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Abstract—We characterize the capacity region of a mobile area. This new communication paradigm is usually referred
ad hoc network in which nodes employ the store-carry-forwad  to asstore-carry-and-forwardor mobility-assisted routinglt
communication scheme and move according to an arbitrary g harticularly interesting in the context of vehicularwetks

ergodic mobility process. We identify the class of schedulg . ST . .
policies achieving maximum throughput, and introduce a jont where a fixed communication infrastructure is not available

scheduling and routing formulation which maps the problem and the cooperation among the vehicles is needed to support
into a multi-commodity flow over an associatedcontact graph. the communication.
Previous capacity results have been derived under the stran  Node mobility plays a fundamental role not only in provid-
assumption that nodes are identical and uniformly visit theentire ing end-to-end connectivity in the first place, but also bsea
network area, resulting in a fully connected, homogeneousontact . . .
graph in which a simple 2-hops routing scheme is optimal. Our !t can dfamat_'c"?‘”y '”Prease the overall tran_Sport capauit
approach allows to extend the analysis to heterogeneous nesl interference-limited wireless netWOka, a||0W|ng thenstale
with anisotropic mobility patterns, as typically encounteed in  up to a large number of nodes. Indeed, wireless networks of
realistic mobility traces. In particular, we apply our fram ework  static nodes are known to suffer severe per-node throughput
to an .experlme.ntal n.etvyork based on vehicular mgblllty and sow decay (in the order of /\/n) as the number of nodes goes
that, in scenarios with inhomogeneous contact times, the Reps S on .
routing strategy can result significantly inefficient in terms of to 'nf'n'.ty [12]. In ConltraSt' Grossglauser and Tse have first
throughput and delay. shown in [13] that a simple 2-hops relay scheme can keep the
per-node throughput constant, under an ideal mobility @sec
in which each node independently and uniformly visits the
entire network space.

While the work of Grossglauser and Tse suggests that

) delay tolerant networks can indeed scale up to large sizes,
In recent years Delay Tolerant Networking (DTN) hagng that the 2-hops routing strategy is able to fully exploit

emerged as a new area of research with many promisii@ transport capacity offered by node mobility, it is uacle
applications [3], [4]. Delay tolerant networks are chagact \hether these results are applicable to real-life scesario
ized by intermittent connectivity, network partitionining  sych as the ones mentioned above. One reason is that the
and variable delays, high error rates. Such performancgaiysis in [13] strongly relies on the assumptions thaglli)
challenging conditions can be found in many different &r ,,qes are identical; ii) each node uniformly visits the renti
ments such as vehicular networks, sparse sensor/actutor Retwork area according to an ergodic mobility processtlii®
works, in-the-field military or disaster-relief networlsstellite trajectories of different nodes are independent and idelyi

and deep-space interplanetary communications [S], tiaes gistriputed (i.i.d.). Notice that these same assumpticagh
networks serving remote or rural areas. Interesting i&l-lpaen maintained in the several papers that, after [13], have
experiments comprise “pocket switched networks” based @Ralyzed asymptotic delay-capacity trade-offs, like {[iig].
human mobility [6], networks based on public transportatio |, many practical settings, the above assumptions on the
systems [7]-[9], wildlife tracking [10], rural kiosks pr@ing nodes behavior do not hold, and in particular the one that
Internet access in developing nations [11]. the mobility process of each node uniformly covers the entir

_ A typical DTN scenario consists of a sparse network afyace over time, making all nodes basically indistinguitha
fixed or mobile devices, where most of the time there doggm each other. This observation is especially true foiiceh
not exist a complete path from a source to a destination, @&y networks, in which the mobility is restricted along the
such a path is highly unstable and may soon break. Oyghqs. |n addition, both everyday life experience and campu
time, different links come up and down due to node mobility; city-wide traces containing spatial information (ikased
This implies that a message can be sent over an existing lig Gps coordinates or radio beacons from base stations and
and be bgffered at the receiving node for quqe a long timg.cess points) [17]-[20], suggest that a node spends most of
before being forwarded on the next available link toward thge time just in a small portion of the network area, compgsi
_destinat_ion. While_ being sto_red at a mot_)ile r_10de, a messag¢ey frequently visited “significant places” [21], and rgre

is physically carried to a different location in the networI@Oes outside this region. Although any two nodes are likely,

Preliminary versions of this paper have been presented BE IEkfo- in th_e Iong run, to eventua”y come in contact with each ch?l’
com’07 [1] and IEEE ICC'07 [2]. the impact of rare contacts on the overall network capacity

Index Terms— Delay Tolerant Networking, Routing, Network
Capacity.

I. INTRODUCTION



has to be carefully investigated. the delay optimal algorithm, which was previously proposed
In this paper, we relax the “homogeneous mixing” assumji [23].
tion on the node behavior and extend the capacity analysig-inally, to complete the overview of the paper, in Sec. Il we
to heterogeneous nodes with general mobility patternst,Firdiscuss related work and in Sec. Il we introduce our notatio
we provide a general framework within which the capacitgnd discuss the main assumptions of our work. We provide
analysis of mobile ad hoc networks can be carried owome conclusions in Sec. X.
More specifically, we only require the mobility processes We emphasize that our results have mainly a theoretical
of the nodes to be jointly stationary and ergodic, thougignificance, since we ignore several practical issued) asc
possibly correlated (e.g., group movements, which ofteupc those related to the implementability of our schedulingir
in vehicular mobility), as defined in Sec. IV. Under thisschemes, to congestion control, etc.; nevertheless oultses
fairly general assumption, in Sec. V we formally prove thagirovide useful guidelines for the design of efficient rout-
the class of scheduling policies based only on instantanedog/scheduling strategies.
node position information achieves the maximum network
throughput. This means that the capacity region of a mobile 1
network depends on the mobility process only through the
joint-stationary distribution of the nodes, and not on teeadls ~ In the literature related to DTN, routing is the main issue
about how nodes change their speed and direction over tirffeat has been addressed so far. Current proposals to route
Moreover, no gain in terms of throughput can be obtaindf€ssages in a DTN strongly depend on the nature of contacts
by scheduling policies using dynamical variables such agong the nodes (i.e., random or predictable), the amount of
instantaneous queues lengths, age of stored informatitire atinformation available to them, and the possibility to disse
nodes, history of nodes behavior and past encousters ~ inate or not multiple copies of a message. If meeting times
Armed with this result, we map the problem of determining‘c nodes are predictable, intelligent routing and forwagdi -
the transport capacity of a mobile network into a joint saited decisions can be made, although optimal schemes (i.e., with
ing and routing problem which only requires knowledge of thgomplete mf_ormatlon) that a_ccount also_for finite buffezad
stationary distribution of the nodes over the network afée t© complex linear programming formulations [23]. In [24jet
capacity region is then obtained by solving amulti—comnpdiaUthors assume that nodes movements are not only known

flow over thecontact graphdefined by the scheduling policyin advgnce, but can be controlled to further improve data
and described in Sec. VI. collection and delivery across the network. More recefi2ly]

fecuses still on periodic movements, but exploits mulelev
experimental vehicular network, although its validity i®m clustering and hierarchical routing, based on minimum ylela

general and applies to any delay tolerant network. In tt&ths, to improve the scalability of the routing algorithms
considered scenario we have observed that the contact grapnen mobility is random, nodes have to communicate
is almost fully connected, however link capacities are Mghdurlng opportunistic, unscheduled contacts. Epidemidimgu

inhomogeneous, spanning several orders of magnitude. TIE! IS one of the first proposals to enable message delivery i

fact motivated us to investigate the performance of the F2,5hointermittently connected networks with random mobilitadh

routing scheme, originally proposed under the “homogesedﬂpde maint_ains a list of messages, whose delivery is pending
mixing” assumption, in a more realistic case. Our theoadtic/Vhenever it encounters another node, the two nodes exchange

analysis (presented in Sec. VII for the case of finite numb8f Messages that they do not have in common. This way, all
of nodes and Sec. VIII for the case of infinite number di€ssages are eventually disseminated to all nodes, ingudi
nodes) suggests that the 2-hops scheme can incur signifiddfif destination. Although optimal in terms of minimizing
throughput losses in the presence of highly asymmetricacxbntdelay’ ep|_dem|c routing is very wasteful of network resestc
graphs. Therefore, smart routing algorithms discoveringsl 10 avoid flooding the entire network, messages can be
with high available capacity and possibly routing messagéyplicated in a limited number of copies [27], [28], or preba
over paths of several hops are indeed necessary to expRiigtically [29], possibly exploiting history of encouents [30],
the network capacity under a realistic mobility process. 1] for a better selection of next-hops, combined with easi
contrast, we emphasize that most of the routing protocdilility functions [32]. Other approaches make use of emsur
proposed so far for DTN are oblivious of link capacitiesc?ding techniques [33] or network coding [34], [35] to cope
and aim at discovering minimum-hop paths or minimizing th\gnh_par.tlal data Ioss. and to re_duce routing overhead. Redct
instantaneous traffic congestion at the nodes (as in [22]). "outing issues are discussed in [36]. o

In Sec. IX we compare the performance of different routing1 All of the above approaches aim either at minimizing
strategies in the considered vehicular network, in termtsoi ('€ Message transfer delay or at maximizing the delivery

throughput and delays; the routing algorithms that we haPgobability, and they result, in general, to be inefficient i

compared are the following: (i) the throughput optimal algd®ms of bandwidth exploitation, especially when emplgyin
rithm, (ii) the 2-hop throughput optimal algorithm, andi(i |nform_at|or_1 duplication/redundancy. _In cont_rast to poem
work, in this paper we study scheduling/routing schemes tha
, _ , aim at maximizing the overall network throughput in the
INotice that in our work we are only concerned with networlotighput,

not with message transfer delay; moreover we assume infiniter size at presence of heterogeneous nodes with general mObi"tY- To
the nodes. the best of our knowledge, only a few results have appeared

. RELATED WORK

We have applied our framework to a specific example



in the literature on this subject. In [37] the authors exterfaking P, the power level of transmittet, and N, the thermal
the results in [13], proving the asymptotic optimality ofth background noisé. Note that according to these interference
2-hops forwarding scheme in a network where each nodedels: (i) no node can be either origin or destination of
independently moves along a randomly chosen great circhailtiple simultaneous transmissions, (i) a node cannot be
on the sphere of unit surface. The work in [38] studies tt@multaneously origin and destination of transmissions.
maximum rate at which one or more mobile nodes can relayWe denote with ' the set of all possible transmitter-
data between a set of static sources and a set of static @estinceiver pairs(i,j) (by construction it must be # j).
tions. Under some simplifying assumptions they prove that tSubsetsr of £ in which nodes appear at most once (either
relay throughput depends only on the stationary distrilouti as transmitter or receiver), represent possitstlnsmission
of the nodes’ position. In particular, they assume that sodeonfigurationsi.e., sets of transmission-receiver pafis;),
move independently of each other and have the same stationahich may be simultaneously enabled to communicate at time
distribution over the area (not necessarily uniform). listh¢. We denote byll the set of all the possible transmission
paper we extend the analysis to a more general context. configurations and withl(¢) C II the set of all non-interfering
(hence, implementable) transmission configurations ag tim
A given interference model induces a correspondence batwee
the vector of instantaneous nodes positiddiét) and the
We consider a mobile ad hoc network composednof set of non-interfering transmission configuratioAs$t); we
nodes moving according to a general mobility model insidermalize this concept introducing functidhmapping vectors
a bidimensional, compact and convex regidnof area|.A|. of nodes positions into sets of non-interfering transissi
Xi(t) denotes the position of nodeat time¢ and X(¢) = configurationsZ(X(t)) = A(t).
(X1(t),Xa(t)... X, (¢)) the vector of nodes positions; we Given any setd of implementable transmission configura-
define with d;;(t) the euclidean distance between mobile tions, we denote wittZ ~1(A) the set of node positionX
and mobilej at timet, i.e., d;;(t) = || X;(t) — X, (t)]]2- to which A corresponds through mapping i.e.,Z-(A) =
We assume the node mobility process to be stationafX : Z(X) = A}. 4 For any A, we can univocally determine
and ergodic; i.e., given amyh-uple (B, Bo, Bs ... B,;,) of the probability thatA(t) = A, i.e. the probability that
Lebesgue measurable subsetsApfit results: configurations inA are the only implementable at tinte

IIl. SYSTEM ASSUMPTIONS AND NOTATION

o1t . t
lim — [ Linx,(neBndm = Ell(n, x,(teBy] Wp.l (1) P(A)=Ellxper—(a) = lim - [ Ix@)er-1a)dr (4)
0 0

t—oo t—o0

where I represents the logical indicator function. Note that.p.1. Note that the above probability depends only on the
stationarity and ergodicity are rather general assumgtiofoint stationary distribution of the node mobility process
Most of the mobility models proposed in the literature, such At last, we denote with{T,} the sequence of random
as those described and discussed in [39]-[42], fits withen tinstants at which the set of implementable transmissior con

class considered in this paper. figurations changes; i.elim;7, A(t) # A(T,).
Node s generates traffic for destinatiath according to a
stationary and ergodic process with average traffic vate V. SCHEDULING POLICY
bit/s*. We denote byA = [\4] the corresponding xn traffic  the gcheduling policyS dynamically selects an im-

matrix. plementable transmission configuratiar? (¢) belonging to

We assume that interference between simultaneous trangz) — 7(x(¢)). In this paper we restrict our investigation to
missions is described either by thetocol interference model stationary and ergodic scheduling policies: i.e. thosécies!
or the physical interference modgll2]. According to the 4. \vhich:

protocol interference model, transmission from node node 1t
j at time ¢ at rater i.s.successfgl only if, for any other Bl jyens ) = lim - Li; jyens (rydT wp.l (5)
simultaneously transmitting node it holds: t=oo 1 Jo
dii (1) > (1+ A)di; () ) In general the selection of°(¢) may be influenced by several
J ]

dynamical parameters, including instantaneous queugthgn
for some guard factoA > 0. According to the physical age of stored information at nodes, etc. Particularly ey
interference model, instead, transmission from notienode are those scheduling policies driven onlyXyt). In this paper
Jj attimet at rater is successful only if the associated Signal tove call stateless and memorylessch scheduling policies.
Noise Ratio (SNR) is above a given thresheldVhen signal ~ We also introduce the class sfmple scheduling policies
power decays with the distaneceas d~“, the SNR ratio is S, which is a strict subclass of thetateless and memoryless
expressed by: scheduling policies characterized as follows. At eachsitam
Pid;(t) 3) time 7;, a transmission configuration ¢ A(T},) is selected

No + 3 gz Prdyj (1)

SMore complex expressions for the SNR are obtained when derisg
. propagation phenomena such as fading and/or shadowinginthact of
2Defined withA(t, 7) the amount of data generated by a source within theirectional antennas, MIMO systems, etc
interval [t, ), the traffic is said stationary and ergodic with average pate  4it can be verified that, for anyl € II, Z~1(A) is a convex set oR?"
ifftt. E[A(t,t+1)] = X foranyt > 0 andlim¢—co A(0,%)/t = XA w.p.1. for both the protocol and the physical interference models.



according to a stationary and memoryless (possibly random)Definition 3: Traffic A is strongly sustainableif there

rule; the selected transmission configuration is then kegtists asimplescheduling policyS and a routing strategi,

constant in the whole intervdl’,,, T,,+1). Simple scheduling such thatlimsup,_ .. Z(t)/t =0 w.p.1.

policies are fully specified by the conditional probabé#i We are now in a position to state our first result:

pg(m, A) that the transmission configurations € A are  Theorem 1: A mobile ad hoc network sustains a traffig

selected at timd,, given thatX (T,) € Z~'(A): if a scheduling policyS and a routing strategi can be found
g 1 such that:

VA andr € A. According to scheduling policys, a com- sd

munication link is established between nodesnd j; whose

. R Moreover, if a simple scheduling polic$ and a routing
average capacity expressed in bit/s is:

strategyR can be found such that:
t

N s 5 i, j
wij =Bl jens o] = lim 7/ L jyensmdr w.p.1 (7) SoONafi <pp Vi (11)
sd
which, in case of simple scheduling policies, can be reenitt the mobile ad hoc network strongly sustains traffic
as: X Proof: The system dynamics can be described by a
ufj =r Z Z Lii jyen pg(m, A)P(A) (8) network of queues representing the evolution of the backlog
AellmeA at different nodes. We suppose that every noike equipped

The fundamental question we would like to answer is: “holith » — 1 separate transmission queues, each one storing
can we characterize the capacity of the mobile ad hoc netwdl@t@ to be routed through a different nodeUpon reception,
under a scheduling polic§ (or $)?” To this end we need to NeW data are immediately routed according to polieyand
consider also the routing strategy employed to transfea d&"duéued in the transmission queue associated to the next
through the network. The more general and abstract way 't8P- Transmission queues are served at fixedratecording
define a routing strategy is to specify quantitigs € [0, 1] to a FCFS seryme_pohcy, during the periods of activity of
denoting the average fraction of the traffic from nodeo the corresponding linki, ;). Note that, by construction, the
noded, which is routed trough linKi, 5), i.e. j follows i as average service rate in bit/s of the transmission queuenkf li
relay node [43] (unlesg = d); £ = 0 by construction. The (i,7) is ufj The network of queues describing the system falls

above quantities's¢ must satisfy the following well known in the class of generalized Kelly networks, which are stable
flow conservation constraints: under the condition that no queues are overloaded [44].cBein

by construction, the load at the queue of lifikj) equal to

1 forj=d sd /S - i
sd sd _ ) _ > sa Asafif /i < 1, the assert follows immediatefy  m
Z fij ; Fie = _01 for j ]?érdjafdsj 78 (%) As a corollary, we get a strict characterization of the tcaffi

matrices which are strongly sustainable:

A routing strategy specified by a set ff¢ satisfying (9) can  Proposition 1: A traffic matrix A = [\, is strongly
be implemented in many ways, for example by the followingustainable iff a set offjd € [0,1], Vi, 4,s,d andp(rm, A) €
hop-by-hop randomized routing algorithf®: nodei routes [0,1] VA,Vr € A can be found satisfying the following
data from sources and destined tal by selecting nodg as equations:

next hop with probabilityfs¢ sd _
P P Y 2 fi s satisfies (9) Vi, j,s,d
V. TRAFFIC SUSTAINABILITY AND CAPACITY REGION Z p(m, A) =1 VA ell
TEA

In this subsection we analyze the performance of a mobil o
ad hoc network comprising{ users!3 obtaining a precise Z/\Sd g Z Z li.gen p(m, A)P(A) Vi ]
. . . N . sd A€l teA
characterization of its capacity regioiWe emphasize that our (12)
results are fairly general since only stationarity and digjty
of traffic and mobility processes are required. We remark tha Definition 4: The capacity regionof the mobile ad hoc
in our framework, nodes can move in a correlated fashioe (liketwork is the set of all sustainable traffic matrices.
in platoons, groups, etc.), since we do not need to assumeefinition 5: The restricted capacity regiomf the mobile
independent movements. ad hoc network is the set of all strongly sustainable traffic
Definition 1: We denote withZ(¢) the network backlog, matrices.
that is, the amount of traffic (in bits) already generated by Note that the restricted capacity region, by construction,
sources that has not yet been delivered to destinationmat tigepends on nodes mobility only via the joint stationaryréist
t. bution of nodes. We can now state the following fundamental
Definition 2: Traffic A is sustainableif there exists a resylt:
scheduling policyS and a routing strategyR, such that:  Thegrem 2: If traffic matrix A is sustainable, then it is also
limsup; . Z(t)/t = 0 w.p.1. strongly sustainable.

5We consider only the net traffic (goodput), neglecting thieatfof the
signaling traffic necessary to implement the routing aneduling algorithms SWhen >ed )‘sdffjd/uij = 1 the concept of stability is weak.



Proof: Let S be the stationary and ergodic scheduling Proposition 2: A traffic matrix A = [\s4] can be sustained
policy which sustainsA. Define for every configuratiomd employing a policysS iff the multi-commodity flow problem

and everyr € A: defined by (9) and (10), where communication link capacities
s ) are determined by, admits a feasible solution. In such a case
qs(m, A) =Pr{r>(t) = 7[X(t) €I (A)} = the set of variableg; univocally defines the routing strategy

t

tliglo tJo Les(ry=rix(rez-1dr WP.L (13)  1he gustainable region achievable by scheduling paficy

Due to the ergodicity of the mobility process and of th%‘e' the set ofA = [).q] that can be sustained employing

: . L . can be related to the capacities associated to cuts of the
scheduling policy, the above quantities are well defined. ]
o - ) ] contact graph as follows:
is immediate to verify that:}” _, qs(m,A) = 1. Thus

o . . . o Proposition 3: Traffic A = [\y] is sustainable by policy
considering a stat|ona_1ry, simple scheduling 90&§UCh thgat S only if, for any partition(D, D) of the nodes, it results:
pg(m, A) = gs(m, A), it follows, by constructiony;; = u;;

Vi, j. _ = DD Aa <D D hsa (14)
The previous result has three significant implicationshé t seDdeD seDdeD
class of simple policies achieves maximum throughput, i.e. Consider a network adopting a scheduling pol&yand a

no gain in terms_ of thrpgghput can be obtain.ed- by ado.pt"i’guting strategyR, under a sustainable traffic pattefn Let v
complex scheduling policies that select transmission gardi- be the network throughput, equal, by definition, to the after

tions by considering dynamical variables such as instautias network loads = 5, Aea, and|x(¢)| be the size of(¢) (i.e.,

queues lengths, age of stored information at the nodes, e number of parallel transmissions enabledSbgt timet);
provided that the capacities associated to the commuo'rcat|¥ results:

links are known in advance; ii) a tight characterization o i
the capacity region is provided by Proposition 1; iii) the E[|m(t)]] :E[Z]I(m-)eﬁ(t)] :Zi (15)
capacity region depends on the mobility process only thinoug ij b

the joint-stationary distributions of nodes. This resufteeds | et ' pe the average aggregate transmission rate over all of

and generalizes recent findings in [38]. At last, the links; by construction:
Corollary 1: The capacity region of an ad hoc wireless
network with mobile nodes is convex. C=> XaY [ <rE[x(t)] (16)
Proof: Let A; and Ay be two sustainable traffic ma- sd ij

trices. LetS; and 5; be two simple scheduling policiesThe ratiop,,,, = C/v represents the average number of times
which sustainA; and A, r_espectively. Any_traffic pattern that data are transmitted in the network: thhs,. is the
A = al; + (1 —a)Ay, with 0 < a < 1, is sustainable gyerage length of the paths followed by information flows,
by the simple policyS defined according topg(m, A) = expressed in number of hops. The following relationshipfis o
apg, (m, A) + (1 — a)pg, (7, A), VA, m € A. Note thatS, at  jmmediate verificationvha,. < rE[|7(t))[].
time ¢, with probability « emulatesS; and with probability  |n general, to efficiently exploit the network bandwidth,
(1 — ) emulatesSs. B the routing strategy should minimize,,.. This consideration
VI, CONTACT GRAPH THROUGHPUT AND ROUTING justifies the fact that shortest path routing approacheg hav
' ) been widely used in several application contexts related to
To understand the relationship between the scheduling pgbmputer communications. In the context of mobile ad hoc
icy and the routing strategy, we first need to characterigiworks, the 2-hops routing strategy proposed in [13] has
which traffic patterns are sustainable by employing an assig gained a wide popularity; according to this strategy, data a
scheduling policyS. Observe that the capacitleg;; associ- delivered from source to destinationd either through the
ated to the communication links are univocally determinegdirect communication link, or through routes— k — d,
once the scheduling policy has been selected. Thus a (capagrsing every other node of the network as relay. Although the
itated) graphG/(V,€) whose vertices correspond to network_nops routing strategy is appealing because of its siiiylic
nodes and capacitated edges correspond to communicafipgeneral it does not allow to optimally exploit the network
links, fully characterizes the mobile ad hoc network adwpti handwidth, possibly causing a reduction of the sustaiitgbil

S. In the following we refer ta(V, £) with the termcontact region achievable by the scheduling policy, as we show in the
graph Therefore, the routing problem through the mobile ag|jowing section.

hoc network adopting can be formalized in terms ofraulti-
commodity flowproblem on the contact graph. Fig. 1 shows an
example of contact graph construction. For simplicity, e t V!I- PERFORMANCE OF THE2-HOPS ROUTING STRATEGY

figure we have defined; (t) = I(; jyexs r), While service rates  Necessary and sufficient conditions for traffic to be

are evaluated according to (7), i.e. by summing (or avegjginsystainable under a 2-hops routing strategy are provided by
the capacity of all the transmission opportunities betwien he following statement:

corresponding nodes. Proposition 4: A traffic patternA = [\y,] is sustainable

7To simplify the notation we omit, in this section, the exiilidependency PY the 2-hops routing scheme if_ the mUIti'CommOdity. flow
from the scheduling policys. problem on the contact graph defined by (9) and (10) with the



Fig. 1. Contact graph construction: on the left the tempsesjuence of contacts among node pairs, and on the right thesponding capacitated contact
graph.

extra constraint; fjd = 0 when bothi # s andj # d admits Moreover, the direct link frons to d is used exclusively by
a feasible solution. flow (s, d). Link (s, k) instead must be shared by flow— d
The set of all sustainable traffic matrices under the 2-hopsd the flow generated by # s, k and directed td:, whereas
routing strategy represents tRehops capacity regiowof the link (%, d) is shared by flons — d and the flow generated by
mobile ad hoc network. In the following we are interestedl and destined ta’ # k, d. Hence, the capacity of each edge
to better understand the relationship between ¢hpacity can be shared by at most two flows.
region and 2-hops capacity regioln realistic contact graphs  sufficient conditions for traffic sustainability can be &asi
associated to mobile ad hoc networks. derived under the 2-hops routing strategy, assuming thad-ba
To simplify the discussion, in analogy to what has been dongdth of links is evenly partitioned among the flows.
in previous works [13], [12], [37], we assume that every node pronsition 5: Under the 2-hops routing strategy, a permu-
in the network is source and destination of a single infofomat 1 traffic pattern is guaranteed to be sustainablerifevery

flow (i.e. A contains only one non-null element per row and, ;rce and destination pdis, ), the following constraint is
per column). In the following we refer to the above class qf ot

traffic patterns with the term “permutation traffic pattérns
Of course, the performance of the 2-hops routing strategy
can be arbitrarily bad on a general contact graph. For exampl
considering graphs with maximum nodal degdethe average
distance between nodes is (using standard Landau asymp
notation)2(log,(n)). Thus, for sufficiently larges, if traffic
is exchanged (_)nly between node pairs whose distancg on fhenis question.
contact graph is greater than two, the throughput sustdiged ] ) oh
the 2-hops strategy turns out to be equal to zero. As we Wi"Thepr_em 3: It for EVery pairs of nodegs, d), 41, equals
see in the next section, contact graphs associated to reabild"e minimum-cut capacity bgtweeﬁ:s,d), then the 2-.hop§
hoc networks are typically strongly connected (ide= O(n)), routing scheme |3/2—eff|cn_ant in terms of throughput, ie., if
and often fully connected (all edges exist). In the lattesesa A = [Asd] can_not be sustained by the 2-h9ps routing strategy,
the contact graph diameter is expected to be very short. ®n f1° other routing strategy can sustain traffit = [2).a].
regard we recall that conditiah= ©(n) has been provedto be We remind that, given any partition of graph verti¢és D)
sufficient to asymptotically guarantee a diameter equabtc®t  With s € S andd € D, the capacityu (s p) associated to the
in several families of random graphs, such as Erdés-Re@yit (S, D) is defined asps,.py = > ,c5 > jep Hij- The min-
graphs and graphs with regular degree [45]. Nevertheless, G4t capacityi;q between(s, d) is defined asnin (s p) (s, p)-
will show that, even when eithet = O(n) or d = n — 1, Proof: Consider any source destination paird). Under
2-hops routing may result strongly inefficient, provide@tth a general routing strategy the amount of traffig that can be
capacities associated to the edges of the contact graph sustained by the network cannot exceed the min-cut between
highly unbalanced. s and d on the contact graph. On the other side the 2-
Under a permutation traffic pattern, let us focus on a partibeps routing strategy sustains, betweerand d, a traffic
ular traffic relation(s, d) and consider all paths from nodéo  \;; > %ugg according to Proposition 5. The assert follows
noded followed by data according to a 2-hops routing strategimmediately, since:2 = ji,, for all s andd. [ |

The aggregate maximum transmission capacity obtainable bysjnce S isk and 3, pga are two cut capacities, the
flow s — d on all parallel 1-hop and 2-hops paths of the grapkbndition:

is given by: 12 = min (Z sk Z ,de) (19)

Wi = fsd + Z min sk, Hkd ) (17) k#Ad ks
k#s.d is sufficient to guarantee that at least half of the optimal

throughput is delivered by the 2-hops routing strategy,eund
8the above property holds with a probability that tends to Bwh — co  any permutation traffic pattern.

1 .
Asd < fhsd + 3 Z min(gesy, frd) (18)
kts,d

It is interesting to understand under which conditions the
t?Ihops routing strategy is guaranteed to efficiently exploe
%{stem bandwidth. The following theorem provides an answer



the minimum capacity among all cuts betweerand d, as

n grows large. In Fig. 2 the contact graph is represented for

P A SR n = 6.

As n increases, to keep finite the capacities of the cuts

to be evaluated, edge capacities are scalechbye., their

distribution is given by f/!(x) = ng(nz), being g(x) an

assigned distribution function with average= [ zg(z)dx.
Note that, when nodes move uniformly over the networRS @ consequence, the average capacity of each edge is

area.A, by symmetry all link capacitieg,;; are equal, thus £[ui;] = fi/n. Note that the scaling effect of edge capacities

2h = ji.q for all s andd. Furthermore in this specific caselS |ntr|n_5|cally obtained when contact capacities are cot@p

the 2-hops strategy can be easily shown to be 1-efficiedgcording to (7) (see [13]). Given two independent random

under uniform permutation traffic patterns (i.e., when atles VariablesX andY" distributed according tg(z), we denote

generate the same amount of traffic). In this case, indeed, Wit fimin = E[min(X,Y)].

adoption of the 2-hops routing scheme permits to completelyObserve in Fig. 2 that the cut corresponding to node

saturate the capacity of every link, while minimizing thdartition (S, D) with [S| = k and D = n — k, being

Fig. 2. Contact graph fon = 6.

expected number of hops. For a general contact g&ph &), k=1,...,n—1, containsk(n — k) edges; thus the cut around
define the source (“cut-s”) (i.e, the cut for whicki = {s}) and the cut

2h _ i u_ﬁg (20) around the destination (“cut-d”) (i.e) = {d}), are minimal

K flsd in terms of number of edges traversing them- 1); this
The statement of Theorem 3 can be generalized to the cS4g9€sts that they are minimal also in terms of capacity.
n2h < 1: Indeed, under mild assumptions, standard concentration
Theorem 4: Provided thatn? = a < 1, the 2-hops arguments allow to confirm this intuition for large. In

scheme isa/2-efficient in terms of throughput, i.e., ik = pf_;\rticular we can claim that with high probability (V\_/.r_\.(j.)a.,
[\sa] cannot be sustained by the 2-hops scheme, no otMéfh probability that tends to 1 when — oc) the minimum-
routing strategy can sustain traffich = [2 ). capacity cut corresponds to either “cut-s” or “cut-d”. Henc

Furthermore there exists a permutation traffic pattarn the maximum achievable flow fromto d corresponds to the

which is sustainable by a properly defined routing scheme afiglimum between cut-s and cut-d:
such that(a + €)A, for anye > 0, is not sustainable by the Mg = min (Zuslﬁ Z“kd) — 4 wh.p. (21)
2-hops strategy. ks k+d

Proof: The first statement can be proved using exact{xhen If we allow onlv 2-hops routing. the maximum
the same arguments of Theorem 3. = 0. Yy p g,

For what concerns the second statement, consider %cehievable throughpuﬁg is given by the aggregate capacity
source-destination pai(s,d) in correspondence to which onalln —1 parallel 1-hop and 2-hops paths betwaeand d:

w2t /fisq = a. If only (s, d) exchanges traffic in the network, N — pa + Z min{ ik, fikd} — fimin w.h.p. (22)
the maximum amount of traffic that can be sustained in the kfs.d

network by an arbitrary routing strategy equals the min-cut i o i
fisq; ONn the other hand, according to the 2-hops scheme ‘ng.enn — oo. Hence, asymptotically faz — oo, ™" is given

maximum amount of traffic that can be sustained cannot oh
exceedy?" [ 2h _ i 2sd _ Homin
s 7" = min 2% = — w.h.p. (23)
In conclusion, ifn?" = o we should be prepared to get a b Asd K
throughput reduction of orde/« in case the 2-hops routing It is interesting to compute..i, / /i for specific distributions
strategy is adopted. of edge capacities. We consider two cases, both simple to
evaluate analytically:
VIIl. SOME ASYMPTOTIC CONSIDERATIONS ON THE « g(x) is an exponential distribution with mean (i.e.,
THROUGHPUT LOSS OF THE2-HOPS ROUTING STRATEGY g(x) = e~/ /a, for x > 0); thenmin{ sy, pra} is still

In this section we focus on fully connected contact graphs ~ €xponential with mean,/2: n*" < 1/2.
with inhomogeneous capacities, such as those resultimg fro ¢ 9(z) is a Pareto distribution with parametessand b

experimental traces. We assume that edge capagifieare (ie., g(x) = ba® /T, for > a andb > 1), having
i.i.d. random variables with assigned distribution. Irstbiase meanab/(b—1); themgl}llﬂ{usk, 1ka} is still Pareto with
we are able to show analytically that, for — oo, the 2- parameters, and 2b: " < 2(b —1)/(2b — 1). Hence,

hops routing strategy can be strongly inefficient, and that 7" iS upper bounded by an increasing function starting

the throughput loss depends on the particular edge capacity from 0 for b — 1 and growing to 1 only foh — oo.

distribution. Note thatb € (1, 2] corresponds to capacities with finite
Essentially, we need to evaluate paramefér introduced mean but infinite variance.

in (20). Due to the symmetry of the contact graph, we considdence, for exponentially distributed capacities, undegegic

a randomly chosen source-destination faird) and estimate permutation traffic pattern we can expect 2-hops routingeto b

the ratio between the aggregate capacity of 2-hops paths atlightly inefficient, leading to throughput loss within acfar



4 (by Theorem 4). For Pareto-distributed capacities, adste| Routing Maximum | Minimum | Number
2-hops routing can be very inefficient leading to unbounded©licy throughput delay | of hops
throughput loss wheh — 1. TH-OPT yes no any
In conclusion, in case of inhomogeneous edge capacitied,H-2H-OPT yes no <2
paths of several hops are needed to efficiently exploit th&L-OPT [23] no yes any
system bandwidth, even when the associated contact graph@ndom 2-hop relay[13] only asympt. no 2

fully connected. This is especially true when the distiitut
of link capacities exhibits a long tail, as typically found i
experimental traces.

TABLE |
COMPARISON OF THE METRICS OPTIMIZED BY DIFFERENT ROUTING
POLICIES

IX. EXPERIMENTAL MOBILE NETWORKS
We have analyzed an experimental vehicular mobile ad hoc

network using the data obtained from the DieselNet [7] net-, p-.opPT: the algorithm computes the minimum-delay
work running on Umass campus during the Spring quarter in - yoytes as proposed in [23]. It adopts a modified version of
2005. Thls_network_con3|sted of 30 buses offering the campus  piikstra’s algorithm to find the paths with the minimum
transportation service anq carrying some short—rangeoragm delay. The delay is defined as the time taken by a data
devices. The publicly available traces [7] refer to the oadi unit to be transferred across the sequence of relays up
contacts among buses, measured in terms of data transferred ¢, reaching the destination. To find the complete set of
through TCP connections. The traces provide a sequence of routing paths between a soure@nd a destinatiod, the

records in the forn{tc, sc, dc, bc), meaning that during the- algorithms iterates among the following phases:
th contact, started at timg., bus s. was able to transfeb,. 1) compute the minimum delay p&t®,,;
Sd»

_bytes of Qata to bug.. If tto_t is the total du_ratlon of the trace, 2) compute the maximum bandwidth acraas: bey —
it is possible to evaluate directly the service rate betwiaen . )
ming jyep,, {#ij };

busesi andj, as 3) allocatebsy acrossP,; and remove all the edges

LZH S P corresponding to fully allocated edges; the edges

tiot et Memd e capacities will be updated as; — bsq;

4) on the residual graph, start again with phase 1) until
no bandwidth can be allocated anymore.

iy =
by summing the data over any contactvith sourcei (i.e.,
s. = 1) and destination (i.e.,d. = j). Note that these records . ) .
depends also on the IEEE 802.11 MAC protocol adopted in Th'_s algor_lthm can_be_z extended to_ t_h_e mu|t|-f|0yvs Sce-
the experimentation. Furthermore, we restricted our a@mmly nario _by just modifying the two initial steps in the
to the first three weeks, excluding week-ends and nights (in following way:
total, 14 working days). This permitted to guarantee a good 1) compute the set of minimum delay pa#®8,,} for

degree of stationarity in the inter-contact times. all active flows;

From the traces, one can immediately derive the corre- 2) compute the bandwidth among the paths included
sponding contact graph. This turns out to be almost fully in {Psq} according to a max-min fairness algo-
connected. The number of its edges is approximatel\B@¥é rithm [46].

of a complete graph; in other words, each bus got in contd@ble | provides a synoptic view of the algorithms; note that
with almost all of the other buses. It is interesting to ndtatt the random 2-hop policy in [13] is asymptotically optimal in
the resulting contact graph contains significant inhomeges terms of throughput only for infinite size networks with uni-
capacities; Fig. 3 visually shows the contact graph parntéd form contact capacities, while TH-2H-OPT can be considered
into three subgraphs: the left subgraph contains edges wiithbe its optimal version for finite networks.

small capacities, the central subgraph (the richest spbyra For a meaningful comparison, we considered the two fol-
contains medium capacity edges, whereas high capacitysedigaving traffic scenarios:

are shown in the right subgraph. In this last subgraph we have single-flow just one source-destination pair (i.e. a pair of
highlighted in bold two edges with very high capacity £60 buses corresponds to a single traffic flow) is active in the
Mbytes/14 days). Observe that even if less than the 40% of network and all the nodes cooperate to transfer the data of
the overall edges have high capacity, however, high capacit such flow. For an exhaustive analysis, we considered all
edges provide the main contribution to the transport cdipabi possiblen(n — 1) flows, one for each source-destination
We compared the following routing policies: pair; in the case of Umass trace, this corresponds to 870
o TH-OPT: the algorithm maximizes the aggregate trans-  single-flow cases.
mission rate (as defined in (16)) by solving the multi- « multi-flows each node is both source and destination of
commodity flow problem on the contact graph defined exactly one traffic flow, whose generation rate is set for
by (9) and (10) using standard linear programming tools.  all flows equal toX (i.e. \sg = A, V (s, d)). All the nodes
o TH-2H-OPT: the algorithm maximizes the aggregate
transmission rate like TH-OPT, but with the additional “The contact graph used by DL-OPT is slightly different frdne contact
. . graph described in Sec. VI, since it is a multi-graph storagdetailed
constraint that only 1 and 2 hops routes are allowed (i.

formation regarding the time and the capacity of all theitaot events;
Z-de = 0 when bothi # s andj # d). the reader can directly refer to [23] for the details.



< 2.6 Mbytes/14days (2.6, 26) Mbytes/14days > 26 Mbytes/14days

i

Fig. 3. Contact graphs of Umass buses divided in differeassds of edge capacities. Larger capacity edges 3-4 agstribr the 85% of the overall
transport capacity.

Routing Average capacity | Average
algorithm per flow delay
TH-OPT | 299 Mbytes/14days 105.7 hours
TH-2H-OPT | 134 Mbytes/14days 52.6 hours
DL-OPT 216 Mbytes/14days 30.4 hours

TABLE Il <
PERFORMANCE ACHIEVABLE UNDER SINGLEFLOW SCENARIO, AVERAGED
AMONG ALL THE POSSIBLE FLOWS FORUMASS BUSES

sd

2h

0 100 200 300 400 500 600 700 800 900
Flow
cooperate to transfer the flows active in the network. _ Ly . .
. . .~ Fig. 4. Two-hops efficiencieg)Z; under single-flow scenario for Umass
Since there ara! ways to match sources and destinationgyses
we considered only the following two extreme cases:

— mDC (minimum Direct Capacity): nodes pairs are
selected in such a way that the sum of the capacitiasoderate throughput degradation is experienced emplaying
associated to the direct communication links betweeéshops routing strategy under most traffic scenarios, e t
sources and destinations is minimized; as a conssnes previously selected. Nevertheless, the valug?bf =
quence, direct communications between sources aigh,; 7" is rather small, equal to 0.1234. As a consequence,
destinations are inefficient and multihop transmissiasignificant throughput degradation is experienced for thestv
should be exploited to maximize the throughput. case source-destination pair.

— MDC (Maximum Direct Capacity): nodes pairs are gy optimizing the delay, DL-OPT obtains significantly bet-
selected to maximize the same sum as above; in thig delays than TH-OPT and TH-2H-OPT; the corresponding
case, direct communications between a source andigoughput is smaller (as expected) than TH-OPT but larger
destination are quite efficient and we expect that fjan TH-2H-OPT. That means that the best throughput-delay
small number of hops will be enough for maximizingyadeoff cannot be achieved by TH-2H-OPT.

throughput. Fig.s 5(a)-5(c) provide a more detailed view of the perfor-

The performance metrics we have considered are: (i) aggréance achievable under the single-flow scenario, showiag th
gate throughput, (ii) per-flow throughput and (i) delayiet optimal throughput-delay region achievable for each (mesi
delay is averaged over the different routing paths, wejhtéiow (represented by a point in the graph), under the three
with the corresponding throughput along the path. different routing policies. Fig. 5(a) shows that many groop

For the single-flow scenario, Table Il reports the perfofftows are characterized by identical throughputs but diffier
mance achievable by the three considered routing algosithrmean overall delays. These groups share either the saneesour
As expected, TH-OPT obtains the highest per-flow throughpot the same destination node, where a capacity bottleneck
at the cost of the largest delay. By reducing the maximuoan arise because the node gets sporadically in contact with
number of hops, TH-2H-OPT is able to improve the delajyst another node; note that this effect especially occars f
but at the expense of a lower throughput. To better undetstetows with lower throughput. The throughput on these paths is
the possible inefficiencies of 2-hop routing in this vehicuimited by the bottleneck capacity, whereas delays depend o
lar scenario, we evaluated the 2-hop throughput efficientye specific path. Fig. 5(b) shows that TH-2H-OPT experience
2t = puh/ng for each single flow. Fig. 4 shows thebetter delays but at the expense of a smaller throughput; the
corresponding values for all 870 flows, displayed in incireas absence of the previous phenomenon can be explained by the
order. The average value of*? is 0.603, suggesting thatfact that TH-2H-OPT is not capable to saturate the bottlenec
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Fig. 5. Optimal throughput-delay region under single-flaversario for Umass buses

Traffic Routing Maximum total Average |these plots have been sorted in increasing order, by chgosin

scenario| _algorithm capacity delay |the appropriate flow sequence. Fig. 6(a) shows that TH-OPT,
TH-OPT | 8.36 Gbytes/14day

5 44.1 hours | 35 expected, always outperforms the other two algorithms

MDC | TH-2H-OPT | 7.02 Gbytes/14days 22.3 hours |in terms of throughput, whereas TH-2H-OPT and TH-DL-
DL-OPT | 7.31 Ghbytes/14days 13.6 hours | OpPT exhibit very similar behavior. Furthermore, because of
TH-OPT | 4.09 Gbytes/14days 109.8 hours|the inhomogeneous nature of the contact graph, throughput

mDC | TH-2H-OPT | 2.63 Gbytes/14days 65.6 hours | performance of different flows is very different (rangingeov

DL-OPT | 2.64 Gbytes/14days 39.1 hours |more than two orders of magnitude), even if the set of

TABLE IIl flows was chosen to maximize the direct connection capacity.

CAPACITY OBTAINED BY OPTIMAL ROUTING UNDER MULTI-FLOWS Interestingly, the delays of DL-OPT are better then TH-2H-
SCENARIO FORUMASS BUSES OPT even if they are associated to the same throughput. At

last, Fig. 6(b) suggests that delays for each single flovodoll
the same relative performance than the aggregate delays.
Under the mDC traffic pattern, Fig. 7(a) presents the

) . .. throughput achieved by the different flows. Large discrep-
capacity, as for TH-OPT. At last, Fig. 5(c) shows the MINIMUMBcies are experienced in this scenario as well. Also the

delays achievable under DL-OPT routing: we still observaeelayS experienced by the flows, presented in Fig. 7(b), are

groups of flows with the same throughput, due to the Satmatigignificantly different among them.
of bottleneck gdges asin TH'OPT‘ As a final comment on the numerical results discussed in

For the multi-flows scenario, Table Ill shows the aggregafgis section, we note that the absolute performance indexes
performance for the two considered traffic patterns, MDgpnsidered so far show that the DTN exploiting the Umass
and mDC. The global capacity is computed by summing thgs transport service achieve quite poor performancerinste
throughput of all active fI_ows in the network. As in the singleg poth throughput and delays. This is not due to routing
flow case, TH-OPT achieves the best capacity, but now Thkefficiencies, since all the considered routing schemes ar
2H-OPT and DL-OPT obtain almost the same throughput singgtimal with respect to some performance metric and rely
the multi-flow scenario tend_s to distribute the load among, centralized algorithms exploiting complete knowledde o
the nodes and TH-2H-OPT is able to saturate all the edgggyre contact¥. Instead, in the considered vehicular scenario,
as DL-OPT. The fact that DL-OPT achieves better delayg,or performance can be explained easily by considering the
indicates that there are many paths with similar capaditi#s test-ped nature of the network, exploiting (in the avaabl
different delays; DL-OPT is more able than TH-2H-OPT t§aces) the mobility of only few nodes in a large area. The
exploit these minimum delay paths. In conclusion, the beshture of the transportation service itself tends to reduce
throughput-delay tradeoff is not obtained by TH-2H-OPToals;ontact times between buses so as to minimize the delays
in the multi-flows scenario. experienced by the users at the bus-stops.

Between the two traffic patterns, mDC is the one highlight-
ing the throughput performance differences obtained by the
three routing algorithms. This is due to the fact that sdvera
optimal paths longer than 2-hops are ignored by TH-2H-OPT:; In this paper we have considered an ad hoc wireless network
Such long paths are likely to be ignored also by the gree@gmposed of. heterogeneous mobile nodes and proposed a
algorithm adopted in DL-OP, since they often lead to larggeneral methodology that allows to precisely charactetize

delays.
. . . 10Notice that the absolute performance that we have computeddes an
Fig.s 6 and 7 report the detailed pgrformance obtained Wper bound on the best performance achievable by anyhditgd algorithm
each flow, under MDC and mDC traffic patterns. Results inning without full knowledge of the contacts

X. CONCLUSIONS
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capacity region by considering the associatetitact graph algorithm, and for this reason can be considered as a referen
highlighting several important structural properties @ft model to test the performance of future implemented routing
system. Then we have turned our attention to the throughubtocols for delay tolerant networks.

performance of the 2-hops routing scheme. We have related

the effectiveness of the 2-hops routing strategy to theiral REFERENCES

properties of the contact graph associated with the network] M. Garetto, P. Giaccone, E. Leonardi, “On the CapacitAdfHoc Wire-
We have then presented experimental evidence that contact less Networks Under General Node MobilitylEEE INFOCOM'07

Anchorage, AK, May, 2007
times between nodes are hlghly mhomogeneous in a re 5 M. Garetto, P. Giaccone, E. Leonardi, “On the Effectiess of the 2-hop

environment. At last we have shown that, in realistic neksor Routing Strategy”|EEE ICC’07, Glasgow, UK, June, 2007
the 2-hops routing strategy may result strongly inefficignt {3} Eellzaxileiegﬂ}t N‘;rthork 'feseflrcthArouhpt(DtTNR?WAé |;it nrgjj I0;@1
all, elay-l1oleran etwor rcnitecture for ange nter-
terms of aggregate throughput. nets,” ACM SIGCOMM 03 2003.
| | vehicul . h d th .E5 S. Burleigh et. al.,“Delay-Tolerant Networking: An Apgach to Inter-
na req ve 'Cu_ ar scenario, Wef ave as_sesse the capacity- planetary Internet’|EEE Communications Magazingp. 128-136, June
delay region achievable by routing algorithms that are op- 2003.

timal from the throughput and delay point of views. Thel6] A.Chaintreau, P.Hui, J. Crowcroft, C.Diot, R.Gass, b “Impact
of Human Mobility on the Design of Opportunistic Forwardiddgo-

performance indexes that we have obtained in the considered |j,ms» |EEE INFOCOM 06 Barcelona, Spain, April 2006.
vehicular scenario are not compatible with the QoS con#Bai [7] John Burgess, Brian Gallagher, David Jensen, Brian Maiine, “Max-
of realistic applications. However we emphasize that our Prop: Routlrylg for Vehicle-Based Disruption-Tolerant Netking,” IEEE
f K i | d b lied t hicul INFOCOM ’06, Barcelona, Spain, April 2006.

ramework IS general and can be applied 10 any veniCulgg) v Huang, P.E. Luo, M. Li, Da Li, Xu Li, W. Shu, M.Y. Wu,
network, provided that the contact history is known or can “Performance Evaluation of SUVnet With Real-Time Traffic t&a

easily be estimated (as in the case of scheduled mobility for :\'IEEEZBV(;";‘S on Vehicular Technolagyol. 56, n. 6, pp. 3381-3396,
public transportation systems). Our methodology proviaes [9] M. Sede, Xu Li, Da Li, Da; M.Y. Wu, M. Li, W. Shu, “Routing in

upper bound for the performance achievable by any routing Large-Scale Buses Ad Hoc NetworkdEEE WCNC 2008Apr. 2008



[20]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]
[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

(33]

[34]

[35]

[36]

P.Juang, H.Oki, Y.Wang, M.Martonosi, L.—S.Peh, D.Budtein,
“Energy-Efficient Computing for Wildlife Tracking: Desigfradeoffs
and Early Experiences with ZebraNeRSPLOS-XOctober, 2002. San
Jose, CA.

A. Seth, D. Kroeker, M. Zaharia, S. Guo, S. Keshav, “Lowst
Communication for Rural Internet Kiosks Using MechanicatBhauls,”
ACM MobiCom '06 Los Angeles, CA, September 2006.

P. Gupta, P.R. Kumar, “The capacity of wireless netwtrkEEE Trans.
on Information Theoryvol. 46, n.2, pp. 388-404, Mar. 2000

M. Grossglauser, D.N.C. Tse, “Mobility increases thapacity of ad
hoc wireless networks”|EEE Trans. on Networkingvol. 10, n.2, pp.
477-486, Aug. 2002

S. Toumpis and A.Goldsmith, “Large wireless networksler fading,
mobility, and delay constraints"l[EEE INFOCOM ’'04 Hong Kong,
China, Mar. 2004

A.El Gamal, J.Mammen, B.Prabhakar, and D.Shah, “Thhgput-
Delay Trade-off in Wireless NetworkslEEE INFOCOM '04 Hong
Kong, China, Mar. 2004

G.Sharma, R.R.Mazumdar and N.B.Shroff, “Delay and aCitp
Trade-offs in Mobile Ad Hoc Networks: A Global Perspectivi2EE
INFOCOM '06, Barcelona, Spain, Apr. 2006

N. Sarafijanovic-Djukic, M. Piorkowski, and M. Grosagker, “Island
Hopping: Efficient Mobility-Assisted Forwarding in Paitihed Net-
works”, IEEE SECON 2006Reston, VA, Sep. 2006.

W.-J. Hsu and A. Helmy, “On Nodal Encounter Patterns iinefgss LAN
Traces”,WiNMee '06 Boston, MA, 2006.

J.Leguay, T.Friedman, V.Conan, “Evaluating MobiliBattern Space
Routing for DTNs”,IEEE INFOCOM '06 Barcelona, Spain, April 2006.
M. Balazinska, P. Castro, “Characterizing MobilitycaiNetwork Usage
in a Corporate Wireless Local-Area NetworlBCM MobiSys '03 San
Francisco, CA, May 2003.

J.H.Kang, W.Welbourne, B. Stewart, G.Borriello, “Eatting Places
from Traces of Locations”’ACM Mobile Computing and Communica-
tions Review9(3), July 2005.

A. Boukerche, S.K. Das, A. Fabbri, “Analysis of a Randped Conges-
tion Control Scheme with DSDV Routing in ad Hoc Wireless Natvg”,
Journal of Parallel and Distributed Computingol. 61, n. 7, pp. 967-
995, July 2001

S.Jain, K. Fall, and R. Patra, “Routing in a delay tohtnaetwork”, ACM
SIGCOMM 04 2004.

W. Zhao, M. Ammar, and E. Zegura, “A message ferryingrapph for
data delivery in sparse mobile ad hoc networkAGCM MobiHoc '04
2004.

C. Liu, J. Wu, “Scalable routing in delay tolerant netks’, ACM
MobiHoc '07, 2007

A.Vahdat and D. Becker, “Epidemic routing for partjaltonnected ad
hoc networks”, Technical Report CS-200006, Duke Universitpril
2000.

T.Small and Z.J.Haas, “Resource and performance aftede delay-
tolerant wireless networks, ACM workshop on Delay Tolerant Network-
ing, August 2005.

T. Spyropoulos, K. Psounis, and C. S. Raghavendra,dspnd wait: an
efficient routing scheme for intermittently connected nielietworks”,
ACM workshop on Delay-tolerant networkingugust 2005.
A.Lindgren, A.Doria, and O. Schelen, “Probabilistiouting in inter-
mittently connected networksMobile Computing and Communications
Review 7(3):19-20, 2003.

H. Dubois-Ferriere, M. Grossglauser, and M. Vettethge matters:
efficient route discovery in mobile ad hoc networks usingoemter
ages”,ACM MobiHoc '03 Annapolis, MD, June 2003.

M. Grossglauser and M. Vetterli, “Locating Mobile Nadeith EASE:
Learning Efficient Routes from Encounter Histories Alon€€EE/ACM
Trans. on Networkingvol 14, no 3, June 2006.

T. Spyropoulos, K. Psounis, and C. S. Raghavendra, gi&€ioopy
routing in intermittently connected mobile networkEEEE SECON '04
Santa Clara, CA, October 2004.

S.Jain, M. Demmer, R. Patra, K. Fall, “Using redundataycope with
failures in a delay tolerant networkACM SIGCOMM '05 2005.
X.Zhang, G.Neglia, J.Kurose, D. Towsley, “On the Betsefhf Ran-
dom Linear Coding for Unicast Applications in Disruption l&@nt
Networks”, IEEE NETCOD WorkshqgpApril 2006.

J.Widmer, J.-Y.Le Boudec, “Network Coding for Effice@ommu-
nication in Extreme Networks” ACM workshop on Delay-tolerant
networking August 2005.

E.P.C. Jones, L. Li, J.K. Schmidtke, P.A.S. Ward, “Bat Routing in
Delay-Tolerant Networks”JEEE Trans. on Mobile Computingol. 6,
n. 8, pp. 943-959, Aug. 2007

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

12

S.N. Diggavi, M. Grossglauser, D.N.C. Tse, “Even om@ehsional mo-
bility increases ad hoc wireless capacity&EE Trans. on Information
Theory vol. 51, n. 11, pp. 3947-3954, Nov. 2005

A. Al Hanbali, A. A. Kherani, R. Groenevelt, P. Nain, Eltdan, “Impact
of Mobility on the Performance of Relaying in Ad Hoc NetwofkEEEE
INFOCOM '06, Barcelona, Spain, Apr. 2006

T. Camp, J. Boleng, and V. Davies, “A Survey of Mobility ddels
for Ad Hoc Network Research”, Wireless Communications & leb
Computing (WCMC), Vol 2 n 5, pp. 483-502.

A. Jardosh, E. Belding-Royer, K. Almeroth, S. Suri. {ifards Realistic
Mobility Models for Mobile Ad hoc Networks”ACM MobiCom 2003
San Diego, CA.

A. Boukerche,Handbook on Algorithms for Wireless Networking and
Mobile Computing CRC, 2005

A. Saha, D. Johnson. “Modeling mobility for vehiculad-hoc net-
works”, 1-st ACM international workshop on Vehicular ad hoc netvgprk
Philadelphia, PA, 2004

L. Fratta, M. Gerla, L. Kleinrock, “The Flow Deviation &thod - An
Approach to the Store-and-Forward Communication Netwoesign,”
Networks vol. 3, pp. 97-133, 1973

M. Bramson, “Convergence to Equilibrium for Fluid Mddeof FIFO
Queueing Networks"Queueing Systemsol. 22, pp. 5-45, 1996

B. Bollobas,Random GraphsCambridge University Press, Cambridge,
UK, 2001

D. Bertsekas, R. GallageData Networks Prentice Hall, 1987

Michele Garetto (S'01-M’'04) received the Dr.Ing.
degree in Te lecommunication Engineering and the
Ph.D. degree in Electronic and Telecommunication
Engineering, both from Politecnico di Torino, Italy,

PLACE in 2000 and 2004, respectively. In 2002, he was
PHHEORTEO a visiting scholar with the Networks Group of the

University of Massachusetts, Amherst, and in 2004
he held a postdoctoral position at the ECE depart-
ment of Rice University, Houston. He is currently

assistant professor at the University of Torino, Italy.

His research interests are in the field of performance

evaluation of wired and wireless communication networks.

Paolo Giaccone (M'01) received the Dr.Ing. and
Ph.D. degrees in telecommunications engineering
from the Politecnico di Torino, Torino, Italy, in 1998
and 2001, respectively. He is currently an Assistant

PLACE Professor in the Department of Electronics, Politec-
PHHE??TI? nico di Torino. During the summer of 1998, he

was with the High Speed Networks Research Group,
Lucent Technology-Bell Labs, Holmdel, NJ. During
2000-2001, he was with the Department of Electrical
Engineering, Stanford University, Stanford, CA. His

main area of interest is the design of scheduling

policies for high-performance routers and for wirelessmoeks.

Emilio Leonardi (M’'99) received the Dr.Ing. degree
in electronics engineering and the Ph.D. degree in
telecommunications engineering from the Politec-
nico di Torino, Italy, in 1991 and 1995, respectively,

PLACE where he is currently an Associate Professor. In
PHOTO 1995, he was with the Department of Computer
HERE Science, UCLA. In the summer of 1999, he was

with the High Speed Networks Research Group,
Lucent Technology-Bell Labs, Holmdel, NJ, and in
the summer of 2001, he was with the Department

of Electrical Engineering, Stanford University, Stan-

ford, CA. His areas of interest are all-optical networkseuging theory, and
scheduling policies for high-speed switches.



