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Abstract—Mobility models have traditionally been tailored to ]
specific application domains such as human, military, or ad bc Mol;'i‘l'i‘t’:";:'del
transportation scenarios. This tailored approach often reders a

mobility model useless when the application domain changeand
leads to wrong conclusions about the performance of protods
and applications running atop of different domains. In this work,

we have proposed and implemented a mobility modeling frame- | -
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work based on the observation that the mobility characterisics Environment || Navigation || Steering || pyramic a
of most mobility-based applications can be captured in term of a Graph Behaviors || gehaviors [ Agent

few fundamental factors: (1) Targets (2) Obstacles (3) Dynamic Classes
Events (4) Navigation (5) Steering behaviorsand (6) Dynamic [_—|

Behaviors Using UMMF we have mapped application-domain- s | it i

specifics to UMMF elements, demonstrating the power and ge1s | Shetaciss Dg"a"t"c

flexibility of our approach by capturing representative mobility vens

models with good accuracy in terms of a large number of
topological metrics. Fig. 1. Hierarchy of Elements Conforming a UMMF-based MibpiModel

I. INTRODUCTION

There is an imperative need of mobility models that amaobility-based applications can be captured in terms of a
representative of the application domain scenarios assati relatively small set of fundamental factors, or mobilityilding
with them. There are two main paths to meeting such a ne&docks (see below).

(1) the Model-to-Traceapproach, corresponding to theath- The advantages offered by the UMMF framework are mani-
ematical modeling of the mobility characteristics of certairfold: (1) better modeling realism; 2) reproducibility oBesarch
scenarios; and (2) th&race-to-Modelapproach, consisting results; (3) enabling vof basic research on dynamic topefg
of measuring mobility traces from actual applications,rehaMANETS, and other intrinsically mobile application sceioar
acterizing them, and then designing mobility models deriveand (4) aiding the development of techniques to translatk re
from such characterizations. The work in this paper focusa®bility traces to accurate synthetic mobility models. The
on the former approach, but also addresses issues thattimpaatributions of this work fall in all the above categoriasd

the advancement of thErace-to-Modelapproach. therefore we argue that UMMF will play a fundamental role

Modeling new application scenarios usually entails eithém advancing the state-of-the-art of mobility-relatedeash
the creation of new models from scratch, or the mapping ahd applications.
such scenarios to general mobility models (e.g. Random Way- 0
point (RWP) [1], Reference Point Group Mobility (RPGM)

[2]). This reality makes it difficult to comprehensively as-
sess the performance and correctness of new protocols andMMF enables theniversalgeneration of mobility models,
algorithms for mobile networks. In this work, we introducdased on the observation that the mobility characterigtics
UMMF: a Universal Mobility Modeling Frameworkbased most mobility-based applications can be captured in terms
on the observation that the mobility characteristics of imosf a relatively small number of fundamental factors: (1)
Targets (2) Obstacles(3) Dynamic eventg4) Navigation (5)

The research of Medina and Basu was sponsored in part by SieAtmy Steering behaviorsand (6)Dynamic BehaviorsUMMF-based
Research Laboratory and the U.K. Ministry of Defence and acz®@mplished ]
under Agreement #W911NF-06-3-0001. The views and cormisstontained mOd_e_IS are_ fo_rmed bgomposingsubsets of such fundamental
in this document are those of the author(s) and should nohteepreted as Mobility building blocks.
representing the official policies, either expressed ofiedpof the U.S. Army Figure 1 depicts a hierarchical diagram of the elements com-
Research Laboratory, the U.S. Government, the U.K. MipistrDefence or .. e . .
the U.K. Government. The U.S. and U.K. Governments are agé to Pr1SING @ UMMEF-based mobility model including: (a) a model
reproduce and distribute reprints for Government purpesgithstanding environment, which encompasses the modeajedgraphical

any copyright notation hereon. Basu also received partipbsrt from the plane targets target sets obstaclesand dynamic events(b)
Army Research Laboratory under Cooperative Agreement Nu911NF-

09-2-0053. The work of Gursun and Matta was partially sutggbby NSF & na_Vigation graphenabling the naVigat_ion cgpabilities of
CISE/CCF #0820138 and CISE/CSR #0720604. mobile agents; (c) a set ateering behaviorswhich can be

. UMMF: A UNIVERSAL MOBILITY MODELING
FRAMEWORK
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applied individually or in combination to capture the notio Fig. 3. Combination of Individual Steering Forces to achidocking

of physical forces underlying observed mobility patterrihw

different levels of complexity; and (dcripted dynamic behav- « Dynamic Behavior Specification Events that may take
iors, enabling the user to influence the execution of mobilityplace at any given time and may cause the alteration of
models. In addition to these elements, UMMF-based modelde rules governing the movement of agents, invalidate sub-
definemobile agentslassified into agent classes with specificgraphs of the navigation graph, and change the properties of
properties, and group specifications dictating how the ddfin the terrain in the surrounding areas.

mobile agents relate to each other. Agents and groups ofsagen
interact not only among themselves but also with the other

UMMF building blocks. UMMF encompasses the following 1h€ execution flow of a UMMF-based mobility model
main elements: Is divided into three main stages: (1) Node placement and

_ ) ) o ~interconnection; (2) Topology evolution; and (3) Genenati
» Environment. A simulated geographical area divided intgyng channeling of mobility-related traces. The main aspect

d_lrmen3|9rl15(|ed. iated with th bility obiect J Node Placement In the current UMMF implementation
« Targets Elements a;somate_ W'_t the mopbi Ity objectives ot jos are initially placed randomly across the model envi-
agents and groups (i.e. destinations, mission goals)e¥arg ronment/plane. Extending UMMF to include different node

c(a)r;) bte sleleé:lted |mth|C|tI3{ or ext%hcnly. tics of envi Placement strategies is straightforward.
¢ stacles Elements capturing tn€ semantics ot environment \y oy or Connectivity. Nodes are placed and intercon-
elements constraining the movement of agents.

D ic Events EI ¢ deli £ WO t ¢ nected at the beginning of a model execution, and thereafter
+ bynamic Evenls Elements modeling of two types ot gen- connectivity is recalculated at parametrized fixed intlsrva
eral dynamic events. One corresponds to events taking pla

at specified or pseudo-randomly chosen times; and the oth .g. one second).

ds tdl i obstaclesvhich i time like © eriodic Events UMMF defines aSnapshot parameter
corresponds taynamic obstaciesvhich €merge in ime fike dictating the periodicity in which snapshots of the dynamic
dynamic events and effectively obstruct or invalidate plan

areas topology will be taken. Upon the occurrence of a snapshot

Navigation Graphs. Graphs wh d event the following tasks are preformed: (1) Updating the
¢ aV|gat|on rapns. orapns where nodes represent geo_’positions of all nodes; (2) checking which nodes arrived to
graphical locations, and edges representing the adjaEenc

bet h Used for impl ina th th olanni their targets, and set them to perform their next task; (3)
agpvgte:tesnof :rr%.obil?t?/ mé)(;ellr.np ementing the pa pannln%pdating the topology configuration; and (4) computing a

. ) . . . set of topological statistics associated with the newlyrfed
« Steering-behaviors UMMF uses Steering Behaviors acting polog

ttractionandrepulsionf ffectively enabli ts [OP0I00Y.
asattractionandrepu'siontorces, efiectively enabling agents, Dynamic Events Events that can take place at arbitrary
to react to the relationship between themselves and oth

¢ dth ) ¢ Table | i th 'tmes during a model execution, and may have associated
agents, and the environment. Table | summarizes the sgeeriy;y, hem specific scripted behaviors to be invoked by the

fqrces used in our framework. o . function that handles them (Dynamic Event Handler).
Figure 2 shows some examples of individual steering behav-

iors, while Figure 3 shows an example of the combination IV. UMMF | NTERFACES
of individual steering forces at a group of nodes to achieve aUMMF provides data interfaces with: (1) a dynamic visu-
more complexemergentgroup behavior known alocking alization tool (e.g., a custom-developed tool calédTool3;
Note that the composition of the Pursuit, Separation, Coh@) a simulation environment (OPNET [4], NS [5] etc.); (3)
sion, and Alignment steering behaviors generataselated data analysis tools; and (4) a dynamic scripting envirortmen
mobility models (i.e. Lua[3]), enabling the direct influence of the modeler on
« Agents, Agent Classes, and GroupsThe specification of the execution of a UMMF-based model.
mobile agents is based on the notion of groups. Mobility Figure 4 depicts the elements involved in the specification
scenarios entailing a set of nodes operating without groapd generation of UMMF models: (a)samantic characteriza-
constraints (i.e. RWP), are captured in UMMF by having #on of the mobility patterns associated to the given applicatio
single group with no leader. domain scenario; (b) AML-based configuratiofile mapping

IIl. EXECUTION OF AUNIVERSAL MODEL



TABLE |
STEERING BEHAVIORS

Type Behavior Steering Force Description
Seek Attraction forcethat draws an agent to a particular target.
Flee Repelling forcehat causes an agent to move away from a given geographaaido.
Arrive Attraction forcethat enables agents to halt their movement upon reachingget.ta
Individual Behaviors Pursuit Atftraction forcethat is empl_oyed in cases where a mobile agent is expectedeizect
another agent or any moving element.
Hide Repulsion forcethat causes an agent to position itself so that an obstadecéged
always between itself and the line of sight of another ageethy.
Evade Repulsion forcethat enables agents to move towards the opposite directioano
expected intersection with another node.
Wander Attraction forcethat causes an agent to behave as a random walker.
Obstacle and Wall| Repulsion forcesthat enable agents to avoid (1) dynamic obstacles as they| are
Avoidance encountered on path traversals, and (2) walls.
Alignment Attraction forcethat keeps an agent aligned with respect to others in itspgrou
Group Behaviors Separation Repulsion forcehat separates an agent from the others in its group. _
Cohesion Attraction force that causes an agent to move towards the center of mass of its
neighborhood.
Flocking Combination ofseparation alignmenf and cohesion
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the semantic characterization of the model to a combination

UMMF components; (c) a model execution, which implements  Fig. 5. VizTools snapshot view of Manhattan model execution

all the UMMF elements described in Section II; (dj@ipted delivered. Two types of nodes are defined: (1) regular nodes,

specificationof dynamic behaviors provided by the userand (2) message ferries. Regular nodes can be static oremobil

and a set of UMMF data-based interfaces in the context gfessage ferries are intended to visit regular nodes acgprdi

(e) mobility traces (f) time-series of topology statistics; (9)to some routing specification with the purpose of getting and

dynamic topology visualizatior(h) simulation environments delivering data messages from and to them. This mobility

and (i) game and other virtual reality environments scenario has a wide variety of applications, and reseanch fo
V. APPLICATION DOMAIN SCENARIOS specific domains involves the design and analysis of route

_ layouts for the message ferries.
We have succesfully used UMMF for capturing both,

“generic” models such as RWP and RPGM, as well as modeis Military Mobility Scenarios
that are tailor-made for specific application domain scesar

Some examples are: We modeled in UMMF, a military exercise scenario carried
out in Lakehurst, New Jersey. The scenario consisted ofef set
A. Manhattan Model military convoys carrying out the mission of leaving thease

The Manhattan mobility modelvas proposed for the study@nd traversingl a serigs of scattered checkpoints. Duriag th
of Vehicular Ad hoc networks (VANETSjeeking to capture EXErCise, a series of simulated qubs are detongted,mﬁ‘gct
the movement of vehicles/agents within an urban area. Eighisabling some of the checkpoints, and causing the agents

5 shows a VizTools view of this scenario modeled in UMMHAOrming the convoys to scatter and regroup, and subsequentl
adapt their routing path to avoid disabled checkpoints.

B. Message Ferries

Model introduced in [6] as a mobility model foBtore-
Carry-and-Forwardscenarios, where nodes relay data to other We have introduced Bniversal Mobility Modeling Frame-
nodes as they move around, storing messages until they camioek (UMMF), which is based on the observation that most

VI. CONCLUSIONS ANDFUTURE WORK



mobility scenarios, simple or complex, can be effectively
decomposed into a sound setrobbility building blocks

Many fertile areas of research are enabled by UMMF, but
still many future work areas remain open: (a) adding further
geographical data; (b) realistic signal propagation msdel
(c) expansion of UMMF interfaces; (d) automatic parameter
generation, and parameter range calibration; (f) intémymnatf
UMMF with game and virtual environments; and (g) pursuing
UMMF-enabled basic research in the context of dynamic
topologies.
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