
due to this, it is less probable that there occur situations in which nodes move in cir-
cles and meet the same nodes twice or more. In this type of situation, there is a prob-
ability that redundant and even useless agent migrations will be performed. Thus, 
nodes using the random movement pattern are more prone to this type of problem.   

It is also important to call the readers’ attention to the performance achieved by 
SimA-3, which outstands all others, including SimA-2 and SimB-2. This fact also 
corroborates the statement that the use of geographical context information is really 
very valuable in this type of system.  

6   Related Work 

In [10], the authors present a protocol to disseminate data in VANETs using an oppor-
tunistic approach based on analysis of geo-location of the nodes. The common idea 
shared between their approach and the one presented here is the exploration of the 
geo-context information to make decisions about whether communicate or not in 
infrastructureless ad hoc networks. However, differently from their approach, the 
present one does not aim at broadcasting data inside a certain area, but instead moving 
data across the nodes to reach a specific location in the map.   

A mobility-centric based approach is presented in [11]. This work tries to combine 
the ideas of opportunistic, trajectory based and geographical forwarding in a unified 
proposal. These concepts also inspired the proposal of the present paper. A remark-
able difference between the two works is the proposed usage. While their communica-
tions have a precise destination, and thus can be more suited to data delivery services, 
our approach proposes support to data gathering services.  
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7   Conclusions and Future Work 

This paper presents GAMAF, an efficient geographic context aware communication 
mechanism supporting software agent mobility in VANETs and MANETs. The tech-
nique was illustrated by an example in which mission agents provide sensing services 
on top the platform offered by vehicles that compose a fleet of taxis. The agents mi-
grate across the taxis in order to reach the location where they are supposed to acquire 
data. Simulation results of this case study were presented and discussed. 

Directions of future work indicate the investigation of possible enhancements in 
the context information analysis performed by the agents to decide about their mis-
sion migrations. This includes, for example, studies about the use of information con-
tained in complete route plans for the nodes in the system. 
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