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Abstract—This paper analytically derives the delay-capacity
tradeoffs for Lévy mobility: Lévy walks and Lévy flights. Lévy
mobility is a random walk with a power-law flight distribution.
« is the power-law slope of the distribution and 0 < o < 2.
While in Lévy flight, each flight takes a constant flight time, in
Lévy walk, it has a constant velocity which incurs strong spatio-
temporal correlation as flight time depends on traveling distance.
Lévy mobility is of special interest because it is known that Lévy
mobility and human mobility share several common features
including heavy-tail flight distributions. Humans highly influence
the mobility of nodes (smartphones and cars) in real mobile
networks as they carry or drive mobile nodes. Understanding the
fundamental delay-capacity tradeoffs of Lévy mobility provides
important insight into understanding the performance of real
mobile networks. However, its power-law nature and strong
spatio-temporal correlation make the scaling analysis non-trivial.
This is in contrast to other random mobility models including
Brownian motion, random waypoint and i.i.d. mobility which are
amenable for a Markovian analysis. By exploiting the asymptotic
characterization of the joint spatio-temporal probability density
functions of Lévy models, the order of critical delay, the minimum
delay required to achieve more throughput than ©(1/,/n) where
n is the number of nodes in the network, is obtained. The results
indicate that in Lévy walk, there is a phase transition that for
0 < a < 1, the critical delay is constantly @(nl/ %) and for
1< a<2,is ©(n®/?). In contrast, Lévy flight has critical delay
O(n*/?) for 0 < a < 2.

I. INTRODUCTION

Since the seminal work by Gupta and Kumar [1] on the ca-
pacity of wireless networks, delay and throughput tradeoffs of
wireless networks have been extensively studied under various
mathematical techniques, scheduling algorithms, channel mod-
els, mobility models and physical layer techniques. Among
them, arguably the most notable contribution is the work by
Grossglauser and Tse [2] showing that per-node throughput
remains constant (©(1)) when node mobility is used for
communication. This result is surprising because Gupta and
Kumar [1] showed that per-node throughput (O(1//n)) in
wireless networks with no mobility diminishes as the number
of nodes n increases. This throughput gain is achieved at the
cost of larger delays.

The amount of delay that a network needs to sacrifice to
guarantee a given throughput has been studied under various
mobility models [3]-[6]. In particular, Sharma et al.[7] studied
the minimum delays required to achieve more throughput than
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Fig. 1. Sample trajectories of (a) BM, (b) Lévy walk and (c) RWP.

O(1/+/n) under various mobility models including i.i.d., ran-
dom waypoint (RWP), random direction (RD) and Brownian
motion (BM). This minimum delay is called critical delay.
However, although the work is of high value in terms of
providing a framework for studying delay-capacity scaling for
wireless networks under a family of random walk models, the
practical values of these models are uncertain. While these
models are simple enough for mathematical tractability, they
do not reflect realistic mobility patterns commonly exhibited
in real mobile networks.

Humans are a big factor in mobile networks as most mobile
nodes or devices (smartphones and cars) are carried or driven
by humans. Recent studies [8]-[10] on human mobility show
that flight length distributions have a heavy-tail tendency
where flights are defined to be the longest straight line trip
of an object (e.g., particles or humans) from one location to
another without a directional change or pause. These mobility
patterns are well-modeled by Lévy process [11].

Lévy mobility is a random walk mobility with a power-
law flight distribution, 1/2'7 where z is a flight length and
0 < a < 2. Tt also represents a random walk mobility with
just a heavy-tail flight distribution [11], [12]. Intuitively, such
a random walk contains many short flights and a small yet
significant number of exceptionally long flights. With different
values of «, the flight patterns of Lévy mobility models are
widely different. Smaller « induces a larger number of long
flights. This type of mobility patterns is significantly different
from Brownian motion and RWP as illustrated in Fig. 1. In
the literature, there are two types of Lévy mobility models:
Lévy flight (LF) and Lévy walk (LW). In Lévy flight, every
flight takes a constant time irrespective of its flight length and
in Lévy walk, it takes a constant velocity.

Unfortunately, understanding tradeoffs between throughput
and delay under Lévy mobility is technically very challenging
and underexplored. Unlike the other random walk models
permitting mathematical tractability, Lévy process is not very
well understood mathematically despite significant studies on



Lévy process in mathematics and physics. Thus, the con-
ventional techniques [6], [7] used to study delay-capacity
tradeoffs cannot be applied to Lévy models, especially to Lévy
walk which has high spatio-temporal correlation. While Lévy
walk defies the discretization process required for Markovian
analysis, its mathematical characteristics of continuous Lévy
models such as the closed-form formulas for joint spatio-
temporal probability density function (PDF) are practically
unknown.

Our main contribution is to analytically derive the tradeoffs
between delay and capacity for both Lévy models. Our tech-
nique is unique in that we use the asymptotic characterization
of joint spatio-temporal PDF and diffusion equation of Lévy
models without solving their closed forms. As different «
induces different mobility patterns, it also induces different
delay-capacity tradeoffs. Below we summarize our main re-
sults.

[ Mobility | « | Critical Delay |
Lévy walk | a € (0,1) O(y/n)
a€ll,?] O(n*/?)

| Lévy flight | a € (0,2] | ©(®n°?) |

Given that many human mobility traces are shown to have
« between 0.53 and 1.81 [8], according to our results, mobile
networks assisted by human mobility have critical delays
between O(n%2?7) and ©(n%°!). Note that our results give
much more detailed prediction of critical delay for such mobile
networks depending on a while BM and RWP always show
©(n) and O(n"®) for their critical delays [7].

The rest of the paper is organized as follows. We introduce
our system model in Section III and the Lévy mobility model
parameterized with « in Section IV and study critical delay
of Lévy-walk mobility in Section VI based on the preliminary
given in Section V. Finally, we provide a high level interpre-
tation and concluding remarks in Section VII.

II. RELATED WORK

Gupta and Kumar [1] showed that the per-node capacity
of random wireless networks with n static nodes scales as
a function of O(1/4/n) and proposed a scheme achieving
©(1/y/nlogn). The result is later enhanced to ©(1/+/n) by
exercising individual power control [13], [14]. Grossglauser
and Tse [2] made a breakthrough by proving that a constant
per-node throughput is achievable by using mobility when
the nodes follow ergodic and stationary mobility models.
This disproves the conventional belief that node mobility can
negatively impact network capacity as it causes connectivity
breakup and channel quality degradation. It is later shown that
the gain comes at the cost of larger delay [5], [15].

Many follow-up studies[3]—[5], [15]-[19] have been devoted
to understand, characterize and exploit the tradeoffs between
throughput and delay. Especially, the delay required to obtain
the constant throughput ©(1) has been later studied under
various mobility models [4], [18]-[21]. The key message is
that the delay of 2-hop relaying proposed in [2] is O(n) for
most mobility models such as i.i.d. mobility, random direction,
random waypoint and Brownian motion models. An important
question is how much delay needs to be increased to achieve

asymptotically higher throughput than ©(1//n). This has
been studied under the notion of critical delay [6], [7] for
two families of random mobility models: hybrid random walk
and random direction. Hybrid random walk splits the network
of size 1 with n?? cells and further splits a cell into n'=2"
subcells. Then, a node moves to a random subcell of an
adjacent cell in every unit time slot. In this model, i.i.d.
mobility corresponds to 3 = 0 and random walk mobility
corresponds to 3 = 1/2. For any (3, critical delay is proved
to be ©(n2#). Random direction chooses a random direction
within [0,27] and moves to the selected direction with a
distance of n~" with a velocity n~1/2_ In this model, random
waypoint (or random direction) and Brownian motion are
represented with v = 0 and v = 1/2, respectively. The critical
delay is proved as ©(n'/?+7),

IIT. MODEL DESCRIPTION
A. System Model

We consider a wireless mobile network indexed by n, where
in the n-th network, n nodes are distributed uniformly on a
completely wrapped-around square S whose width and height
scale as \/n and density is fixed to 1 with increasing n.! We
assume all nodes are homogeneous in that each node generates
data with the same intensity to a per-source destination. The
packet generation process at each node is assumed to be
independent of node mobility.

The source-to-destination packet delivery can be delivered
by either direct one-hop transmission or over multi-hops, say
k hops, using relay nodes. We call it k-hop relay transmission.
We assume that none of relay nodes generates packets.

To model interference in wireless networks, we use the
protocol model as in [1], [21], under which nodes transmit
packet successfully at a constant rate W bits/sec, if and only
if the following is met: for a transmitter ¢, a receiver j and
every other node k # i, j transmitting currently,

d(XM (1), X7 (1) > (14 A)d(X'(t), X/ (1), for A >0,

where X'(t) (€ R2) denotes node i’s location at time ¢ and
d(z,y) denotes distance between two locations x, y.

A packet can be delivered through a scheduling scheme
which consists of replication or forwarding. We assume that
only source nodes replicate packets and all other relay nodes
forward them. As the names imply, replication copies a
packet and the packet transmitter keeps the packet, whereas in
forwarding the transmitter does not keep the original packet
after successful transmission. This selective replication and
forwarding depending on the node type are often applied to
suppress the overflow of redundant packets in the network.
Packets are delivered in two ways: neighbor capture and multi-
hop capture. In the neighbor capture, using mobility, relay or
source nodes are located within the communication range of
the destination. In multi-hop capture, a source establishes a
multi-hop path to the destination and delivers the packets over
the path. We assume a fluid packet model [21] so that the
delivery can occur immediately even in the case of multi-hop

I'This model is often referred to as an extended model. In another model,
called a unit network model, the network area is fixed to 1 and density
increases as n while the spacing and velocity of nodes scale as 1/1/n.



capture because the transmission delay is negligible compared
to the delay from node mobility. We denote by II the class of
all scheduling schemes conforming the descriptions above.

B. Performance Metrics

The primary performance metric in many networking sys-
tems is throughput measured by the long-term average of
received packets aggregated over nodes, defined as:

Definition 1 (Throughput): For a scheduling scheme 7, the
throughput A\, is:

noyi
i=
where \! () is the total number of bits received at a destination
node i up to time .2

Another important metric is delay. Let D%/ be the individual
packet delay that a packet j experiences to arrive at a desti-
nation node ¢ from its source under a scheduling scheme 7.
The average delay of a scheme 7 is defined as:

Definition 2 (Average delay):

N R RELES
Do ® Jim T2 LD
i=1 7j=1

We give special attention to the notion of critical delay Cry,
first introduced in [7] and defined as:

Definition 3 (Critical delay): Cy is the minimum average
delay that must be tolerated under a given mobility model to
achieve a per-node throughput of w(1//n), ie.,

Cn = inf D

{rell: A r=w(1/y/n)}

Per-node throughput ©(1/4/n) is achievable by a schedul-
ing scheme in static multi-hop networks [1]. Since node mobil-
ity can increase throughput at the cost of larger delay, critical
delay quantifies the amount of delay that a network should
sacrifice to achieve the guaranteed “baseline” throughput. It
can be used as a simple, yet useful metric for a mobility model,
representing how sensitive the delay is to increase per-node
throughput.

IV. LEVY MOBILITY MODEL

In this section, we formally define Lévy mobility model, and
explain the technical challenges that preclude the use of the
conventional techniques to our model, requiring us to take a
different approach to study critical delay.

A. Lévy Walk vs. Lévy Flight

Lévy walk and Lévy flight are separately treated in many
literatures [22]-[24]. Lévy flight takes a constant time for
every flight irrespective of the flight length of a flight whereas
Lévy walk takes a constant velocity for each flight. Thus, in
Lévy walk, it takes a flight time proportional to the flight
length. The distinction between Lévy walk and flight is often
made with their mobility speed. Lévy flight is a “fast” mobility
model in that the time taken for movement is comparable to the
packet transmission time in the multi-hop network. In a similar
context, Lévy walk falls into a “slow” mobility model. An

2For simplicity, we omit the subscript 7 in A, unless confusion arises.

experimental velocity model suggested as a function of flight
length in [8] verifies that a human mobility lies in between
Lévy walk and Lévy flight. For convenience, we use Lévy
mobility model to indicate both of Lévy walk and Lévy flight,
unless explicitly stated.

Lévy mobility follows a Lévy distribution, expressed by the
Fourier transformation for its flight length Z (moving distance
of a single random walk), and its PDF is given by:

1 o - o
fZ,a(Z) - / efztzf|Ct\ dt,
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where C' is a scale factor and « is a distribution parameter. «
ranges over (0, 2] and determines the flight length distribution.
Lévy distribution for 0 < a < 1 has infinite variance and
mean, while the distribution for 1 < o < 2 has infinite
variance but finite mean. Lévy mobility for v = 2 is Brownian
motion and has finite variance and mean. Due to the complex
form of the distribution, Lévy distribution is often given as a
power-law type of asymptotic form, closely approximating the
tail part of the distribution:

1

fz,0(2) ~ S+a

We assume that the flight length Z has a lower bound at
1° and no upper bound irrespective of network size which
is proportional to \/n.

B. Challenges

There are two general techniques in studying critical delay
for random walk mobility models. One is to discretize mobility
and then apply a Markovian analysis [7], and the other is
to use continuous mobility models and solve directly the
diffusion equation to obtain joint spatio-temporal PDF [6].
Unfortunately, both techniques cannot be applied directly to
Lévy models. While the discretization of mobility models
may be applied to Lévy flight, the same cannot be applied to
Lévy walk because of high spatio-temporal correlation of Lévy
walk. While in Lévy flight, a node moves to its next destination
in a unit time (or a constant time), in Lévy walk, its travel
time depends on the distance to the next destination. This joint
spatio-temporal coupling makes the future motion of a Lévy
walker dependent on its past history. Thus, solving directly
the diffusion equation of Lévy walk is very challenging and
no mathematical solutions are yet available. Our approach is
to derive critical delay from an asymptotic characterization of
the joint spatio-temporal PDF without the exact solution.

V. PRELIMINARIES FOR CRITICAL DELAY

Computing critical delay consists of multiple steps. We
start by following the initial step in [6], [7] which connects
critical delay to the first exit time. Critical delay can simply
be regarded as the maximum time duration that a node cannot
exit from a disc of a radius ©(y/n) with probability 1. In
our extended network model, the average distance from a
source node to a destination node is ©(y/n) when they are
uniformly distributed over S. Therefore, if nodes travel up to
a distance ©(y/n), for a certain time duration, the distance

3Equivalently, the lower bound of flight length in the unit network model
is generally assumed to be 1/+/n [7].



between a source or a relay and a destination still remains
©(y/n) on average which results in O(1/+/n) throughput
(see Lemma 1). Thus, it is obvious that a network aiming
at obtaining w(1/y/n) throughput must allow a delay which
is no less than the maximum time duration that the first exit
of a node from a disc of a radius ©(y/n) does not occur with
probability 1. This insight is formally described as follows:

Cri = sup {t, : lim P{T(r,) >t} =1, € O(/0) },

where T'(1) denotes the first exit time for a disc of a radius [
and is defined as: N
Definition 4 (First exit time): Let X*(0) = x.

T(l) 2 inf{t >0: X'(t) ¢ B(x,1)},

where X(t) denotes the location of node i at time ¢ and
B(z,1) denotes the set of points y in S such that d(z,y) <.

Lemma 1 ([1], [6]): Suppose that on average each packet
is relayed over a total distance no less than ©(y/n) in an
extended network model. Then A = O(1/+/n).

VI. CRITICAL DELAY ANALYSIS FOR LEVY MOBILITY

In this section, we provide detailed analysis to obtain critical
delay for Lévy flight and Lévy walk. The first exit time anal-
ysis has been intensively studied in physics and mathematics.
Specifically, trapping phenomenon (of a diffusing particle) in
physics and its related theories have a direct connection to
our first exit time problem. Motivated by this, we regard a
mobile node as a diffusing particle in a finite interval [0, 2{]
with absorbing boundaries. Specifically the particle is assumed
to be positioned at xyp = [ at time ¢ = 0, and eventually the
particle is absorbed at either one of the end points. Then, the
first exit time is the time taken to reach either of the absorbing
boundaries.

Technical Approach. [6] obtains the first exit time distri-
bution from the joint spatio-temporal PDF of a node (called
occupation probability), which is well known and its closed-
form solution is available [25]. However, solving the occupa-
tion probability of Lévy walk is very challenging. Instead of
solving the occupation probability of Lévy walk, we decom-
pose the occupation probability of BM to find the components
constituting the occupation probability of BM and from this
decomposition process, we identify the dominating terms influ-
encing the first exit time. This is possible because the closed-
form expression of BM’s occupation probability is available.
Our key observation is that the occupation probabilities and
first exit time distributions of BM and Lévy model have similar
structures in terms of dominating terms. Fortunately, finding
the expression for the dominating terms for Lévy model is
technically tractable. This allows us to study the limiting
behavior of those dominating terms for Lévy model from
which we can obtain the critical delay of Lévy model.

A. Brownian Motion

In this section, we elaborate on how the critical delay
of BM can be obtained using the following three steps. (i)
The occupation probability is obtained from the solution of
a governing (differential or integral) equation. (ii) From this
probability, we obtain the survival probability (which will
be defined later), which in turn yields the first exit time

distribution. (iii) By investigating the limiting behavior of the
first exit time distribution, we can finally obtain the order of
critical delay.

Step 1: We first project each node’s position onto z-
axis and y-axis. We then define for the projected processes
{XZ(t)}+>0 and {X¥(t)}i>0 the first exit time similarly to
that in Definition 4:

To(l) 2 inf{t > 0: d(Xo(t), X0 (0)) > 1},
TE() 2 inf {t > 0:|X%(t) — X20)| > 1}, (1)
TY(1) £ inf {t > 0: | XY(t) — XY(0)| > 1}.

Random variables 77%(l) and TY(l) represent the minimum
time taken to exit a distance [ from the initial position.
Since the event {|XZ(t) — XZ(0)| > [} implies the event
{d(X4(t), X4(0)) > 1}, we obtain

P{TZ(l) <t} <P{T.(l) <t}. (2)
In addition, by the union bound and the symmetry of Lévy
mobility, we also obtain
P{TL(l) < t) < P{TZ(1/V2) < 1) + P{T2(L/V2) < 1}
= 2P{T2(1/V2) < t}. 3)
By substituting [ = r, € O(y/n) into (2) and (3) and
combining (2) and (3), we have for all £ > 0,
P{T3(rn) < t} < P{Ta(ry) <t} < 2P{T5(ra/V2) <1}
“)
Note that the above inequality holds for all o € (0, 2].
Henceforth, we focus on the 1-D projected version of a 2-
D BM, which is also a BM [6].
Let P(z,t) denote the joint spatio-temporal PDF at position
x (€ [0, 21]) and time ¢ (> 0). We call P(z,t) the occupation
probability. Then, P(x,t) is described by the following gov-
erning equation:
OP(z,t) 0?P(x,t)
ot ox2 7 )
where D (> 0) is a diffusion coefficient. For a finite system
x € [0, 2l] with absorbing boundaries, Equation (5) is subject
to the boundary conditions P(0,t) = P(2l,t) = 0 V¢t > 0.
Then, the solution of (5) is given by [25]:

o] . . 2
) = ZAi sin (%) exp <— (%) Dt) ,
i=1

where A; (i = 1,2,...) are determined from the initial condi-
tion P(z,t = 0) = 6,,,* and are given by A; = 3 sin (Z ).
In our case of xo £ [, we have

o=t (5)en () ((5)'2)

Step 2: Let S(t) be the probability that a node has not
hit any absorbing boundary by time ¢. We call S(¢) the
survival probability. Then, the survival probability can be
obtained from the occupation probability P(z,t) by S(t) =

fOQZ P(z,t)dx in general, and is given in the case of BM by

S(t) = 2 Z 1 — cos(im)

. . N
2 ; sin <%r) exp <— <12_7Zr) Dt) .

4523 4 denotes the Kronecker delta, which is 1 if 4 = j and 0 otherwise.




Note that the first exit time distribution can be obtained from
the survival probability through the relation P{T7(I) < t} =
1 — S(t) in general. Hence, in the case of BM (i.e., a = 2),
the first exit time distribution can be expressed as an infinite
series of exponential functions as follows:

PITE0 <t =1-3 frew (-&5t).  ©
where f3; £ w sin () and p; £ (im)?D.

Step 3: We are now ready to derive the main result of
this subsection. By using the closed-form expression for
P{T$(l) <t} in (6), we can investigate the order of critical
delay, stated in Lemmas 2 and 3.

Lemma 2 (Upper bound for BM): Suppose that time ¢ in
P{Ty(r,) < t} scales as t = £, € O(n'*c) for some
€ > 0. Then, there does not exist any function £(n) such
that lim,,_,~, £(n) = 0 and

P{T(rn)
for r, € ©(y/n).

Proof: We will prove this lemma by showing
lim,, oo P{T% () < t,} = 1. Then, from (4), we obtain

1= lim P{Ty(r,) < fn} < lim P{T(r,) < fn},
n—oo n—oo

<t} <E(n)

that

ie., lim, oo P{To(r,) < fn} = 1. Therefore, by contradic-
tion, no such functions £(n) with lim,_,~ £(n) = 0 exist.

We substitute | = r,, € ©(y/n) into (6). Then, the series
on the right-hand side of (6) when ¢ = £,, becomes a function
of n, and (for notational convenience) we let

ZﬁzeXp( ) ZﬁzeXp —epin®) (7)

for some constant ¢ > 0. We now need to take a limit to S(n).
Note that when taking a limit to a function in the form of an
infinite series, we need to interchange the order of limit and
summation. To validate this interchange, we will show that the
infinite series >, 3; exp (—¢p;n®) converges uniformly on
D £ [1,00) by using the well-known Weierstrass M test [26].

The ith function S; exp (—¢ép;n®) in (7) is bounded by a
constant M; £ 2{exp(—eén®D)}" for all n € D as follows:
|8 exp (—épin) | < %exp(—épi) < %eXp(—éiﬂ'QD) = M;,
where the first inequality comes from the bounds that |3;| <
1Vi and exp(—épn®) < exp(—ép;) Vi. In addition, the
series » .~ M, converges since it is a geometric series with
a common ratio exp(—én2D) € (0,1). Since the target of
the functions is a complete normed vector space, the infinite
series >~ B exp (—ép;n®) converges uniformly on D and
consequently is continuous on D.

Therefore, due to continuity on D, we can interchange the
order of limit and summation, and we finally have

. T < A _ _ . A
nh_noloP{TQ (rn) <tp,} =1 nh_}rr;o S(n)
=1- ;@- lim_ exp (—épin®) =1,

which completes the proof. (]

Lemma 3 (Lower bound for BM): Suppose that time ¢ in
P{Ty(r,) < t} scales as t = £, € ©(n'~¢) for some ¢ > 0.
Then, there exists a function £(n) such that lim,, .o, £(n) =0
and

P{Ty(r,) < tn} < E(n)
for v, € ©(y/n).
Proof: We will prove this lemma by showing that
limy, 00 P{T¥ (rn/v/2) < £,} = 0. Then, from (4), we obtain

lim P{Ty(ry) <} <2 lim P{T5 (r/V2) <1n} =0,

e., lim, o P{Tu(r,) < £,} = 0, which is equivalent
to showing the existence of a function £(n) such that
P{T5(r,) < t,} < E(n) and lim,,_, £(n) = 0.

We substitute I = r,/v/2 € O(y/n) into (6). Then, the
series on the right-hand side of (6) when ¢t = #,, becomes a
function of n, and analogous to the proof of Lemma 2, we let

n) éZﬂiexp <——t > Zﬁzexp (—épin™) (8)
=1

for some constant ¢ > 0. Similarly to the proof of Lemma 2,
we will show that the infinite series Y ;- §; exp (—¢pin~¢)
is continuous on D = [1,00).

For technical purposes, we restrict the domain of n as Dy £
[1, d] for an arbitrary d > 1. Then, for all n € Dy, the ith
function §; exp (—ép;n~¢) in (8) is bounded by a constant
N; £ 2{exp(—¢n?Dd~)}" as follows:

~ —e 4 ~ —€
|Bi exp (—épin™°) | < p exp(—¢pid™°) < N;.

In addition, the series .-, N; converges since it is a geo-
metric series with a common ratio exp(—én2Dd~¢) € (0,1).
Hence, the infinite series Y ., 3; exp (—cp;n~°) converges
uniformly on Dy and consequently is continuous on Dy. Since
d was arbitrary, we get continuity on D.

Due to continuity on D, we can interchange the order of
limit and summation, and we have

oo
lim P{T3(ro/V2) <T.} = 1- lim_ z;ﬁi exp (—épin~°)
=

)=1-Y 4
=1

Note from (6) that P{T%(r,/v2) < 0} =1 -2 3. In
addition, it is clear that P{T¥ (1, /\/2) < 0} = 0. Hence, we
have lim,, s, P{T¥(r,,/v/2) < #,} = 0. This completes the
proof. 0
By combining Lemmas 2 and 3, we can easily obtain the
following theorem.
Theorem 1: The critical delay under BM scales as ©(n).
Two remarks are in order.
Remark 1:

o The main idea behind the proof of Lemmas 2 and 3
was that the smallest (i.e., dominant) decay constant in
the exponential functions (i.e., 4% in (6)) determines the
limiting behavior of the first exit time distribution. That
is, the smallest decay constant characterizes the critical
delay for BM.

(o]
=1- z; Bi nh_n;o exp (—Epin_
1=



o Later we show that the first exit time distributions for
Lévy mobility models have similar forms as that of BM.
In the case of Lévy flight, the first exit time distribution
can be expressed as an infinite series of exponential
functions. In the case of Lévy walk, it can be expressed
as a sum of an exponential function and a remaining
term that decays faster than the exponential function. The
mathematical technique in this subsection is used to prove
that the dominant decay constant determines the order of
critical delay for Lévy mobility models.

B. Lévy Flight

We follow the three steps used in analyzing BM.

Step 1: We first project each node’s position onto x-axis
and y-axis. Then, the projected processes satisfy the following
property:

Lemma 4: For a given 2-D isotropic> Lévy flight

{Xa(t)}4>0 of parameter «, its 1-D projection processes onto
x-axis and y-axis (i.e., {XZ(¢t)}+>0 and {XY(t)}+>0) are also
isotropic Lévy flights of parameter «.
Proof: Note that XZ(t) = Y.I_, Z;cos6; and XY(t) =
Zle Z;sinf;, where Z; and 6; denote random variables
representing the th flight length and direction, respectively.
Hence, it suffices to show that an arbitrary flight length of the
projected processes (i.e., |Z; cos6;| and |Z; sin 6;|) follows a
power-law type distribution with exponent «. By conditioning
on the values of 6;, we have the cumulative distribution
function for |Z; cos0;| as

27
P{|Z; cos 0] < z} / P{|Z; cosi] < x| 0; = y} dFy. (1)
0

1 27
- / P{Z;cosy| <z}dy, )

where the last equality follows from the independence of the
flight length Z; and direction 6;. Since P{|Z; cosy| < z} «
Leosyl® " we have from (9) that

T

P{|Z; cosb;| <z} o

27 1
[e%
27rxa/0 | cosy|“dy o st

which shows that the process {XZ(¢)}:>0 is Lévy flight. A
noticeable result is that the 1-D projected version conserves
the same mobility parameter « as that of the 2-D version.

We can similarly prove P{|Z;sin6;| < 2} o -, and thus
the process { XY (t)}+>0 is also Lévy flight of parameter «. [J

Recall that Equation (4) holds for all Lévy mobility. Hence,
based on Lemma 4 and Equation (4), we focus on the
1-D Lévy flight in a finite interval [0, 2{] with absorbing
boundaries.

In contrast to BM, Lévy flight has the infinite second
moment. As a consequence, Lévy flight can be described
by using the fractional calculus [23] where the second order
spatial derivative in (5) is replaced by the fractional derivative
of order o with 0 < « < 2. That is, with continuous limit

SIn general, an isotropic 2-D random walk refers to the walk that chooses
its direction uniformly over [0, 2] at the beginning of each flight.

approximation [24], the occupation probability P(x,t) is gov-
erned by the following fractional Fokker-Planck equation [27]:
OP(z,t) 0“P(x,t)
- D, : 10
ot ox® (10)
where D, (> 0) is a scale factor. Analogous to the solution
of (5), the solution of (10) can be expressed as

P((E,t) = Z Aa,iwa,i(x) exp (_Da|)‘a,i|t) ) (11)
i=1

where A, ; (i = 1,2,...) are determined from the initial con-
dition P(x,t = 0) = 05,4, and are given by Ay ; = 1q,i(T0)-
The functions ¢, ;(x) and the constants A, ; are solutions
of the problem D [ta,;(2)] = Aa.itq,i(x) for the operator
D, & aa:(,, and are called eigenfunctions and eigenvalues
of ®,, respectively. Without loss of generality, we assume
that A, ; are arranged as [Ay,1| < [Aa2] < ...

In [27], Gitterman provided a solution of (10) which is
widely accepted in physics, e.g., [28]. The eigenfunctions are

given by 1,,i(z) = %sin (%) and the eigenvalues are

given by A\ = — (g—’;)a Here, the smallest (i.e., dominant)
decay constant |\, 1| scales as ©(I~%). In [24], it is shown
that the average first exit time for Lévy flight of parameter «
with initial position xy = [ scales as ©(I), which induces
that the dominant decay constant |\ 1| scales as ©(1~%).

Step 2: Similarly as done in Section VI-A, we can obtain
the first exit time distribution P{T7(I) < t} by exploiting
its relation with the occupation probability P(x,t) and the
survival probability S(¢) as follows:

21
P{TZ(l) <t} =1-S(t) =1 —/ P(z,t)dx
0

=1-Y Baiexp(=Dalailt),  (12)
i=1
A ) 21 ] _ 2 1—cos(in) .. (im
where (4, = ta,i(%0) [5 Ya,i(z)de = 22— sin(4).

Step 3: We now derive the main result of this subsection.
By using the expression for P{T*(l) < ¢} in (12), we can
investigate the order of critical delay, which is stated through
the following two subsequent lemmas.

Lemma 5 (Upper bound for LF): Suppose that time ¢ in
P{T,(rn) < t} scales as t £ t,, € O(n27¢) for some
€ > 0. Then, there does not exist any function £(n) such that
lim,, oo £(n) = 0 and

P{T(y(r7l) < Aa,n} < g(n)
for r, € O(y/n).

Proof: Since the dominant decay constant |\, 1| scales as
O(I=%) = O(r,;*) = ©(n~%), by using approaches in the
proof of Lemma 2, we can show that lim,, o P{Ts(r,) <
ta.n} = 1. Therefore, by contradiction, no such functions & (n)
with lim,,_, £(n) = 0 exist. Due to similarities with the
proof of Lemma 2, we omit detailed derivations. OJ

Lemma 6 (Lower bound for LF): Suppose that time ¢ in
P{T,(rn) <t} scalesast = t,, € O(n2~°) for some ¢ > 0.
Then, there exists a function £(n) such that lim,, o, E(n) =0
and

P{T,(rn) < tan} < E(n)



for r, € ©(y/n).

Proof: Since the dominant decay constant |\, | scales as
O(I=*) = ©(n~%), by using approaches in the proof of
Lemma 3, we can show that lim,, o P{T% (1) < ta.n} = 0.
This is equivalent to the existence of a function £(n) such
that P{T,(r) < tan} < &(n) and lim, o £(n) = 0. Due
to similarities with the proof of Lemma 3, we omit detailed
derivations. (]

By combining Lemmas 5 and 6, we can easily obtain the
following theorem.

Theorem 2: The critical delay under Lévy flight of
parameter « scales as O(n?).

In order to validate our derivations, we follow the technique
in [7] and derive the order of critical delay for the unit network
model. To apply the technique, we need to approximate Lévy
flight by truncating its flight length to the range [ﬁ,l].
Lemma 7 summarizes the result for this approximated Lévy
flight model.

Lemma 7: The critical delay under approximated Lévy
flight of parameter o scales as 2(n?) for the unit network
model.

Proof: Due to the limited space, the proof is given in [29]. [
The above result in Lemma 7 is identical to the result in The-
orem 2, which partially verifies the validity of our derivation.

C. Lévy Walk

We begin with the description of differences between Lévy
flight and Lévy walk from the perspective of mathematical
modeling. It is clear that Lévy flight is of a class of discrete-
time Markov processes. In contrast to Lévy flight, the spa-
tiotemporal coupling of Lévy walk makes the future motion
of a Lévy walker dependent on its past trajectory. On the
other hand, at each turning point, the position of the next
turning point is chosen independently of the past trajectory.
Thus, Lévy walk is known to be of a class of semi-Markov
processes [22], and consequently it induces the following two
technical difficulties: (i) The technique by Sharma et al. in [7]
cannot be applicable because it requires decoupling of space
and time. (ii) The governing equation for the occupation prob-
ability P(z,t) should be described by integral equations rather
than differential equations used in BM and Lévy flight [22].

We again follow the three steps.

Step 1: The argument in the proof of Lemma 4 also shows
that, for a given 2-D isotropic Lévy walk, its 1-D projected
versions are also isotropic processes with the same flight
length distribution as that of the 2-D Lévy walk. However, the
velocity of the projected processes is not a constant for every
flight. Therefore, in contrast to Lévy flight, the 1-D projected
versions of the 2-D Lévy walk are not 1-D Lévy walks. In the
following lemma, we derive a relationship between the first
exit times for 2-D Lévy walk (i.e., T4(ry)), 1-D projected
process (i.e., T%(ry,)) and 1-D Lévy walk (i.e., TP (r,)).

Lemma 8: Fix a € (0,2). Then, for any n € (0, 1) there ex-
ists § = &(n) € (0,1) such that P {TP(r,) < (t —2r,)6} —
14+n <P{TZ(r,) <t} <P{T,(rn) <t} holds ¥n € N.
Proof: Due to the limited space, the proof is given in [29]. [J

By virtue of Lemma 8, we henceforth focus on a 1-D Lévy
walk in a finite interval [0, 2{] with absorbing boundaries. Let

Q(x,t) denote the probability that the Lévy walker changes
its direction at location x at time ¢. We call Q(x,t) the
turning point distribution. We show later that the turning point
distribution essentially determines the behavior of the occupa-
tion probability. By conditioning on Q)(x,t), the occupation
probability P(z,t) can be expressed as follows [22]:

A o
X P{Zo > |z — 2'|}8(|z

— 2| —wv(t —t"))dt'dx’,

where v is a constant velocity of a Lévy walker and is
normalized to v = 1 without loss of generality. In [22], the
Laplace transform to the temporal domain was used to solve
the above integral equation, and it was shown that

A~ 2l ~
P(x,s) = 3/, Q') s)

X P{Zy > |v — 2|} exp(—s|z — 2'|)da’,

where P(z, s) Iy exp(—st)P(x, t)dt and Qz,s) &
Jo~ exp(—st)Q(x, t)dt are the Laplace transforms of P(x,t)
and Q(z,t) to the temporal domain, respectively.

Analogous to the solution (11), Q(m, s) can be expressed in
terms of eigenfunctions and eigenvalues as

=Y Bals) g o)

{ga,i(s)}il -1

where By, i(s) (i = 1,2,...) are determined from the initial
condition Q(z,t = 0) = d,4, and are given by B, i(s) =
¢a,i(T0, s). The functions ¢, ;(z, s) and the constants &, ;(s)
are solutions of the problem §o[¢a i (%, )] = £a,i($)Pa.i(T, 5)
for the operator F,[¢(x,s)] = fom exp(—slz — 2'|) fz,a(x —
x')p(a’, s)dx’, and are called eigenfunctions and eigenvalues
of §.., respectively.

To the best of our knowledge, closed-form formulas for
¢a,i(z,s) and &, ;(s) have not been explored to date. How-
ever, it was proved that Q(x s) has a countably infinite set
of simple negative poles® [22]. It can be seen from (13) that
P(z, s) has the same poles as Q(z, s) since exp(—s|z — 2’|)
has no poles. This shows that the pole with the smallest
absolute value, denoted by 14,1 (> 0), determines the behavior
of the occupation probability P(x,t) for large ¢ as follows:

P(:L’,t) & eXP(—Ua,1t)~

In [22], no,1 is investigated and found to scale at large [ as
O Y for0 < o< 1and O ) for 1 < a < 2. In [24],
it is shown that the average first exit time for Lévy walk of
parameter « with initial position z¢g = [ scales as ©(l) for
0 < o< 1and O(%) for 1 < a < 2. This induces that
the smallest (i.e., dominant) pole 7,1 scales as ©(I~!) for
O<a<land O %) forl <a<2.

Step 2: Similarly as in Sections VI-A and VI-B, we can
obtain the first exit time distribution P{TP() < t} by
exploiting its relation with the occupation probability P(z,t)

13)

®For a rational function f(s) = ggi) , a pole s* is defined to be a value

such that D(s*) = 0. A pole of order 1 is called a simple pole.




and the survival probability S(¢) as follows:
21
P{TI°P() <t} =1-S({t)=1— [ P(x,t)dz
0
=1—-cqexp (_na,lt) + Ra(t)a (14)

where ¢, is a constant and R, (¢) denotes a remaining term
that decays faster (to zero) than the function exp(—7q,1t).

Step 3: We now derive the main result of this subsection. By
using the expression for P{7/\P(1) <t} in (14) and Lemma 8,
we can investigate the order of critical delay, which is stated
through the following two subsequent lemmas.

Lemma 9 (Upper bound for LW): Suppose that, for some
€ >0, time  in P{T,(r,) < t} scales as t £ i, € O(n3+c)
for « € (0,1) and t = {,, € O(n2*e) for a € [1,2).
Then, there does not exist any function £(n) such that
lim,, o £(n) = 0 and

P{Ta(’l"n) S Aa,n} S g(n)
for r, € O(y/n).

Proof: We will prove this lemma by showing that
limy, oo P{T!P(r,) < (fon — Tn)6} = 1. Then, from
Lemma 8, we obtain lim,,_, o P{T, (1) < tAa,n} >n > 0.
Therefore, by contradiction, no such functions £(n) with
lim,, o £(n) = 0 exist.

We first consider the case of 0 < o < 1 and substitute | =
rn, € ©(y/n) into (14). Since [ scales as ©(y/n), 14,1 scales
as ©(1"') = O(n"2) in this case. Hence, the exponential
function on the right-hand side of (14) when ¢ = tAa,n becomes
Ca €XP(—Na1la.n) = Co eXp(—E4nc) for some constant ¢, >
0, and accordingly we have in the limit

lim co exp(—Na1tan) = lim c,exp(—éan®) =0. (15)

n—roo n—oo
Since the remaining term R, (t) approaches faster to zero
than exp(—1q,1t), we have in the limit lim,,_, |Ra(fa7n)| <
lim,, 00 exp(—naylfa,n) = 0, from which we obtain

lim Ry (fan) = 0.

n— oo

By combining (15) and (16), we obtain lim,, o, P{T1P(r,) <
tAa,n} =1 for any tAa,n € @(n%“). Note that we still have
(fom — 2rn)0 € O(n31¢) since § > 0 is fixed as a constant
(regardless of n) and r,, € O(n? ). Therefore we finally obtain
lim, 00 P{T!P(r,,) < (tan — 7n)d} = 1.

In the case of 1 < o < 2, we can prove similarly as above
and omit detailed derivations. ]

Lemma 10 (Lower bound for LW): Suppose that, for some
€ > 0, time ¢ in P{T,(r,) < t} scales as t 2 i,,,, € O(n2 )
for « € (0,1) and t £ #,,, € O(n% ) for a € [1,2). Then,
there exists a function £(n) such that lim,_,., £(n) = 0 and

P{To(rn) <tan} < E(n)
for 7, € ©(y/n).

Proof: We will prove this lemma by specifying functions &(n)
that satisfy lim,, . €(n) = 0 and P{T,(r,) < tan} < E(n)
for each of the cases of 0 < a < land 1 <« < 2.

We first consider the case of 0 < a < 1. Since a Lévy
walker moves with a constant velocity v = 1, it takes at least
rn, € ©(y/n) time to exit from a disc of a radius r,,. Therefore,
it is obvious that P{T,,(r,) < tan} < P{Tu(rn) < 7.} = 0.

(16)
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(a) Lévy walk (b) Lévy flight
Fig. 2. Critical delays of Lévy walk and Lévy flight mobility models for
different o.

By choosing £(n) = 0 Vn, we have proved the lemma in the
case of 0 < @ < 1.

We next consider the case of 1 < o < 2. Since Lévy flight
takes a constant time for each flight whereas Lévy walk takes a
constant velocity, we have with probability 1 that Tp, pp(ry,) <
Tow(ryn), where the subscripts LF and LW are added to
the definition (1) to distinguish the first exit times between
Lévy flight and Lévy walk. In addition, from Lemma 6, there
exists a function Ep(n) such that lim,, - ELr(n) = 0 and
P{T,1r(rn) < tan} < Er(n). We choose £(n) = Er(n)
for 1 < a < 2. Then, P{To1w(rn) < tan} < P{Tuir(r,) <
tan} < ELr(n) = E(n), where the first inequality comes from
the property that Ty, 1¢(7,) < To,w(7). This completes the
proof. U

By combining Lemmas 9 and 10, we can obtain the follow-
ing theorem.

Theorem 3: The critical delay under Lévy walk of pa-
rameter « scales as @(n%) for 0 < a < 1 and ®(n?) for
1<a<?2.

VII. CONCLUDING REMARKS

We summarize the high-level interpretations of this paper.
Fig. 2 shows the critical delay of Lévy walk and Lévy flight,
parameterized by «. Lévy flight shows that critical delay
proportionally increases with ««. However, in Lévy walk, we
can find a phase transition that for 0 < a < 1, the critical
delay is constantly ©(n'/?) and shifts to the proportional
increasing phase for 1 < a < 2. Two different scaling regions
are essentially related to the fact that the mean flight length of
Lévy walk for 0 < o < 1 is infinite but finite for 1 < a < 2.
In contrast to Lévy walk, the travel time independence of flight
length in Lévy flight leads to continuous scaling over a.. Note
that for « = 2 (i.e., BM) our result coincides with that in [7]
which also studied the critical delay of BM.

Our results can take o from experimental measurements
from [8], to determine how the network delay with human
mobility scales in practice. To give insight to the readers, we
show a values measured from five different sites in Table I
presented in [8] with a flight extraction method, “rectangle”
7. We see that critical delays for human mobility range from

7We do not present « values from other extraction methods in [8] which
intentionally exclude some detailed motions of real traces. To capture specific
behaviors of humans, one can borrow those a values.



TABLE I
EXPERIMENTAL o« VALUES FOR DIFFERENT SITES PRESENTED IN [8].

[ Site | o ] Site [ o |
KAIST | 0.53 | New York City | 1.62
NCSU 1.27 Disney World 1.20

State fair 1.81

O(n°?7) to ©(n%1). Human mobility mainly have o > 1,
which necessitates longer delay than ©(,/n), the average delay
for static multi-hop networks with a constant packet size where
the average delay is larger than critical delay by definition.
This implies that it may be hard to design a low delay protocol
for mobile networks under human mobility.

Our contribution is not restricted to the mathematical deriva-
tion of delay scaling for new mobility models. We also
provided a technique that connects the diffusion equation of
a continuous time random walk process to the delay scaling.
This technique can be extended to the analysis of other detailed
metrics, e.g., end-to-end delay distribution of flows.

Future work includes investigation of performance scaling
for mobile networks with heterogeneous and collective node
mobilities. In addition to the recent research topics on “per-
node throughput scaling” under inhomogeneous spatial node
distributions (i.e., Cox process, Neyman-Scott process, Matérn
cluster process and Thomas process), e.g., [30], [31], our paper
can be an important step to the study of delay scaling under
such heterogeneous networks. There is an insight from [9] that
in human-assisted networks, the actual delays might be even
shorter. This is because people’s mobility is not completely
random: people tend to visit the same locations and meet a
similar set of people every day. Although their mobility can
be characterized by heavy-tail distributions, these regularity
in daily mobility of people could make it much easier to
route packets among people (as long as they are socially
connected). Therefore, there remains a possibility of designing
a low delay protocol for mobile networks under heterogeneous
human mobility by judiciously utilizing these social factors.

ACKNOWLEDGEMENTS

This work is in part supported by the KRCF (Korea Re-
search Council of Fundamental Science and Technology and
the MKE(The Ministry of Knowledge Economy), Korea, under
the ITRC(Information Technology Research Center) support
program supervised by the NIPA(National IT Industry Pro-
motion Agency) (NIPA-2010-(C1090-1011-0004)). This work
is also in part supported by National Science Foundation
under grants CNS-0910868, CNS-1016216 and the U.S. Army
Research Office (ARO) under grant W911NF-08-1-0105 man-
aged by NCSU Secure Open Systems Initiative (SOSI).

REFERENCES

[1] P. Gupta and P. R. Kumar, “The capacity of wireless networks,” IEEE
Transaction on Information Theory, vol. 46, no. 2, pp. 388-404, 2000.

[2] M. Grossglauser and D. N. C. Tse, “Mobility increases the capacity of
ad-hoc wireless networks,” in Proceedings of IEEE INFOCOM, 2001.

[3] S. Toumpis and A. Goldsmith, “Large wireless networks under fading,
mobility, and delay constraints,” in Proceedings of IEEE INFOCOM,
2004.

[4] M. Neely and E. Modiano, “Capacity and delay tradeoffs for ad-hoc
mobile networks,” IEEE Transaction on Information Theory, vol. 51,
no. 6, pp. 1917-1937, 2005.

[5]

[6]

[7]

[8]

[9]
[10]

(11]

[12]

[13]

[14]

[15]
[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

(31]

A. Gamal, J. Mammen, B. Prabhakar, and D. Shah, “Throughput-delay
trade-off in wireless networks,” in Proceedings of IEEE INFOCOM,
2004.

X. Lin, G. Sharma, R. R. Mazumdar, and N. B. Shroff, “Degenerate
delay-capacity tradeoffs in ad-hoc networks with brownian mobility,”
IEEE/ACM Transactions on Networking, vol. 14, no. SI, pp. 2777-2784,
2006.

G. Sharma, R. R. Mazumdar, and N. B. Shroff, “Delay and capacity
trade-offs in mobile ad hoc networks: A global perspective,” in Pro-
ceedings of IEEE INFOCOM, 2006.

I. Rhee, M. Shin, S. Hong, K. Lee, and S. Chong, “On the levy walk
nature of human mobility,” in Proceedings of INFOCOM 2008, Phoenix,
AZ, April 2008.

K. Lee, S. Hong, S. Kim, I. Rhee, and S. Chong, “Slaw: A new human
mobility model,” in Proceedings of IEEE INFOCOM, 2009.

M. C. Gonzalez, C. A. Hidalgo, and A.-L. Barabasi, “Understanding
individual human mobility patterns,” Nature, vol. 453, pp. 779-782, June
2008.

M. F. Shlesinger, G. M. Zaslavsky, and J. Klafter, “Levy dynamics of
enhanced diffusion: Application to turbulence,” Physical Review Letters,
vol. 58, pp. 1100-1103, March 1987.

M. F. Shlesinger, B. J. West, and J. Klafter, “Strange kinetics,” Nature,
vol. 363, pp. 31-37, May 1993.

M. Franceschetti, O. Dousse, D. Tse, and P. Thiran, “On the throughput
capacity of random wireless networks,” http://fleece. ucsd.edu/ mas-
simo/.

P. R. K. Ashish Agarwal, “Capacity bounds for ad hoc and hybrid
wireless networks,” ACM SIGCOMM Computer Communication Review,
vol. 34, no. 3, pp. 71-81, 2004.

N. Bansal and Z. Liu, “Capacity, delay and mobility in wireless ad-hoc
networks,” in Proceedings of IEEE INFOCOM, 2003.

E. Perevalov and R. Blum, “Delay limited capacity of ad hoc networks:
Asymptotically optimal transmission and relaying strategy,” in Proceed-
ings of IEEE INFOCOM, 2003.

A. Tsirigos and Z. J. Haas, “Multipath routing in the presence of frequent
topological changes,” IEEE Communication Magazine, vol. 39, no. 11,
pp. 132-138, 2001.

G. Sharma and R. Mazumdar, “Scaling laws for capacity and delay in
wireless ad hoc networks with random mobility,” in Proceedings of IEEE
ICC, 2004.

X. Lin and N. B. Shroff, “The fundamental capacity-delay tradeoff
in large mobile ad hoc networks,” in presented at the Third Annual
Mediterranean Ad Hoc Networking Workshop, 2004.

E. M. M. Neely, “Dynamic power allocation and routing for satellite
and wireless networks with time varying channels,” in Ph.D Thesis,
Massachusetts Institute of Technology, 2004.

A. El Gamal, J. Mammen, B. Prabhakar, and D. Shah, “Optimal
throughput-delay scaling in wireless networks: part i: the fluid model,”
pp. 2568-2592, 2006.

P. M. Drysdale and P. A. Robinson, “Lévy random walks in finite
systems,” Physical Review E, vol. 58, no. 5, pp. 5382-5394, 1998.

R. Metzler and J. Klafter, “The random walk’s guide to anomalous
diffusion: A fractional dynamics approach,” Physics Reports, vol. 339,
no. 1, pp. 1-77, 2000.

S. V. Buldyrev, S. Havlin, A. Y. Kazakov, M. G. E. da Luz, E. P. Raposo,
H. E. Stanley, and G. M. Viswanathan, “Average time spent by lévy
flights and walks on an interval with absorbing boundaries,” Physical
Review E, vol. 64, no. 4, p. 041108, 2001.

S. Redner, A Guide to First-passage Processes.
University Press, 2001.

J. E. Marsden and M. J. Hoffman, Elementary Classical Analysis. New
York: W. H. Freeman and Company, 1993.

M. Gitterman, “Mean first passage time for anomalous diffusion,”
Physical Review E, vol. 62, no. 5, pp. 6065-6070, 2000.

R. Parashar, D. O’Malley, and J. H. Cushman, “Mean first-passage time
for superdiffusion in a slit pore with sticky boundaries,” Physical Review
E, vol. 78, no. 5, p. 052101, 2008.

K. Lee, Y. Kim, S. Chong, I. Rhee, and Y. Yi, “Delay-capacity
tradeoffs for mobile networks with Lévy walks and Lévy flights,” in
Technical report, KAIST, 2010, available at http://netsys kaist.ac.kr/main/
publications/Resources/levyscaling.pdf.

M. Garetto, P. Giaccone, and E. Leonardi, “Capacity scaling in delay
tolerant networks with heterogeneous mobile nodes,” in Proceedings of
ACM MobiHoc, 2007.

G. Alfano, M. Garetto, and E. Leonardi, “Capacity scaling of wireless
networks with inhomogeneous node density: Lower bounds,” in Pro-
ceedings of IEEE Infocom, 2009.

New York: Cambridge



