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1 INTRODUCTION

The NEWCOM++ Workpackage WPR.11 deals with the emergingdigm of opportunistic communi-
cation, which enables nodes and user devices to self-coafand exploit resources of separate network
systems according to the needs of specific application tasks

At TO+6 we have released the first deliverable DR11.1, whererevided an overview of the current
state of the art of research on opportunistic networks amddoced a common framework for reference
models and performance metrics. In that deliverable, we highlighted the main research issues in
opportunistic networks and we discussed challenges arsibp@solutions.

More specifically, we have identified the following areas egearch: mobility characterization and
discovery algorithms; routing and forwarding techniques;el scheduling, resource allocation and MAC
schemes.

Finally, we described the Joint Research Activities (JR#g} have been planned in the context of
WPR11. For each JRA, we provided the participating instihg, the open issues, the objectives and the
work organisation.

Each JRA has been developed through face-to-face meetimgfgrence calls, and exchange visits of
researchers belonging to the participant institutionse iftermediate results obtained in each JRA have
been presented by the partners during the WPR11 meeting$nhielsbon and Barcelona on November
2008 and April 2009, respectively.

This document summarizes the work carried out during theX8snonths in the context of WPR11
with particular emphasis on the joint research activitidsclv can be considered consolidated at this
moment.

This deliverable has been written in a cooperative mannartners involved in each specific JRA
have provided the contents of the related section. Them, gaation has been edited by a section editor,
which usually corresponds to the catalyst partner of that, Hd finally the entire document has been
harmonized by the editor of the deliverable.

The rest of the document is organized as follows:

e Section 2 deals with the JRA "Opportunistic Localizationl dinacking"
— Contributors: CNIT-PD, CNRS-LAAS, ISMB, RWTH

Section 3 deals with the JRA "Mathematical Modeling of Intétent Behavior in Opportunistic
Networks"

— Contributors: NKUA/IASA, CNIT-CT

Section 4 deals with the JRA "Transport Layer Issues in Oppdstic Networks"
— Contributors: CNIT-CT, KAU, CNRS-LAAS

Section 5 deals with the JRA "Peer-to-peer Techniques iro@ppistic Mesh Networks"

— Contributors: CNIT-CT, KAU

Section 6 deals with the JRA "Opportunistic Connectivitye tmpact of Nodes Mobility"

— Contributors: CNIT-BO, RWTH

Section 7 deals with the JRA "Heterogeneous and Opporitimidteless Mesh Networks"
— Contributors: PUT, IST-TUL, KAU, CNIT-TO, ISMB

Section 8 deals with the JRA "Resource Description Language

— Contributors: IST-TUL, CNIT-BO

Reference DR.11.2
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e Section 9 deals with the JRA "Experimental Activities"
— Contributors: ISMB, KAU, IST-TUL

Each Section reports a short summary about the evolutidmeadRA and describes the work carried out
by each parner inside the JRA, together with the main resbligined to date and the envisaged future
work.

Finally, in Section 10 some conclusions are drawn.
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1.1 List of Acronyms

3G
ACK
ADSL
AO0A
AODV
AP
API
AVP
BATMAN
CBR
CCDF
CSMA/CA
CTS
Cw
DCF
DHT
DIFS
DTN
FMIPv6
FTP
FTSP
GPS
GPSR
IEEE
INS
IP
JRA
KLV
LMI
LPL
LQI
MAC
MCMI
MEMS
MIPv6
MOS
MPLS
MTU
MULE
OFDM
OLSR
(O
P2P
PC
QoS
RDF
RDL
RF
RMS

3rd Generation

Acknowledgement

Asymmetric Digital Subscriber Line

Angle of Arrival

Ad hoc On Demand Distance Vector

Access Point

Application Programmers Interface
Attribute-Value-Pair

Better Approach To Mobile Ad-hoc Networking
Constant Bit Rate

Complementary Cumulative Distribution Function
Carrier Sense Multiple Access with Collision Avoidance

Clear To Send

Contention Window

Distributed Coordination Function
Distributed Hash Table

Distributed Inter Frame Space
Delay Tolerant Network

Fast Mobile IPv6

File Transfer Protocol

Flooding Time Synchronization Protocol
Global Positioning System

Greedy Perimeter Stateless Routing
Institute of Electrical and Electronic Engineers
Inertial Navigation System

Internet Protocol

Joint Research Activity
Key-Length-Value

Linear Matrix Inequality

Low Power Listening

Link Quality Indicator

Medium Access Control
Multi-Channel Multi-Interface

Micro Electro-Mechanical Systems
Mobile IPv6

Mean Opinion Score

Multi Protocol Label Switching
Maximum Transmission Unit

Mobile Ubiquitous LAN Extension
Orthogonal Frequency Division Multiplexing
Optimized Link State Routing
Operating System

Peer-to-Peer

Personal Computer

Quiality of Service

Resource Description Framework
Resource Description Language
Radio Frequency

Root Mean Square
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RRM Radio Resource Management
RSSI Received Signal Strength Indication
RTS Request To Send

RTT Round Trip Time

SIFS Short Inter Frame Space
SOC Self Organized Criticality

TCP Transmission Control Protocol
ToA Time of Arrival

UDP User Datagram Protocol

USB Universal Serial Bus

VLAN Virtual Local Area Network
\olP \oice over Internet Protocol

W3C World Wide Web Consortium

WCETT Weighted Cumulative Expected Transmission Time
WLAN Wireless Local Area Network

WPR Research Workpackage

WiFi Wireless Fidelity

WMN Wireless Mesh Network

WSN Wireless Sensor Network

WWW World Wide Web

XML Extensible Mark-up Language

1.2 Glossary

e Brownian movementis the seemingly random movement of particles suspendediunda(i.e. a
liquid or gas). It takes the name from Scottish botanist RdBeown.

e Contact opportunity: due to the node mobility or the dynamics of the wireless aefna node
might make contact with other nodes at an unpredicted timeceScontacts between nodes are
hardly predictable, they must be exploited opportunifitickor exchanging messages between
some nodes that can move between remote fragments of therketw

e Delay Tolerant Network (DTN) is an overlay network which supports the interoperabilityhet-
erogeneous networks which may be characterized by one @ afidhe following characteristics:
intermittent connectivity, long or variable delay, asyntritedata rate, high error rate.

e Mesh networks can be seen as one type of ad hoc network where nade®inect to each other
via multiple hops, and they generally are not mobile.

e MULESs: mobile entities which pick up data from sensors when inelahge, store it, and drop it
to wired access points.

e Oppnetsconstitute the category of ad hoc networks where diverdesss not originally employed
as nodes of an oppnet, join it dynamically in order to perfaertain tasks they have been called
to participate in.

e Opportunistic communication enables nodes and user devices to self-configure and erploit
sources in extremely dynamic networks. This paradigm epeases features and methods that
are especially suitable in both disconnected environmémtshich islands of connected devices
suddenly appear, disappear and recofigure dynamicallypamnasive networking scenarios, where
epidemic data exchanges occur among mobile devices in ramyparoximity.

e Random pedestrian mobility modelis a mobility model which describes the movement of pedes-
trians and it is inspired by the Brownian movement.

Reference DR.11.2
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e Random Waypoint (RWP) model is a commonly used synthetic model for mobility, eirgAd
Hoc networks. It is an elementary model which describes theement pattern of independent
nodes by simple terms. Briefly, in the RWP model: each nodeamalong a zigzag line from one
waypoint to the next; the waypoints are uniformly distrémiover the given convex area, e.g. unit
disk; at the start of each leg a random velocity is drawn froenvtelocity distribution; pptionally,
the nodes may have so-called "thinking times" when theylreach waypoint before continuing
on the next leg, where durations are independent and iddéigtitistributed random variables.

Reference DR.11.2
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2 OPPORTUNISTIC LOCALIZATION AND TRACKING

CONTRIBUTORS: CNIT-PD, CNRS-LAAS, ISMB, RWTH

The present JRA involves researchers belonging to foututisns, namely CNIT-PD, CNRS-LAAS,
ISMB and RWTH Aachen University. The aim of the JRA is to deyidesign and analyze novel oppor-
tunistic schemes aimed at enhancing the self-localizadiwh tracking functionalities of some mobile
nodes in a given area. In the following, an extensive repiti@results obtained is given.

2.1 Research activities

Localization and Tracking are very interesting problena tiave been deeply studied in several different
contexts, thanks to the large set of possibilities and dpétion that might be enabled by knowing the
geographical position of the nodes in a communication gsysfeespite the considerable effort spent on
these topics, a number of open problems still need to betigatsd.

In this JRA, we tackle the problem from a different and rathew perspective: exploiting the device
heterogeneity and the opportunistic communication pgrado improve the self-localization and track-
ing capabilities of the nodes. In this way, we can also usegldevices due to opportunistic information
exchange between nodes with different localization cayalei particular, we focus in indoor scenarios,
where localization is still an open problem due to impodigjbof using GPS system.

We envision an indoor scenario where nodes have differebtlitygpatterns, including static (Access
Points, Beacons, static Motes), periodic and/or pre-@dnfelevators, mobile stairs, stairlifts, robots),
preferential (errand girls, office workers, maintenancenynand random. Furthermore, nodes might be
equipped with a different number of wireless communicaiigerfaces, such as Bluetooth, WiFi, 3G,
Mote, and so on. We also assume that some nodes might be eduipih sophisticated localization
modules (as cricket, MEMS, indoor GPS), whereas others tniglable to perform only a simple (and
rather unreliable) RSSI-based localization. All theseasodre assumed to be able to seamlessly and
opportunistically interact to obtain certain objectiveslain particular, to improve their own localization
estimate.

The JRA will investigate how the localization error of a nadin be reduced by opportunistically
exchanging information with other nodes.

The JRA is essentially divided in two parts: the first one Has dbjective of understanding and
modeling the mobility of the nodes in a realistic indoor smémand the opportunistic interaction between
two nodes; the second one is focused on the localizatioriggroBnd aims at modeling the localization
enhancements that can be obtained by exploiting the oppstitidata exchange.

2.2 Related works

Self-localization problem has been investigated in a nurobpapers. Most common localization meth-
ods consist in measuring the power of the received RF sidg@5(), the Time of Arrival (ToA) or the
Angle of Arrival (AoA) of the RF signals from the beacons. histway, every node estimates a set of
distances from the beacons and, then, guesses its posjtimesns of lateration and triangulation tech-
niques [1, 2] or by using statistical estimation methods [3yerviews of localization techniques based
on RSSI and ToA measurements can be found in [4—6]. Muli-stealization techniques, which involve
a number of successive refinement phases, have been prdpoSedarese [7] and Savvides [2]. Other
solutions leveraging on specialized and complex hardwagddrg#rastructure are given in [8—10]. When
nodes (either static or mobile) can detect each other, thisnpossible to devise cooperative position
estimate techniques, which are very well studied in rolotio [11] the authors utilize Markov local-
ization for self-localize nodes and, then, probabilistiethods to synchronize robots estimate when they
have a contact. Collective localization based on a digeibiKalman Filter is proposed in [12], whereas
an anchor-free approach where robots infer their posit&iimate on the basis of the only information
exchanged among them is proposed in [13].

Reference DR.11.2
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2.3 Linear matrix inequality opportunistic localization scheme

CONTRIBUTORS: CNIT-PD, CNRS-LAAS

This activity has resulted in two joint works. One has beasented at the NEWCOM++ - ACoRN
Joint Workshop, Barcelona, March 30-April 1, 2009, and ttieephas been submitted to IEEE Inter-
national symposium on Intelligent Signal Processing - 86ARgust 2009 Budapest, Hungary, with the
following title: Francesco Zorzi, GuoDong Kang, Tanguy éérou and Andrea Zanella - Opportunistic
Localization Scheme Based on Linear Matrix Inequality.

2.3.1 Scenario and main assumptions

In our scenario, we consider a system made of madbddesequipped with a common communication
device (WiFi, Bluetooth or ZigBee). We suppose one noddéedalser, is not capable of self-localization,
whereas the other nodes, nanfeeers can perform self-localization with a certain accuracyt,tha
general, varies in time. A given Pekercan maintain a list of paself-positioning estimationsThe
problem we address is how self-positioning estimationsewr® can be used by a User to estimate its
own position.

Every node in the network is equipped with a common wirelessrunication interface that is used
for (opportunistic) data exchange. Radio propagation ssiileed by means of a simple unit-disk model,
according to which the radio transmission is always colyeeiceived within a distanc® (coverage
range from the transmitter, whereas it is not received at longstadces. Although the unit-circle model
is known to be oversimplified, it permits to isolate the parfance analysis from the characteristics of
the radio interface that, at this stage of the work, is lefteyé.

We assume that nodes can communicate only during a certaimdpef time, the so-calledcan
Phase which may correspond to an interlaced Inquiry/Scan phadgiwetooth [14] or to the Active
Scanning procedure of IEEE 802.11 systems [15]. The scasepisarepeated with periodl, asyn-
chronously and independently by each node, so that thet bié$@een the scan phases of two nodes can
be modeled as a random variable with uniform distributiothi interval(0,T). The ratio between the
scan phase and the entire cycle tifeis calledduty cycleand denoted by. Whereas the scan period
T is the same for all the nodes, we suppose that each node cas dixn duty cycle depending on the
requirements and the management policy of that node.

We suppose that opportunistic data exchange can occur (aglgible time) only when the scan
phases of the two nodes overlap in time. Furthermore oppistic data exchange also requires the nodes
to be mutually in range. We assume that opportunistic ioteEna immediately takes place as soon as
both conditions are satisfied. Such an event is coiradez-vous

We assume that peer nodes have “native” self-positioninluitities, provided by some (non op-
portunistic) scheme. Accordingly, we denote Byand P the real and the self-estimated position of
peer # Peers can be classified in different classes, dependingeimnative self-localization accuracy.
For simplicity, we assume that the estimation emot= ||R — P| can be modeled as the module of a
2—dimensional Gaussian Random Variapl¢) y(t)], with zero mean and varianag®. The variance
depends on the localization class that for simplicity weiassto be the same for all nodes during simu-
lations. Moreover, the error model considers two possihbracteristics: correlation among consecutive
estimations (considering a tracking-based technique)dagdadation of the estimate in time, so that the
positioning error is better modeled as a stochastic pragégswith the following characterization:

e Atthe timet = 0, the positioning errog (0) is the module of a zero mean 2-D Gaussian Random
Variable[x(0) y(0)], with standard deviatioo (0)

e At the timet > 0, g(t) is calculated from the two coordinategt) y(t)] drawn according to the
correlated Gaussian distribution:

Reference DR.11.2
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X(t)?—2pX(t)X(t—1)+X({t-1)?)
exp [‘ 21-p?) ]

f(x(®)x(t—1);0) = 2no(t)o(t—1)v/1— p2

wherex(t) = % andx(t—1) = ;((tt:ll)) The parametep is the correlation coefficient, which can
vary in the interval0, 1], wherep = 0 means independent samples @ng 1 means completely

correlated (equal) samples. The same applies foy turdinate.

(1)

The accuracy can degrade following the equatigh) = 0(0) + at, wherea is the drift of the esti-
mation error.

During a rendez-vous, peer nodes send packets contairgitgestimated positiong and the class
of accuracyo?(t). This information may then be used by the User node to estiitebwn position by
means of the opportunistic localization mechanism desdrtielow.

As mentioned, the User node resorts to opportunistic lpatdin to infer its geographical position.
The opportunistic-positioning process requires the Usstdp and stay at a fixed position for a given time
interval W, during which the node collects the information opportticidly exchanged with passing-by
Peer nodes. The localization tinhés measured in number of scan periods, starting fteml. The
opportunistic position estimation works in the followingd stages.

1. At every scan period, the User collects self-positioning estimatidﬁst) from each peer that
are within radio range and whose duty cycles overlap the '€Jgeity cycle (rendez-vous). Let
eh = max(g(t)) denote an upper bound on the error between exact and estipagiion of Peer
i, so that

IRt)—R(t)|<eh for t>1 )

Furthermore, leB,(t) be the exact position of the User. Assuming that commuwinas feasible
only when the nodes are within the coverage raRgee then have

IPu(r) —RO] <R 3)

Therefore, for each Peémwithin the range of the User at tinte inequalities 2 and 3 yield the
following triangular inequality

[Pu(t) —R(t) <R+eh 4)
Collecting the inequalities (4) for all the peers in the aqage range of the User we get a Linear
Matrix Inequality (LMI) that can be solved with standardhagues [16].

The resulting solution is used agsaw (LMI) estimationFEr (t) of the user position. Fig. 1 shows
how P, (t) is generated at cyclg assuming that onlf?; andP, are within the User’s range at time
t.

2. Whent > 1, the user can compute the barycenter of the primary estinsatomputed since= 1.
We define this barycenter as the self-positioning estimaiiche user at time

t
z WkPU,I‘ (k)

Pt = & t>1 (5)

wherew is a weighting coefficient which is proportional to the numbé Peers that have con-
tributed to thekth raw LMI estimate.

This second stage is illustrated in Fig. 2, which shows IRoit), R,(2) andR,(3) are generated
from R, (t), t =1, 2, 3, with all weightswy equal to 1.

Reference DR.11.2
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u,r (t)

®

(a) Real positions (b) Self-estimations (c) Raw LMI estimation

Figure 1: Raw LMI-only estimation.
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Figure 2: LMI+barycentric estimation.

We have made numerous experiments with this model, and\@ubéhat in most cases, the self-
positioning estimation improves over time. We therefore thee estimation only after a warm-up time
denotedvu and measured in scan periods starting-atl.

2.3.2 Results

Our reference case involvéé= 100 peer nodes moving in a 100 m100 m square and one user node
remaining at the center of this square. Peers and user s$teasaine radio range = 10 meters, so that
only a fraction of Peers are within range of the user at eawé.ti

Peers and user also have the same scan pé&riedl second and the same duty cydle= 50%, so
that duty cycles are always partially overlapped. The seging of the user starts ait= 0 while the scan
period of each peer starts with an offset uniformly distiéoblin (0, T ).

The self-positioning estimations of each peer are gergrgefollows. First, the trajectory is com-
puted using the Random Pedestrian Mobility Model defined ij:[this model is inspired by the Brow-
nian movement, modified so that speeds are drawn from a GaudisitributionN(1.2,0.2) and at each
time step the next direction is chosen in front of the pedesti.e. in another Gaussian distribution
centered on the previous direction, with a small standavéhtien arbitrarily set tagg;; = 17/6. The tra-
jectory is kept within the considered square area. Secaneath position a self-estimation is produced
using the peer self-positioning model defined in Sectionnlthe reference case, the accuracy class of
each peer has been setde= 1 meter and it is assumed constant over tinge,a = 0 m/s. Furthermore,
the self-positioning estimates are not correlated, o = 0. In practice, each peer self-position estimation
at cyclet is randomly drawn in a disc centered around the exact positithe peer at cycle using a 2D
Gaussian distributioregh is the value such thd0,eh] is the 99 % confidence interval for the positioning
error moduleg (t). Different settings for the self-positioning model will iéed later in this section.

User, placed in the center of the area, estimates its posismg the opportunistic localization model
defined in Section 5. The opportunistic-localization tire the user is set td/ = 2 minutes and the
warm-up time is set tovu= 30 seconds. We will also see what happens for shorter an@fdangjting
times. The performance of the User’s opportunistic-positig scheme is evaluated in terms of distance
between real and estimate positidR, — Py(t)]|.

The accuracy Aof each run is the average localization error after the wapniime. The results, in
terms of localization error of the user node, strongly diffem one run to the other. The mean of the
accuracy over 30 runs jga = 1.13 m and the standard deviationds = 0.45 m, while the worst case
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Figure 3: Reference case run #1/30.

has an accuracy of 2.28 m. These wide variations are likebetascribed to the different trajectories of
peers in different runs. In fact, depending on the randord sééhe run, peers may be widely spread in
space, thus permitting good LMI-only localization and,umt, good LMI+barycenter estimation, or they
may be unevenly distributed in the area forming a small nurabgroups, a situation that yields to poor
LMI-only localization and, consequently, to a degradatidh.MI+barycenter performance.

To better understand the behavior of the protocol, we repofig. 3(a) the successive user’s raw
LMI estimations for a single run and in Fig. 3(b) the selfdéization estimations of the user using LMI
and barycenter algorithm. In Fig. 3(b), the oldest plots"&e' from the user position and gradually
get closer, while in Fig. 3(a) old and new positions are dgufistributed around the user position. The
barycentric estimation clearly improves over time, andattdy than the raw one. This is remarked in
Fig. 3(c), where the reader can compare the evolution ofatveerror||R, — ﬁ,}(t)H and the error of the
barycentric approachiP, — P(t)||. The run-wide accuraci is also plotted.

In most runs, the accuracy of the barycentric estimatiodgea improve over time: each additional
raw LMI estimation contributes to improve the estimatiance new information is added.

Then we study the impact of difference parameters on theacgi of the localization.

Taking into account the duty—cycle, we change the valué a$ingd = {20%, 40%}. As expected,
accuracy improves when the duty cycle increases thanksetbitiher number of peer self-positioning
estimations that improves the performance of the raw LMatmn estimation scheme and, in turn, the
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barycentric estimation. Also energy consumption is stipadfected by duty cycle, but we do not con-
sider this aspect in our study.

Then, we consider three different parameters: first, theetaion coefficiento among successive
self-positioning estimations of each peer; second, thepssitioning accuracy class of peers; third,
the accuracy drifo of peers. We found out that the parameters have negligibgbaétnon the accuracy
of the opportunistic localization scheme that, hence, ggde be rather robust to localization errors of
Peers. This is likely due to the fact that, despite the erriis positions provided by the Peers form
a uniform “cloud” of points around the User. Then, applyihg barycentric scheme, the User always
localizes itself near the center of such a cloud. To verify tonjecture, however, we plan to consider in
future work other error models for peers estimation, sucmedel for podometers, or for MEMS-based
inertial navigation systems, or for RSS-based landmarks.

In previous papers [17, 18], we also studied the impact aérgplarameters; we showed that the accu-
racy of the user self-positioning scheme degrades wherarttoaint of peers within rang&lj decreases,
the range threshol®increases or the peers mean spegdeqdecreases. We re-evaluate these parameters
and others quickly here.

For the setup used here, using 50 peers gives a mean accfifa@g an while 200 peers give a mean
accuracy of 0.77 m (this is not as overcrowded as it may sdgyouithink of a station, a big mall or a
conference room for instance: in a 10Q00m square, this gives 50°mer peer). Of course, the more
peers there are with random trajectories, the more comratioiicopportunities there are, and the more
information are fed to the LMI system, which induces betstimeations.

Another way to improve the accuracy is to increase the waitime of the user: 5 minutes lead to
an accuracy of 0.91 m. In that case, the barycentric estima#ikes into account more and more raw
LMI estimations, thus giving less weight to bad raw estimasi On the contrary, reducing to 1 minute
degrades the accuracy to 1.67 m.

We also changed the radio coverage range. A5 m range leadsatwaracy of 1.01 m, while a 20 m
range leads to an accuracy of 1.86 m. This is not an intuitésellt, since a larger range would mean
more opportunities for sharing information. However, thadditional positions are more far away from
the user, which increase both the raw LMI error and the batyiceerror.

Finally, we also changed the mean peer speed. If peers avg®l6 m/s) the accuracy degrades to
2.14 m. If peers are fast (3 m/s) the accuracy improves to ®.68Vhen the speed increases, positions
taken into account will largely vary between two successivl-only estimations. This diversification
of spatial information improves the behavior of the baryderestimation.

In all the cases considered in this study, we obtained aif@t&n error lower than .3 meters that
can be reduced to less than 1 meter with an accurate tunirge gylstem parameters. In particular, the
duty cycle of the opportunistic-scan phase has been olibéovhave a significant impact on the user
self-positioning estimation: the shorter the duty cycke lgss the rendezvous probability with peers and,
in turn, the lower the localization accuracy. Furthermave,observed that the proposed opportunistic
localization scheme is rather robust to the self-positigrérror model for Peers. In fact, the correlation,
the standard deviation and the drift of the self-positignénror do not significantly affect the localization
accuracy, provided that the algorithm is performed ovewdtta gathered with a large enough number of
opportunistic exchanges.

2.3.3 Futurework

In order to complete the work, we are intending to do some avgments. A first issue to take into
account is the interference and in general the impact ofttharel behaviour between nodes and how this
can affect the performance. Furthermore, a more realistitg can be investigated, involving different
types of peer nodes, e.g. access points with well-knowrtipnsibut only partial coverage and mobile
peers carrying cheap Inertial Navigation Systems (INS)cisccuracy drifts over time. We will also
implement the opportunistic meeting model defined in [1%t tApplies to peer meetings. It is also
possible to take into account different self-localizatimodels and opportunistic update, as discussed
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in next section.

2.4 Analysis of self-localization error models and opportaistic enhancement

CONTRIBUTORS: CNIT-PD, RWTH, ISMB

The second task, which is (to some extent) complementarpigditst one, mainly addresses the
aspects concerning the modeling of the self-localizatimareand the techniques to gain advantage from
the info received from other nodes. The mobility and the Bskablishment aspects, therefore, might be
superseded considering some simple (though acceptabiglsn(single interface with given coverage
range, simple distribution of the in—range time).

The main idea is the meeting model and the opportunistic tegulzblished in [19].

In this work, a very simple but accurate scenario is drawmtesanove and they can exchange infor-
mation about their localization estimate, i.e. the estadaiosition and the reliability of that estimation,
according to the meeting model that provides a periodic gtase following a duty—cycle. Moreover
they can infer the distance from the communication.

In a first step we assumed a very common scenario. Self-ta¢@in error is modeled as a 2D-
Gaussian Random Variable, with zero mean and variarfcéhe distance estimation is inferred through
the received power of the packet according to a path loss ladosving channel model following this
equation

d
R 0B = Pry K~ 10y10gyo () + (6.

where Pry is the nominal transmission power (in dBnk,is a unitless constant that depends on the
environmentdg is a reference distance for the antenna far fiéld, the real distance between transmitter
and receivery is the path loss coefficient anl(t,x) is a gaussian variable with zero mean and variance
alf, that models the shadow fading. Therefore the estimatedrdistis modeled as

d=d- 10"

The opportunistic update is performed using a Maximum liiiceld approach.

Results are interesting and we would like to better undedsteow different estimation models per-
form using the same update algorithm and how different wgdfforithms can apply to different models
in order to increase accuracy.

To better appreciate the effect of opportunistic localaratwe define thepportunistic gainmetric

A, i=AB, as
i 2—¢
= VT2 E (6)
Oi\/T1/2

where€ is the mean localization error after the opportunistic laesion, wherea®;/1/2 is the mean
localization error of the node obtained by using the nato@alization schemeA denotes the better
localized node compared & Therefore A represents the relative gain in the localization error iobth

by using the opportunistic scheme.

Fig. 4 reports the results obtained for an heterogeneoumsoewhen varying the duty cycke and
the coverage rangB. We observe that also in this case the best performance anebt by setting
0 = 0.5 for every coverage range, though the performance imprmresmall value ofR, as expected.
Nonetheless, the scheme offers a 20% of gain even Rhed m, which is a reasonable distance for this
type of interactions.

Fig. 5 shows the same results, but for an homogeneous seémarhich both nodes have poor native
self-localization capabilities. The results are sub&lyptsimilar to those of the former case, though the
curves are now more compacted and the relative error gaagdisced. Nonetheless, we observe that in
this situation, the initial localization errors are veryge, so that a gain of 25% is appreciable.
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Figure 4: Relative localization error gain after an oppiigtic update for different values of rangen
the heterogeneous scenarig,(= 5). Solid/dashed lines refer to node A/B.
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Figure 5: Relative localization error gain after an oppioigtic update for different values of rangen
the homogeneous scenarimy(= 5).

2.4.1 Futurework

We are working in order to find out other realistic self-lozalion error models, that follow some real
localization application, like Cricket or Radar system. Wese a lot of real data measured using our

testbed so that we can model the behaviour of localizatioor.er

On the other hand, we are trying to figure out some statistigppfoaches for the opportunistic update
based on Monte-Carlo method and particle filtering, in ordedevelop a more refined technique to

exploit the information that nodes have.
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3 MATHEMATICAL MODELING OF INTERMITTENT BEHAVIOR IN OPPORTUNISTIC
NETWORKS

CONTRIBUTORS: NKUA/IASA, CNIT-CT

This JRA involves researchers belonging to two institigjonamely NKUA/IASA and CNIT-CT.
The main objective of this research activity is a study oéiintittent dynamics in opportunistic networks
using methods and models of statistical and mathematigaiqsh In the following, a report of the results
obtained is given.

3.1 Research activities

In an opportunistic network, connections between netwodes are not constant in time. Links may fade
in a hostile environment, connections are rearranged Beaafumobility or power constraints, nodes can
be activated and deactivated in a periodic or irregular reanfihe flow of information through such a
network takes on stochastic characteristics that can imm@work performance. Phenomena like phase
transitions, critical behavior and self-organization,jetare usually associated with states of matter, may
emerge and cause a network to exhibit a variety of behauodiffierent regions of its parameter space.
A solid understanding of the stochastic dynamics undeglyitese behaviors will be useful in providing
intuition and quantitative tools for designing and optimizsuch networks at every level.

There are a lot of factors that influence opportunistic nétwaerformance. These include mobility,
intermittent connectivity/link fading, periodic activan/deactivation of nodes, opportunistic use of re-
sources and others. This calls for a modular approach inetbearch of effective mathematical models
for opportunistic network behavior. The impact of eachdachust be studied separately before their
synergies can be assessed. We start by concentrating offetits ef link fading, constructing one- and
two-dimensional models of networks in which data flow is iinipted by the random fading of links
between nodes.

In the 1d model, we havll nodes in a circular periodic arrangement, with data mowvingrie di-
rection only. This can be easily generalized to the casetaffttaving in both directions and/or an open
line arrangement for the nodes, the dynamics being eshgntia same. We take time to be made up of
discrete time steps, and in each time step a packet of infmarrives externally or is generated at node
i, with a destination nod¢ and a time stamp. lif= j the packet is 'absorbed’ immediately. Otherwise,
it enters in the queue of that node. In each time step, evealy atiempts to forward the oldest (bottom)
packet in its queue to the top of the queue of the next nodé, peitkets absorbed as soon as they reach
their destination. The fading of the links is simulated bgigsing a probabilityp to the event of having
an open link between each pair of consecutive nodes. Lirk®pen or closed independently of each
other. In the extreme cage= 1 the flow is uninterrupted, while gt= 0 packets never leave the source
node. In this scenario the network is characterized by twiabke parameterg) andN.

We construct a mean field theory that describes the dynarhascages in this model, by comparing
the average flow of packets in and out of every nodej(I) is the length of the queue of nodat time
t, then, on average:

alt+ ) =a()+ 3 (15 ) +p(1-§ ) 0G0 - pota) )
where®(q) = 1 whenqg > 0 and 0 otherwise. The first variation term describes thereaténflow of
packets, the second is the inflow from nadel and the third is the outflow to node- 1. The negative

ﬁ correction in the first term takes into account the probibihat source and destination are the same,
while the negativq% in the second term removes the packets coming into ntits are actually destined
for it. Naively this would beﬁ, but a simple combinatorial argument that counts the nurabpossible
source nodes for the packets at nodestined for nodg > i (moduloN) shows the proportion to be
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Figure 6: Proportion of packets at noNeadestined for nodein steady state.

ZUN“(_TQI;» For j=i+1this is%. Ir_1 thg 1d case this counting argument agrees remarkablywitklthe
simulation data, as can be seen in Fig.6.

Summing over all the nodes in the network we have@) = TN ; gi(t):

1

Q(t+1) = Q) + (1~ )~ 2p8 ®)

N "
wheref = Zile@(q') is the average number of nodes with a nonempty queue in thensySinced < 1,
the network reaches a stable functioning state only when

1
P=>pc= N 9)

The critical probabilityp. approaches /2 for largeN. For p < p; the system becomes unstable and
queues increase linearly with time. The critical valugpafredicted by mean field theory in (9) is borne
out by the numerical data, shown in Fig.7.

This means that fluctuations do not significantly shift thei@aof p; in 1d. They do impact crucial
performance metrics however, such as the latency of packéish is close to its average estim
only for large values op and indeed diverges at= p. (Fig.8). The analysis of these fluctuations both
in space and time (buffer correlations, response funclials® determines other important metrics, like
buffer length distributions and reliability, and is one ofr@urrent research tasks.

Applying the same concepts to a 2d network we can examindftseof intermittent connectivity in
a setup that is both theoretically richer and more pradyicalevant. We consider ad x N square lattice
of nodes in the topology of a torus, with information flowirganly one direction in each dimension
(bi-directional, linear variants are not essentially eliént) with one new data packet randomly entering
the network at each time step while each node attempts tafdrits oldest packet to one of its nearest
neighbors, and if this fails to the other. At every step, dadtis open with probabilityp, independently
of all others. Each packet follows one of the minimum lengithp to its destination, where it is removed
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Figure 9: Rate of increase of the number of packets in the 2demarhe critical probability depends
strongly onN.

from the pool. A mean field theory can also be constructedigctiise and includes terms of second order
in p. For nodei|j we find:
Gijj(t+1) =
—a(0+ 2 (1~ 32 ) + 320~ P (1~ a3 ) (O(G-11) + ©(@j-0) - (20~ )0
(10)
or, if we look at the whole system at lartje

Q(t+1)=Q(t) +1-4(2p— p*)6 (11)

which predicts a critical open link probability pf ~ 0.134. As beforef is defined as the average number
of nodes with nonzero queue. Here, howeﬁeconnections are stable, changing the result for small but
relevant values dfl, as can be seen in the numerical simulation results in Figh®.critical probability is
much closer to the mean field theory prediction Ko+ 100 than forN = 10. Thesq% corrections come
both from combinatorial factors and from the details of thting algorithm. For example, a node might
attempt to forward a packet first along the direction wheeedhs greater distance to be covered towards
the destination node, or it might pick it randomly. We havedighese two approaches in simulations and
they give similar but not identical results. An analysishﬁﬂe% corrections and also the fluctuations that
determine important performance metrics like latency (shan Fig.10) and reliability are our current
research task. For both the 1d and 2d models, a precise tvaration of the phase transition between
the stable and unstable modes of the network is also of stteét®ugh this might be more of a theoretical
exercise, since it would be hard to fine-tymt its critical value in an opportunistic network environme
Opportunistic networking becomegcessaryvhen it is not possible to establish an end-to-end path
between the source and the destination. This can occur iougawireless communication scenarios.
For example, it occurs when the network is sparse and therdfie nodes located between the source
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Sand the destinatiod are not sufficient to relay the packet all the waylto In this case, networking
can occur thanks to the mobility. In fact, intermediate nehibdes can relay packets received by their
current neighbors to other nodes as they become neighbtirtherfinal destination is reached. Another
possible scenario is when nodes are energy constrainecpand sost of the time in an idle state so as
to increase energy efficiency. In this case a node can forthergacket to its next relay only when such
node becomes active.

We focus on the latter scenario. We will consider a networkdeted as a two dimensional lattice,
in which node in positior(i, j) is connected through a link to nodes in positidns- 1, j), (i, — 1),
(i,j+1),and(i+1, ). Each of the links is active with a probabilifythat depends on the time interval
spent by nodes in idle (i.e. OFF) and active (i.e. ON) stat@sfact, in a first approximatiorp =
Ton/(Ton + Torr). Observe that we assume that if a node has packets to be ttt@osim its queue, it
will remain active until the queue becomes empty.

Also we will consider the case in whidupernodesppear in the network so that nodes in proximity
of these supernodes can transfer to these nodes all thetpdokg have stored. The supernode will take
the responsibility to deliver the packet to the destinatiod therefore, in the network perspective it is as
if all the packets have been delivered.

Accordingly, the equation that regulates the size of(thp-th queue at time sldt which we denote
asq j(t) is given by the following equation:

Gij(t+1) = Gij(t) + p-u(gi-1j(t) + p-u(gija(t))— (12)
—@j(t+1)-[p-aij(t) (1—u(g;(t)))+ai;t)-ula;t))]
whereu(x) is the step function which is equal to 0%f< 0 and is equal to 1 ik > 0, and@ ;(n) is a
function which is equal to 1 if the supernode is within theioatbverage of the node in positidn j) at

thet-th time slot, and O otherwise.
Within this modeling framework we will study:

1. The tradeoff between energy efficiency and delayln fact, if p is high then nodes spend most of
their time in the active state. As aresult, energy efficiaadgw but we expect that delay decreases.
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Also, second order effects should be considered. Indegdsifow, the nodes are idle most of the
time, however, if a node has a packet to deliver, then it néedsmain active until the next hop
in the path becomes active. In this state the node consuneegyewhich results in a decrease in
energy efficiency.

2. The performance increase which can be achieved by exploitinsupernodes.In fact, the pres-
ence of supernodes is expected to cause both an increasergy esfficiency and a decrease in
delay.

3. Identify the optimal mobility pattern for the supernodes. We believe that the mobility pat-
tern has a significant impact on performance. More spedifiead expect that the faster are the
movements of the supernode, the higher the positive impapedormance. We will try to derive
guidelines for the design of supernodes mobility patterns.

3.2 Open issues and goals

Apart from the immediate goals concerning link fading, &hware two important directions for our research
activities in the near future. Both of these concern theaggunobility. Either users are mobile and links
are rearranged as time passes (the total number of usertsoaragy), or we have a “message ferrying”
situation in which certain nodes can travel through the ndtvand act as data carriers.

The (stochastic part of the) first kind of mobility can be mledeby a random reassignment of con-
nections within the network, locally or globally, periodity or irregularly. The effect that this will have
is not obvious a priori, since reshuffling the queues can naata packets both closer and farther from
their destination. Also, the parameter space of the netwools, creating possibilities for more com-
plex dynamics. With respect to the second kind of mobiltig dupernodesetup described in some detail
in the previous section provides a rich framework for iniggging the possibilities of message carriers
providing connectivity in sparse or power-constrainedvaeks.

Another interesting scenario is the queue-length-trigdaretwork, in with nodes transmit data only
when their buffer size exceeds a certain limit, in order toply with power constraints. In this mode,
the network exhibits a set of phenomena collectively knowrself-organized criticality (SOC), with
data propagating through the network in avalanche-likeetds and many important quantities following
power-law distributions.

Finally, the ultimate goal of this JRA is to understand thenbined effects of the aforementioned
phenomena in the full parameter space of the network modais.will produce intuition for predicting
the network behavior and designing protocols for oppostiminetworking in a variety of conceivable
situations.
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4 TRANSPORT LAYER ISSUES INOPPORTUNISTIC NETWORKS

CONTRIBUTORS: CNIT-CT, KAU

This JRA is the result of the collaboration among two insititos, namely CNIT-CT and KAU. It
investigates on the benefits achievable through a packeegatipn technique and an enhanced MAC
layer. Specifically, some interesting results obtainedubh simulations in a wireless mesh network
have been obtained.

4.1 Research activities

Recently, Wireless Mesh Networks (WMNs) have attractednéittn as a way to provide alternative
Internet connectivity to rural areas, communities, and itealsers. In WMNSs, wireless access points
communicate with each other wirelessly, forming a true l@ge mesh based access network of mesh
relay nodes (MRNS).

WMNSs can also provide a solution to the intermittent conwégtwhich is common in opportunistic
networks, where devices are mobile and connections areomstant in time. As an example, mobile
nodes in order to communicate with each other can connedttetavireless access points and use the
WMN as a wireless backbone.

Due to the nodes’ mobility and consequently the fast vamatf the offered load, the wireless net-
work shows very poor performance. The most common problemsiae high number of collisions, the
PHY/MAC overhead, and the high delivery time.

The TCP protocol assumes packet losses as a congestiohaigreonsequently it reduces the trans-
mission rate penalizing the overall throughput.

In such scenario, the network capacity can be significantyeiased by opportunistically aggregating
(or combining) several smaller packets into larger one§ [14

There are several benefits of packet aggregation in WMNSs @i, The most important is that the
overall number of MAC frames is reduced and collision risknmen TCP flows are thus minimized. In
this way it is possible to make the network robust to the W@ns of connected users.

When we consider a mesh network using an IEEE 802.11 teciyadlioe gain obtained from data
aggregation, without any modification to the MAC layer, bees marginal because the inherent coordi-
nation problem of CSMA in multi-hop wireless networks doatis the performance.

Below we present preliminary results on the gains achievitbbugh the use of packet aggregation
as well as the use of an enhanced MAC layer. Future plansvienambining the enhanced MAC layer
with packet aggregation to evaluate the combined effecssicifi approach.

4.2 Packet aggregation in wireless multi-hop networks

The basic idea of packet aggregation is to assemble seveailes packets into a larger one to save trans-
mission time and reduce overhead and collision probabilitye difference between packet aggregation
and frame aggregation is that the latter operates at the M€ And the former operates at the IP-level.
The benefit of packet aggregation is that it can operate emtdgnt of the MAC/PHY standard, so it can
be deployed with no need of adapting the chosen MAC/PHY 3@

The benefit of aggregatingpackets into a single one can be quantified by the time saubd MAC

layer as:
8xAH

r

ts= to(n - 1) - (13)
where:
e AH = size of aggregation header (in bytes)

e t, = DIFS+ SIF S+ averageChannel AccessDelayhe channel time for the PHY and MAC head-
ers of one data frame and its MAC-level ACK fran®RHY + MAC + ACK) (in seconds)
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e r = PHY layer rate (in bps)
e n=number of packets (unaggregated).
e ts= saved time (in seconds) when aggregatimackets of same size.

It can be noticed that the benefit from aggregation increasbsthe number of (IP) packets that can be
aggregated. In addition to the reduced overhead, the nuofibAC layer frames will be reduced, which
reduces contention and collision probabilities.

To have enough packets to aggregate, nodes usually ingatuartificial delay and queue packets
[21]. When this additional delay expires and if the packetldmot be aggregated, itis sent as itis. The
right choice of such aggregation delay is an important aegarameter, if the traffic load is low. Higher
aggregation delays yields a higher aggregation rate, batahigher end-to-end delay. With TCP under
normal conditions, the effect of such delay on RTT is minimal

Next we will present a detailed description of our packetraggtion algorithm.

4.2.1 Proposed packet aggregation algorithm

In this section we present our algorithm for packet aggiegatvhich is inspired by [22] because of
its good performance with UDP traffic. The algorithm coulditmplemented either at the MAC layer
or at the IP layer. However, for ease of deployment with auriEEE 802.11 hardware we choose to
implement the algorithm at the IP layer.

Every mesh node marks incoming packets that potentiallybeaaggregated with a time-stamp and
stores them in virtual “aggregation” queues. We use onealidggregation queue for each next hop. In
addition, there is another virtual queue which holds allke# that should be sent un-aggregated (such
as routing packets). Conceptually the virtual queues ae B¢ the upper layers as one Drop-Tail queue,
where the current queue size is equal to the total numberaiipain all virtual queues.

If a packet, when potentially can be aggregated, arrivesradsh router and the virtual queue towards
that next hop is empty an aggregation timer is set to timeigpiieket Arrival Timer aggregationMaxDelay
There is one aggregation timer per virtual aggregation gueu

A dequeue event is triggered on either of three particulantsz when a packet is enqueued, when the
aggregation timer expires and when the MAC layer becomes ithenever a dequeue event is triggered,
four events can happen:

1. If there are aggregation queues with packets older #ugmegationMaxDelaythen the queue,
aggregation or non-aggregation, with the oldest padeeserved first. This avoids starvation and
packet reordering.

2. If there are no aggregation queues with packets older dggregationMaxDelaythen the non-
aggregation queue is served.

3. Ifthere are no aggregation queues with packets olderabaregationMaxDelayand no packets in
the non-aggregation queue, then the aggregation queueahiatins packets of an aggregated size
which is larger thamMMTU — aggregationHeadeand has the oldest packet is served. This helps to
improve flow fairness while still ensuring aggregation éficy.

4. If neither of the above is fulfilled, then the aggregatiawe stays idle until a new dequeue event
happens.

All packets in an aggregation queue are aggregated Tt — aggregationHeader If there is only
one packet in a queue, the packet is sent as it is. If there égast two packets, they are aggregated into
a larger one and an aggregation header is added before ttegatg packet is passed to the MAC layer.

1For the aggregation queues the waiting time is subtractétaggregationMaxDelay
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Figure 11: Simulation Topology.

If the MAC layer is idle and a new packet arrives that would méhe resulting aggregated packet
size larger than MTU or if an aggregation timer expires, ttevipus packets are aggregated and passed
to the MAC layer and the aggregation timer is reset. When ¢ygidue event happens and the MAC layer
is not idle the queue takes no action, as a dequeue eventapitidm as soon as the MAC layer becomes
idle. If there are more packets in a queue than what wouldditienone MAC frame, then the queue will
aggregate as many packets as fit inside the current MTU, wtillleespecting the packet order. The time
stamp of the first packet that does not fit will set the new véduéhe aggregation timer. The aggregation
header is an additional IP-header that adds an overheadmft@8 per aggregation packet.

The aggregation algorithm is controlled dggregationMaxDelayhich denotes the maximum forced
delay for a single packet. When the network traffic is lows frrameter induces artificial delay, increases
the number of packets in the queue and thereby increaseggihegation ratio. We choose 10 ms as it
gives a good trade-off between aggregation efficiency amadhlitional delay introduced. If the network
is highly loaded, queues will quickly contain enough pasketfill an entire MAC frame, which reduces
the artificial delay introduced by aggregation. In that sem@ggregation automatically adapts to traffic
load.

4.2.2 Simulation results with aggregation

We conducted several simulations to investigate the implpacket aggregation on TCP performance.
We selected a typical WMN scenario where multiple flows tregea common path towards an Inter-
net gateway. To keep the analysis readable we modeled tlistigg topology with 4 wireless links
connected to 2 wired links (see Fig. 11).

We modeled all TCP flows as FTP-type file transfers betweer$16cand 6, with infinite file sizes,
and we varied the number of TCP flows according to Table 1. rirukitions involving 4 or 20 flows,
half of the flows are directed from node 0 to nodeBhile the other half of the flows are directed in the
opposite direction. In that case, DATA and ACK packets frqopasite FTP flows get aggregated in the
same flow.

Aggregated goodput
Fig. 12 shows the aggregated goodput for 1, 4 and 20 flows. Wgtiregation enabled, goodput
is higher than without aggregation and only slightly infloed by TCP packet size. The simulations
showed a gain around 10 % when a large TCP packet size is udeat@md 50 % when a small TCP
packet size is used.

TCPRTT
From Fig. 13, we can see that the TCP RTT was reduced when aséngall TCP packet size and
aggregation as compared to scenarios when no aggregatsumsed. This shows that even if we introduce
artificial delay to be able to aggregate more, the TCP flowsfitefinom the reduced MAC contention.

2More precisely, in a FTP flow from node 0 to node 6, DATA paclggisn that direction while ACKs go from node 6 to
node 0.
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Table 1: Simulation properties.

Property Value
Simulator NS 2.26 (extended with packet aggregation)
Nr of Flows 1,4 and 20
Simulation time 910s
Repetitions 25
Traffic time Delayed by 30 s, Stopped after 908 s
TCP Sender TCP/Sackl (follows [23])
TCP Receiver TCPSink/Sackl/DelAck (Selective and
Delayed ACKSs)
TCP Advertised window 5000
TCP Delayed ACK interval 100 ms
TCP ACK Size 40 Bytes
TCP/IP Header Size 40 Bytes (20 IP + 20 TCP)
TCP Packet Size 536 or 1460
TCP Traffic type Infinite backlog (FTP)
Interface Queue PriQueue or Aggregator
Queue Length 50 packets
aggregationMaxDelay 10 ms
aggregationHeader 20 Bytes
MAC/PHY 802.11a [24] (with extensions from [25] [26])
MAC MTU (Fragementation Threshold) 2304 bytes
PHY Basic rate 6 Mb
PHY Data rate 24 Mb
Sensing range 100 m
Transmission range 50 m
Wired Links 100 Mb/s, 1 ms delay, Droptail queue

Aggregated Goodput

W 1460 Packet Size NoAggregation 01460 Packet Size Aggregation

[O536 Packet Size NoAggregation [ 536 Packet Size Aggregation
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400 ~

4 20
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Figure 12: Aggregated Goodput.
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TCP RTT
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Figure 13: TCP round trip time.

In the scenarios where we use a large TCP packet size, thHesrasamore contrasted. With 1 and 4
flows aggregation introduces extra delay in the TCP RTT. Wlisémg 20 flows, the TCP RTT decreases:
this is due to a reduction of MAC layer contention followedrfr the aggregation of TCP ACKs.

4.3 Enhanced MAC layer

A key issue in order to exploit the advantage of packet aggi@gis to improve the MAC layer so that the
starvation and collision problems can be mitigated. Wittemy modification to the MAC layer, the gain
obtained from data aggregation becomes marginal becaesehérent coordination problem of CSMA
in multi-hop wireless networks dominates the performance.

Several studies have demonstrated that when all transsréiite within the range of each other, CSMA
protocols provide fair access opportunities to all flows.fddgtunately, in a multi-hop topology when
transmitters are not in the range of each other, channd stftirmation is necessarily incomplete be-
cause some transmitters cannot sense when other nodearamitting. This lack of information leads
to poor performance, affecting the transmissions in diffiémways (i.e. starvation, unfairness), even if
coordination enhancements such as RTS/CTS control paxkbaeges, like in IEEE 802.11 DCF, are
used [27]. In particular, a unfair throughput distributiarses in which a few flows capture all bandwidth
while many other flows get very low or even zero throughput.

In these cases CSMA protocols show short- and long-ternmirmefss, high collisions probability and
sometimes starvation. In fact, in similar scenarios, tresitility to acquire the channel becomes different
among the terminals. As an example, we show what happeng WMN shown in Fig. 14, when the
IEEE 802.11 DCF is used.

Let us assume that node 4 has a packet to send and thereferelst an RTS message. Its neighbor
node 3, upon hearing this RTS, defer for a certain periochaé tilf node 5 is ready to answer, (i.e., it has
not heard an RTS or CTS previously), it sends a CTS. Uponmgéne CTS, the neighbor of node 5 (i.e.
node 6) remains idle for some time (i.e., do not send an RT8gpand with a CTS). Node 4 transmits a
data frame to node 5, and node 5 acknowledges the successfption with an ACK. As a result, during
this period of time, the neighbors of node 4 and 5 remain idle.

In Fig. 14 we indicate with a cross (X) the transmissions Wiaie blocked when the node 4 transmits
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Figure 14: Chain topology.
to node 5.

Instead, node 2 does not sense any packet belonging tofflopwwWhen node 2 wants to transmit a
packet, it has to discover an available time-slot randowiyout any coordination with node 4, resulting
in many attempts of node 2 without any response from node 3st Mbthese random attempts occur
in the middle of a transmission of flos 5, and they result in some collisions at node 3 (see Fig. 15).
Consequently, node 2 is forced to defer and to repeatediplddts contention window (CW), thus
reducing the chances to start a new transmission in the naXahle time slot. As a consequence, its

throughput approaches to zero (starvation).

® .
o

Figure 15: Example of packet collision at node 3.

In order to solve this problem, several approaches have fegosed. In the following section we
describe our improvements to the MAC layer, when CSMA/CASed) in order to solve the problem of
lack of coordination between nodes in a multi-hop environtme

4.3.1 Proposed enhancementsto MAC layer

Here we propose a distributed modification of the IEEE 80RCF, based on the tuning of the back-off
mechanism using a feedback approach.

Specifically, we propose a distributed adaptive contentiimdow-based scheme which works by
using packet drop events at each node as a feedback to tuieBEe302.11 backoff mechanism of that
node in order to reduce collision probability and to avoianehtion. Particularly, we refer to the chain
topology shown in Fig. 14.

Our approach is similar to that in [28], where the authorppse a distributed modification to the
IEEE 802.11 DCF standard to improve the efficiency of netwan#ling techniques for TCP. We want
to adapt these MAC modifications to also integrate the paafggtegation. In particular, the algorithm
proposed in [28] adapts the backoff only in function of the@ls interference range, instead our approach
will tune the backoff depending on both the interferencegeaand the packet size. The latter takes into
account the effect of aggregation on the size of the packefialed.

The goal is to achieve a scheduling, shown in Fig. 16, whiatolsion-free and it is characterized
by a high throughput and low collision probability.
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Figure 16: Collision-free scheduling.

The basic idea of the mechanism is the following. After a nedle transmitted a packet, it defers its
further transmissions until the transmitted packet croaséeast two hops. By doing so, the other packets
transmitted by this node will not interfere with the transgidn of the previous packet.

We allow the node to defer its transmissions by giving it adowriority during the contention for
the channel: as soon as a node transmits a packet and rettevesrresponding ACK, it sets a large
contention window, calle€Warge (€qual to a value we explain in the following), for a periodtiofie
equal toTgieep OnceTgieepeXpires, the node shrinks back its contention window toe@wiagain for the
channel.

We defin€Tgeepas:

Tsleep= (k+1)-Ts (14)

where :
Ts=CW+ RT S+ SIFS+CT S+ SIFS+ DATA+ SIFS+ ACK+DIFS (15)

is the time needed for a successful transmission kasa parameter set in a different way for each node;
hence, each node will have differeéRjeep

The value ofk used by each node depends on its interference range and agdhegation degree.
We use a feedback from the events related to packet dropsrtputek as explained in the following.

To calculateCWarge We refer to Fig. 14. Let us assume the interference rangeuisl ég 1 for each
node. According to the proposed mechanism, once node Vescan ACK from node 2, it has to defer
its transmission during the transmissions of nodes 2 an@li®th the transmission and the interference
range are equal to 1, node 1 doesn'’t hear node 3 and conslyqiesreases its backoff. In order to avoid
collisions between node 1 and node 3, we choose

CV\large =2 Ts (16)

so that the average backoff time is equaﬁw =Ts.

Now, let us assume, for the above topology, that node 1 ckabsevalue ok as equal to 1. Con-
sequently, node 1 sets its contention window to a large y&l\Wqe, after the transmission of the first
packet, and shrinks it back @My, after a time equal t@sjeep= 2- Ts.

If the interference range is greater than 1 hop or the nexesiddrward the original packet after
aggregating other packets (note that in this way the valUg inicreases because the packet size increases
as well), the next transmission of node 1 will likely collidéth the packets which are being forwarded at
the next hops.

If such collisions happen frequently (due to the incorrastineate ok), there would be several packets
dropped because of the reached retry limit.
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We use the value of dropped packets at that node as a feedbankrove node 1's estimate &f
In particular, when node 1's estimate approaches the dorade ofk, the value of packets drop at that
node reaches zero. Since the minimum valuk isf1, each node initially sets= 1 and for each packet
drop, it increasek by 1. On the contrary, when no collision or drop event hapgena long interval of
time, the node decreask®y 1.

Let us describe the mechanism through pseudo-codes. Afigilehas transmitted a packet, it sets a
timer ack_timer. If an ACK does not arrive during this time interval, the ftino handle ack timer() is
invoked (see Fig. 17). Thetry_counteris incremented and comparedradry_limit. If the retry_limit is
reached, the packet is droppeetry counteris reset andk is increased in order to avoid other collisions.

Function 1
handle ack_timer()
retry_counter+ +;
if (retry_counter> retry_limit) then
discard pkt();
retry_counter=0;
K+ +;
else
retransmit data();
end if

Figure 17: Pseudo-code of the procedure called when trétesrdoes not receive ACK.

When a transmission is performed correctly (in this casentite has received the ACK packet), the
node calculate3s, which is the time interval needed to perform a correct trdssion, and then it sets
the freeze timer equal Myeep(See Fig. 18). Then, tMEW is set toCWjzge and the backoff starts.

Function 2
recv_ACK()
if (pkt! = NULL) AND (DST_ACK == Node Addres$ then
ack timer.stof);
Ts=CW/2+ RTS+ SIFS+ CTS+ SIFS+ TxTimépkt) + SIFS+ ACK+ DIFS,
Tsleep= (k+1)-Ts
CW = CWarge;
extendedCW._timer.start(Tsieep);
backoff timer.start(CW);
else
discard ACK();
end if

Figure 18: Pseudo-code of the procedure called after an AC&ation.

After a duration ofTgeep extendedCW_timer expires anchandle extendedCW._timer() is called
(see Fig. 19), which resets tR&V to its minimum value.

4.3.2 Simulation results with the enhanced MAC layer

In this section we consider the enhanced version of IEEE1802nd we comment the results obtained
using the well-known ns-2 platform. For comparison, theiitssfor the standard IEEE 802.11 DCF are
also shown.
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Function 3
handle extendedCW_timer()
CW = CWhin;
if (backoff_timer== ON) then
backoff timer.stop();
backoff timer.start(CW);
else
backoff timer.start(CW);
end if

Figure 19: Pseudo-code of the procedure called véx¢endedbackoff_timer() expires.

Note that, as this JRA is recently started, these simulatdmnot feature packet aggregation yet;
however we have considered different packet sizes in oaleraluate the algorithm behaviour when
coupled with packet aggregation.

Each simulation was run for 100 seconds after a 5-secondsiwprperiod. In the following we
explain the results for the scenario represented in FigAldistance of 200 m separates each node from
the previous and the following ones. Furthermore, we suppoth sensing range and transmission range
equal to 250 m and we use for the physical layer the defaultegabf the two-ray ground parameters.
Other simulation parameters are summarized in Table 2.

Parameter Value

Slot timetgot 20 us
SIFS 10 us
DIFS 50 us

RTS size 288 bhits
CTS size 240 bits
DATA size CBR | 250 to 1500 bytes
DATA size FTP | 1000 bytes
ACK size 240 bits
CWnin 32

CWIarge 2-Ts

Short Retry Limit| 7

Long Retry Limit | 4

Data rate 2 Mbit/s
Initial value ofk | 1

Table 2: Simulation parameters.

First, we have conducted some simulations assuming CBRctafer UDP protocol in order to
have only one-way traffic. Fig. 20 shows the throughput vakiepacket size, for the standard 802.11
MAC and the enhanced MAC. When the packet size is small, dgtrithms behave in the same way,
because the number of collisions is low. When the packetisizeases, the throughput reaches a value
of 500 kbps (which can be considered the maximum througtgrwa 2 Mbit/s channel due to collisions,
retransmissions and packet overhead) and the modified MA@edarms the standard IEEE 802.11
protocol due to the reduced number of collisions.

We have then conducted simulations in order to show the li@haf/our enhanced MAC when the
TCP protocol is used. In this case we have considered a FTfRe saurce. The results obtained are
summarized in Table 3. They show that, even in this case, tdifivations to the CSMA/CA lead to
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Figure 20: Comparison between Enhanced and Standard 8@2Clover CBR/UDP.

some improvements in terms of both throughput and delay agared to the standard 802.11 MAC
approach.

Metric Adaptive 802.11 MAC| Standard 802.11 MA(
Throughput 48 Kbps 18 Kbps
Average Delay 0.2s 0.33s
Max Delay 7.51s 9.84s

Table 3: Comparison between Adaptive and Standard 802.1C b&r TCP.

It is important to note that when TCP is used instead of UDPhaxee two different flows, the first
one from the source to the destination (DATA flow) and the othehe opposite direction (ACK flow).

In this case, the modifications we have presented before taamieve so high performances. This is
due to the collisions caused by the ACK flows which are notridgk&o account in this first release of the
proposed mechanism.

Performance can be increased thanks to both the data atgreggchnique previously described in
Section 4.2.1, and in particular by aggregating DATA and Agackets together, and to the broadcast
nature of the wireless channel. In fact, assuming packeteggtjon, during each transmission, a node
can transmit information helpful for both distincts flows.

4.4 Future work

Future work involves combining the enhanced MAC layer wilchet aggregation in order to exploit the

advantage of the enhanced MAC over the aggregation teahnidnen TCP flows are considered. We

plan to mix together in the ns-2 platform the two proposedr@gghes and then evaluate the combined
effects of such an approach through simulations.
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5 PEER-TO-PEER TECHNIQUES IN OPPORTUNISTIC MESH NETWORKS

CONTRIBUTORS: CNIT-CT, KAU

The present JRA involves researchers belonging to CNIT4@ITKAU. The aim of this JRA was to
investigate how some innovative and efficient P2P mesh mkimg protocols behave in dynamic and
mobile environments. In the following we illustrate theuks obtained.

5.1 Research activities

Wireless mesh networkse an emerging communication paradigm which recentlyivedegreat attention
[29, 30]. Experiences such as Seattle and Houston wirelésgss the trend towards exploitation of
realization ofwireless community networkahich are becoming increasingly popular since the advient o
cheap wireless technologies such as IEEE 802.11.

Given thecommunityspirit of such networks, it is expected that users will bdinagl to share also
non-communication resources, such as data, images, nmewes, disk quotas for distributed backup,
etc. It is therefore likely that peer-to-peer applicatiam#l play a fundamental role in enriching the
services offered by community networks.

The traditional architecture proposed for mesh networksickers a backbone composed of wireless
routers (e.g. IEEE 802.11 or 802.16 wireless nodes) whiokiige long range connectivity to highly
mobile wireless nodes. In the view of a community networlesth peripheral nodes can be identified
with peer devices which provide contents to be distributedetwork nodes.

However, in order to support spreading of wireless commumittworks which rely on exploitation
of wireless mesh networks, it is fundamental to provide &ll@f service availability and reliability
comparable to the case of a wired network. Unfortunatelyyewver, wireless links are characterized
by additional sources of degradation like interference fadéthg and mobility of peer and router nodes
makes the problem even more serious due to the need for dgalymipdating the network status and
resource location. Therefore, in order to cope with theggirments, opportunistic networking can be
used. More specifically, a set of candidate wireless reéer@auters can be identified which takes care
of performing resource search on behalf of mobile peer @svidhis set can be dynamically changed
according to where the peer node has moved and how the catagns$ of the connecting link between a
peer node and a wireless router changes in time. Also, nktwanagement and search procedures which
allow to manage dynamic situations where peer nodes frelguein and leave the network should be
considered. Another interesting feature which should kertanto account is related to the need for
mapping the search procedure performed to look for availeddources to the physical current location
of network providing peers. This is useful in terms of ingiag search efficiency in resource location
reducing the distance between the overlay logical netwodktae physical one.

In this JRA we took into consideration two P2P mesh netwarkinotocols, the Bamboo and the
Georoy DHT, and performed a testing of their features copiitly a dynamic and continuously changing
environment. In the next sections we will illustrate thetfeas of these two protocols and discuss the
expected improvement that a combination of these two potgazan give.

5.2 Bamboo: handling churn over the Internet

Bamboo [31] is referred to as a third generation DHT, whicprioves previous systems by taking into
account problems such as management traffic congestiorstryfa2]. While Bamboo is based on the
routing logics of Pastry, management of overlay structardifferent in order to be more scalable in a
dynamic environment.

To maintain the network structure, Bamboo keeps two setseigfhibor information in each node,
leafset and routing table information. The leafset coasidtsuccessors and predecessors that are the
numerically closest in the key space. While in the leafsetritades may be neighbors in the overlay of a
given node, they may be physically far away. When routingeryut is ultimately forwarded to a node
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which has the key in its leafset to ensure correct lookupsveyer, if only the leafset is used when doing
lookups, a lookup complexity of O(log(N)) is achieved. Taduee the lookup performance, a routing
table is used, which is populated with nodes that share a @onprefix. Routing table lookups are then
ordinary longest-prefix matches.

When data is stored in the DHT using the put command, the datauted through the DHT to the
node primarily responsible for storing the data. When tlepoasible node gets the data, it caches it
within its leafset neighbors in each direction accordinght® number of desired replicas. For certain
applications, the number of desired replicas can cause tlemands for storage space (if each node has
equal amounts of keys to store, every node needs to storaraint a number of times equal to the
desired number of replicas). Therefore, for data storageates, a node periodically picks a random node
in its leafset and synchronizes the stored keys with it. Tdreespondent node calculates the set among
its stored keys that should also be stored at the sender sedeing those keys to the sender, including
the hash values of the data.

The major difference between Pastry and Bamboo is the wayhhedle management traffic. In
Pastry, management is initiated when a network changeésitet, while in Bamboo management traffic
is periodic regardless of network status. While reacti@nshtanges in the routing layer operate on very
small timescale, reactions to changes in overlay stru@tgenot so fast. However, the approach to use
periodic updates has been shown to be beneficial during ¢Blifnsince it does not cause management
traffic bursts during congestion. Such traffic bursts cath&rrincrease packet loss probability; can lead
to management messages being dropped and other overlayrkelisturbance.

In order for Bamboo to be able to serve requests and maintaimsistent network view among its
nodes, it needs to perform overlay maintenance messagarmeh between nodes. Periodic management
traffic occurs in all layers of the Bamboo system. Neighbogps generated by every node in order to
make sure that the node can still reach its one-hop neiglibdne overlay, and it is also used to maintain
a RTT estimate used for retransmission timeout calculati®uch timer values are used to derive, if, for
example, members left the overlay or messages need to benattitted. However, re-transmitting too
early will lead to too high number of packets. An accuratestiont value is crucial in order to predict if
a packet is lost and needs to be resent along a different pdilteioverlay. Nodes also perform leafset
update by periodically choosing a random node from its &tatsnd execute a leafset push followed by
a leafset pull. Both messages involve sending the commefedt to the synchronizing node where the
information is incorporated.

Bamboo considers that two nodes share the same level whenoalgecontains the other node in
its routing table. Therefore, the local routing table updatused to exchange the node information in
that level. If a node gets information about other nodesfthatto the routing table, it probes the nodes
to test reachability and to get a RTT estimate. If a node ishalale and fits into an empty field in
the routing table, it is added. If the matching routing tadtery is occupied, the node with the lowest
latency is chosen. In standard configuration, Bamboo op@islatency, although other schemes could
be available, such as optimizing for uptime. It is importenhote that an optimized routing table does
not influence lookup correctness, but only lookup laten@}.[Fhe Bamboo system has been evaluated
through simulation and using testbeds such as the Plangidhb

5.3 Georoy: a location-aware P2P algorithm

Although a careful construction of the overlay helps insmeg the efficiency of P2P systems for wireless
ad hoc networks, the combination of node mobility, lack dfastructure and unreliable wireless links
renders the traditional P2P proposals unsuitable for egpdin in large ad hoc networks. Typically, it is
assumed that a P2P network is formed by a few tenths of nodeq35-37]). Hence, the design of a
scalableP2P system for wireless ad hoc networks is still an open probl

The DHT algorithm discussed in this section is a variatiothefViceroy algorithm proposed in [38]
based on the use of geographic information. For this reasercall this algorithmGeoroy Another
major difference between Viceroy and Georoy is that the &srrmplements a flat peer-to-peer network
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Figure 21: Viceroy's mapping of peer IDs and resource keythéunit ring. Peep manages all the
resource keys inangg(p).

(i.e., peer nodes both provide content — resources — to tirieand implement a distributed catalog
for indexing), while the latter is based on a two-tier aretitire: lower tier nodes (leaf peers) provide
content, and upper tier nodes (super peers) implement i#bdisid catalog of available resources. In
this context, leaf peers are mobile users, which make theyurees available to the community, and
super peers are the wireless routers (also callieeless community nodés the following) composing
the infrastructure of the wireless community mesh. The dise@HT at the super peer level allows to
implement a very efficient indexing of the available resesrcevery super peer maintains virtual links
only to a constant number of neighbors (at most 7, indepdlydefithe system size), and queries about
resource localization can be correctly answered by tringeet mostO(logn) links in the virtual overlay
at the super peer level, whends the number of super peers in the network. Furthermors,désign
inherits from Viceroy important properties such as loadabeing in the overlay network, and efficient
maintenance of the distributed indexing mechanism in piEsef super peer and leaf peer join/leaves.

5.3.1 TheViceroy algorithm

The algorithm used to implement the DHT abstraction at thmespeer level is an adaptation of the
Viceroy algorithm introduced in [38] to the wireless meskwwk scenario. For this reason, we describe
Viceroy before introducing our algorithm.

In Viceroy both peer IDs and resource keys are mapped by angagimction into to the same ID
space (metric), i.e. the unit rin@, 1]. Each key resides on the peer with the smallest ID larger tian
key ID, i.e. the key range associated with ppaeromprises all the resource keys with ID smaller tipan
and larger than the ID of the predecessoipaf the unit ring (see Figure 21). For simplicity, from now
on we use notatiom to denote both a generic peer and its ID[0n1], and notatiork to denote both a
generic resource kedyand its ID in[0, 1]. Note that two keys that are close in the ID space are located o
peers which are also close in the same metric space.

Viceroy’s overlay network uses both “short” and “long” ranlinks between peers, which are estab-
lished by combining the unit ring topology with an approxtioa of the butterfly network In order to
emulate the butterfly network, each peer is assigned a cdeial in the network, i.e. the identity of a
node in the network is composed of the p@irl,), wherep is the peer ID and, is the level of nodep in
the butterfly.

3The butterfly network om nodes is a multi stage network with lngstages, where a node at stage connected with a
limited number of nodes at stagies 1 andi + 1. For a description of the butterfly network, see [39].
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5.3.2 ID andlevel assignment

When joining the network for the first time, a §Pchooses uniformly, at random, a value in floel]
interval, which represents its ID. Thep,randomly chooses its levé) in the butterfly. Ideally, a peer
should select its level by choosing uniformly at random abenin{1,...,logn}, wherenis the number
of nodes currently forming the network. Since exactly cotimgun is virtually impossible in practice, the
following procedure is used to compute an approximation.oVhen joining the network, peey first
computes the distana p,sucgp)) to its successor in the unit ring by invoking a LOOKEY) opera-
tion (see below for a description of the LOOKUP procedurent it estimates asnp = 1/d(p,sucgp)),
and selects a level by picking uniformly at random a numbédin. . logng}.

While the peer ID does not change during network lifetime, pleer level can change in order to
maintain a balanced subdivision of nodes into stages whenpeers join/leave the network. More in
detail, a peer must recompute its level when its succesgbeinnit ring (and, consequently, its estimation
of n) changes.

5.3.3 Overlay construction

Viceroy's overlay network uses three types of directeddinkunit-ring links which connect a peer with
its predecessor and its successor in the unit rifig;level-ring links which are used to form a virtual
bi-directional ring between the peers at the same level; antrfly links which are used to emulate
a butterfly network. Butterfly links are composed of ggward and twodownwardlinks. The upward
link connects peep at levelh > 1 to the first(h— 1)-level peer after positiom on the unit ring. The
downward left link (theshort rangelink) connectsp to the first(h+ 1)-level peer after positiop on the
unit ring; the downward right link (théong rangelink) connectsp to the first(h+ 1)-level peer after
positionp+1/2" on the unit ring. Summarizing, every peer in the Viceroy tasenetwork has at most 7
outgoing links: 2 unit-ring links, 2 level-ring links, anditterfly links. The overlay topology is shown
in Figure 22.

5.3.4 Routing

Routing in Viceroy is essentially performed by invoking a QRUP(x,y) function, wherex is the re-
quested key or peer ID (we recall that both resource keys andIPs are mapped in the same metric
space), ang is the ID of the peer that invoked the function. The result &fGOKUP(x,y) operation

is the value associated with key or the ID of the peer that manages the key range to whicblongs
(i.e. the peer with smaller ID larger thad if no value is associated with When the peey at level

ly needs to retrieve key, it initializes the current position tg and invokes the LOOKUR,y) function.
The LOOKUP request is routed in the overlay, using the follhgathree-phased process:

1. up to the root starting fromy, the request is recursively forwarded upward in the bugterélach
time updating the current position - using the upward linkjldevel 1 is reached;

2. traverse the treethe request is forwarded downward in the butterfly, usitigegithe short or the
long range link depending on whethers at distance smaller thary2" from the current position
or not;

3. traverse the ringfinally, when the current peer has no downward links or itrskieots the target,
the request is forwarded using the level-ring and/or uni-tinks, until the peesthat manages the
key range to whictx belongs is found. Nodsthen returns the answer to the LOOKUP operation
toy.

5.3.5 Overlay maintenance

A peery in the overlay maintains the following informatiofit) the ID on the unit ring (for simplicityy);
(2) the current levely; (3) the connections on the unit ringred, andsucg; (4) the connections on the
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level 4
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— downward link
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peer 1D

Figure 22: Viceroy’s overlay network. For clarity, unifig links are not shown, and level-ring and
upward links are shown only at level 4.

level ring, prec{, andsucct,; (5) the upward butterfly connectioeucé{l; and(6) the downward butterfly
connectionsshorﬂ/+1 andlondjl.

When a new pegrjoins the network, it first selects its ID as described ab8yeinvoking LOOKUR(y, y)?,
nodey finds its successaucg in the ring, and establishes a connection to it. By exchangiformation
with sucg, peery knows the ID of its predecessgred, in the ring, and establishes a connection to it.
Both sucg and pred, update their predecessor and successor link, respectimetyder to reconfigure
the correct links in the unit ring. Thesucg transfers toy all the key-value pairs whose key is between
pred, andy. This completes the unit ring update. After that, pgeselects the current levd) in the
butterfly as described above. Then, it finds its succesm:rg and predecessqn‘red/ in the level ring by
single-stepping on the unit ring, and establishes conmestivith them. The predecessor and successor
links in the level ring of peersucc; and pred/ are updated accordingly. Finally, nogleestablishes the
butterfly links by findingsucé,‘l andshorﬂ/+1 (this can be done by single stepping on the unit ring), and
Iongfy+l (this can be done by invoking LOOKU#®R-+1/2,y), and then single stepping on the unit ring).

When peely leaves the network, it has to remove all its established ections, notifying all neigh-
bors in the overlay to update their links; thgrtransfers its content to its successor in the unit ring.

When the current level changes (we recall that this is plesgilsucg changes), peerhas to update
its level ring connections and butterfly connections, goti the neighbors when necessary.

5.3.6 Viceroy's properties.

The following properties of Viceroy have been proved in [3&der the assumption that peer IDs and
resource keys are distributed independently and unifoahtgndom in0, 1]:

4Given the assumption of uniform 1D distribution, the prottiapof two peers having the same ID is close to 0.
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— dilation: If npeers are present in the network, then a LOOKUP operatiarctessfully completed
by traversing at mogd(logn) links w.h.p?

— congestion Let theload of a peer be the probability that it is involved in a LOOKUP mgi&n on
a random value generated at a random starting point, ankddebhgestiorof the network be the
maximum of the peer loads. tfnodes are present in the network, the expected load for anjigpe
O(logn/n), and the congestion ©B((log®n)/n) w.h.p.

— node degreelf n peers are present in the network, then the out-degree ofremighis at most 7,
the expected in-degree®(1), and the largest in-degree of a pee®idogn) w.h.p.

5.3.7 Georoy

In this sub-section we show how to adapt Viceroy to a wirefegesh network scenario. First, we observe
that, differently from Viceroy, in Georoy we assume a hiehgr of peers. Network members, which
represent the lower tier of the hierarchy, are denoted dptas (LPs) and provide content; the higher
tier of the hierarchy is, instead, composed of super ped?s)(@hich implement a distributed index of
the available resources. Hence, in Georoy we assume thditiel (i.e., a peer ID in the [0,1] interval,
and a level in the butterfly) are assigned only to super peglso, a resource ID is assigned to each
resource made available in the network; the resource ID igpedinto [0,1] by an appropriate hash
function. In Georoy, the answer to a lookup operation on tgeresource contains the location of the
resource (e.g., the addresses of the leaf peer which kads its Home SP) in cadeis available. We
distinguish between two types of unavailability of the resged resourcaemporary unavailabilityi.e.,
the resource is available at some UPin the network, butiis currently disconnected from the network),
andpermanent unavailabilityi.e., none of the LPs has the requested resource). The atwsthe lookup
operation ork could be the address ¢f")(u) in case of temporary unavailability, and the ID of the
super peer that manages the key range to which the key assbwighk belongs in case of permanent
unavailability.

In what follows, we assume that pe®are distributed in a square deployment region of sider
some constans > 0, i.e. peers are located’ilR = [0,5)2. Furthermore, we assume that peers (i.e.,
wireless community nodes) are aware of their positioR.in

Our goal is to define a mechanism to assign peer IDs that pessgeographical proximity, i.e. two
peers which are geographically close should be assigned s in the unit ring. Preserving proximity
is fundamental to achieve a close correspondence betweerirthal overlay and the physical network
topology.

In the Georoy algorithm, peer IDs are computed as follows.(ke/) denote the coordinates of peer
pin R. We define a mapping functio that maps a point iR into [0, 1] as follows:

2 41)).8 if %] is even
MY =1 | 0
— X : H
(SSZ) +[%]-& if[¥]isodd

whereA is an arbitrary constant withQ A < s.

The intuition behind our mapping function is depicted in Uigy 23: the deployment regidR is
divided intos/A sub-regions of equal area, which are defined in terms of tteordinate. All the nodes
in the same sub-region are mapped into the same segmentwiithigng, where the position of the node
within the segment is determined by kEoordinate. In order to preserve proximity, the order ofewd
in a segment is reversed alternately (see Figure 23).

5W.h.p. means with probability at least-Ic/n, for some constarit > 0.

6From now on in this Section, the term ‘peer’ is used insteath@term ‘super peer'.

"The use of a right open interval is needed to simplify the déimof the ID mapping function below, and it has no pradtica
consequences.
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Figure 23: The mappingZ : R is divided into sub-regions (shaded area), and nodes indime sub-
region are mapped into the same segment of the unit ring. fider of nodes in a segment is reversed
alternately to preserve proximity.

Before ending this subsection, we observe that the aboueedifinapping can be applied to any DHT
approach which maps resource and node IDs in the [0,1] mtesuch as Chord [40] and Koorde [41].

5.3.8 Mobility management procedures

In this section we describe the procedures required toratedghe Georoy DHT algorithm in a realistic
system where any node can suddenly show up, move or disappear
More in deep, the procedures being defined are:

¢ Node joining/leaving used when the generic iLRode periodically passes from thetive stateo
the inactive one and viceversa.

e Resource insertion procedures required to update thebdistd resource catalog when a LP de-
cides to share a new resource, or not to share a certain cesaaymore

¢ Information Retrieval procedures describing how the eg#i of resources is addressed
e peer node handoff from a wireless router (i.e. super peemddy responsible to another

More details on the definition of these procedures can bedfaufd2].

5.4 Ongoing activity and future work

The joint activity has been aimed at identifying strengthd aveaknesses of the two above discussed
protocols. More specifically, while the Bamboo does not iexjiine definition of a two layer architecture
and thus results simpler than Viceroy, the latter can givedgmprovement in terms of delivery delay
due to the strict fitting between the logical and the physiesork search. However, many aspects are
currently under investigation like reliability in case @ik variability and the scalability. To cope with
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these aspects we are currently developing ns-2.28 codbaddmo algorithms to perform an exhaustive
simulative analysis of the protocols in various networkditions and depending also on peer density.

In the next period we will complete the simulator developtraerd perform an exhaustive simulation
campaign to compare algorithms’ performance. This coulddeel as the basis for the definition of a new
P2P protocol effectively designed to behave in opportimisesh scenarios.
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6 OPPORTUNISTIC CONNECTIVITY : THE IMPACT OF NODES MOBILITY

CONTRIBUTORS: CNIT-BO, RWTH

The present JRA involves researchers belonging to twotutistns, namely CNIT-University of
Bologna and RWTH Aachen University, and was originally aduced in June 2008. The aim was to
introduce and analyze novel scenarios for wireless ad-hdsansor networks, with emphasis on consid-
ering more classical connectivity and MAC issues whiletjgiaccounting for the opportunistic behavior
of the network. After about one year of collaboration whidcluded both remote meetings and a 3
months exchange of a PhD student from Bologna to Aachen,diiéty has resulted in two joint pa-
pers, one accepted at ICT-Mobile Summit, 10-12 June 200®a8der, Spain, and the other submitted
to Globecom, 30 Nov - 4 Dec 2009, Honolulu, USA. In the follogj an extensive report of the results
obtained is given.

6.1 Research activities

Wireless sensor networks (WSNSs) are a promising techndloggnvironmental monitoring, offering
potentially high spatial and temporal resolution usingkpensive networked embedded devices. Tradi-
tionally fixed gateways connected at all times to the senstwvark have been used to gather measurement
results and report them to the backend systems reachablegththe Internet [43]. However, such an ap-
proach requires rather dense deployment of sensor nodasa(@e number of gateways) with commonly
used radio technologies. This increases the cost of a W3N@olsignificantly, and creates remarkable
routing overhead. A highly interesting alternative woukltb useopportunisticor delay tolerantcom-
munication techniques, exploiting the mobility of nearlmdas (such as vehicles or pedestrians) to ferry
the data to a harvesting point. Such an approach potentgalyples much sparser WSN deployments,
with density of nodes only dependent on the desired spatalution of the sensing task.

In this work we focus on the use of vehicles to carry measuneémeadings from a potentially dis-
connected collection of sensor nodes to gateways for fugiezessing in an opportunistic manner. Es-
pecially vehicles used in the public transport sector wdndddeal for such an application. Such a fleet
of vehicles owned and administered by a single entity withlyi predictable traffic patterns makes for
a natural candidate in applying opportunistic communicegifor data harvesting in the real world. As
further motivation for exploiting the mobility of buses, visghlight that: (i) high route predictability
and periodic schedule make it possible to a-priori evalpatgéormance with higher accuracy; (ii) the
power-law behavior of some metrics of interest such as-taetact time (i.e., the time duration between
two contiguous network contacts), pointed out as detriadenith respect to performance in recent lit-
erature (see Section 6.2), is mitigated by high periodicfthuses’ movement: as a consequence, large
performance deviations can be avoided.

Besides defining new metrics that are specific to our scemadopresenting an alternative point of
view on the analysis of inter-contact time, we especialliggtthe delay performance and packet delivery
rate using both measured vehicular mobility traces fromSbattle bus network as well as synthetic
vehicular mobility traces. This approach enables comparid the effectiveness of using public transport
only for harvesting against use of all the vehicles (lattavihg obvious deployment difficulties). We
also compare the results against those obtained usingoalas®obility models for ad hoc networking,
demonstrating that latter leads to significantly differemriclusions. Finally, even making the comparison
between real traces and synthetic models as fair as possitpeoper tuning of input parameters (e.g.,
number of vehicles, vehicle speed, domain size, etc...)cavelude that the use of actual vehicular
traces is critical for evaluating performance of such systas the proposed one.

The rest of the present chapter is structured as follows. elitiéh 6.2 we give an overview of the
related work in the literature. We then describe the spesifenario we study in detail together with
the used simulation environment in Section 6.3, and giventieins of the metrics used for performance
evaluation in Section 6.4. Then the results are given ini@e@&.5 and the implications discussed at
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length in Section 6.6. Finally, we conclude the chapter ictiSe 6.7.

6.2 Related works

The opportunistic networking concept was originally prege as a solution for providing Internet access
where regular coverage is not costworthy [44] and it has beesntly attracting great attention. The idea
of taking advantage of sporadic contacts between nodekgpgreven belonging to different networks)
has made it possible to enhance the capacity of wirelesonetwHowever, since this increased capacity
usually comes at the cost of an increased average delaysegtudy has been devoted to the paradigm
of Delay Tolerant Networks (DTNs) [45—-47], where commutimabetween node pairs are enabled even
if there is no direct route connecting them.

While Fall [45] reports practical motivations for studyily'Ns and few case studies (among which
terrestrial mobile networks employing buses mobility)inJet al. [46] address the routing issues raised
in a multi-hop DTN where nodes are of the same type, shareatine snobility characteristics and have
constrained buffering capabilities. While we share with irevious cited works the motivations for
considering the opportunistic/delay tolerant paradigon,scenario foresees three different types of nodes
interacting, namely, mobile nodes (vehicles), statiorsmysors and a fixed fusion center.

As a key metric for understanding time-evolving connettivin mobile networks, we consider the
inter-contact time distribution. Several works (see, ,d48-50]) report the analysis of inter-contact
time in social context, ranging from human mobility to vaiiar traffic. Huiet al. [48] show through
real life data how human inter-contact time is governed bygrdaw behavior and discusses its impact
on opportunistic forwarding techniques. In [49], authorsve that the power-law behavior holds until
a characteristic time after which an exponential cut-ofesover. Also, the close relation between
distributions of inter-contact time of a node pair and netlime of a single node to a specific location is
clarified in [49].

Finally, while we focus on the aggregate statistics of hatamtact time, Conaat al. [50] discuss the
relevance of both pairwise and aggregate inter-conta& énalysis.

6.3 Scenario description and simulation setup
6.3.1 Scenario description

Our scenario consists of a domain as large as needed to aamtateran urban downtown area and its
vicinity. In an arbitrary subdomaity, we assume a numbél of stationary sensor nodes are deployed
on a regular grid in such a way that each one is few kilometewsy/drom its neighbors. Every node,
equipped with one or more sensors and a transceiver, is igeld monitoring a specific region which
competes to its covering pattern and of producing data ssr(hat we generically calldata unit$
hereafter) at a constant rate. No synchronization is asswam®ng different sensors. Each generated
data unit shall be stored in an internal sensor node bulffer.

Along with stationary sensor nodes, we consider the presefid, mobile nodes representing urban
vehicular traffic, generically including both public trgestation vehicles and private cars. Mobile nodes
also have wireless communication as well as storing capeasil

Here we employ a simple disc model for quickly generatinghemtions among nodes. Such a model
has been extensively used in ad hoc networks connectitéiature (see, e.g., [51]) despite of its limited
realism. However, even though it does not account for obtms such as those encountered in an urban
scenario, our results are more sensitive to the mobilittepaiof vehicles rather than channel model.

Hence, whenever a vehicle happens to be in the range of arsgmspat a distance less than the
transmission rangelR), they can start communicating. We assume that at the hiegirof contact
period between any vehicle-sensor pair all data units ptésghe sensor’s buffer are transferred to the
vehicle’s memory, appended to the previous content. Rifjét this operation, sensor’s buffer is erased.
In case of multiple contacts between a single sensor andadeahicles, the latter will download its data
units in order to increase the chances that at least onepptbach the destination.
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Figure 24: Scenario representation with mobile nodeslésydelonging to the King’s County (WA)
public transportation fleet, sensors (crosses) placed egugar grid and fusion center (red square) located
in downtown Seattle.

Finally, we assume there exists a fusion center placed ired focation where all data units shall be
eventually delivered for processing. To this end, everetarvehicle gets in touch with the fusion center
it uploads all collected data units to it and frees its meméttythe collection point all duplicates (i.e.,
data units originated by the same sensor at the same tinaafpate discarded. Hence, the life of a single
data unit begins when it is generated by a sensor. Then, isistored into sensor’s buffer until pick-up
time, when it is transmitted to a vehicle and stored in therbamory. It remains there until the vehicle
reaches the fusion center, where it is eventually deliveirethis fashion, each data unit will be delivered
after a random delay.

A graphic representation of this scenario may be found in Rig for the specific case where mo-
bile nodes (circles) are buses belonging to the King’'s Go(MfA) public transportation fleet, sensors
(crosses) are placed on a regular grid and the fusion caetés@uare) is in downtown Seattle.

6.3.2 Simulation setup

In order to test the described scenario, we designed a thsiimee simulator environment which takes
as an input a mobility trace description from an external fileprinciple, any kind of data may be used,
such as real life mobility patterns, traces generated bynghsyic model and outputs of micro-mobility
simulator environments. Since our aim is to emphasize tleeafovarious types of mobility to network
performance, we considered three different simulationpseteach one featuring a different mobility
source.
Real-life mobility traces We examined the mobility patterns of the public transpmtaof King

County, WA. In particular the bus fleet traces of Seattle ameapublicly available in [52]. The mea-
surements report the position of each bus at random timevaise(with mean approximately equal to 1
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Figure 25: number of active buses as a function of time ove laodirs period.

measurement per minute) over several days. More than aghdushicles are tracked, even though not
all of them are active at the same time (i.e., buses may stojrsebe still for several hours, etc...). We

can formally state that a bus is active in a one minute timeisibsends at least a position update in

that slot. As an example, we report in Fig. 25 the number a¥@dtuses for a 2 days period. It is easy
to note the time-of-the-day periodicity due to the alteiorabf early morning rushes and nightly service

stops, which makes this kind of mobility highly predictabr the sake of comparison to other mobility

models, we highlighted a 10 hours time frame where the nurabactive vehicles can be considered

stationary with mean 376, which ranges from 8:30 am to 6:30 jpnthe stationary region buses run at

the average speed of 22 km/h.

Random WaypointThis choice was suggested by the ease to generate molalityst out of a syn-
thetic mathematical model. Moreover, Random Waypoint isrgrthe simplest, yet most studied classi-
cal mobility models. Its input parameters are tuned so asgemble the real traces during the stationary
time as much as possible. In particular, since there is ndmneg involved here, the domain area is cho-
sen equal to the total area of viable roads of the King Cougtjion (i.e., we excluded lakes, sea, forests,
etc...).

VanetMobiSim VanetMobiSim [53] is a vehicular mobility simulator featuy realistic automotive
motion models at both macroscopic and microscopic levelsmacroscopic level, it can import maps
from the US Census Bureau TIGER database [54]. Also, it stuppaulti-lane roads, separate directional
flows, differentiated speed constraints and traffic sigriatatsections. At microscopic level, VanetMo-
biSim provides realistic car-to-car and car-to-infrastmue interaction. Its accuracy was tested against
CORSIM [55]. Once again, we selected the King County roadarapgenerated a random traffic flow
with the same average number of vehicles as in the statiqgraaigd of real traces case.

6.4 Performance metrics

Here we introduce a selection of performance metrics mladghe described scenario which are most
critical to the application requirements. We define each ainthem in a way that is specific to our
network. We shall then discuss their relevance in the faligvsections.

6.4.1 Inter-contact time

Referring to a discretized time axis, we defrmntact eventas those events when an arbitrary sensor-
vehiclé® pair p= (sp,Vvip) are at a distance less th@iRapart at timeT and they were at distance greater

8Unlike recent literature, we study contact events betweehilm and stationary nodes. However, our findings do not lose
generality because of the close relation between the titatf inter-contact time in mobile-to-mobile nodes cattanalysis
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Figure 26: Representation of contact events as a marke@mapdocess, where each event is marked
with the pair(sp,Vvip).

thanTRat timeT,_;. We model the time distribution of contact events by mearth®@imarked random
process
¢ ={(T,mT))}, ToL<Ti<Tym), (18)

whereT; is the time of thath contact event,

m(T) € {(sp,Vip), 1<sp <Ns,1<vip <Ny} (19)

is a markerT is the simulation time and(T) the overall number of contacts (& T] (see Fig. 26). This
quite general definition is flexible enough to let us focusgicample, on the subprocess

G = {(T. (W)}, ™ <T < T (20)

w (1)
which models the contact events between sensor and vehimsenDs aréh andw, respectively, by
simply selecting the corresponding mark. Otherwise, we wm@sider the contact events between a
specific sensan and any vehicle by picking the subprocess

= {(T ()} T <T < T (21)

()’
etc... (note that’. = 7).

An inter-contact time between two contact events of the ggs@},, is the duration of the time
interval at whose two endpoints the vehialenters in the range of the sen$piinstead, an inter-contact
time between two contact events of the process, €g.is the duration of the time interval between two
successive contacts of sensowith some vehicles. In order for our measurements not to asebi on
some specific sensor/vehicle, we consider the aggregaitgistaof inter-contact time, i.&7h and/orvw.

Now we briefly discuss the importance of considering eaclobtiee following cases and we compute
the empirical aggregate Complementary Cumulative Distioln Function (CCDF) of inter-contact time:

1. ¢..=%. This process records the time instants of the contactsdegtany vehicle and any sensor.
The CCDF is defined, fora givan0 <t < T, as

- 1 NM-1

FO,T) = — LT =Ty >t 22

i (7 ) N(T) nZ]_ ( n+1 n> )7 ( )
where 1x) is the indicator function which returns Lifholds and O otherwise. These inter-contact
times are primarily related to overall data volumes prodused to the total protocol overhead.

2. %h-, Yh. The CCDF is defined as

Nn-(T)—1 h.- h.-
. D TAPD TR Ty i, ALy

EC,T) = . 23
e S N (T) #)

Since this distribution is that of contact events of a givenssr, it can be used to reason about,
for example, energy consumption rate of the sensor or thembioning of the buffers for storing
sensor readings waiting to be transported.

and that of return time of a single mobile node to a specifiation, pointed out in [49].
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Figure 27: Sketch of generation and delivery of data unashene of them is collected at the originating
sensor and transmitted to the fusion center after a randtag. da time critical applications all data units
with delay greater than some expiring titaeare rejected by the fusion center.

3. €. w, YW. The CCDF is defined as

) No SN =1 (W) _ W)
£ Ty Deaed | A0 T > 1) (24)

S Now(T)

This is the counterpart of the previous definition, but thigetfor vehicles instead of sensors. Thus
the corresponding distribution is related to the amountaté dind communication activity of any
given vehicle.

4. Ghw, Yh,w. The CCDF is defined as

Npw(T)—1 , ,

2 ()  Sheenzad AT T > 1)

FtT)= N . (25)
Tho1 2 hew<n, Nnw(T)

The resulting distribution is that of contact times betwaespecific sensor and a specific vehicle.
Thus it mainly relates to recurring behavior in mobility,dacan be used to estimate the time a
given fixed vehicle takes to make contact for a given senshbis i§ also how inter-contact times
are usually defined in the literature.

6.4.2 Other performance metrics

Before introducing next performance metrics, we repontreetsketch of data units collection mechanism
in Figure 27. By considering an arbitrary sensor, a new daifisigenerated every=ts. Thus, this
time can also be regarded as the sampling time (or inteirgetime) of the sensor. In particular, tit@
data unit is originated at tim®T, and delivered at tim®T; with a delayd, = DT; — OT; caused by (i) the
time waited for being collected by a vehicle and (ii) the tispent traveling. Moreover, considering those
monitoring applications imposing a maximum tolerable gelee set an expiration times, such that if

di > te theith data unit is discarded by fusion center. However, it walldxplicitly remarked when such
a constraint is used.

Overall delay With respect to sensa; we denote byd® = DT® — OT?® the delay of theth data
unit generated by senssr Once again we collect the aggregate statistics by cornsgletl data units
originated by the entire set of sensar§ as long as they successfully reach destination (i.e., fiviite
delay). If we now letN; (T) = s.sNP(T) be the total number of data units received by the fusion cente
on [0, T], the aggregate CCDF of the delay is defined as

. 1 N?(T)
Fa(t,T) = N (T) Zy Zl 1(d®>t). (26)
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Sensor delivery ratioEach data unit stored in the fusion center buffer comes fi@pecific sensor
node, and hence from a specific location. The sensor delnagiy function, f;(s,T), measures the
normalized contribution of each sensor to the overall arhotidata units at the fusion center. It can be

written as NS(T)
£ Y
fi(sT)= N (T)

Average sensor throughpuOnce we have collected the delay valags1 <i < N(T), relative to
sensols, we can come up with an estimate of the amount of data unitsémesors can deliver over time
by taking the inverse of the average delay, i.e.,

(27)

RST) =g = —- (28)

Monitoring efficiency Here we assume there is time-critical monitoring applicatunning on the
sensor network. For this reason, a minimum sampling frecpushall be guaranteed. Here we also set
the constraint on the maximum tolerable delgy,after which a data unit expires. Recall that sensors
sample their nearby environment at evenly spaced timevaiterso their sampling frequencyfis= 1/ts.

The fusion center must be able to reconstruct the underlyiage-time process by means of data units
received by the various sensors (i.e., locations). Howehergeneric data unit originated at senswiill
expire (i.e., will be discarded) f° > t.. As a consequence, the fusion center cannot base its éstimat
on the complete set of uniform samples generated by sensather, it will have to deal with a reduced
set of non evenly distributed samples. We ¢edlsible sampling frequenof the sensos, fs(F)(s,te,T),

the average sampling frequency that the processing ceseaatlits disposal for the location ®6n [0, T].
More formally, we have

N 1(ds <t

Now assume some target sampling frequerigyijs required by the application. We then define monitor-
ing efficiency,n, as

Seer (17 (5t T) > 12)
’7 ( fs*ate’T) —
256,7 1

that is, the fraction of sensors for which the network canatt sustain the target sampling frequency.

; (30)

6.5 Numerical results

We shall now give a concise overview of the results obtaimetims of the mobility traces and perfor-
mance metrics discussed above. More detailed discussitire afnplications of these results is given in
the following section.

The duration of simulation is in all casés= 600 min, while time precision is 1 second for Random
Waypoint and VanetMobiSim simulations and 1 minute for teates simulations. The subdomain
where sensors are deployed has akga= 1114 Kn?. As for their number, we sétis = 180, they are
deployed on a regular grid with vertical and horizontal $pgequal to 3.05 km and 2.18 km, respectively.
Two different values are taken for transmission ranges,etaiR = 600,1200 m. With such a choice,
the values of the average number of sensors in contact wittttatmary vehicle crossing are Neon =
0.18,0.73, respectively. Each sensor produces a data unit evemytenifihe location of fusion center is
downtown Seattle for the roadmap case (i.e., real trace¥ametMobiSim traces) and simply the center
of the scenario in the roadmap-less case (i.e., Random Waytpaces).

The statistics that we collect are taken on the “cleaneddfsetceived data units, i.e., after discarding
those marked as multiple copies.

In the analysis of those events lasting longer than the meamnt period, we adopted the Kaplan-
Meier Estimator together with the algorithm proposed in| &8 dealing with the censorship issue. In
Figure 28 the main performance metrics are summarized. eN¥igures 28(a,b,c) address quite general
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expiration timete, for Neon = 0.18. point (bottom) mobility traces, with
Neon = 0.18.

Figure 28: Collection of all performance metrics.

purpose metrics (i.e., they are not specific to a type of agfdin), Figures 28(d,e,f) are more oriented
towards an environmental monitoring application. Theedéht inter-contact time distributions are given
in Figures 28(a) (random waypoint) and 28(b) (vehicular ititglh There clearly is a significant differ-
ence between the distributions, aggregate ones exhitilimgommonly observed power-law behavior
(see, for example, [56]) with more specific ones tending tdw@&xponential behavior.

Figure 28(c) provides another view to the data, namely th®EGf overall delay,lfd(t,T), further
highlighting the differences induced by the mobility tracesed.

In Figure 28(d) the delivery ratiofr(s,T), for different sensors are shown. As can be expected for
random waypoint mobility the results are much more unifanamtfor vehicular mobility constrained by
the road network. The performance for time-critical datéerms of the target sampling frequentys
and the expiration timé, is illustrated in Figure 28(e). Finally, in Figure 28(f) whav the achieved
average sensor throughput for the sensor field for both @demebility traces and for random waypoint
mobility. We again see the significant difference in homaggnover space, highlighting the different
nature of the mobility patterns.

6.6 Discussion

We now aim at discussing how critical is the choice of a r&alisobility model with respect to the
performance metrics introduced.

To begin with the more general purpose metrics (Figures)m(a28(b)),|fi("'), that is, the CCDF of
inter-contact time of a specific sensor/vehicle pair seenietthe heaviest-tailed, while, as expected, the
CCDF of inter-contact time between any vehicle with any seiisthe fastest decaying one. Note that
Ifi("'> (i.e., the CCDF of inter-contact time between a specific slehivith any sensor) exhibits a “double
waterfall” behavior: the first part of the curve refers to wheevehicle crosses the entire grid of sensors
and gets in contact with each one at evenly spaced time isst@epending on its speed and trajectory;

Reference DR.11.2
48 /86



216715 NEWCOM* DR.11.2

the second part of the curve instead is dominated by rarettgvinat is, when a vehicle’s path touches
only marginally the sensor field. Even though this may appsaa result of random waypoint mobility,
the same behavior is observable for the real traces caseréR28(b)). While in regular mobile networks
performance is mainly governed W> (i.e., the CCDF of inter-contact time between a specific node
pair), in our opportunistic scenario only sensor nodes ata sources whereas vehicles are just carriers.
Hence, the primary parameter to look at is the interactiawéen a specific sensor and any vehicles,
represented b .

Delay performance (Figure 28(c)) shows no substantiatidifice between the VanetMobiSim and
random waypoint cases. However, they both give a too pestsinview of delay of data units. The real
traces curve highlights a faster decay as well as some irapremt when increasing the transmission
range. In fact, this helps reducing the time since data getseration to their collection. However, the
traveling time, that is the dominating delay componentncaibe substantially decreased in this fashion.

As far as environmental monitoring applications are comedy the plot of Figure 28(d) gives an
overview of how homogeneously the target area can be meditor the different configurations. It
clearly appears how the simplistic random waypoint modatiseto an overly optimistic result. When
exploiting regular traffic instead, some sensors are bsttered than others because of their more acces-
sible locations (e.g., close to main highways), resultimg rather inhomogeneous sampling. The worst
case is when we consider buses mobility: its regularity makeeachable at any time those sensors not
located on some bus route. In the latter case sensor dephbyaineuld be planned in a route-aware fash-
ion. Increasing the transmission range may be to some exéeficial, but may also result in buffering
issues and energy waste.

From Figure 28(e) it appears once more how random waypoibilitydeads to an overestimation of
performance: about 90% of sensors can gétata units/hour across with delay less than 100 min, while
in the two other cases no more than 50% of sensors satisfathe se2quirement even relaxing any delay
constraint because of unreachability. Moreover, buseslitydiends to favor few “well-located” sensors,
outperforming regular traffic for tight delay constrain@n the other hand, the more randomized nature
of regular traffic makes it possible to collect data from aewislet of sensors provided that the application
is more tolerant to delay.

The same can be observed in terms of per-sensor throughpuat Frigure 28(f) (notice the scale
difference).

6.7 Conclusions and future work

In this chapter we have addressed the performance of antopfstic network where vehicular mobility
is exploited for collecting sensor readings to be deliveced fusion center. Specifically, we examined
the case where buses are employed as carriers and compardteibne where regular car traffic is used.
As further comparison, we also measured performance whemubility pattern is generated out of a
mathematical model.

We focused on several metrics both conventional and novaghwhave been numerically evaluated
and discussed. The outcome has highlighted how differedtilityosources can lead to significantly
different results (event if they are conveniently tunedaking the use of proper vehicular mobility critical
to performance evaluation.

As future work, we intend to delve into the role of fusion @nlocation as well as to take into
consideration the limited buffering capabilities of sensodes.
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7 HETEROGENEOUS AND OPPORTUNISTIC WIRELESS M ESH NETWORKS

CONTRIBUTORS: PUT, IST-TUL, KAU, CNIT-TO, ISMB

Opportunistic networks require intermittent connecyivitith fixed infrastructures to enable perform-
ing upload (e.g. of collected data — WSN) and download (ecgess to the Internet) operations. Nodes
forming an opportunistic network may use heterogeneous iatkrfaces for both communicating with
other nodes and access points.

One of the possible solutions in providing connectivity fgportunistic networks is recurring to
Wireless Mesh Networks (WMNSs), self-organised networkghvgielf-configuring, self-optimising and
self-healing characteristics that provide a stable (stoxatying over time) and robust topology.

In this section we describe two JRAS on opportunistic waglmesh networks. The first one is the
result of a collaboration among three institutions, nan®lyT, IST-TUL and KAU, and focuses on the
analysis of heterogeneous (802.11 and 802.16) multi-@aiiomulti-channel WMNSs. It exploits concepts
and strategies that may increase their performance, takingconsideration opportunistic aspects of
WMNs as well as connectivity with opportunistic networksic8 multi-radio multi-channel WLAN can
have significantly higher capacity than single channel WLABkhes.

The second one, is the result of a collaboration between dMI'Bnd ISMB. It has the objective of
investigating the performance of several routing protedol ad hoc and mesh networks in a scenario
where mobile nodes move along a constrained path and opjsiitally connect to infrastructure mesh
points.

7.1 Capacity analysis of opportunistic WMNSs using collisio domains and multi-radio WMNs

CONTRIBUTORS: PUT, IST-TUL, KAU

7.1.1 Collision domainsin 802.16 WMN

The concept of collision domains was applied to WMNs capacdiculation for the first time in [57].
The method is based on the fact that the existence of gateway8Ns introduces hot spots in the
network that act as bottlenecks. Identifying the bottléneallision domains allows computing exactly
the minimum and maximum data rates available for each noda fiven network topology and link
layer protocol. The concept was further developed by AouhBwutaba in [58], by considering fairness
to ensure proper operation of WMNSs.

In our research we apply the collision domains concept t8@216 based WMNSs, as specified in the
IEEE 802.16 standard [59]. Therefore, we need to analyz&he€ protocol carefully. Following [57]
we define the collision domain of the i-th link as a set of lifsmed by the i-th link and all other links
that have to be inactive for the i-th link to transmit sucfel$s For clarity, let us consider a simple
chain of n = 8 nodes receiving and forwarding traffic from tlagegvay to the other nodes. We define the
collision domain for link k = 3 (between nodes 3 and 4) of th&.86 based WMN as presented in Fig. 2
in [60].

7 / N N
SS8 ss7 1 ss6 [ ss5 [ ss4 Y ss3 )\ ss2 ) ss1 ) Bs

(o} O O O O O O O o}

L, 2L, 3L, 4L, 5L, 6L, 7L, 8L,

Coordinated channel access — ——— Uncoordinated channel access - - - - -

Figure 29: Simple chain topology of 802.16 WMN with n=8 nades
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This definition of the collision domain allow us to compute tinaffic to be forwarded within the
collision domain. Assuming that each node in the chain doaad from the gateway the traffic bf
[b/s] (this assumption is made for clarity only and the mdtban be easily extended to an arbitrary load
of each node), a link which is closer to the gateway has toyaagre traffic, e.g. link O (gateway>
node 1) has to carry the load of @[b/s] while link 5 has to carry 34 [b/s]. Since each collision domain
has to be able to forward the total load of its links, the sa@lh domain for link 3 defined in the previous
example forwards 35 [b/s] (nominal load). If the bandwidth (the capacity of thé\®!layer) for each
link in the collision domain is constant and equal to B, th@tiyghputLy available to each node in the
chain is limited toLy4 < B/35 (for the considered collision domain). In order o find tollision domain
which is limiting for the network (so called bottleneck ¢sibn domain) we have to identify the collision
domain and its load for every link in the network and find th&imium throughput Ld [57]. However,
due to spatial separation of links in the collision domaimditaneous transmissions are possible and
should be deducted from the total load of the collision dom@he effective load of the collision domain
#3 is now equal to 26, [b/s] and the throughput available to each node in the chsalimited toLy <
B/26.

7.1.1.1 Numerical results

A MATLAB [®) script was used to evaluate the method and we considerediratopalogy similar to
that presented above. The script identifies the collisionalo for every link and calculates the available
throughput. If all nodes in the chain download the same tr&ffim the gateway the collision domain #3
(node 3 > node 4) is the most congested and forms a bottleneck for 8. If the traffic is unidirectional
(downlink or uplink) the throughput decreases to 0.1 (pefendorn = 4 and becomes as low as 0.03 for
n =10 (see Fig. 30.a). For bidirectional asymmetric traffithvki, = 0.1L4 (a value typical for ADSL
links) the same throughput of 0.03 is reachedricr 9. If the traffic is symmetricl(, = Lq), a similar
throughput is obtained far = 6.

802.16 OFDM PHY layer used in the mesh mode features an adagtding and modulation scheme
[59]. Using a modified version of the method presented eanlie can easily show the impact of the
available bandwidth, which can vary from link to link, on tbeerall performance of the mesh network.
Doubling the bandwidth on the links 0 to 4 increases the tijinput almost linearly (Fig. 30.b), however,
modifying subsequent links does not increase it any morail&iy, reducing the bandwidth on the links
0 to 3 by two decreases the throughput and it does not change thie other links are modified. More
important is the fact that the substantial change of the waltd impacts the location of the bottleneck
collision domain. This can be observed by increasing thelwaith of some links to 8. Therefore we
can conclude that the performance of the 802.16 WMN depeedsgilif on the bandwidth available on
the links closer to the gateway, while the bandwidth of theeptinks is less important.

7.1.2 Multi-radio WMNs

One of the research topics under development deals withgti@a management of radio resources in
multi-radio WMNSs, in particular in the load aware optimisat of channel assignment and scheduling.
We propose a unified radio agnostic approach for the effiéeentation and maintenance of connectivity
of flows between mesh nodes which takes into consideratierpdnticularities of WMNSs. It is a link
layer protocol, described in [61], which presents the alotion of a single channel to higher layers, and
supports multiple radio-interfaces and radio-channelss & distributed strategy and does not require
synchronization between nodes. Any type of routing (singtemulti-path) is supported. It enables the
efficient management of the available radio resources of (yHeko-channels, carriers and transmission
power) and makes the WMNs flexible, by the opportunistic eixglion of node resources, with the
objective of increasing network connectivity and redudimtgrference as much as possible.

The approach exploits a set of existing orthogonal charmadsthe nodes’ capability of supporting
multiple radio-channels. As an example, consider a mesh waith 2 radios, Figure 31, which operates
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Figure 30: a) Throughput vs. number of active nodes, b) Efié@daptive coding and modulation —
throughput vs. number of affected links in the chain.

simultaneously on 2 different channels/carriers. One efrdios is considered a stable radio, having
allocated a carrier for a large amount of time. The otherr&i$o called dynamic, because it dynamically
switches between any of the remaining channels. Each nogeteses its stable-channel as its receiving
channel. Instead, to forward data to a neighbour node, tinardic-radio is switched to the stable-
channel of the neighbour node. This approach addresses portant trade-off between maximising
connectivity and minimising interference. On one hand,nemtivity is guaranteed with the dynamic-
radip which allows the communication with any neighbounrgle; on the other hand, the allocation of
stable-channels can be strategically done in order to nigeithe interference.

As a future work, we will study the following aspects. Redagdthe selection of stable-channels,
we will take into consideration the particularity of the ea@d and forwarded traffic, the number of
neighbour nodes which forward the traffic, the proximitylte gateway nodes, and so on. In particular,
an algorithm, based on a collision domain concept, is undeeldpment.

Moreover, the estimation of theoretical bounds of capasfty?MNs is under study. This will be
done under the assumption of absolute fairness, where gosag that mesh nodes have equal offered
load.

Finally, a set of simulations using the OPNET Modeler platf@nd an implementation in the KAU
mesh testbed have been planned.

7.1.2.1 Channel scheduling in multi-radio WMNs

Channel scheduling strategies

Multi-radio multi-channel wireless mesh networks utilizaultiple radios and channels simultane-
ously. In non-static multi-radio/multi-channel wireles®sh networks architectures such as Net-X [62]
mesh nodes need to switch channels in order to communictialifferent neighbors. According to [63]
the channel switching time on current hardware is betwe@n2€ and 20 ms, which causes a very high
overhead for per-packet switched channels. Therefordj-naglio multi-channel mesh network platforms
such as Net-X use per-channel queues, which are servicediémger time span. A scheduler then has
to decide when and for how long a channel is serviced.
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Figure 31: Example of operation of a mesh node equipped withradios.

Different channel scheduling strategies are possible. mbst simple one, which is implemented
in Net-X, is Round Robin scheduling. Hereby the channelsctviniave packets to send are serviced in
a Round Robin fashion. Another option would be to make theweblscheduler load-aware. Using
this strategy channels with an higher average queue-leargtiserviced more often. However, none of
the two strategies takes explicitly into account the rezmaints of real-time traffic such as VolP. The
latency and the jitter of VoIP traffic should be kept low in erdio provide a satisfactory end-user quality.
Thus we propose a QoS-aware channel scheduler which dlyptikes into account the requirements
of VoIP traffic. The goals of our scheduler are thus to minenilae delay and waiting time for delay
sensitive traffic while at the same time providing reasomdabfoughput for delay-insensitive traffic at
reasonable switching cost. It does so by producing a chawigth pattern which reduces jitter and
gives enough channel time to the background traffic. We haypdéeimented and evaluated the algorithm
in the KAUMesh testbed. Preliminary results show that witin algorithm we can reduce the delay and
jitter of VoIP flows while still providing good performancerfbackground TCP-traffic.

Implications on capacity

In mesh networks, due to the limited number of available oké channel interference can not be
completely eliminated. Therefore, an important problencdosider is the channel allocation in Multi-
Channel Multi-Interface Meshes. Our objective is to mitigthne effect of channel interference so that we
could maximize the end-to-end throughput of multihop vassl network communication. As channel as-
signment is an inherently NP-hard problem, we would likevial@ate several simple distributed channel
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scheduling algorithms such as random or Round Robin or amidig that takes QoS requirements into
account.

In this section, we consider wireless mesh networks witticsthannel assignment where every node
hasN half duplex wireless interfaces, which are assigned to d@ineesset ofN orthogonal channels. For
direct communication, two nodes need to be within commuitinaange of each other. All the interfaces
of nodes have the same transmission rahgmnd carrier sensing range Our MCMI network has the
same topology as single channel single interface netwodkvwamnassume that a node can communicate
with its neighbors using all the available interfaces stam#ously. As an example, nodean receive
data packets from nodeon channeChy, then noder relays those packets to nodeon channeCh. If
we assume that the channels are orthogonal, @& may send packets to nogen channeChy and
Chy concurrently. We denotev(c;) as communication link on channglbetween node and nodev. In
MCMI networks two linksuz vy (€1) anduyvz(cy) can interfere with each other if the following conditions
apply:

¢1 == C2 AND (d(ug,u2) <CORdug,Vv2) <CORdvy,up) <CORdvy, Vo) <C)

A simple strategy can be the following: if a noddetects that chann€lhy is busy, other idle channels
such as channé&h; could be used for data transmission.

With multiple channels and multiple interfaces in place, @@ minimize the channel interference
along a multihop path by minimizing the number of communaratinks using the same channel within
carrier sensing range of each other. However, the numbevaifable channels are limited, thus the
challenge is scheduling a channel for a communication liaknfthe set of limited channels to minimize
the channel interference. As in our model all the interfam@sequal, all share the same routing table.
At the source nodes, packets are generated and can be sem auandomly selected channel. When
an intermediate node along the path receives a data packetiocoming channeth, it needs to select
the outgoing channélh, to forward the packet. We will now briefly look into four chairscheduling
algorithms for selecting the outgoing channel at the intstiaite nodes along the path for communication
in MCMI networks: Random Round Robirand Round Robin+ For those scheduling approaches, we
will quantify the capacity in a chain topology using the ceptcof collision domains.

In the RandomChannel Scheduling algorithm, the node which receives #ukgi onCh forwards
the packet to the next hop on a random cham&N(Ch). This algorithm tries to utilize all available
channels by giving them equal probability to be selecteddovarding data packets. Due to absence
of coordination, transmissions within vicinity of each etltan be assigned the same channel with some
probability, leading to potential high interference.

TheRound RobirChannel Scheduling algorithm tries to minimize the intnafldhannel interference
so that channels are evenly distributed along the flow. Haeenode which receives the packet©hn
forwards the packet to the next node on char@@|, 1ymoq n- AS @ result, the Round Robin algorithm
ensures that two communication links of a path which use @neeschannel will bg¢N + 1) hops away
from each other. As a result, the Round Robin channel scimedalgorithm can effectively minimize
the channel interference along a multihop path. Howevegde thaving multiple communication flows
within its vicinity, might encounter much more channel nfiéeence than other nodes. As a result, some
channels might be congested as many packets might arrikatatdde on the same channel causing col-
issions. In addition, all those packets will be forwardedlmsame next channel, even further increasing
the congestion.

The Round Robin+Channel Scheduling algorithm tries to improve the RoundiiRsbheduler by
assessing the queue size of the outgoing channel in thedoigegrocess. If the channel selected for
forwarding packets has a non-empty queue, we can infertiedbad on the forwarding channel is high
(otherwise the channel queue would be empty or contain lygstairrent packet). In that case, we could
use other available channels for forwarding packets, ieecan select the channel which has the smallest
amount of packets in the queue.

As a summary, the random channel scheduling algorithm rssigannel randomly, which does not
systematically try to resolve the intraflow channel integfeee nor the interflow channel interference.
However, due to the random assignment of channels it doegeetthe channel interference. Round
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Robin channel scheduling algorithm rotates channel usiagg the path; its main objective is to resolve
the intraflow interference. If we assume the average hogheoigthe multihop path to bé, if N > L
then Round Robin channel scheduling algorithm can elireitla¢ intraflow channel interference. For
longer pathd. > N, Round Robin algorithm can eliminate the intraflow integfeze ifN > (M + 2).
AssumingC = 2T, with 6 channels available, the Round Robin algorithm camiehte the intraflow
interference. However, Round Robin algorithm does not idenghe interflow channel interference.
Thus, in dense random networks, where the interflow chantexference occurs, Round Robin algorithm
may not perform so well. Round Robin+ algorithm is as good asrid Robin algorithm in resolving
the intraflow interference. In addition to Round Robin aitjon, Round Robin+ algorithm indirectly
considers the interflow channel interference by choosiegtfannel with least number of packets in the
queue to forward the data packets, which corresponds wathtiannel experiencing the least interference
locally. With the ability to reduce the interflow channeldrference, Round Robin+ algorithm has the
best performance among the proposed algorithms. Morelsletaithe achievable capacity in a linear
chain topology can be found in [64].

7.1.3 Futurework

The simple chain topology and the unrealistic interferemoelel considered in the capacity analysis of
opportunistic WMNSs does not allow for any generalizatiorthaf results. We plan to adapt the method
to the arbitrary topology of the 802.16 WMN. Since the calisdomains are defined based on the
interference among links, this can be done only after implatation of the more realistic propagation
models in our collision domain identification algorithm. elbther extensions, like multi-channel and
multi-radio terminals will be included as well. Finally,gmesh mode is very likely to be replaced by the
relay solution in the new version of the 802.16 standard.rdfoee, we will consider the application of
the collision domain concept to the new mode as well as todttedoming IEEE 802.11s standard. The
integration and evaluation of the channel assignmentesfieg developed in IST-TUL into the KAUMesh
testbed is planned as future work.

7.2 Wireless Mesh Networks with Mobility Support
CONTRIBUTORS: CNIT-TO, ISMB

Wireless mesh networks are often built by many fixed nodesfeamdnobile nodes: they are robust
systems that can be conveniently integrated with the egigtifrastructure and offer high bit-rate services.
Mesh networks with mobility suppodip not represent a new kind of network, but can be seen as an
importanttrade-off between static wireless networks and traditional ad-hdworks; the termswith
mobility supportare used to emphasize the fact that mobility in the networkriged to only a few
nodes [65]. In this case the routing protocol efficiencyrésponsiveness, and its capability to quickly
identify loop-free routes are all fundamental qualitiesgt@arantee the connectivity among nodes and
provide the required performance.

We therefore investigate the performance of several rguinetocols for ad hoc and mesh networks
in a very specific setting: one or more mobile nodes (e.gs, darses or streetcars) that move along a
constrained path and opportunistically connect to inftastire mesh points (hereinafter called roadside
mesh points). In such a scenario, uninterrupted connsctisinominally guaranteed, but a rapidly-
reacting routing protocol is needed to handle sudden lirgtityudrops due to mobility, channel fading or
shrinking capacity due to more than one node travelling ersttime section of the path. We are therefore
interested in verifying which routing protocols are caabi providing sustained end-to-end throughput
as well as low latencyljitter (e.qg., suitable for multimedtreaming to/from the mobile node), as the the
vehicle(s) move along the path and opportunistically cehteethe best point of access.
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7.2.1 Reference Scenario

Our reference scenario is shown in Figure 32. In particuwarassume that a vehicle (node 8) equipped
with transmission devices travel along a 1-km road stredstin the case of buses, streetcars, low-speed
leisure trains, etc. Our objective is to devise a solutioodpe with handovers between different roadside
mesh points. The vehicle travels at a constant speed of 30. k&ktontinuous UDP stream (either in
uplink or in downlink) is arranged between the vehicle arelrtadside mesh point 0.

chan_{2) chan_{2) chan_(2) chan_{2) chan_{2) chan_{2)

1 (]
chan_{1) 4 chan_{1)
chan_(2)

T chan_{3)
T o 41
chan_{1}

Figure 32: Reference network scenario.

All nodes use the IEEE 802.11 technology; the data rate olirtk&ebetween the vehicle and the road
side nodes is 1 Mbps, while it is set to 11 Mbps on the links ketwroadside mesh points. Adjacent
roadside mesh points use different frequency channels.

7.2.2 Comparing different routing protocols

In order to identify a good candidate for traffic routing in Vg with mobility support, we compare four
schemes, each of which represents a different approachutimgo (i) AODV [66], a reactive protocol
which inspired the Hybrid Wireless Mesh Protocol specifiedhie IEEE 802.11s Draft Standard [67],
(i) OLSR [68] and OLSR-ETX, well-known proactive routinggtocols, (iii) GPSR [69], a geographical
routing protocol, and (iv) BATMAN [70], which has been redgrproposed to handle traffic routing in
multi-hop mesh networks.

Below, we briefly recall the main features of the routing poatis under study. Then, we identify
a protocol in the BATMAN behavior and we change the schemerderoto solve it. Throughout this
section, we present some simulation results, which allosviouassess the performance of the various
schemes in opportunistic mesh networks.

AODV is a well-known protocol, which builds routes on demand bgdiag the network with route
request messages. As a route request hits the intendedatiestior a node that is aware of a route
toward the destination, the request is not further forwaualed a reply message is sent back to the source.
While traveling through the network, route request andyreptssages create, respectively, reverse paths
(pointing to the source) and forward paths (pointing to tkstichation). Sequence numbers and route
error messages are used to handle link failures and avoid.loo

OLSR adopts an optimizelihk-statescheme to diffuse topology information while keeping thesme
sage overhead low. The key idea is that link-state inforonais generated and flooded in the network
only by selected nodes, called Multi Point Relays (MPR). Aoyrce-destination route is bidirectional
and includes only MPRs as relay nodes. Furthermore, an MER nm@y chose to report only links be-
tween itself and the node which selected it as next hop. Hemdike the classic link-state algorithm,
partial link state information is distributed in the netkor
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OLSR can be extended to include the Expected Transmissiant@&aTX) metric [71], so that routes
with higher packet delivery ratio are selected. ETX of a limkndeed computed as the expected number
of transmissions required for successfully transmittin@aeket over that link.

GPSR exploits the correspondence between geographic positidrc@annectivity in a wireless net-
work, using the positions of the nodes to make packet foriwgrdecisions. It uses greedyapproach
to forward packets to nodes that are progressively clos#itgalestination. In regions of the network
where a greedy path does not exist, because the only patinegtpat packets move temporarily farther
away from the destination, GPSR forwards traffico@imetermode. In this case, a packet traverses
successively closer faces of a planar subgraph of the fdilb raetwork connectivity graph until reaching
a node closer to the destination where the greedy forwardisigmes.

BATMAN is a proactive routing protocol, which has been recentlyrstibd to the IETF. The strategy
of this scheme is to determine for each destination in thehmeswvork one single-hop neighbor that can
be used as best next hop to communicate with the destinatide. rTo learn about the best next-hop for
each destination, all nodes periodically broadcast aaiiginmessages (OGMs) to their neighbors; each
OGM contains aroriginator addressa sending node addressd aunique sequence numbeéWhen a
neighbor node receives an OGM, it changes the sending adurés own address and rebroadcast the
message in the network according to specific forwardingsrulle order to find the best route towards a
certain destination, BATMAN counts the number of OGMs araid by that node and received within a
sliding window. Then, BATMAN selects as next hop the neightboom which it has received the highest
number of OGMs within the sliding window (packet count m@&tri.e., the link toward the destination
with the best quality level. In this way a node does not maintize full route to a destination but every
node along the path only knows information about the nexttoaise.

We compare the above protocols by using ns2 simulationseimétwork scenario described above.
Both the cases of uplink (from the vehicle to node 0) and diown(lfrom node O to the vehicle) traffic
are considered. In all considered protocols, the contradsages used to assess the connectivity with
neighboring nodes (i.e., Hello messages, in AODV and OLSRBn messages in GPSR, and of OGMs
in BATMAN) are periodically transmitted with interval timegual to 1 s.

Figure 33 presents the average throughput obtained at ffieatpn layer as the bit rate of the traffic
varies, in uplink (left plot) and downlink (right plot). Weotice that BATMAN outperforms all other
schemes when uplink traffic is considered, while it provittes worst results when downlink traffic is
supported.

To understand the contradictory results obtained througiMBAN, we investigated the protocol
behavior and identified the cause of the performance dexirakwnload mode.

Recall that BATMAN counts the number of OGMs within a slidiwindow to choose thbest next-
hop node towards a given destination. In the sliding windowCaEBMs have the same weight and thus
older and newer messages have all the same importance. Wéduand that in mesh networks with mo-
bility support, such window management may cause tempaooatyng loops and, thus, packet dropping
and high delivery delays.

As an example, consider the network in Fig. 34(a), where s1dde and 3 are fixed and node 4 is
mobile (circles with dashed lines represent the nodesbreatige). Using avindow sizeof 128 packets
and an OGM interval time of 1 s, as proposed in [70], the BATM#ANLting tables at the four nodes are
as shown in Table 4. Observe that node 1 does not receive OBMgTode 4 and, thus, it uses node 2 to
reach node 4; also, all routes report the maximum value gbéloket count metric. Now, let node 4 start
moving toward node 3 dt= 200 and reach the new configuration shown in Fig. 34(b) at time20.
The routing tables at the four nodeg at 220 s are shown in Table 5. Note that, within a time out, set by
default to twice the OGM interval, nodes purge a neighbanfrehich OGMs are not received any longer.
Thus, nodes 2 and 4 realize that their link has failed andtegteir routing tables. On the contrary, node
3 starts receiving OGMs directly from node 4 and updatestiised information accordingly, however,
since BATMAN does not discriminate between recent and adgtents, node 3 maintains node 2 as next
hop to reach 4. It follows that node 4 can successfully setaltdaany other node, instead in the opposite
direction losses may arise. Suppose that node 1 wants toasdath packet to node 4. The packet is
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Figure 33: Protocols comparison in terms of average thrpuglas the offered traffic load varies.

delivered to node 2, which forwards the packet to node 3. Nbdeecks its routing table and re-sends
the packet back to node 2; the packet is then bounced betvegkn2znand node 3 until thETL expires
and the packet is finally dropped.

Based on the above observations, we modify the sliding windanagement so as to sensibly reduce
the problem, without altering the spirit of BATMAN or incragiag its complexity. Our simple solution
consists in changing the way OGMs are counted in the slidinglew so that newer OGMs, representing
fresh information, are weighted more than older OGMs.

The weights, however, must be chosen in such a way to avoimiéitions in the routing table. Indeed,
if the freshest OGMs are weighted too much relatively to tle¥ipus ones, it may occur that the reception
of OGMs from different neighbors with similar link qualitg4ds to continuous change of the best next-
hop towards a destination. Through extensive simulatiedpund that in WMNs with mobility support,

a good choice for the values of the weights vector is as falow

w(i):max(l, L%‘Q‘D i—1...S (31)

wherew(i) is thei-th element of the weight vector ai®is the sliding window size (namely, 128),0)
andw(S) are associated to the freshest and oldest OGM, respectively
We name this modified version of the protocol as smart windew-) BATMAN. By looking at
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Figure 34: Network topology at different time instants.

Table 4:Routing tables at time= 0 s.

Node 1 Node 2
Dest. || Next hop| Metric Dest. || Nexthop| Metric
2 2 128 1 1 128
3 2 128 3 3 128
4 2 128 4 4 128
Node 3 Node 4
Dest. || Next hop| Metric Dest. || Nexthop| Metric
1 2 128 1 2 128
2 2 128 2 2 128
4 2 128 3 2 128

Fig. 35 and comparing these results (obtained in the samalation scenario and settings as before)
with the curves in Fig. 33, we now notice that sw-BATMAN prdes the best results both in upload and
download. We therefore select sw-BATMAN as the best canditta implementation in our testbed.

7.2.3 Futurework

As for wireless mesh networks with mobility support, futuesearch will focus on the development of a
testbed in a vehicular setting, where mesh nodes implerergrart window version of BATMAN. The
goal will be to show through an experimental performancessaent that mesh networks can success-
fully support highly demanding applications in a realistiban environment.
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Table 5:Routing tables at time= 220 s.

Node 1 Node 2
Dest. || Next hop| Metric Dest. || Nexthop| Metric
2 2 128 1 1 128
3 2 128 3 3 128
4 2 125 4 3 11
Node 3 Node 4
Dest. || Next hop | Metric Dest. || Next hop | Metric
1 2 128 1 3 7
2 2 128 2 3 7
4 2 117 3 3 7
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Figure 35: Comparison between BATMAN and sw-BATMAN in termfsaverage throughput, as the
offered traffic load varies. Both the upload and downloaesase presented.
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8 RESOURCE DESCRIPTION LANGUAGE

CONTRIBUTORS: IST-TUL, CNIT-BO

This JRA is the result of collaboration among IST-TUL and TMO. It is aimed at defining the
Resource Description Language and how it can be used in tAs iiBide WPR11 and extensible to
other WPs within the project.

8.1 Research activities

Communication networks tend to consist of a large numbeowofraunicating nodes with heterogeneous
characteristics, which try to make communication as efiiicées possible [72]. Cross-layering of infor-
mation is a popular method to expose information of the |dayers to the higher layers and vice versa
in order to optimise the efficiency of the resources [73]. dAlsach node needs to collect information
about neighbouring nodes, as the nodes have to negotiatabdéeaesources to communicate on, and
also available services [74]. There is a lot of similarityvibeen the management of resources in hetero-
geneous networks and the management of resources for oregdting systems [75]. There are many
resource management algorithms, which all try to optimizeafcertain scenario, however, the main goal
of these algorithms is the same, namely to manage the aliledources in the node. Given the hetero-
geneous nature of modern networks, interoperability ssieed to be kept in mind when designing new
algorithms.

A unified approach for the description of resources, catedResource Description Language (RDL)
is defined. The RDL is a specification for the description sbreces, which can then be used by various
management algorithms. Within the World Wide Web Consort{tV3C), there is a working group with
a seemingly similar task, named Resource Description Reamike(RDF) [76]. The RDF is a language
for representing information about content in the World @/ifeb (WWW). The RDF inserts meta-data
into a document, e.g., a webpage. The meta-data is useddidlaethe actual data the document contains
in order to be more easily processed by machines. The RDLepbng not about meta-data, but about
describing objects that do not exist as content, such aseieype sensors, queues, etc. The RDL is
input to management algorithms and as such there is a neeghaoase the definition of the resources
from the functionality of the algorithms that use them. Tlasy, the algorithms can more easily support
heterogeneity of resources, which is beneficial for oppustic networking, where each node might try
to use whatever resources are available at any given time.

The RDL can be used to describe a wide range of resources asuatde-, network-, service-, and
community-resources. An algorithm using the RDL does netha limit itself to one group, but can
easily combine information from the various groups in itsigi®en making progress. The main goal for
the RDL is to define a re-usable resource description spatidit for different algorithms, which can
only be reached if the resources are described in a stanoland The RDL, for instance, can be used for
cross-layering information from the physical layer, sd tiztions can be triggered from events happening
at the lowest layer, such as a fading of the wireless channedse of a wireless link. Another example
is the use of the RDL to describe the resources in a Wirelessads®&etwork (WSN). The RDL standard
will not be closed, but rather will always adapt to new eviolus in the field.

8.2 Concept

The RDL is designed to provide a flexible resource descridtiamework, capable of not only describing
the resources per se, but also of contextualizing them abdaiges or requirements, as well as specifying
any additional constraints and limitations on their fuoitlity and the policies that govern their use.
The resources in the RDL are ordered hierarchically in thegers: communities, services and scalar
resources.

The RDL can operate within multiple layers, describing acatsources, services, and communities.
Scalar resources represent the most fundamental aspdioesdefscribed objects, i.e., describing what the
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objects are and characterizing them both qualitativelycarahtitatively. These scalar resources describe
such things as node hardware capabilities, as well as awifispaetrics or state information provided by
the network layers. Services, on the other hand, describerent packages of scalar resources that export
some sort of functionality. For example, whereas a netwoutar can describe its queues and protocol
capabilities as scalar resources, it can export its gat@apgbilities as a service, allowing its peers to
route packets through it. Finally, communities build upbe toncept of services by attaching usage
policies and agreements. This enables groups of nodes tioestdrms by which they may cooperate to
achieve common goals.

Resources, whether they are scalar, services or commundy, delong to nodes in the network.
Scalar resources are, most likely, found in nodes in the arétvadescribing what resources the node has.
Service resources, as well as community ones can be awadibkr in a single node, a group of nodes or
an entire network. The RDL defines two scopes in order to defirexe the resources exist, or where they
can be used. These scopes are the node-scope, where thargtogies a single node, or a network-
scope, where it indicated a group of nodes or a network. Amntide level, individual nodes export
their resources, advertising them internally or to the wekwat the network level, these resources can be
presented in an aggregate form, describing entire netvadtkasdes. These networks, in turn, can take any
form, from simple single-hop node clusters to larger mindtp neighbourhoods, or even entire networks.
In fact, the RDL can be used to describe the resources withimnunities of non-contiguous nodes,
building on the concept of logical neighbourhoods. Onceehaetwork resources have been collected
and described within an appropriate scope, additionatinéion can be cooperatively extrapolated from
it, allowing the RDL to perform such tasks as clear channekssment, and opportunistic spectrum
allocation.

8.3 Scenarios

In this section a few generic use case scenarios are progglattans to better exemplify how the RDL
can be used in several contexts.

8.3.1 Crosslayering

Cross-layering is the sharing of information between 2 orerayers of the protocol/network stack in
a node. Currently, for every piece of information to be sampecial APIs need to be implemented
for every attribute. To be fair, special fixed constructslddae created in order to jointly access some
attributes, but this alternative is not very flexible as tbastruct has to be known at design-time. Since
the RDL splits the resources from the functionalities, #sources can be easily shared by all layers. A
RDL hook can be implemented at the different layers of thevast stack, which can periodically scan
the RDL for changes. Another option would be to implementnapse trigger API to alert the hooks at
the other layers of changes. This allows information onuweses to be shared among all layers much
more easily, than in current situations.

Fast Mobile IPv6 (FMIPV6) [77] is an extension on standardbMo|Pv6 [78], where some im-
provements in latency are obtained by making use of crogsitay. In FMIPv6, the node can send a
solicitation request to initiate a handover when detectiegy access points (APs). The detecting of the
APs is done at the link layer, which has to alert the netwoykeldo send such a request. If the RDL is
used, the hooks implemented at the link layer would updatdribL information with the new resource
(new AP) and either wait for the hook at the network layer tlhihe information or send the RDL trigger.
Other algorithms could make use of this sharing of infororatietween layers at the same time, without
the need of introducing special APIs for every algorithm.

8.3.2 Modular middleware solution

Network resource management is a key issue when developiaylar middleware solutions for em-
bedded networked systems and wireless sensor networks,imielligently crafted middleware solution
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could use this information to automatically adapt appiaa based on a node’s capabilities or the con-
text of its neighbourhood. Additionally, the RDL can be usedlescribe application level constraints,
ensuring that heterogeneous applications are only runmétiivironments where sufficient resources are
available to support them.

Using these mechanisms, not only can the RDL play an importda in describing network re-
sources to users, but also within the middleware itselfpnpatito automatic decision making algorithms.
From the user’s perspective, the RDL can be used to providsvaniul insight into the networks built-in
capabilities and resources, allowing them to create bietfiermed policies. From within the middleware
itself, the additional information provided by the RDL cam bsed to enable automated application op-
timizations, or even to decide when it would be wise to migiaparticular application or functionality
to another, more capable, node. Under these circumstatmeeRDL can be a key element in enabling
opportunistic resource sharing and creating more powertuitext-aware, embedded applications.

8.3.3 Community

In the IST-WIP project [79], a community is defined as "a comityis a group of entities which coop-
erate to reach a common goal." The idea behind the commumitgept is that people can offer services
or use services from other members in their community. Exesnpf communities are: supporters of
the same football-club or people who live in the same neighimod. The FON network [80] is a com-
munity where members share their internet connection loyvally members to use their Wireless Local
Area Network (WLAN) gateway. In this example, the constrdor anyone to use the WLAN is that
they have to be a member of the FON community. These servimksanstraints can be easily published
with the RDL. By using a standard format, like the RDL, thedfieations can be understood by various
communities. It would also allow a member to define what terafd whom in a standard manner.

8.4 RDL within WPR.11 JRAs

The RDL can be used in the JRA "Opportunistic localizatiod &racking”, where the nodes that have
GPS capabilities, or other means to know their physicaltiooastore that information in the RDL. The
nodes that do not have location information, can build tlomialization information from the RDL from
vicinity nodes. The nodes do not need to have the same locat@zhanism to determine their position,
but can work together as long as the RDL is used for the ex@ahipformation.

Congestion control is a key-issue in transport protocapeeially when Quality of Service (QoS) is
requested. The RDL can efficiently collect congestion imfation from the node and its vicinity, which
is useful for the transport mechanisms to be developed.

RDL and routing, have a lot of similarities. Routing tables based on information on local nodes,
so to make a decision where to send the data to in the next HewRDL could be used to enhance the
routing decision, by taking the state, localization infation and the quality of the links into account,
which can be found in the RDL.

In peer-to-peer technigues, the RDL can be a key-instrufiterannouncing and discovering peer-
nodes, -services and -capabilities. It can also be seen ag/dondo data-aggregation in a WSN, as
proposed by [81] through the use of resource vectors.

In opportunistic spectrum access, you need to collect floenration on the available radio interfaces
from the nodes in the vicinity. Each node needs to always haRRDL updated with the available spec-
trum. Based on the RDL, nodes can negotiate a free chanr@hulite vicinity. Such a mechanism could
be used to reduce the interference in the network, becausstbpm interfering nodes are kept updated
on busy and available spectrum. This improves the overdlduality and throughput, by reducing the
number of retransmissions.
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8.5 Format specification

Given the heterogeneous nature of modern networks, irgesibpity issues come into play. As such, the
RDL was built upon standard formats with clear and unamhigugpecifications, assuring that different
nodes, with different implementations of the RDL, can stilccessfully manage their resources cooper-
atively. Furthermore, given the wide array of platforms tten benefit from the use of the RDL and the
diverse requirements that they have, two distinct dateesgmtation formats have been designed within
the RDL, one built on XML and another more compact binaryespntation, based on Key-Length-Value
(KLV) data. Whereas the XML based format is suited for mogiliaations, enabling the use of a vast
library of XML based tools and APIs that have already beerelibgped, the compact binary representation
could be used in networked embedded systems and wirelessrsatworks where the limited network
resources and processing power, as well as the need foryezfémiency advise against the use of XML.
While the full description of the specification of either dte formats goes beyond the scope of this
document, two examples, illustrating the use of each, aréigeed below in Figs. 36 and 37.

<! DOCTYPE rdl PUBLIC "-//1T//DTD RDL 1.0//EN" "http://local host/rdl.dtd">
<rdl >

<capability>

<scope type="node">

<nane>AP10. 26</ nane>

<descripti on>The AP hanging on the wall on the 10th floor</description>
<i pvdaddr ess>192. 168. 8. 254</ i pv4addr ess>

</ scope>

<scal ar id="1" type="|EEE802. 11g-transceiver">

<description>The Tx/Rx in the access point 10.26</description>
<constraint >

<constrai ned-val ue key="channel " operator="greater-equal" value="1" />
<constrai ned-val ue key="channel " operator="1ess-equal " val ue="13"/>

</ constraint>

<constrai nt >

<constrai ned-val ue key="t xpower" operator="greater-equal" val ue="0" />
<constrai ned-val ue key="t xpower" operator="1ess-equal " val ue="20"/>

</ constraint>

</ scal ar>

<nane>AP10. 26</ nane>

<descri pti on>Access point on the 10th floor.</description>
<used-resource id="1"/>

<constraint>

<constrai ned- val ue key="SSI D' val ue="eduroant" />

<constrai ned-val ue key="WPA2" val ue="1" />

</ constraint>

<constrai ned-val ue key="SSI D' val ue="edur oam guest" />

</ service>

</ capability>

</rdl >

Figure 36: Example of the XML RDL data representation.

8.6 Conclusions

The main goal for the RDL JRA is to define a re-usable resoueseription specification for different
algorithms, which can only be reached if the resources ageritbed in a standard form. By separating
the actual resources from the functionalities behind tgerghms that use them, new systems can take
advantage of a pool of available resources. Within this JRé&following contributions have been made,
towards this goal:

e The specification of the RDL, describing its architecturd #re two data representation formats.

o Afirst reference implementation, developed in the Javanarogiing language.
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<capabi lity> = {

<scope> = {

<scope-type> = <node>;

<node- address> = 0;

H

<scalar> = {

<scal ar-type> = <accel erati on-sensor>;
<constraint> = {

<constrai ned-val ue> = {

<contraint-key> = <sanpl e-frequency>;
<constraint-operator> = <greater-equal >;
<constraint-value> = 1; // Hz

H

<constrai ned-val ue> = {

<contraint-key> = <sanpl e-frequency>;
<constrai nt-operator> = <| ess-equal >;
<constraint-value> = 1000; // Hz

H

H

<constrai ned-val ue> = {

<contraint-key> = <error-nargin>;
<constraint-operator> = <greater-equal >;
<constraint-val ue> = 1000; // PPM

H

DR.11.2

Figure 37: Example of the KLV RDL data representation (in enan readable format).
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9 EXPERIMENTAL ACTIVITIES

CONTRIBUTORS: ISMB, KAU, IST-TUL, CNRS-LAAS

This JRA is the result of a collaboration among three ingtihs, namely ISMB, KAU and IST-
TUL. It is focused on experimental activities related to taportunistic scenarios: MESH networks
and Wireless Sensor Networks. Specifically, it will be ddmt how the platforms developed by the
JRA's partners can be used to carry out experimental tesigeilboth WPR11 and the others WPRs of
NEWCOM++.

9.1 Experimental scenarios
9.1.1 Mesh

When comparing Mesh networks and Wireless Sensor Netwaridgr the perspective of opportunis-
tic scenarios, the differences between them can be highlith terms of basic features which define
corresponding specific behaviours.

For example, mesh networks provide an opportunistic seemath the following main features un-
available for WSNs:

e Broadband connectivity;

e Support of protocols enabling complex routing and forwagdbolicies and advanced services (in-
cluding reservation and QoS management).

For this purpose mesh networks have been included in the JRExperimental Activities: the
above mentioned features allow to study two main experiatecenarios which abstract future practical
scenarios which seem likely to occur.

e Mesh networks as opportunistic nets (Figure 38). This condiipn of WiFi nodes is conceptually
quite close to the use proposed for WSN in Section 9.1.2. Mewyén this case, the scenario is
different in terms of available features (bandwidth andifflidity). So the kind of things which are
going to be studied is not optimized towards energy consiamind scalability (number of nodes),
but rather focused on different aspects such as: softwefiead radio and channel configuration,
mobility management and consequent protocol reaction tailityo

((Tl)

{T>}

(cTD

Figure 38: Mesh networks as opportunistic nets.

The corresponding practical scenario should be that oftsmaile nodes spanning from vehicular
node to networks exploiting personal smart devices andatipg additional services (such as
positioning).
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e Mesh networks as backbone wireless networks (Figure 39thigncase the partners refer to a
scenario where the broadband connectivity and rich siggadrotocol stack are used to connect
opportunistic mesh islands. The practical scenario isdhatcore network able to face the trans-
mission of large amount of data collected over an opportienmgtwork. In this case a logical pipe
either need not to be continuously active (it would imply daitdth waste) or, by converse, cannot
be always on (in case mobility is involved, the channel sthauidergo re-configuration). For this
purpose a mesh (MPLS) network could support the connecfiam opportunistic network island
to a remote server - for instance: the benefits would inclhdeopportunity of setting up a broad-
band channel able to preserve QoS to all the stations al@athected and, on the other hand, the
ability to cope with a huge asynchrouns, delay-tolerantseidom data.

Opportunistic |
Network 1 Q‘]

\
N &

Opportunistic
Network 2

Figure 39: Mesh networks as backbone wireless networks.

This scenario also foresees a study on the interaction leetwee mesh core networks and the
opportunistic network (in practice the experimental stafiyVSN-WiFi network interaction).

Correspondingly two different sets of measures and tests taebe considered in order to investigate
the two scenarios.
Mesh opportunistic nodes

e Software-defined radio and opportunistic channel configarginteraction between dynamic chan-
nel allocation and routing, evaluation of channel switghiwerhead, spectrum usage...);

e Mobility management (i.e. how to react to nodes’ mobilitgldnow to exploit position for georout-
ing);

e Protocol reaction to seldom connectivity (i.e. setup tirmerhesh routing protocols in case of
mobility).

Mesh network as backbone wireless network

e Comparison between mesh protocasg(OLSR) and MPLS for opportunistic backhauling;

e Quality of service and bandwidth management for the two @aghes;

e Rerouting performance for the two approaches;
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e Bandwidth efficiency for MPLS (signaling overhead) and ftvey approaches (QoS impact);

e Setup time for MPLS channel and for mesh network routing.

912 WSN

A set of experiments is to be conducted by the participatartner institutions. These experiments should
abide by similar models and produce comparable results.niflefi of reference scenarios and metrics
of interest is of critical importance in order to achievestgoal.

9.1.2.1 Reference scenarios

Two example scenarios are proposed. These representltgjtictions in opportunistic WSNs but, of
course, are not a comprehensive set.

Linear A group of nodes is organized in a linear topology (Figure 40tarrier node moves in a
horizontal trajectory to the group, and should ideally edlinformation from all of its nodes.

.E>.Q.O.

Figure 40: Linear Pattern Scenario.

Grid A group of nodes is organized in a grid pattern (Figure 41).akier node that goes through
the group will be in range of several nodes, which could leatigher radio load and impact the network
performance.

Figure 41: Grid Pattern Scenario.

o

9.1.2.2 Evaluation metrics

The metrics of interest can be divided into four differerisseorresponding to the different phases on
an opportunistic exchange. Out of these, a compact subsatdshe selected for inclusion in future
experiments.

Idle

e Energy consumption in idle listening, since this is the niasjuent state.
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Detection

e Detection delay the delay between the point in time when an opportunistigami could ideally
be initiated (the point at which the nodes come in range df eticer) and the point in time when
the receiver detects the sender. This second point can dtedeatither with the instant when the
received signal reaches a given threshold (defined as aidonet a combination of RSSI and
LQI) or with the instant when the receiver’s detection medtia actually detects the contact in
low-power listening (LPL) configurations, whichever confest.

Transmission
e Throughput.

e Packet loss ratio/pattern.

Post-transfer

e Shutdown delaythe amount of time between transmission of the last sufidgsscket and sender
radio shutdown.

Summative
e Long-term energy consumption.

o Network lifetime.

9.1.2.3 Routing algorithm evaluation

In addition to the agreed characterization of opportunistintacts, IST-TUL will be conducting some
experiments in opportunistic routing for internal use. #is purpose, the same reference scenarios will
be used, plus:

e A modified linear topology scenario in which the reader mamesstrajectory perpendicular to the
group.

e A new scenario in which a message has to go through multipteecsto reach its destination, with
carriers moving in a periodic trajectory.

In these scenarios, IST-TUL intends to evaluate the folhgwietwork-wide metrics:

e Message delivery ratiahe number of delivered packets divided by the number of gackages.

e Message latencythe time between message generation at the source andgeaetdwery at the
destination.

e Path length the number of hops through which a message travels.
e Buffer needsthe amount of buffer space required in the nodes.
e Transmissions per messadhe total number of times a message is transmitted durrigetime.

¢ Reliability: the number of messages delivered within a defined deadline.
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9.2 Testbeds

In this Section we describe four testbeds. The first two &slsttare related to mesh networks and have
been deployed at ISMB and Karlstad University. The other tegtbeds are related to WSNs and have
been deployed at ISMB and IST-TUL.

9.21 |SMB mesh testbed

The Wireless Mesh Testbed deployed at ISMB is composed ke ttiifferent layers that could be used
alone or together in order to test complex scenarios. Theldiyer Backbone Layel is made up of
eigth MPLS capable nodes. The boards used for this layer &efik RouterBOARD 433AH (Atheros
AR7161 680MHz, 128 MB DDR RAM, 64 MB NAND, 3 mini-pci slots).HE software running on these
boards is RouterOS, which supports a large number of MPlatetfeatures (i.e. Label Switching, Label
Distribution Protocol, Virtual Private LAN Service, Regation Protocol-Traffic Engineering). The main
purpose of this layer is to test QoS and bandwidth reservémiocopportunistic traffic within the scenario
of a wireless backbone network. The main features explddethis purpose are MPLS over WiFi and
the mapping between IP schedulers and WMM/11e.

In wired networks, MPLS has given a satisfying answer to ttodlem of QoS requirements, in fact
it has been adopted in the main international backbones. n\Wileemove to the wireless medium, the
problem of finding a solution for quality of service in wirekemulti-hop networks becomes much more
difficult. The use of MPLS on wireless scenarios is compéiddbecause of various causes: the medium
is shared and the radio link is not controlled by one statimoreover the radio link quality and the
available bandwidth may vary in time. On the other hand, ea#ternative solution to provide wireless
QoS, especially in multi-hop networks, collides with thekimg of control about allocated resources
(that is the impossibility of doing Traffic Engineering) aadscarce awareness of the actually available
bandwidth. In this sense, emerging protocols like OLSR @an#nt solutions for at most load balancing.
MPLS represents a valuable solution, provided that somelitapt problems are solved, i.e.:

e Implementation of reservation mechanisms with strict jitsidor MPLS flows also at MAC level
(necessary to solve access contentions);

e Study of all the factors that can affect the capacity of a l@gg® medium (number of contending
nodes, packet size, signal-to-noise ratio on the link) andysof an adaptation of technology to
these factors;

e Rating of these parameters, in order to optimize bandwieklmvation.

The second layeMesh Layer) is composed by eight Mesh boards. The boards used for tgs la
are ADI Pronghorn Metro SBC (Intel IXP425, 533 MHz, 64 MB SDRA 16 MB Flash memory, 4
mini-pci slots). The main purpose of this layer is to testaide.g. 802.11s, OLSR...) and opportunistic
(e.g. ExOR) routing protocols — also togheter with the Backblayer in order to understand how to
fully exploit the two different layers. The software rungion these boards is OpenWRT, which is
an open source project aimed to create a free embedded lperating system for network devices
based on different architectures (x86, ARM, MIPS, Athero€S.). Using OpenWRT it is possible to
cross compile a large number of packages, allowing userdityeaustomize their embedded systems.
The typical configuration of OpenWRT for mesh networking sists of: Busybox (tiny versions of
many common UNIX utilities into a single small executablByppbear (small SSH server and client),
different wireless drivers (MadWiFi, Ath5k, Ath9k...),fiiirent routing protocols (OLSR, 802.11s) and
testing tools (iperf, D-ITG...). Every board has a variatlenber (from 1 to 4) of wireless interfaces. A
wireless interface could be an 802.11a/b/g Atheros basaiP@l or a 802.11a/b/g/n Ubiquity miniPCI.
All this interfaces are connected with a 2 dBi onmidirecéibantenna. The network topology could be
dynamically arranged working on WiFi channels.
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The third layer Mobility Layer ) is composed by three mobile robots (Pioneer P3DX) and pafso
devices (handheld devices, webcams...). Every robotsugpeed with a ADI Pronghorn SBC (Intel
IXP425, 533 MHz, 64 MB SDRAM - 16 MB Flash memory, 3 mini-pcot) running OpenWRT. The
robots are equipped with software for indoor localizatiBogitioning by WiFi enhanced with other po-
sitioning techniques). This localization can be used toakpositioning for robot deployment and
geo-routing. Robots are also able to transmit images ceghtioy their internal video camera. In addi-
tion, a wireless webcam could be added in every point in cimégst video streaming capabilities. The
purpose of this layer is to test how to opportuistically cectnmesh island through mobile nodes (i.e.
mobile robots). The experimental scenarios for this layainitg deals withmobiledata collectors (i.e.
store-carry-forward approach for delay tolerant netwjpaksel positionaware robots coordinated in order
to create temporary bridges between mesh islands.

9.22 KAUMesh

KAUMesh is an experimental Wireless Broadband Mesh Netvibaed on 802.11a/b/g WLAN based
devices (mesh nodes) that has been deployed at the Karlsiadrslty Campus. KAUMesh comprises
currently 20 mesh nodes, which are permanently installedver large areas inside the new Engineering
Building. Standard 802.11b/g based clients can be usedrioect to the mesh as they would to any
given normal WLAN access point. In that sense, a mesh netajplears as a large virtual access point
to the mesh clients, which only need a W-LAN card to conneche Tesh network is deployed of
two main connected regions, each one with multiple gatew@yise Internet, as well as of one smaller
opportunistic island, which has no gateway and, consetyerted to communicate with the rest of the
network opportunistically, through, for example, mobiledes carrying packets exploiting the mobility
of users roaming around.

Mesh Backhaul connectivity is established through meskesogahich wirelessly relay packets among
each other and towards the gateway mesh nodes, that coheatiesh to the Internet. The number of
interfaces used for backhaul access to create the mestcalhydimits the number of transmissions and
receptions that can take place simultaneously. By inangakie number of interfaces, the upper bound on
the capacity of the network can be increased. Due to severigdtions, the number of physical interfaces
cannot be increased arbitrarily and the number of wirelassigels will be the limiting factor. Multiple
channels are needed for multiple interfaces to transmitilégmeously. Depending on the country, there
can be up to 14 channels available in 802.11b/g and 13 claim@&02.11a.

KAUMesh is a multi-radio, multi-channel mesh solution, alinruns on a high-performance network
processor platform based on Linux OS. As such, each meshhasdmultiple physical radio interfaces.
One interface is used for transparent client access, ugpigally 802.11b/g mode. The mesh backhaul
connectivity is established using multiple radio inteega@er mesh node. One of these interfaces is
called 'fixed interface’ and is assigned for relatively Iantgrvals of time to a 'fixed channel’. This fixed
channel is picked initially at random and automatically@daver time according to the number of users
on a given channel to balance traffic. The second interfaeact node is called 'switchable interface’
and can be switched dynamically and opportunistically leetwany of the remaining channels according
to traffic demand. The fixed channel of a node is selected wsfixg@d channel assignment and selection
protocol. All data sent to a node must be over the fixed chabeehuse the node is guaranteed to always
listen to the fixed channel. A node may send data to a neighdiog the fixed interface if both nodes use
a common fixed channel; otherwise, the switchable interifatened to the neighbor’s fixed channel, and
data is sent out over the switchable interface. In that se¢heanechanisms do not require coordination
channels. KAUMesh features also the 802.11e based extsniio enabling service differentiation at
the MAC layer in the backhaul interface. Finally, differesthedulers are available which decide which
channels to serve next for the switchable interface (rawhik and hierarchical multi-level QoS aware).

For monitoring purpose, each mesh node has a wired Ethesneection to a managed network in
order to send monitoring data to a monitoring server, latatethe fixed network. It serves also for
sending configuration information to the mesh nodes as wgdibadownloading kernel versions to the
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mesh nodes. KAUMesh implements an In-Mesh monitoring &oiuivhich allows to monitor one-way
delay, packet loss, and jitter for VoIP flows. For examplesitniginformation on the used codec, allows
to estimate the Mean Opinion Score (MOS) for VoIP using etg R-Model within each mesh node.
Other statistics are available such as the bandwidth us@@€Byflows, and different routing metrics such
as WCETT, link qualities, etc. A centralized monitoringwsarallows to monitor traffic and operational
status. Access to the testbed is possible by remote loginfboindividual nodes and the mesh monitoring
server which qualifies the testbed for performing remotesgrments. As the mesh nodes run Linux OS
and MADWIiFi compatible cards, is also possible to changeadhiéng protocol, the channel assignment,
or modify parameters at the MAC layer.

9.23 |1SMB WSN testbed

The ISMB test-bed consists of a flexible setup, meaning tiatriore general WSN can be constituted
by an undefined number of nodes, each one playing a speciiasalescribed by the three typologies of
nodes introduced below. Additional nodes can be insertéteimetwork when desired as well as existing
nodes can be removed from it. The minimal setup only requiresurce node and a destination node.
The three typologies of nodes are:

e source nodes: original sources of network traffic, they pgeredata packets, each one destined to
a specific destination node;

e destination nodes: each of them only waits for the recepifatata packets specifically addressed
to itself;

e mule nodes: their task is to temporary store data packeggnated by some source node and
opportunistically received, to carry them for a while, anthfiy to deliver them to the destination
node identified as the final recipient.

In order to make the realization and actual deployment ofdbebed concretely doable, only a typol-
ogy of nodes is endowed by mobility capability: mule nodesyjaled that at least one representative of
theirs belongs to the WSN, or, alternatively, source no@ssthe contrary, destination nodes, which are
connected to a PC via USB serial cable, are always stati@da data mules take part in the opportunis-
tic WSN, source nodes and destination nodes are out of commatiim coverage regions. A complete
description from the hardware and the software points af\gereported in following sections.

9.2.3.1 Hardware platforms

The ISMB test-bed has been realized by means of commerfethkeshelf sensor nodes belonging to
TelosB Crossbow platform. Imote2 platform nodes, analsipaommercialized by Crossbow, can be
easily adopted too, since they share the same radio traasesi TelosB nodes, the CC2420. Nonetheless,
even if we have a few Imote2 nodes at disposal, up to now we itdizzd TelosB nodes only. The main
technical difficulties in realizing the test-bed concerns mobility capability. The problem has been
solved by using a Lego Mindstorms NXT robot, which can be mogned to travel according to the
desired mobility scheme. The additional hardware elemtakiag part in the ISMB test-bed are one or
more pcs, which destination nodes are physically conneotechere data packets received by destination
nodes are forwarded and definitively stored for post praeggsurposes.

9.2.3.2 Software applications

The firmware applications flashed on board nodes are writtere$C language using the Tinyos devel-
opment tool (currently in the Tinyos 1.x version but palyi@lready ported under the more recent Tinyos
2.1). From the application perspective the network fumdias follows. Source nodes, at least one rep-
resentative is necessary, generate data packets unjvatsitified by the source node, the final recipient
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(chosen in the set of destination nodes) and an appropggteeace number to distinguish different pack-
ets for the same recipient. A data packet originated by aceonode can be either directly delivered to
the final recipient, if the two nodes are in the same radio mmesarea, or transmitted to one or multiple
data mules that can hear the source node at that moment. Titeeswde periodically retransmits the
same data packet until an acknowledgement, confirminghleaidcket has been successfully transferred,
is received from some other node (mule or final destinatitdle nodes, when present in the network,
temporary collect data packets originated by any source aod addressed to any destination node, ac-
cording to their currently available storage resourcegymill deliver them to the final destination when
a contact is realized with it, provided that it is actuallyfal and that the information is not too stale. The
interaction between source node and mule node is simildretone between mule node and destination
node, that is, an acknowledgement is necessary to let tltesstop retransmitting a data packet. The
role of a destination node is simply to receive data packetsirtkd to itself and to confirm the successful
reception with an acknowledgement, while discarding ahgoteceived packet.

The application scheme described so far leaves severalispaes about the behavior of mules in
storing, carrying and forwarding data packets. To this psep it is possible to define, implement and
evaluate optimized opportunistic protocols which coulahayically manage the interaction between a
couple sender-receiver in time-varying channel conditiororder to maximize metrics like data goodput
and/or throughput, and at the same time taking into coreiider information staleness.

9.2.4 Tagus-SensorNet

The Tagus-SensorNet (Figure 42) is the experimental VéseBensor Network (WSN) test-bed that has
been deployed at the Taguspark campus of the Instituto Budecnico - Technical University of Lisbon
(IST-TUL). The Tagus-SensorNet is currently made up of 28asp permanently installed within the IST-
TUL Taguspark main building, as well as 3 mobile nodes anérsd\additional nodes that may be used
for general application development and debugging.

wpefdi=] | cWLo @ MICAZY
(L/T“ﬂr l- @ MICA29

Figure 42: IST-Taguspark main building map and Tagus-S&letdropology.

The network is composed of three main connected regionsaftsithe middle and left side of the
map), each with its own sink node, as well as of two smalleoopistic islands (on the right side of the
map), which have no sinks and, consequently, communicaketind rest of the network opportunistically,
through Mobile Ubiquitous LAN Extensions (MULES). The folling sub-sections explain the Tagus-
SensorNet hardware and software platforms, as well as tisorieés organization, in further detail.

9.2.4.1 Hardware platforms

The Tagus-SensorNet has been primarily built using comiades€the-shelf sensor platforms compris-
ing, today, Crossbow MICAz and MICA2 sensor nodes, MTS300/and MDA300 sensor boards,
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MIB510, MIB600, and SPB400 Stargate Gateways. While séweistom hardware solutions have al-

ready been developed, these currently take the form of alpesd add-on daughter boards that can be
coupled with the Crossbow motes to enhance their capabilindding such capabilities as ultra-sound
localization, vibration and soil moisture measurement} ar.CD/keypad interface. Recently, Sun Mi-

crosystems SunSPOTs were acquired and will be used in eixgatie Tagus-SensorNet with additional

sensor platforms, thus further promoting heterogeneithiwithe network. Plans do exist to include a

custom designed, internally manufactured, sensor pfatftite MotelST Mote, as well as Crossbow IRIS

motes, and specialized gas detection and speech repraubciards.

9.2.4.2 Software applications

Given the heterogeneous nature of the Tagus-SensorNetcmbkped software framework has been de-
veloped to allow multiple concurrent applications to ceexvithin the network and operate in an inte-
grated fashion. This framework is used as a set of commoarids and APIs that are shared by all
applications within the network, providing the followingrsices:

e Convergecast Data Collection: This service allows embedgbplications to send data towards a
sink, ultimately delivering it to the corresponding comgruapplication within the graphical man-
agement console. Additionally, the system also allows fixaedes to be configured into the net-
work in run-time, allowing users to change the networksingutopology on the fly. This is used
to collect data from the sensor network, for example sendatg, application state information, or
debug information.

e Unicast Data Delivery: Unlike the convergecast data ctibecservice, the unicast data delivery
service forwards data from a sink to any specified destinatimde within the network. This al-
lows the application running on the management console romaanicate with individual nodes,
conveying orders or new run-time parameters.

e Time Synchronization: This service uses the FTSP time symitation protocol to create a
network-wide clock that can be used by any of the application

e Power Management: The power management service uses ttleragization service to turn the
motes’ radios on and off synchronously across the netwdiidGtevely duty-cycling its usage. This
extends the sensor network’s life-time ten-fold.

e Centralized Graphical Management Console: The centthtizaphical management console con-
solidates each application’s graphical interface intanglsi integrated computer application. This
console is also capable of communicating with the sensavarktremotely, over the Internet,
allowing network users to manage all of the network’s agpions from outside the University
Campus.

e Local User Interface Panel: Whereas the centralized GeapManagement Console provides a
convenient way for users to interact with the network usicgraputer, a local user interface panel
allows users to interact with individual sensor nodes marectdy through an LCD panel and a
keypad.

On top of this common framework, the following applicatidres/e been developed:

e Environmental Interaction: The Environmental Interactiéspplication is a generic data retrieval,
processing and actuation system that allows users to coafighat data is collected within the
network, how it should be processed, which decisions shbelthade based on the results, and
how these decisions should be acted upon.
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e VibSense: The VibSense Application is a vibration monitgrsystem that allows the user to either
collect raw vibration measurements or receive periodik pea RMS aggregate values. While the
raw data may be further analyzed to extract such informatgotie structures vibration modes, the
required bandwidth limits its use to one or two sensor nod#iimthe network. Peak and RMS
values, on the other hand, use far less network resourcegasdch, can be collected from many
more sensor nodes at once, while still providing esserttiattsiral health data.

e Temperature Gradient Map: This application uses a diggtbalgorithm to determine the tem-
perature gradient map within a room. Since nodes collabdmatalculate the room temperature
gradient, the system offers a more efficient solution thexphi collecting the data from each indi-
vidual node.

e Remote Monitoring and Control: This application enableaote access to sensors in one or more
wireless sensor networks, through machines or devicesitbat directly connected to them. This
way, users may use the Internet, for example, to know théadlaibattery capacity on any given
node, or to manually initiate local actuation. This senigeomposed of a Gateway that gets
the queries from the user over the Internet and translags thto native network messages that
convey the query directly to the desired sensor node.

9.3 Emulation of opportunistic networks

Network emulation is commonly used to evaluate and exantiaédehavior and performance of appli-
cations and transport layer protocols. A major advantagenadlation is that a wide variety of real
implementations of the applications/protocols to be stddian be used, which is not the case for simu-
lations. In this joint research activity we examine how rateemulation of opportunistic networks can
be supported. Our work is based on the KauNet network erulatistem. Below we first describe this
system and then discuss how it can be extended to supporatomubf opportunistic networks.

9.3.1 TheKauNet emulation system

KauNet enables emulation-based experiments with a higredegf control and reproducibility of the
emulated conditions. An overview of the KauNet emulatiostegn is provided in this section. An
illustration of the system is provided in Fig. 43.

KauNet Network
Emulator

Experimental
Network

e
7
7
e
Pattern
Generation

Analytical Simulation Hand
expression: results crafted

Figure 43: Overview of the KauNet Emulation System.

The design of KauNet is centered around a number of patt@naiimg extensions to the well known
Dummynet emulator [82], together with user-space progrimpattern creation and management. The
use of Dummynet as a starting point provides a stable codethas$ has been in wide-spread use for
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several years, as well as the integration with itlpé w program for emulation setup and management.
Dummynet has the ability to lose packets, and to apply baditiwiestrictions and delays to the packets
thus emulating the desired link or network conditions. KatiEixtends these abilities by also includ-
ing the ability to introduce bit-errors and packet reondgri Furthermore, KauNet allows deterministic
packet losses in addition to the probabilistic losses piedviby Dummynet. In fact, KauNet allows bit-
errors, packet losses, packet reordering and delay anduidthcdchanges to be exactly and reproducibly
controlled on a per-millisecond or per-packet basis withuke of patterns.

Compressed patterns are created ahead of time and theteih&®io the kernel space under the
control of KauNet. During emulation these patterns are filaped to control the emulated behavior. For
emulations controlled on a per-millisecond basis KauNetajes in time-driven mode and for emulations
controlled on a per-packet basis in data-driven mode. le-iiniven mode, the index for the pattern is
advanced once per millisecond regardless of whether ormpotiata is transferred. For time-driven bit-
errors the amount of movement by the index is coupled to theualth restriction used in the same pipe.
This restriction indicates how many bits to process perigeitlond. Other kinds of time-driven patterns
do not require a bandwidth restriction to be set since thekwnoly on a millisecond level and individual
bits do not need to be accounted for. For data-driven pattéine index move forward one step for each
packet, except for bit-error patterns where the index iseiased according to the number of bits in the
packet.

With regards to emulating multiple connections or linkspKiet inherits the Dummynet firewall rule
capabilities that are specified wittpf w. These capabilities make it easy to create multiple endilate
flows, emulating for example the effective bandwidths anldydefor a set of nodes in a mobile net-
work. While Dummynet allows emulated conditions to be clehduring the run of the emulation, these
changes must be done using command line tools (typicallgutige control of a script). Using regular
Dummynet, it is thus very difficult to exactly control or rgpiuce an experimental run. As discussed
above, Kaunet provides enhanced functionality in this #ineaugh the use of patterns. However, the
use of patterns and command line control can be effectivaiybined in KauNet. Even though the fine-
grained behavior of the emulation is under the control ofghgerns, higher-level dynamic events can
still be incorporated by using the command line tools to dyically switch between multiple patterns.

As illustrated in Fig. 43, the KauNet system is flexible widigards to the origin of the patterns, which
can be created from collected traces, previous simulatoasalytical expressions. In order to simplify
creation and management of patterns, a command line todbdwxs developed to create and manage
patterns. Th@at t _gen tool can generate patterns according to several paraeeiistributions. Itis
also capable of importing uncompressed pattern desangpfimm simple text files. These text files can
be generated by arbitrarily complex models, off-line siatoits or trace collection equipment.

One pattern is necessary for each of the controllable pdeasé.e. bit-errors, packet losses, packet
reordering, bandwidth changes and delay changes. Sincgerpariments require simultaneous control
of several parameters, multiple patterns need to be mandgsatellite link may for example introduce
specific delay caharacteristics as well as specific bit @rpacket loss patterns. To simplify the manage-
ment of patterns, KauNet supports the grouping of multiglttguns into so called scenarios. A scenario
is a combination of several patterns with some additionabnrdormation. Scenarios are also created
and managed using tipat t _gen utility.

As compared to other popular network emulators, such as Dumair{82], Netem [83] or Nist-
Net [84], KauNets pattern-based approach provides a moeegfiained and flexible control over the
emulated network. A more in depth discussion on the spedifikauNet in relation to other emulators
can be found in [85].

9.3.2 Futurework: emulation of opportunistic networks

Opportunistic networks pose challenges to network enaratis the traditional pattern of end-to-end
connectivity is no longer applicable. This implies that @ymot be possible to emulate the entire network
as a single entity present between application or higherlagotocol end-points. Instead the applications
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and higher layer protocols will be present at several platelse network between the original sender
and receiver.

Emulation for this communication pattern can be achieveddigg several instances of KauNet (or
other similar network emulators). Simple synchronizati@miween the nodes may be obtained through
the use ot p andat . If more advanced synchronization is needed, SWINE [86]ccbe used for the
off-line generation of logically synchronized scenariosdach node.

In KauNet, a limited form of opportunistic connectivity ddibe modeled using delay or bandwidth
limitations. However, applications and higher layer poois in opportunistic networks typically have to
react to the changing connectivity which would be hard to ehadth this approach. As an improved
way of emulating opportunistic connectivity, the extemsad KauNet with so called trigger patterns is
currently being proposed. The idea with trigger patterrthias a trigger to the application is generated
at points specified by the trigger pattern. Through the usscefharios these triggers could be coupled
to other changes in emulated network behavior. This wouwld tfie opportunity for applications to react
to changes in the emulated network. As a general repregentat integer could be used as a trigger
allowing different interpretations for different scerwmi A key issue to solve is how the triggers should
be integrated with the application.

9.4 Contribution to WPR11 JRAs and other WPRs
9.4.1 Mesh

Taking into account the features offered by Mesh testbedsS(f@r wireless networks, Novel and op-
portunistic routing protocols, Node mobility, Radio chahassignment and scheduling...), they could be
useful to perform experimental tests on theoretical studaaried out within other WPR.11 JRASs. In
particular, the most suitable JRAs for this purpose are:

e Opportunistic localization and trackindhow to exploit node’s position in order to improve routing
(georouting)

e Opportunistic connectivity: impact of nodes’” mobilisetup and rerouting time for mesh routing
protocols in case of mobility

e Capacity estimation in opportunistic mesh networkandwidth efficiency for MPLS (signaling
overhead) and for other approaches (QoS impact)

e Opportunistic Spectrum Accesvaluation of channel switching overhead, spectrum usage

The features offered by these testbeds could be used tapejdnt experimental activities within
our own JRA:

e WSN interaction with opportunistic mesh ngfomparison between mesh protocols and MPLS for
oppotunistic backhauling

e Opportunistic channel selection interaction with oppaigtic mesh routinginteraction between
dynamic channel allocation and routing

These testbeds could be also used to validate protocolseantt coming from other WPRs. In this
section, we briefly outline potential experimental reskavbich can be performed with the help of mesh
testbeds. As a result, researchers could use the testballdate theoretical and/or simulation results in
a real world setup. In a similar way, the testbed can be usedlitorate simulation models against (such
as propagation models). This section is structured aloaglifferent WPs in Newcom++.
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WPR.1 This WP is focusing on Modeling, calibration, and validatiof multi-dispersive, multi-
link channels. As a result, KAUMesh provides a good oppatyuto conduct measurements which
can be used to calibrate link and channel models againgstiedhterference effects under different
combinations of frequencies, channel bandwidth, distabeéween nodes...

WPR.2 This WP is focusing on Feedback and Resolution of the Chabiade. In mesh testbeds,
based on measurements, feedback error could be quantifeied. atIAC layer taking into account also
collissions of hidden nodes.

WPR.3 This WP is focusing on Adaptive coding/modulation for theedeéss channel. An interest-
ing evaluation possibility that mesh testbeds offer is thesbility to select different modulation schemas
for different links and channels, combined with differemirrier sense thresholds and sending power.
Therefore, there is the possibility to evaluate the impdath@anging modulation schemas in a multi-
channel environment.

WPR.4 This WP is focusing on Iterative Receivers for Wireless Camiwations. Due to their na-
ture, potential research issues could only be evaluated\wNesh, if we deploy software reconfigurable
radios.

WPR.5 This WP is focusing on Coding for multi-hop networks. KAUNeis a multihop multi-
channel multi-radio indoor testbed. As such it is perfestljted to study the effect of network coding
in this kind of environment. It allows to developand evatuabvel schemas to optimize e.g. multicast
delivery in such networks using network coding. Also, it \leblobe good candidate to develop and evaluate
channel assignment algorithms that take into account tpertymity of coded overhearing, etc. So in
summary, KAUMesh provides ample opportunity for WPR.5 tbdede the schemas, including erasure
coding, developed in a real experimental setup.

WPR.6 This WP is focusing on Relaying and cooperation in netwolkse to its multihop nature,
it requires cooperation among nodes. Therefore, it is vesll suited to evaluate the performance of
novel estimate-and-forward protocols that are based om $ource-channel coding or even joint source-
network coding focussing on higher layer and cross-laypeets. In Virtual Antenna Arrays, it would
be very interesting to develop and evaluate novel schenasrtake use of superposition coding either
for downlink or uplink. In addition, KAUMesh is a very intesting candidate to study the interaction be-
tween network layer protocol and cross-layer optimisatimmniques. Currently, KAUMesh supports and
implements both AODV and OLST routing and includes plugfarschannel assignment into the routing
protocol. In a similar way, it is starightforward with KAUMG to use additional routing information for
the purposes of organising cooperative relaying at theléip&r.

WPR.7 This WP is focusing on Joint Source and Channel Coding/DagodWe tested already
with KAUMesh effective VoIP and Video streaming over mudtiannel multi-radio meshed network from
within the mesh to destination located in the Internet. &fae, the incorporation of UEP for streaming
application seems feasible to evaluate using KAUMesh. latwlongestion concerns, there is also the
possibility to incorporate congestion aware mechanisnikerjoint source/channel coding and take this
into account in the route selection to e.g. maximize usdityutor all flows within the network. As
a result, KAUMesh is a good opportunity to evaluate novekuidlelivery mechanisms in a multihop
environment.

WPR.8 This WP is focusing on Scheduling and adaptive radio resoassignment. Due to its
self-organizing nature and the possibilities to serve ipleltchannels and frequency bands in parallel,
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it would be interesting to develop and evaluate novel sclireglunechanisms for multi-channel mesh
networks using KAUMesh as experimental platform.

WPR.9 This WP is focusing on Joint RRM and Flexible use of radio speae. In KAUMesh, ra-
dios can tune to any of the frequency bands available in 80&2/ld/g band dynamically with minimum
switching overhead (around 1 microsec). In addition, rad&n be tuned to 5, 10, 20 and 40 MHz. Mod-
ulation schemas can be changed as well as sending power i@igd sanse threshold. This opens up the
opportunity to test and evaluate novel RRM mechanisms amdy she effect of e.g. different channel
bandwidth on interference and performanced. When it comehannel assignment, currently we use
a simple strategy to balance the number of neighbors on anehaklowever, more advanced mecha-
nisms can be designed, implemented and evaluated throughv€ah based on e.g. Game Theoretical
Approaches. Such approaches can be combined with coggipabilities so that the MAC layer can
learn better adaptation strategies over time (e.g. whstpuency to use, what adaptations of parameters
of PHY layer to select, etc.).

WPR.10 This WP is focusing on Network Theory. Due to its multihop andlti-channel nature,
KAUMesh can serve as a vehicle to evaluate different metlfmdachieving throughput and delay per-
formance limits in a multihop environment.

WPR.11 This WP is focusing on Opportunistic networks. As mesh tgdlran be deployed as two
different not-connected islands, they can be used to eeatleday tolerant networking protocols utilizing
peoples mobility or scheduled links (such as a wireless mpdaeed on an elevator to opoprtunistically
connect those two islands) to disseminate data. In additi@sh testbeds can serve as a mechanisms to
evaluate oportunistic routing protocols (such as Ex-OR) multi-channel setting.

942 WSN

In WSN test-beds, as the ones provided by IST-TUL and ISMB quite difficult to run experiments that
could be interesting for other partners. Since WSNs areebloglated with the application environment
it is not possible to set-up a hetwork configuration genemimugih to cope with the specific requirements
of each interested partner. Therefore, it is almost imbessd reproduce exactly the setups required
by these experiments, as these would likely entail a hugeldement effort not compatible with the
manpower available in this JRA. Hence, this JRA proposesibation of a website where test-beds
measurements are available and can be retrieved by otlireparto drive analytical models or simulators
instead of using some other generic source models for obtairesults that otherwise would be less
related with real-world test cases.
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10 CONCLUSIONS

In this deliverable we have presented an overview of the moossolidated Joint Research Activities
(JRAS) inside the WPR11 of NEWCOM++. Actually, eleven JRAsd been planned during the first
year, however in this deliverable we have considered odyJfRAs which have already obtained results
(TO+18). In this view, 8 JRAs have been identified for inatusin the deliverable.

These are:

e Oppotunistic Localization and Tracking (Participatingtpars: CNIT-PD, CNRS-LAAS, ISMB,
RWTH);

e Mathematical Modeling of Intermittent Behavor in Oppoiigiic Networks (Participating partners:
NKUA/IASA, CNIT-CT);

e Transport Layer Issues in Opportunistic Networks (Pauéting partners: CNIT-CT, KAU, CNRS-
LAAS);

e Peer-to-peer Techniques in Opportunistic Networks (Bipeting partners: CNIT-CT, KAU);

e Opportunistic Connectivity: the Impact of Nodes MobilitP&rticipating partners: CNIT-BO,
RWTH);

e Heterogeneous and Opportunistic Wireless Mesh Netwowkdi¢ipating partners: PUT, IST-TUL,
KAU, CNIT-TO, ISMB);

e Resource Description Language (Participating partn&$:TIUL, CNIT-BO);
e Experimental Activities (Participating partners: ISMBAK, IST-TUL);

For each JRA, we have discussed the results obtained smdmther with the already published
publications and the expected ones. Moreover, with exafusf "Resource Description Language" which
can be considered concluded, we have highlighted the fwark planned in the short- and mid-term.
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