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Abstract— We characterize the capacity region of a mobile
ad hoc network in which nodes employ the store-carry-forward
communication scheme and move according to an arbitrary
ergodic mobility process. We identify the class of scheduling
policies achieving maximum throughput, and introduce a joint
scheduling and routing formulation which maps the problem
into a multi-commodity flow over an associatedcontact graph.
Previous capacity results have been derived under the strong
assumption that nodes are identical and uniformly visit theentire
network area, resulting in a fully connected, homogeneous contact
graph in which a simple 2-hops routing scheme is optimal. Our
approach allows to extend the analysis to heterogeneous nodes
with anisotropic mobility patterns, as typically encountered in
realistic mobility traces. In particular, we apply our fram ework
to an experimental network based on vehicular mobility and show
that, in scenarios with inhomogeneous contact times, the 2-hops
routing strategy can result significantly inefficient in terms of
throughput and delay.

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

I. I NTRODUCTION

In recent years Delay Tolerant Networking (DTN) has
emerged as a new area of research with many promising
applications [3], [4]. Delay tolerant networks are character-
ized by intermittent connectivity, network partitioning,long
and variable delays, high error rates. Such performance-
challenging conditions can be found in many different environ-
ments such as vehicular networks, sparse sensor/actuator net-
works, in-the-field military or disaster-relief networks,satellite
and deep-space interplanetary communications [5], terrestrial
networks serving remote or rural areas. Interesting real-life
experiments comprise “pocket switched networks” based on
human mobility [6], networks based on public transportation
systems [7]-[9], wildlife tracking [10], rural kiosks providing
Internet access in developing nations [11].

A typical DTN scenario consists of a sparse network of
fixed or mobile devices, where most of the time there does
not exist a complete path from a source to a destination, or
such a path is highly unstable and may soon break. Over
time, different links come up and down due to node mobility.
This implies that a message can be sent over an existing link
and be buffered at the receiving node for quite a long time
before being forwarded on the next available link toward the
destination. While being stored at a mobile node, a message
is physically carried to a different location in the network

Preliminary versions of this paper have been presented at IEEE Info-
com’07 [1] and IEEE ICC’07 [2].

area. This new communication paradigm is usually referred
to asstore-carry-and-forwardor mobility-assisted routing. It
is particularly interesting in the context of vehicular networks
where a fixed communication infrastructure is not available
and the cooperation among the vehicles is needed to support
the communication.

Node mobility plays a fundamental role not only in provid-
ing end-to-end connectivity in the first place, but also because
it can dramatically increase the overall transport capacity of
interference-limited wireless networks, allowing them toscale
up to a large number of nodes. Indeed, wireless networks of
static nodes are known to suffer severe per-node throughput
decay (in the order of1/

√
n) as the number of nodesn goes

to infinity [12]. In contrast, Grossglauser and Tse have first
shown in [13] that a simple 2-hops relay scheme can keep the
per-node throughput constant, under an ideal mobility process
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,
and that the 2-hops routing strategy is able to fully exploit
the transport capacity offered by node mobility, it is unclear
whether these results are applicable to real-life scenarios
such as the ones mentioned above. One reason is that the
analysis in [13] strongly relies on the assumptions that: i)all
nodes are identical; ii) each node uniformly visits the entire
network area according to an ergodic mobility process; iii)the
trajectories of different nodes are independent and identically
distributed (i.i.d.). Notice that these same assumptions have
been maintained in the several papers that, after [13], have
analyzed asymptotic delay-capacity trade-offs, like [14]-[16].

In many practical settings, the above assumptions on the
nodes behavior do not hold, and in particular the one that
the mobility process of each node uniformly covers the entire
space over time, making all nodes basically indistinguishable
from each other. This observation is especially true for vehic-
ular networks, in which the mobility is restricted along the
roads. In addition, both everyday life experience and campus-
or city-wide traces containing spatial information (i.e.,based
on GPS coordinates or radio beacons from base stations and
access points) [17]-[20], suggest that a node spends most of
the time just in a small portion of the network area, comprising
a few frequently visited “significant places” [21], and rarely
goes outside this region. Although any two nodes are likely,
in the long run, to eventually come in contact with each other,
the impact of rare contacts on the overall network capacity
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has to be carefully investigated.
In this paper, we relax the “homogeneous mixing” assump-

tion on the node behavior and extend the capacity analysis
to heterogeneous nodes with general mobility patterns. First,
we provide a general framework within which the capacity
analysis of mobile ad hoc networks can be carried out.
More specifically, we only require the mobility processes
of the nodes to be jointly stationary and ergodic, though
possibly correlated (e.g., group movements, which often occur
in vehicular mobility), as defined in Sec. IV. Under this
fairly general assumption, in Sec. V we formally prove that
the class of scheduling policies based only on instantaneous
node position information achieves the maximum network
throughput. This means that the capacity region of a mobile
network depends on the mobility process only through the
joint-stationary distribution of the nodes, and not on the details
about how nodes change their speed and direction over time.
Moreover, no gain in terms of throughput can be obtained
by scheduling policies using dynamical variables such as
instantaneous queues lengths, age of stored information atthe
nodes, history of nodes behavior and past encounters1.

Armed with this result, we map the problem of determining
the transport capacity of a mobile network into a joint schedul-
ing and routing problem which only requires knowledge of the
stationary distribution of the nodes over the network area.The
capacity region is then obtained by solving a multi-commodity
flow over thecontact graphdefined by the scheduling policy
and described in Sec. VI.

We have applied our framework to a specific example of
experimental vehicular network, although its validity is more
general and applies to any delay tolerant network. In the
considered scenario we have observed that the contact graph
is almost fully connected, however link capacities are highly
inhomogeneous, spanning several orders of magnitude. This
fact motivated us to investigate the performance of the 2-hops
routing scheme, originally proposed under the “homogeneous
mixing” assumption, in a more realistic case. Our theoretical
analysis (presented in Sec. VII for the case of finite number
of nodes and Sec. VIII for the case of infinite number of
nodes) suggests that the 2-hops scheme can incur significant
throughput losses in the presence of highly asymmetric contact
graphs. Therefore, smart routing algorithms discovering links
with high available capacity and possibly routing messages
over paths of several hops are indeed necessary to exploit
the network capacity under a realistic mobility process. In
contrast, we emphasize that most of the routing protocols
proposed so far for DTN are oblivious of link capacities,
and aim at discovering minimum-hop paths or minimizing the
instantaneous traffic congestion at the nodes (as in [22]).

In Sec. IX we compare the performance of different routing
strategies in the considered vehicular network, in terms ofboth
throughput and delays; the routing algorithms that we have
compared are the following: (i) the throughput optimal algo-
rithm, (ii) the 2-hop throughput optimal algorithm, and (iii)

1Notice that in our work we are only concerned with network throughput,
not with message transfer delay; moreover we assume infinitebuffer size at
the nodes.

the delay optimal algorithm, which was previously proposed
in [23].

Finally, to complete the overview of the paper, in Sec. II we
discuss related work and in Sec. III we introduce our notation
and discuss the main assumptions of our work. We provide
some conclusions in Sec. X.

We emphasize that our results have mainly a theoretical
significance, since we ignore several practical issues, such as
those related to the implementability of our scheduling/routing
schemes, to congestion control, etc.; nevertheless our results
provide useful guidelines for the design of efficient rout-
ing/scheduling strategies.

II. RELATED WORK

In the literature related to DTN, routing is the main issue
that has been addressed so far. Current proposals to route
messages in a DTN strongly depend on the nature of contacts
among the nodes (i.e., random or predictable), the amount of
information available to them, and the possibility to dissem-
inate or not multiple copies of a message. If meeting times
of nodes are predictable, intelligent routing and forwarding
decisions can be made, although optimal schemes (i.e., with
complete information) that account also for finite buffers lead
to complex linear programming formulations [23]. In [24], the
authors assume that nodes movements are not only known
in advance, but can be controlled to further improve data
collection and delivery across the network. More recently,[25]
focuses still on periodic movements, but exploits multilevel
clustering and hierarchical routing, based on minimum delay
paths, to improve the scalability of the routing algorithms.

When mobility is random, nodes have to communicate
during opportunistic, unscheduled contacts. Epidemic routing
[26] is one of the first proposals to enable message delivery in
intermittently connected networks with random mobility. Each
node maintains a list of messages, whose delivery is pending.
Whenever it encounters another node, the two nodes exchange
all messages that they do not have in common. This way, all
messages are eventually disseminated to all nodes, including
their destination. Although optimal in terms of minimizing
delay, epidemic routing is very wasteful of network resources.

To avoid flooding the entire network, messages can be
duplicated in a limited number of copies [27], [28], or proba-
bilistically [29], possibly exploiting history of encounters [30],
[31] for a better selection of next-hops, combined with various
utility functions [32]. Other approaches make use of erasure
coding techniques [33] or network coding [34], [35] to cope
with partial data loss and to reduce routing overhead. Practical
routing issues are discussed in [36].

All of the above approaches aim either at minimizing
the message transfer delay or at maximizing the delivery
probability, and they result, in general, to be inefficient in
terms of bandwidth exploitation, especially when employing
information duplication/redundancy. In contrast to previous
work, in this paper we study scheduling/routing schemes that
aim at maximizing the overall network throughput in the
presence of heterogeneous nodes with general mobility. To
the best of our knowledge, only a few results have appeared
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in the literature on this subject. In [37] the authors extend
the results in [13], proving the asymptotic optimality of the
2-hops forwarding scheme in a network where each node
independently moves along a randomly chosen great circle
on the sphere of unit surface. The work in [38] studies the
maximum rate at which one or more mobile nodes can relay
data between a set of static sources and a set of static destina-
tions. Under some simplifying assumptions they prove that the
relay throughput depends only on the stationary distribution
of the nodes’ position. In particular, they assume that nodes
move independently of each other and have the same stationary
distribution over the area (not necessarily uniform). In this
paper we extend the analysis to a more general context.

III. SYSTEM ASSUMPTIONS AND NOTATION

We consider a mobile ad hoc network composed ofn
nodes moving according to a general mobility model inside
a bidimensional, compact and convex regionA of area|A|.
Xi(t) denotes the position of nodei at time t and X(t) =
(X1(t), X2(t) . . . Xn(t)) the vector of nodes positions; we
define with dij(t) the euclidean distance between mobilei
and mobilej at time t, i.e., dij(t) = ||Xi(t) − Xj(t)||2.

We assume the node mobility process to be stationary
and ergodic; i.e., given anym-uple (B1, B2, B3 . . . Bm) of
Lebesgue measurable subsets ofA, it results:

lim
t→∞

1

t

∫ t

0

I(∩iXi(τ)∈Bi)dτ = E[I(∩iXi(t)∈Bi)] w.p.1 (1)

where I represents the logical indicator function. Note that
stationarity and ergodicity are rather general assumptions.
Most of the mobility models proposed in the literature, such
as those described and discussed in [39]-[42], fits within the
class considered in this paper.

Node s generates traffic for destinationd according to a
stationary and ergodic process with average traffic rateλsd

bit/s2. We denote byΛ = [λsd] the correspondingn×n traffic
matrix.

We assume that interference between simultaneous trans-
missions is described either by theprotocol interference model
or the physical interference model[12]. According to the
protocol interference model, transmission from nodei to node
j at time t at rate r is successful only if, for any other
simultaneously transmitting nodek, it holds:

dkj(t) > (1 + ∆)dij(t) (2)

for some guard factor∆ > 0. According to the physical
interference model, instead, transmission from nodei to node
j at timet at rater is successful only if the associated Signal to
Noise Ratio (SNR) is above a given thresholdz. When signal
power decays with the distanced as d−α, the SNR ratio is
expressed by:

Pid
−α
ij (t)

N0 +
∑

k 6=i Pkd−α
kj (t)

(3)

2Defined withλ̂(t, τ) the amount of data generated by a source within the
interval [t, τ), the traffic is said stationary and ergodic with average rateλ
iff: E[λ̂(t, t + 1)] = λ for any t > 0 and limt→∞ λ̂(0, t)/t = λ w.p.1.

beingPk the power level of transmitterk, andN0 the thermal
background noise3. Note that according to these interference
models: (i) no node can be either origin or destination of
multiple simultaneous transmissions, (ii) a node cannot be
simultaneously origin and destination of transmissions.

We denote withE the set of all possible transmitter-
receiver pairs(i, j) (by construction it must bei 6= j).
Subsetsπ of E in which nodes appear at most once (either
as transmitter or receiver), represent possibletransmission
configurations, i.e., sets of transmission-receiver pairs(i, j),
which may be simultaneously enabled to communicate at time
t. We denote byΠ the set of all the possible transmission
configurations and withA(t) ⊆ Π the set of all non-interfering
(hence, implementable) transmission configurations at time t.
A given interference model induces a correspondence between
the vector of instantaneous nodes positionsX(t) and the
set of non-interfering transmission configurationsA(t); we
formalize this concept introducing functionI mapping vectors
of nodes positions into sets of non-interfering transmission
configurations:I(X(t)) = A(t).

Given any setA of implementable transmission configura-
tions, we denote withI−1(A) the set of node positionsX
to which A corresponds through mappingI, i.e., I−1(A) =
{X : I(X) = A}. 4 For anyA, we can univocally determine
the probability thatA(t) = A, i.e. the probability that
configurations inA are the only implementable at timet:

P (A) = E[IX(t)∈I−1(A)] = lim
t→∞

1

t

∫ t

0

IX(τ)∈I−1(A)dτ (4)

w.p.1. Note that the above probability depends only on the
joint stationary distribution of the node mobility process.

At last, we denote with{Tn} the sequence of random
instants at which the set of implementable transmission con-
figurations changes; i.e.,limt↑Tn

A(t) 6= A(Tn).

IV. SCHEDULING POLICY

The scheduling policyS dynamically selects an im-
plementable transmission configurationπS(t) belonging to
A(t) = I(X(t)). In this paper we restrict our investigation to
stationary and ergodic scheduling policies: i.e. those policies
for which:

E[I(i,j)∈πS(t)] = lim
t→∞

1

t

∫ t

0

I(i,j)∈πS(τ)dτ w.p.1 (5)

In general the selection ofπS(t) may be influenced by several
dynamical parameters, including instantaneous queues lengths,
age of stored information at nodes, etc. Particularly relevant
are those scheduling policies driven only byX(t). In this paper
we call stateless and memorylesssuch scheduling policies.

We also introduce the class ofsimple scheduling policies
Ŝ, which is a strict subclass of thestateless and memoryless
scheduling policies characterized as follows. At each transition
time Tn a transmission configurationπ ∈ A(Tn) is selected

3More complex expressions for the SNR are obtained when considering
propagation phenomena such as fading and/or shadowing, theimpact of
directional antennas, MIMO systems, etc

4It can be verified that, for anyA ∈ Π, I−1(A) is a convex set ofR2n

for both the protocol and the physical interference models.
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according to a stationary and memoryless (possibly random)
rule; the selected transmission configuration is then kept
constant in the whole interval[Tn, Tn+1). Simple scheduling
policies are fully specified by the conditional probabilities
pŜ(π, A) that the transmission configurationsπ ∈ A are
selected at timeTn, given thatX(Tn) ∈ I−1(A):

pŜ(π, A) = Pr{πŜ(Tn) = π|X(Tn) ∈ I−1(A)} (6)

∀A andπ ∈ A. According to scheduling policyS, a com-
munication link is established between nodesi and j whose
average capacity expressed in bit/s is:

µS
ij = rE[I(i,j)∈πS (t)] = lim

t→∞

r

t

∫ t

0

I(i,j)∈πS(τ)dτ w.p.1 (7)

which, in case of simple scheduling policies, can be rewritten
as:

µŜ
ij = r

∑

A∈Π

∑

π∈A

I(i,j)∈π pŜ(π, A)P (A) (8)

The fundamental question we would like to answer is: “how
can we characterize the capacity of the mobile ad hoc network
under a scheduling policyS (or Ŝ)?” To this end we need to
consider also the routing strategy employed to transfer data
through the network. The more general and abstract way to
define a routing strategy is to specify quantitiesfsd

ij ∈ [0, 1]
denoting the average fraction of the traffic from nodes to
noded, which is routed trough link(i, j), i.e. j follows i as
relay node [43] (unlessj = d); fsd

ii = 0 by construction. The
above quantitiesfsd

ij must satisfy the following well known
flow conservation constraints:

∑

i

fsd
ij −

∑

k

fsd
jk =







1 for j = d
0 for j 6= d andj 6= s
−1 for j = s

(9)

A routing strategy specified by a set offsd
ij satisfying (9) can

be implemented in many ways, for example by the following
hop-by-hop randomized routing algorithmR: node i routes
data from sources and destined tod by selecting nodej as
next hop with probabilityfsd

ij /
∑

k fsd
ik .

V. TRAFFIC SUSTAINABILITY AND CAPACITY REGION

In this subsection we analyze the performance of a mobile
ad hoc network comprisingn users, obtaining a precise
characterization of its capacity region5. We emphasize that our
results are fairly general since only stationarity and ergodicity
of traffic and mobility processes are required. We remark that,
in our framework, nodes can move in a correlated fashion (like
in platoons, groups, etc.), since we do not need to assume
independent movements.

Definition 1: We denote withZ(t) the network backlog,
that is, the amount of traffic (in bits) already generated by
sources that has not yet been delivered to destinations at time
t.

Definition 2: Traffic Λ is sustainable if there exists a
scheduling policyS and a routing strategyR, such that:
lim supt→∞ Z(t)/t = 0 w.p.1.

5We consider only the net traffic (goodput), neglecting the effect of the
signaling traffic necessary to implement the routing and scheduling algorithms

Definition 3: Traffic Λ is strongly sustainableif there
exists asimplescheduling policyŜ and a routing strategyR,
such that:lim supt→∞ Z(t)/t = 0 w.p.1.
We are now in a position to state our first result:

Theorem 1: A mobile ad hoc network sustains a trafficΛ,
if a scheduling policyS and a routing strategyR can be found
such that:

∑

sd

λsdfsd
ij ≤ µS

ij ∀i, j (10)

Moreover, if a simple scheduling policŷS and a routing
strategyR can be found such that:

∑

sd

λsdfsd
ij ≤ µŜ

ij ∀i, j (11)

the mobile ad hoc network strongly sustains trafficΛ.
Proof: The system dynamics can be described by a

network of queues representing the evolution of the backlog
at different nodes. We suppose that every nodei is equipped
with n − 1 separate transmission queues, each one storing
data to be routed through a different nodej. Upon reception,
new data are immediately routed according to policyR and
enqueued in the transmission queue associated to the next
hop. Transmission queues are served at fixed rater according
to a FCFS service policy, during the periods of activity of
the corresponding link(i, j). Note that, by construction, the
average service rate in bit/s of the transmission queue of link
(i, j) is µS

ij . The network of queues describing the system falls
in the class of generalized Kelly networks, which are stable
under the condition that no queues are overloaded [44]. Being,
by construction, the load at the queue of link(i, j) equal to
∑

sd λsdf
sd
ij /µS

ij ≤ 1, the assert follows immediately6.
As a corollary, we get a strict characterization of the traffic

matrices which are strongly sustainable:
Proposition 1: A traffic matrix Λ = [λsd] is strongly

sustainable iff a set offsd
ij ∈ [0, 1], ∀i, j, s, d and p(π, A) ∈

[0, 1] ∀A, ∀π ∈ A can be found satisfying the following
equations:






















fsd
ij satisfies (9) ∀i, j, s, d

∑

π∈A

p(π, A) = 1 ∀A ∈ Π

∑

sd

λsdf
sd
ij ≤ r

∑

A∈Π

∑

π∈A

I(i,j)∈π p(π, A)P (A) ∀i, j

(12)

Definition 4: The capacity regionof the mobile ad hoc
network is the set of all sustainable traffic matrices.

Definition 5: The restricted capacity regionof the mobile
ad hoc network is the set of all strongly sustainable traffic
matrices.

Note that the restricted capacity region, by construction,
depends on nodes mobility only via the joint stationary distri-
bution of nodes. We can now state the following fundamental
result:

Theorem 2: If traffic matrix Λ is sustainable, then it is also
strongly sustainable.

6When
P

sd λsdfsd
ij /µS

ij = 1 the concept of stability is weak.
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Proof: Let S be the stationary and ergodic scheduling
policy which sustainsΛ. Define for every configurationA
and everyπ ∈ A:

qS(π, A) = Pr{πS(t) = π|X(t) ∈ I−1(A)} =

lim
t→∞

1

t

∫ t

0

IπS(τ)=π|X(τ)∈I−1(A)dτ w.p.1 (13)

Due to the ergodicity of the mobility process and of the
scheduling policy, the above quantities are well defined. It
is immediate to verify that:

∑

π∈A qS(π, A) = 1. Thus
considering a stationary, simple scheduling policyŜ such that
pŜ(π, A) = qS(π, A), it follows, by construction:µS

ij = µŜ
ij

∀i, j.
The previous result has three significant implications: i) the

class of simple policies achieves maximum throughput, i.e.,
no gain in terms of throughput can be obtained by adopting
complex scheduling policies that select transmission configura-
tions by considering dynamical variables such as instantaneous
queues lengths, age of stored information at the nodes, etc.,
provided that the capacities associated to the communication
links are known in advance; ii) a tight characterization of
the capacity region is provided by Proposition 1; iii) the
capacity region depends on the mobility process only through
the joint-stationary distributions of nodes. This result extends
and generalizes recent findings in [38]. At last,

Corollary 1: The capacity region of an ad hoc wireless
network with mobile nodes is convex.

Proof: Let Λ1 and Λ2 be two sustainable traffic ma-
trices. Let Ŝ1 and Ŝ2 be two simple scheduling policies
which sustainΛ1 and Λ2 respectively. Any traffic pattern
Λ = αΛ1 + (1 − α)Λ2, with 0 ≤ α ≤ 1, is sustainable
by the simple policyŜ defined according to:pŜ(π, A) =

αpŜ1

(π, A) + (1 − α)pŜ2

(π, A), ∀A, π ∈ A. Note thatŜ, at
time t, with probability α emulatesŜ1 and with probability
(1 − α) emulatesŜ2.

VI. CONTACT GRAPH: THROUGHPUT AND ROUTING

To understand the relationship between the scheduling pol-
icy and the routing strategy, we first need to characterize
which traffic patterns are sustainable by employing an assigned
scheduling policyS. Observe that the capacities7 µij associ-
ated to the communication links are univocally determined,
once the scheduling policyS has been selected. Thus a (capac-
itated) graphG(V , E) whose vertices correspond to network
nodes and capacitated edges correspond to communication
links, fully characterizes the mobile ad hoc network adopting
S. In the following we refer toG(V , E) with the termcontact
graph. Therefore, the routing problem through the mobile ad
hoc network adoptingS can be formalized in terms of amulti-
commodity flowproblem on the contact graph. Fig. 1 shows an
example of contact graph construction. For simplicity, in the
figure we have definedcS

ij(t) = I(i,j)∈πS(t), while service rates
are evaluated according to (7), i.e. by summing (or averaging)
the capacity of all the transmission opportunities betweenthe
corresponding nodes.

7To simplify the notation we omit, in this section, the explicit dependency
from the scheduling policyS.

Proposition 2: A traffic matrixΛ = [λsd] can be sustained
employing a policyS iff the multi-commodity flow problem
defined by (9) and (10), where communication link capacities
are determined byS, admits a feasible solution. In such a case
the set of variablesfsd

ij univocally defines the routing strategy
R.

The sustainable region achievable by scheduling policyS
(i.e. the set ofΛ = [λsd] that can be sustained employing
S) can be related to the capacities associated to cuts of the
contact graph as follows:

Proposition 3: Traffic Λ = [λsd] is sustainable by policy
S only if, for any partition(D, D̄) of the nodes, it results:

∑

s∈D̄

∑

d∈D

λsd ≤
∑

s∈D̄

∑

d∈D

µsd (14)

Consider a network adopting a scheduling policyS and a
routing strategyR, under a sustainable traffic patternΛ. Let ν
be the network throughput, equal, by definition, to the offered
network loadν =

∑

sd λsd, and|π(t)| be the size ofπ(t) (i.e.,
the number of parallel transmissions enabled byS at timet);
it results:

E[|π(t)|] = E
[

∑

ij

I(i,j)∈π(t)

]

=
∑

ij

µij

r
(15)

Let C be the average aggregate transmission rate over all of
the links; by construction:

C =
∑

sd

λsd

∑

ij

fsd
ij ≤ rE[|π(t)|] (16)

The ratiohave = C/ν represents the average number of times
that data are transmitted in the network; thushave is the
average length of the paths followed by information flows,
expressed in number of hops. The following relationship is of
immediate verification:νhave ≤ rE[|π(t))|].

In general, to efficiently exploit the network bandwidth,
the routing strategy should minimizehave. This consideration
justifies the fact that shortest path routing approaches have
been widely used in several application contexts related to
computer communications. In the context of mobile ad hoc
networks, the 2-hops routing strategy proposed in [13] has
gained a wide popularity; according to this strategy, data are
delivered from sources to destinationd either through the
direct communication link, or through routess → k → d,
using every other nodek of the network as relay. Although the
2-hops routing strategy is appealing because of its simplicity,
in general it does not allow to optimally exploit the network
bandwidth, possibly causing a reduction of the sustainability
region achievable by the scheduling policy, as we show in the
following section.

VII. PERFORMANCE OF THE2-HOPS ROUTING STRATEGY

Necessary and sufficient conditions for trafficΛ to be
sustainable under a 2-hops routing strategy are provided by
the following statement:

Proposition 4: A traffic patternΛ = [λsd] is sustainable
by the 2-hops routing scheme if the multi-commodity flow
problem on the contact graph defined by (9) and (10) with the
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a

b

c d

t

cS
ab(t)

cS
ac(t)

cS
bc(t)

cS
cd(t)

µS
ac µS

cd

µS
ab µS

bc

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

extra constraint:fsd
ij = 0 when bothi 6= s and j 6= d admits

a feasible solution.
The set of all sustainable traffic matrices under the 2-hops
routing strategy represents the2-hops capacity regionof the
mobile ad hoc network. In the following we are interested
to better understand the relationship between thecapacity
region and2-hops capacity regionon realistic contact graphs
associated to mobile ad hoc networks.

To simplify the discussion, in analogy to what has been done
in previous works [13], [12], [37], we assume that every node
in the network is source and destination of a single information
flow (i.e. Λ contains only one non-null element per row and
per column). In the following we refer to the above class of
traffic patterns with the term “permutation traffic patterns”.

Of course, the performance of the 2-hops routing strategy
can be arbitrarily bad on a general contact graph. For example,
considering graphs with maximum nodal degreed, the average
distance between nodes is (using standard Landau asymptotic
notation)Ω(logd(n)). Thus, for sufficiently largen, if traffic
is exchanged only between node pairs whose distance on the
contact graph is greater than two, the throughput sustainedby
the 2-hops strategy turns out to be equal to zero. As we will
see in the next section, contact graphs associated to mobilead
hoc networks are typically strongly connected (i.e.,d = Θ(n)),
and often fully connected (all edges exist). In the latter cases
the contact graph diameter is expected to be very short. On this
regard we recall that conditiond = Θ(n) has been proved to be
sufficient to asymptotically guarantee a diameter equal to two 8

in several families of random graphs, such as Erdős-Rényi
graphs and graphs with regular degree [45]. Nevertheless, we
will show that, even when eitherd = Θ(n) or d = n − 1,
2-hops routing may result strongly inefficient, provided that
capacities associated to the edges of the contact graph are
highly unbalanced.

Under a permutation traffic pattern, let us focus on a partic-
ular traffic relation(s, d) and consider all paths from nodes to
noded followed by data according to a 2-hops routing strategy.
The aggregate maximum transmission capacity obtainable by
flow s → d on all parallel 1-hop and 2-hops paths of the graph
is given by:

µ2h
sd = µsd +

∑

k 6=s,d

min(µsk, µkd) (17)

8the above property holds with a probability that tends to 1 when n → ∞

Moreover, the direct link froms to d is used exclusively by
flow (s, d). Link (s, k) instead must be shared by flows → d
and the flow generated bys′ 6= s, k and directed tok, whereas
link (k, d) is shared by flows → d and the flow generated by
k and destined tod′ 6= k, d. Hence, the capacity of each edge
can be shared by at most two flows.

Sufficient conditions for traffic sustainability can be easily
derived under the 2-hops routing strategy, assuming that band-
width of links is evenly partitioned among the flows.

Proposition 5: Under the 2-hops routing strategy, a permu-
tation traffic pattern is guaranteed to be sustainable if, for every
source and destination pair(s, d), the following constraint is
met:

λsd ≤ µsd +
1

2

∑

k 6=s,d

min(µsk, µkd) (18)

It is interesting to understand under which conditions the
2-hops routing strategy is guaranteed to efficiently exploit the
system bandwidth. The following theorem provides an answer
to this question.

Theorem 3: If for every pairs of nodes(s, d), µ2h
sd equals

the minimum-cut capacity between(s, d), then the 2-hops
routing scheme is1/2-efficient in terms of throughput, i.e., if
Λ = [λsd] cannot be sustained by the 2-hops routing strategy,
no other routing strategy can sustain traffic2Λ = [2λsd].

We remind that, given any partition of graph vertices(S, D)
with s ∈ S andd ∈ D, the capacityµ(S,D) associated to the
cut (S, D) is defined as:µ(S,D) =

∑

i∈S

∑

j∈D µij . The min-
cut capacitŷµsd between(s, d) is defined asmin(S,D) µ(S,D).

Proof: Consider any source destination pair(s, d). Under
a general routing strategy the amount of trafficλsd that can be
sustained by the network cannot exceed the min-cut between
s and d on the contact graph. On the other side the 2-
hops routing strategy sustains, betweens and d, a traffic
λsd ≥ 1

2µ2h
sd according to Proposition 5. The assert follows

immediately, sinceµ2h
sd = µ̂sd for all s andd.

Since
∑

k µsk and
∑

k µkd are two cut capacities, the
condition:

µ2h
sd = min

(

∑

k 6=d

µsk,
∑

k 6=s

µkd

)

(19)

is sufficient to guarantee that at least half of the optimal
throughput is delivered by the 2-hops routing strategy, under
any permutation traffic pattern.



7

s d
cut−dcut−s

Fig. 2. Contact graph forn = 6.

Note that, when nodes move uniformly over the network
areaA, by symmetry all link capacitiesµij are equal, thus
µ2h

sd = µ̂sd for all s and d. Furthermore in this specific case
the 2-hops strategy can be easily shown to be 1-efficient,
under uniform permutation traffic patterns (i.e., when all nodes
generate the same amount of traffic). In this case, indeed, the
adoption of the 2-hops routing scheme permits to completely
saturate the capacity of every link, while minimizing the
expected number of hops. For a general contact graphG(V , E),
define

η2h = min
sd

µ2h
sd

µ̂sd
(20)

The statement of Theorem 3 can be generalized to the case
η2h < 1:

Theorem 4: Provided thatη2h = α < 1, the 2-hops
scheme isα/2-efficient in terms of throughput, i.e., ifΛ =
[λsd] cannot be sustained by the 2-hops scheme, no other
routing strategy can sustain traffic2αΛ = [ 2

αλsd].
Furthermore there exists a permutation traffic patternΛ

which is sustainable by a properly defined routing scheme and
such that(α + ǫ)Λ, for any ǫ > 0, is not sustainable by the
2-hops strategy.

Proof: The first statement can be proved using exactly
the same arguments of Theorem 3.

For what concerns the second statement, consider the
source-destination pair(s, d) in correspondence to which
µ2h

sd/µ̂sd = α. If only (s, d) exchanges traffic in the network,
the maximum amount of traffic that can be sustained in the
network by an arbitrary routing strategy equals the min-cut
µ̂sd; on the other hand, according to the 2-hops scheme the
maximum amount of traffic that can be sustained cannot
exceedµ2h

sd .
In conclusion, ifη2h = α we should be prepared to get a

throughput reduction of order2/α in case the 2-hops routing
strategy is adopted.

VIII. S OME ASYMPTOTIC CONSIDERATIONS ON THE

THROUGHPUT LOSS OF THE2-HOPS ROUTING STRATEGY

In this section we focus on fully connected contact graphs
with inhomogeneous capacities, such as those resulting from
experimental traces. We assume that edge capacitiesµij are
i.i.d. random variables with assigned distribution. In this case
we are able to show analytically that, forn → ∞, the 2-
hops routing strategy can be strongly inefficient, and that
the throughput loss depends on the particular edge capacity
distribution.

Essentially, we need to evaluate parameterη2h introduced
in (20). Due to the symmetry of the contact graph, we consider
a randomly chosen source-destination pair(s, d) and estimate
the ratio between the aggregate capacity of 2-hops paths and

the minimum capacity among all cuts betweens and d, as
n grows large. In Fig. 2 the contact graph is represented for
n = 6.

As n increases, to keep finite the capacities of the cuts
to be evaluated, edge capacities are scaled byn, i.e., their
distribution is given byfn

µ (x) = ng(nx), being g(x) an
assigned distribution function with averageµ̂ =

∫

xg(x)dx.
As a consequence, the average capacity of each edge is
E[µij ] = µ̂/n. Note that the scaling effect of edge capacities
is intrinsically obtained when contact capacities are computed
according to (7) (see [13]). Given two independent random
variablesX and Y distributed according tog(x), we denote
with µmin = E[min(X, Y )].

Observe in Fig. 2 that the cut corresponding to node
partition (S, D) with |S| = k and D = n − k, being
k = 1, . . . , n−1, containsk(n−k) edges; thus the cut around
the source (“cut-s”) (i.e, the cut for whichS = {s}) and the cut
around the destination (“cut-d”) (i.e.,D = {d}), are minimal
in terms of number of edges traversing them (n − 1); this
suggests that they are minimal also in terms of capacity.

Indeed, under mild assumptions, standard concentration
arguments allow to confirm this intuition for largen. In
particular we can claim that with high probability (w.h.p.)(i.e.,
with probability that tends to 1 whenn → ∞) the minimum-
capacity cut corresponds to either “cut-s” or “cut-d”. Hence,
the maximum achievable flow froms to d corresponds to the
minimum between cut-s and cut-d:

λ̂sd = min
(

∑

k 6=s

µsk,
∑

k 6=d

µkd

)

→ µ̂ w.h.p. (21)

whenn → ∞. If we allow only 2-hops routing, the maximum
achievable throughputλ2h

sd is given by the aggregate capacity
on all n−1 parallel 1-hop and 2-hops paths betweens andd:

λ2h
sd = µsd +

∑

k 6=s,d

min{µsk, µkd} → µmin w.h.p. (22)

whenn → ∞. Hence, asymptotically forn → ∞, η2h is given
by:

η2h = min
sd

λ2h
sd

λ̂sd

=
µmin

µ̂
w.h.p. (23)

It is interesting to computeµmin/µ̂ for specific distributions
of edge capacities. We consider two cases, both simple to
evaluate analytically:

• g(x) is an exponential distribution with meana (i.e.,
g(x) = e−x/a/a, for x ≥ 0); thenmin{µsk, µkd} is still
exponential with meana/2: η2h ≤ 1/2.

• g(x) is a Pareto distribution with parametersa and b
(i.e., g(x) = bab/xb+1, for x ≥ a and b > 1), having
meanab/(b− 1); thenmin{µsk, µkd} is still Pareto with
parametersa and 2b: η2h ≤ 2(b − 1)/(2b − 1). Hence,
η2h is upper bounded by an increasing function starting
from 0 for b → 1 and growing to 1 only forb → ∞.
Note thatb ∈ (1, 2] corresponds to capacities with finite
mean but infinite variance.

Hence, for exponentially distributed capacities, under a generic
permutation traffic pattern we can expect 2-hops routing to be
slightly inefficient, leading to throughput loss within a factor
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4 (by Theorem 4). For Pareto-distributed capacities, instead,
2-hops routing can be very inefficient leading to unbounded
throughput loss whenb → 1.

In conclusion, in case of inhomogeneous edge capacities,
paths of several hops are needed to efficiently exploit the
system bandwidth, even when the associated contact graph is
fully connected. This is especially true when the distribution
of link capacities exhibits a long tail, as typically found in
experimental traces.

IX. EXPERIMENTAL MOBILE NETWORKS

We have analyzed an experimental vehicular mobile ad hoc
network using the data obtained from the DieselNet [7] net-
work running on Umass campus during the Spring quarter in
2005. This network consisted of 30 buses offering the campus
transportation service and carrying some short-range radio
devices. The publicly available traces [7] refer to the radio
contacts among buses, measured in terms of data transferred
through TCP connections. The traces provide a sequence of
records in the form(tc, sc, dc, bc), meaning that during thec-
th contact, started at timetc, bus sc was able to transferbc

bytes of data to busdc. If ttot is the total duration of the trace,
it is possible to evaluate directly the service rate betweentwo
busesi andj, as

µS
ij =

1

ttot

∑

c

Isc=i Idc=j bc

by summing the data over any contactc with sourcei (i.e.,
sc = i) and destinationj (i.e.,dc = j). Note that these records
depends also on the IEEE 802.11 MAC protocol adopted in
the experimentation. Furthermore, we restricted our analysis
to the first three weeks, excluding week-ends and nights (in
total, 14 working days). This permitted to guarantee a good
degree of stationarity in the inter-contact times.

From the traces, one can immediately derive the corre-
sponding contact graph. This turns out to be almost fully
connected. The number of its edges is approximately the86%
of a complete graph; in other words, each bus got in contact
with almost all of the other buses. It is interesting to note that
the resulting contact graph contains significant inhomogeneous
capacities; Fig. 3 visually shows the contact graph partitioned
into three subgraphs: the left subgraph contains edges with
small capacities, the central subgraph (the richest subgraph)
contains medium capacity edges, whereas high capacity edges
are shown in the right subgraph. In this last subgraph we have
highlighted in bold two edges with very high capacity (> 260
Mbytes/14 days). Observe that even if less than the 40% of
the overall edges have high capacity, however, high capacity
edges provide the main contribution to the transport capability.

We compared the following routing policies:
• TH-OPT : the algorithm maximizes the aggregate trans-

mission rate (as defined in (16)) by solving the multi-
commodity flow problem on the contact graph defined
by (9) and (10) using standard linear programming tools.

• TH-2H-OPT : the algorithm maximizes the aggregate
transmission rate like TH-OPT, but with the additional
constraint that only 1 and 2 hops routes are allowed (i.e.,
fsd

ij = 0 when bothi 6= s andj 6= d).

Routing Maximum Minimum Number
policy throughput delay of hops
TH-OPT yes no any
TH-2H-OPT yes no ≤ 2
DL-OPT [23] no yes any
random 2-hop relay[13] only asympt. no 2

TABLE I

COMPARISON OF THE METRICS OPTIMIZED BY DIFFERENT ROUTING

POLICIES

• DL-OPT : the algorithm computes the minimum-delay
routes as proposed in [23]. It adopts a modified version of
Dijkstra’s algorithm to find the paths with the minimum
delay. The delay is defined as the time taken by a data
unit to be transferred across the sequence of relays up
to reaching the destination. To find the complete set of
routing paths between a sources and a destinationd, the
algorithms iterates among the following phases:

1) compute the minimum delay path9 Psd;
2) compute the maximum bandwidth acrossPsd: bsd =

min(i,j)∈Psd
{µij};

3) allocatebsd acrossPsd and remove all the edges
corresponding to fully allocated edges; the edges
capacities will be updated asµij − bsd;

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

This algorithm can be extended to the multi-flows sce-
nario by just modifying the two initial steps in the
following way:

1) compute the set of minimum delay paths{Psd} for
all active flows;

2) compute the bandwidth among the paths included
in {Psd} according to a max-min fairness algo-
rithm [46].

Table I provides a synoptic view of the algorithms; note that
the random 2-hop policy in [13] is asymptotically optimal in
terms of throughput only for infinite size networks with uni-
form contact capacities, while TH-2H-OPT can be considered
to be its optimal version for finite networks.

For a meaningful comparison, we considered the two fol-
lowing traffic scenarios:

• single-flow: just one source-destination pair (i.e. a pair of
buses corresponds to a single traffic flow) is active in the
network and all the nodes cooperate to transfer the data of
such flow. For an exhaustive analysis, we considered all
possiblen(n− 1) flows, one for each source-destination
pair; in the case of Umass trace, this corresponds to 870
single-flow cases.

• multi-flows: each node is both source and destination of
exactly one traffic flow, whose generation rate is set for
all flows equal toλ (i.e.λsd = λ, ∀ (s, d)). All the nodes

9The contact graph used by DL-OPT is slightly different from the contact
graph described in Sec. VI, since it is a multi-graph storinga detailed
information regarding the time and the capacity of all the contact events;
the reader can directly refer to [23] for the details.
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< 2.6 Mbytes/14days (2.6, 26) Mbytes/14days > 26 Mbytes/14days

Fig. 3. Contact graphs of Umass buses divided in different classes of edge capacities. Larger capacity edges 3-4 contribute for 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 II

PERFORMANCE ACHIEVABLE UNDER SINGLE-FLOW SCENARIO, AVERAGED

AMONG ALL THE POSSIBLE FLOWS, FOR UMASS BUSES

cooperate to transfer then flows active in the network.
Since there aren! ways to match sources and destinations,
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 capacities
associated to the direct communication links between
sources and destinations is minimized; as a conse-
quence, direct communications between sources and
destinations are inefficient and multihop transmission
should be exploited to maximize the throughput.

– MDC (Maximum Direct Capacity): nodes pairs are
selected to maximize the same sum as above; in this
case, direct communications between a source and its
destination are quite efficient and we expect that a
small number of hops will be enough for maximizing
throughput.

The performance metrics we have considered are: (i) aggre-
gate throughput, (ii) per-flow throughput and (iii) delay; the
delay is averaged over the different routing paths, weighted
with the corresponding throughput along the path.

For the single-flow scenario, Table II reports the perfor-
mance achievable by the three considered routing algorithms.
As expected, TH-OPT obtains the highest per-flow throughput
at the cost of the largest delay. By reducing the maximum
number of hops, TH-2H-OPT is able to improve the delay,
but at the expense of a lower throughput. To better understand
the possible inefficiencies of 2-hop routing in this vehicu-
lar scenario, we evaluated the 2-hop throughput efficiency
η2h

sd = µ2h
sd/µ̂sd for each single flow. Fig. 4 shows the

corresponding values for all 870 flows, displayed in increasing
order. The average value ofη2h

sd is 0.603, suggesting that

 0
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 0  100  200  300  400  500  600  700  800  900

η2h
sd

Flow

Fig. 4. Two-hops efficienciesη2h
sd

under single-flow scenario for Umass
buses

moderate throughput degradation is experienced employinga
2-hops routing strategy under most traffic scenarios, like the
ones previously selected. Nevertheless, the value ofη2h =
minsd η2h

sd is rather small, equal to 0.1234. As a consequence,
significant throughput degradation is experienced for the worst
case source-destination pair.

By optimizing the delay, DL-OPT obtains significantly bet-
ter delays than TH-OPT and TH-2H-OPT; the corresponding
throughput is smaller (as expected) than TH-OPT but larger
than TH-2H-OPT. That means that the best throughput-delay
tradeoff cannot be achieved by TH-2H-OPT.

Fig.s 5(a)-5(c) provide a more detailed view of the perfor-
mance achievable under the single-flow scenario, showing the
optimal throughput-delay region achievable for each possible
flow (represented by a point in the graph), under the three
different routing policies. Fig. 5(a) shows that many groups of
flows are characterized by identical throughputs but different
mean overall delays. These groups share either the same source
or the same destination node, where a capacity bottleneck
can arise because the node gets sporadically in contact with
just another node; note that this effect especially occurs for
flows with lower throughput. The throughput on these paths is
limited by the bottleneck capacity, whereas delays depend on
the specific path. Fig. 5(b) shows that TH-2H-OPT experiences
better delays but at the expense of a smaller throughput; the
absence of the previous phenomenon can be explained by the
fact that TH-2H-OPT is not capable to saturate the bottleneck
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Fig. 5. Optimal throughput-delay region under single-flow scenario for Umass buses

Traffic Routing Maximum total Average
scenario algorithm capacity delay

TH-OPT 8.36 Gbytes/14days 44.1 hours
MDC TH-2H-OPT 7.02 Gbytes/14days 22.3 hours

DL-OPT 7.31 Gbytes/14days 13.6 hours
TH-OPT 4.09 Gbytes/14days 109.8 hours

mDC TH-2H-OPT 2.63 Gbytes/14days 65.6 hours
DL-OPT 2.64 Gbytes/14days 39.1 hours

TABLE III

CAPACITY OBTAINED BY OPTIMAL ROUTING UNDER MULTI -FLOWS

SCENARIO FORUMASS BUSES

capacity, as for TH-OPT. At last, Fig. 5(c) shows the minimum
delays achievable under DL-OPT routing: we still observe
groups of flows with the same throughput, due to the saturation
of bottleneck edges as in TH-OPT.

For the multi-flows scenario, Table III shows the aggregate
performance for the two considered traffic patterns, MDC
and mDC. The global capacity is computed by summing the
throughput of all active flows in the network. As in the single-
flow case, TH-OPT achieves the best capacity, but now TH-
2H-OPT and DL-OPT obtain almost the same throughput since
the multi-flow scenario tends to distribute the load among
the nodes and TH-2H-OPT is able to saturate all the edges
as DL-OPT. The fact that DL-OPT achieves better delays
indicates that there are many paths with similar capacitiesbut
different delays; DL-OPT is more able than TH-2H-OPT to
exploit these minimum delay paths. In conclusion, the best
throughput-delay tradeoff is not obtained by TH-2H-OPT also
in the multi-flows scenario.

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 several
optimal paths longer than 2-hops are ignored by TH-2H-OPT;
Such long paths are likely to be ignored also by the greedy
algorithm adopted in DL-OP, since they often lead to large
delays.

Fig.s 6 and 7 report the detailed performance obtained by
each flow, under MDC and mDC traffic patterns. Results in

these plots have been sorted in increasing order, by choosing
the appropriate flow sequence. Fig. 6(a) shows that TH-OPT,
as expected, always outperforms the other two algorithms
in terms of throughput, whereas TH-2H-OPT and TH-DL-
OPT exhibit very similar behavior. Furthermore, because of
the inhomogeneous nature of the contact graph, throughput
performance of different flows is very different (ranging over
more than two orders of magnitude), even if the set of
flows was chosen to maximize the direct connection capacity.
Interestingly, the delays of DL-OPT are better then TH-2H-
OPT even if they are associated to the same throughput. At
last, Fig. 6(b) suggests that delays for each single flow follow
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-
ancies are experienced in this scenario as well. Also the
delays experienced by the flows, presented in Fig. 7(b), are
significantly different among them.

As a final comment on the numerical results discussed in
this section, we note that the absolute performance indexes
considered so far show that the DTN exploiting the Umass
bus transport service achieve quite poor performance, in terms
of both throughput and delays. This is not due to routing
inefficiencies, since all the considered routing schemes are
optimal with respect to some performance metric and rely
on centralized algorithms exploiting complete knowledge of
future contacts10. Instead, in the considered vehicular scenario,
poor performance can be explained easily by considering the
test-bed nature of the network, exploiting (in the available
traces) the mobility of only few nodes in a large area. The
nature of the transportation service itself tends to reduce
contact times between buses so as to minimize the delays
experienced by the users at the bus-stops.

X. CONCLUSIONS

In this paper we have considered an ad hoc wireless network
composed ofn heterogeneous mobile nodes and proposed a
general methodology that allows to precisely characterizeits

10Notice that the absolute performance that we have computed provides an
upper bound on the best performance achievable by any distributed algorithm
running without full knowledge of the contacts
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Fig. 6. Performance achievable for each flow, under MDC multi-flows scenario for Umass buses
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Fig. 7. Performance achievable for each flow, under mDC multi-flows scenario for Umass buses

capacity region by considering the associatedcontact graph,
highlighting several important structural properties of the
system. Then we have turned our attention to the throughput
performance of the 2-hops routing scheme. We have related
the effectiveness of the 2-hops routing strategy to the structural
properties of the contact graph associated with the network.
We have then presented experimental evidence that contact
times between nodes are highly inhomogeneous in a real
environment. At last we have shown that, in realistic networks,
the 2-hops routing strategy may result strongly inefficientin
terms of aggregate throughput.

In a real vehicular scenario, we have assessed the capacity-
delay region achievable by routing algorithms that are op-
timal from the throughput and delay point of views. The
performance indexes that we have obtained in the considered
vehicular scenario are not compatible with the QoS constraints
of realistic applications. However we emphasize that our
framework is general and can be applied to any vehicular
network, provided that the contact history is known or can
easily be estimated (as in the case of scheduled mobility for
public transportation systems). Our methodology providesan
upper bound for the performance achievable by any routing

algorithm, and for this reason can be considered as a reference
model to test the performance of future implemented routing
protocols for delay tolerant networks.
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