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Abstract—We consider an opportunistic content sharing system
designed to store and distribute local spatio-temporal “floating”
information in uncoordinated P2P fashion relying solely on the
mobile nodes passing through the area of interest, referred to
as the anchor zone. Nodes within the anchor zone exchange
the information in opportunistic manner, i.e., whenever two
nodes come within each others’ transmission range. Outside
the anchor zone, the nodes are free to delete the information,
since it is deemed relevant only for the nodes residing inside
the anchor zone. Due to the random nature of the operation,
there are no guarantees, e.g., for the information availability. By
means of analytical models, we show that such a system, without
any supporting infrastructure, can be a viable and surprisingly
reliable option for content sharing as long as a certain criterion,
referred to as the criticality condition, is met. The important
quantity is the average number of encounters a randomly chosen
node experiences during its sojourn time in the anchor zone,
which again depends on the communication range and the
mobility pattern. The theoretical studies are complemented with
simulation experiments with various mobility models showing
good agreement with the analytical results.

I. INTRODUCTION

Content sharing via the Internet is a widespread means for
people to foster their relationships irrespective of physical
distance, cf. the phenomenal popularity of Facebook and
Twitter. While network-based social applications are essential
to overcome distances and connect people around the world,
relying on infrastructure for location-aware services may often
be undesirable [1], [2], [3]. We propose and analyze a fully
distributed variant of an ephemeral content sharing service,
solely dependent on the mobile devices in the vicinity using
principles of opportunistic networking. The net result is a best
effort service for floating content in which: 1) information
dissemination is geographically limited; 2) the lifetime and
spreading of information depend on interested nodes being
available; 3) traffic can only be created and caused locally;
and 4) content can only be added, but not deleted.

We analyze fundamental properties of the floating content
concept [1]. The system is assumed to consist of indepen-
dent users, each moving according to some mobility pattern.
Moreover, there is a specific region, the so-called anchor zone,
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where users exchange the information item on condition that
they are within each others’ transmission ranges. Once a user
exits the anchor zone, she can forget the information that is
considered obsolete outside the anchor zone. The transmission
range is assumed to be fixed, same for all users, and small
relative to the dimensions of the anchor zone. No assumption
is made regarding whether the number of nodes in the region
is large enough to guarantee instantaneous connectivity, i.e.,
the network does not need to percolate. Thus, user mobility is
the key factor through which information is propagated.

The floating content concept is a specific example of net-
works with intermittent connectivity or so-called delay tolerant
networks (DTN). While the performance limits of wireless
multihop networks assuming that the users form a connected
network (i.e., the network percolates) have been analyzed
extensively in the past years, see, e.g., [4], [5], corresponding
analytical results for DTNs are much more scarce. Much of
the research on DTNs has focused on protocol and algorithm
development based on simulations. Recently, analytical results
have also started to emerge. The delay of the information
dissemination for epidemic-style routing algorithms assuming
exponential inter-meeting times has been considered in [6], [7].
The validity of the exponential inter-meeting time assumption
for particular mobility models (synthetic models and real
traces) has been studied in [6], [8]. The scaling properties
of the delay for any opportunistic routing scheme below the
percolation threshold have been analyzed in [9] and upper
bounds have been derived in [10]. Optimal policies for routing
in DTNs with different objective functions and constraints
have been recently considered, e.g., in [11], [12]. However,
the available results do not capture the essential aspect of the
floating content application, where we need to characterize the
notion of information availability in the system.

We develop models for analyzing the feasibility of the
floating content concept by using spatial modeling techniques
adopted from physics [13], similarly as have been used for
modeling the capacity of so-called dense wireless multihop
networks, see, e.g., [14], [15]. The fundamental objective
is to establish the criticality condition for the system, i.e.,
an explicit relation which determines when the information
remains available within the anchor zone infinitely long at
the fluid limit (large population). This obviously depends on



various mobility specific parameters, and we show that, in
particular, the node encounter rate in the anchor zone and the
node arrival rate are the key factors to this end.

More specifically, in Section II, we introduce the floating
content concept. Section III gives generic results characteriz-
ing the node encounter rates, i.e., rate at which nodes come
into contact with each other, and the mean contact times via
the notion of the angular node flux.

Then we consider three mobility scenarios. First, in Sec-
tion IV, in an non-spatial approach, users are assumed to
spend a considerable time inside the anchor zone so that the
information can be assumed to be homogeneously distributed
in the zone, and we derive an ordinary differential equation
for the rate of change in the information availability. In this
case, the criticality condition of this fluid model turns out to
have a particularly intuitive form, 2R > A, where R denotes
the total rate of node encounters in the anchor zone and A
is the node arrival rate to the anchor zone. Note that 2R /A
is the mean number of encounters a randomly chosen node
experiences during its visit. This approach also allows us to
estimate the lifetime of the corresponding stochastic system.

In Section V, the criticality condition is further examined
with elementary mobility models, for which we first derive
exact expressions for encounter rates. Then, the non-spatial
criticality condition (see above) is applied to estimate the
actual criticality condition for each mobility pattern. The
approximation in this hybrid approach is that the spatial aspect
of the information exchange is not modelled exactly.

Finally, in Section VI, we assume that users pass through the
area along a straight line. In this case, the spatial aspects are
taken exactly into account, and an integral equation is derived
characterizing the probability of acquiring the information at
a given distance from the center. Unfortunately, the criticality
condition cannot be solved analytically. However, numerical
analysis yields a simple explicit criticality condition. Also
auxiliary parameters can be derived, such as the mean length
a user moves before acquiring the information (if at all).

The analytical results are supported by extensive numerical
results obtained with a special purpose simulator written in
C. Notably, the results show a good match with the behav-
ior predicted by the more abstract models, and indeed, the
floating content scheme is applicable only when the criticality
condition is met.

II. FLOATING CONTENT CONCEPT

Next we briefly outline the main concepts and operation of
a floating content system. More details can be found in [1].

A. System Basics

We assume that all users are mobile nodes and that there
is no supporting infrastructure for the system.! The users are
interested in information items “posted” by other users. They
use mobile phones or similar devices to communicate, so that
ample storage capacity is available of which, say, 1 GB is

IContent dissemination from fixed access points would lead us towards the
PodNet model [16] paired with geographically limited distribution.

Fig. 1. An anchor zone of an item, mobile nodes and their communication
ranges: the content item gets replicated across and deleted from nodes as a
function of the distance from the anchor point. The fraction of nodes carrying
an item (solid nodes) tends to 1 inside the anchor zone 7 and decreases until,
after an availability threshold a, no more copies are found. The replication
and deletion probabilities, R(h) and D(h), are illustrated on right.

used for floating content. The devices have wireless interfaces
(e.g., Bluetooth or WLAN) for ad-hoc communication within
a certain range. The nodes cooperate by replicating content
among interested parties as we describe below.

Each item has an anchor zone, which is a real world area in
which the items should be made available. We assume circular
anchor zones defined by a center point and a radius.” Fig. 1
shows an example of an anchor zone and nodes.

As noted above, interested nodes keep copies of information
items floating around in the anchor zone by probabilistically
replicating the items when they meet. We explicitly allow
information items to disappear from the system and provide
no guarantees about their availability. If no (or too few) nodes
are around to replicate an information item, the corresponding
information items will disappear (over time). Content items
may be tagged with a lifetime and are discarded thereafter.

Anchor zones require nodes to be able to determine their
position, e.g., by using GPS receivers or triangulation-based
methods using WLAN access points, cellular base stations,
etc. Since the system is probabilistic, there are no strict
requirements on the accuracy of positioning techniques; nodes
are only required to agree on measurement parameters and the
overall operation to determine the extent of anchor zones.

B. System Operation

A node generates an information item / and assigns an
anchor zone (defined by its center and its radius), as well
as, a (tentative) time to live for this item. We require that the
generating node is within the zone when an item is created.

If two nodes A and B meet in the anchor zone of an item
I, and A has I while B does not, then A replicates item I to
B. Since replication is based purely on the location of nodes,
in a simple case, every node in the anchor zone should have
a copy of the item. Nodes leaving the anchor zone are free to
delete their copy of the item.

In practice, the replication and deletion works as follows.
Consider a node A having an item I, with an anchor zone
defined by center point ¢ and radius r. Let h denote the
distance of node A from point c. When node A meets another
node B, A will replicate item I to B with probability of R(h),

2Any other shape is also possible, provided that it can be expressed in a
relatively succinct manner since it is communicated along with the item I.



where the replication probability R(h) € [0,1] is 1 inside the
anchor zone, and decreases to 0 outside the zone (see Fig. 1).

For deletion of items, we can define a similar function
D(h) which is 0 if the node A is in the anchor zone and
some (increasing) function when A leaves the anchor zone.
Allowing the item to survive outside the anchor zone provides
additional protection against items disappearing when nodes
move outside the anchor zone for a brief moment and then
return. We define an availability distance a (see Fig. 1) beyond
which copies are deleted. The deletion function essentially
serves the purpose of prioritization when the buffer gets full.
It is evaluated upon each encounter with another node or
whenever there is a need to discard content items to free buffer
space. Further storage management issues, e.g., limiting effects
of spam, are covered in [1].

In our evaluation presented below, we use a step function:
D(h) = 1 for h > r and, R(h) = 0 for h > r, ie., the
content is unconditionally deleted outside the anchor zone,
and replication occurs only inside the anchor zone.

III. PRELIMINARIES
A. Fluxes and stationary distribution

Consider an arbitrary mobility model where n mobile users,
referred to as nodes, move according to some pattern in a
subset A of the plane. In order to analyze the floating content
concept, it is important to characterize the movement, e.g.,
how often a node crosses a given line segment. To this end,
let ¢(r,®) denote the so-called angular node flux at r in
direction ¢, which is defined as the rate of nodes moving in
direction (¢, ¢p+d¢) across a small perpendicular line segment
of ds divided by ds - d¢ at the limit ds,d¢ — 0 [13], [15],
as illustrated in Fig. 2. Similarly, ®(r) denotes the so-called
scalar node flux at r, which is the sum of angular fluxes:

2

o) i= [ ¢lr,0)do.
0
Let r(s) denote a parametric representation of an arbitrary
curve S with s denoting the distance along the curve from
one end towards the other. The total flux of nodes from left
to right across S is [17]

- e s

where 0(s) denotes the direction of the tangent at r(s). From
(1) it follows that the arrival rate A = A\(r,d) to a small disk
with radius d at r is

,0(s) + @) do ds, (1

AMr,d) =2d- P(r).
Let n(r) denote the node density at r so that the stationary
node distribution f(r) = n(r)/n. Then,

o(r)
n-ov(r)’
where v(r) is the mean velocity of a node at r. These hold
for an arbitrary movement pattern.

n(r)-o(r) =o(r) < f(r)= 2)

Fig. 2. Angular node flux ¢(r, ¢) is a rate of nodes crossing a perpendicular
line segment ds moving in direction (¢, ¢ + d¢) at the limit ds, d¢ — 0.

B. Encounter rates and contact times

1) Encounter rate R: Consider next two nodes A and B
moving independently according to some mobility model(s).
For simplicity, we further assume a constant velocity v. Let
A(t) and B(t) denote their positions at time ¢, respectively.
Define C(t) = A(t) — B(t), referred to as the difference
walker in [18], i.e., C(t) defines a certain mobility model. In
particular, events when C'(t) visits near the origin correspond
to encounters between nodes A and B, i.e., in some sense
“collide”. We assume a constant transmission range d and an
encounter or a “collision” occurs when the distance between
two nodes decreases below d. Furthermore, let f.(r) denote
the stationary distribution of node C', and v, the mean velocity
of node C' at the origin. The quantity v, is the mean relative
encounter velocity of nodes A and B, and thus depends on the
mobility model and the area. The encounter rate of the two
nodes, in the limit d — 0, is

van(d) = 2d - ®,(0) = 2d - v, - £.(0) = 2d - v /f(r)2d2r
A

For a large number of nodes N, there are approximately N2 /2
pairs, and the total rate of encounters is

R(d) =d- v, /n(r)2d2r. (3)
A

It follows that the mean encounter velocity about r is?

21 27
v

[ [otes

0 0

which then gives

ve(r) =

r, ¢+ 0) - sin(6/2) do do,

_ [ n(r)? - ve(r) d*r
¢ [ n(r)?d?r

Substituting the above into (3), and using (2), one obtains

R(d)=d /n(r)2 -ve(r) d?r

2w 27

=[]

0 0

r, p+0) sin o 4 dfded’r. (4)

Eq. (4) provides also the density function for encounter angles
0, i.e. the rate at which nodes “collide” with angle 6. As an

3Note that v/T — cos 6 = /2[sin(6/2)].
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Fig. 3. Angular encounter rate, rate of encounters with angle (0,60 + df)
divided by df at the limit df — 0, is close to sin(6/2).

example, Fig. 3 illustrates this for standard RWP model in
unit disk with a constant velocity. It turns out that the form of
angular encounter rate is very close to sin(6/2), 6 € [0, 27).

2) Contact time duration: Contact time duration (inter-
meeting time in [18]) refers to the time duration two nodes
remain within the transmission range d of each other. Only
when the contact time duration is sufficiently long the content
can be transmitted succesfully. The mean contact time is (cf.
Little’s result for queueing systems [19])

wd*- f.(0) w-d

R(d) — 2-w.
which holds for an arbitrary independent mobility model when
d is small. Alternatively, observing first that the nodes travel
straight through a small disk, means that the mean distance

is equal to the mean height, which is the area divided by the
diameter, 7d?/(2d) = wd/2, yielding (5).

T(d) = (5)

IV. ANALYSIS OF NON-SPATIAL MODEL

Here we regard the R-disk representing the anchor zone just
as a locale (local center, building, room) where the nodes enter
and then spend some time and finally exit. We assume that
the nodes move randomly within the locale and the time spent
there is relatively long so that the exact points of entrance and
exit do not have any bearing. The whole population is assumed
to be large and “well mixed” so that the number of nodes N
and the proportion of the tagged nodes, i.e., users having the
information, are constant. In Section IV-A, we establish the
criticality condition at the fluid limit, and in Section IV-B,
we describe a finite system model where, due to stochastic
fluctuations, the information eventually always disappears.

A. Criticality Condition

During the sojourn time, a node encounters randomly
other nodes. Consider a system consisting of solely of two
nodes staying permanently in the locale and denote by v the
frequency at which they come in contact with each other,
i.e., within the information exchange distance. If the total
population of nodes is IV, then there are N (N — 1) ~ ;N2
pairs and the total rate of encounters is R = %N 2y. The
fraction 2p(1 — p) of these encounters are such that a non-
tagged node becomes a tagged one, and the total rate of such

events is p(1—p) N2v. This is the rate at which the size of the

population of tagged nodes tends to increase. Let 1/u denote

the node’s mean sojourn time in the anchor zone. Then the

total exit (and arrival) rate of nodes is A = Ny, and the exit

rate of tagged nodes is Npu, so that their net growth rate is

d

N—p = N’p(1 = p)v = Npp. (6)

In equilibrium, the two terms on the right hand side are equal
leading to the stationary value

=1- . 7

p N (7)

The existence of a positive solution requires that the second

term is less than one, i.e.,

2R > A. (8)

This is the criticality condition (at fluid limit). Note that the
quantity on the left hand side (of the first form of the inequal-
ity) is the average number of encounters a randomly chosen
node experiences during its sojourn time. By considering the
sign of the derivative (6) one easily sees that the solution is
stable; if p is greater than (7) it tends to decrease, and if it
less it tends to increase. Below the criticality, the derivative
is everywhere negative and the solution is driven to p = 0,
i.e., the information cannot be sustained even in the fluid
model. In addition, one has to remember, that the number
of tagged nodes, Np = N — p/v, must be large in order
to avoid accidental disappearance of the information carrying
population by stochastic fluctuations.

Nv/p>1 <

B. Information lifetime

Let us next focus on the lifetime, i.e., how long the infor-
mation will be available within the anchor zone. In contrast
to the above fluid model, with a finite number of nodes,
the information will be eventually lost due to the random
fluctuations. Here we model the finite system by a state-
dependent Markov birth-death process. Given ¢ nodes possess
the information at a given time, then the birth-death rates are

Ai =i(N —i)v, and p; =ip, fori=0,...,N. (9)

where we assume that N is large and practically a constant.
State ¢ = 0 is an absorbing state in which the information
is irreversibly lost. Let T; denote the expected lifetime of the
information on condition that initially ¢ nodes have it. Clearly,
To = 0. Due to the memoryless property of Markov process,
one can immediately write the backward equations for the T;:

In =g .
Thoq =q— ——
N-1 q N,u,
1 . 10
Ti—1 :Tz+E[Z(N—Z)V(TZ—THJ)—H, a0
1
= —1 .
T = o L+ (V- D)

Variable ¢ = T gets solved at the end. One can also write the
forward equations starting from state 1, but it turns out that
backward equations are numerically more stable. The same
approach works for any semi-Markov birth-death process.
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Fig. 4. Expected information lifetime with n = 20, 50,100 nodes and
1 =1 as a function of criticality quantity n//u in logarithmic scale. Initially
i = 1,2, n—1 nodes carry the information (curves from the lowest to highest).

C. Lifetime distribution

Eq. (10) gives us the mean lifetime. Additionally, one might
be interested in the actual distribution. The following theorem
holds for an arbitrary Markov birth-death process [20]:

Theorem 1: Let QQ denote the generator matrix of a con-
tinuous time birth-death process on state space {0, .., k} with
0 being an absorbing state, and A} > 0, ¢ =1,..,k — 1, and
wi > 0,1=1,.., k. Suppose that the process starts at state k.
Then the time to absorption is distributed as a sum of k inde-
pendent exponential random variables whose rate parameters
are the k non-zero eigenvalues \; < Ay < ... < Ag of —Q.
Consequently, the time to absorption is T' = T} + ... + T,
with T; ~ Exp(});), and

E[T] :Z% and o2 :Z%

If A\, is considerably smaller than the other, then it dominates
and T =~ Ti, which gives for the standard deviation of T
o =~ E[T]. On the other hand, standard deviation is smallest
when all \; are equal, yielding o ~ E[T]/V/k.

D. Examples

Assume N = 20,50,100 nodes and p = 1. Encounter
rate v is varied so that the criticality quantity Nv/u obtains
sensible values. Fig. 4 illustrates the resulting conditional
expected lifetimes. Three curves for each N correspond to
1 = 1,2, N—1 nodes initially having the information. We note
that after the criticality threshold the expected lifetime sky-
rockets independently of the initial state of the system.

Consider next a birth-death process according to (9). Nu-
merically, one notices that the ratio between the second
smallest and the smallest eigenvalues Ay and A; is high and
grows extremely fast, at least for N = 3,...,7. Thus, the
information lifetime appears to be approximately exponentially
distributed with parameter A;. Computing eigenvalues for
an arbitrary number of nodes N becomes soon numerically
very challenging when N increases. However, the recursive
equations (10) provide a straightforward and robust way to
obtain the interesting parameter A1, Ay = 1/7; (and T; = T}).

E. Remark: lifetime with a large transmission range

Here we give a brief remark about impact of a large
transmission range, i.e., when the anchor zone is considerably
smaller than the transmission range. In this case, the informa-
tion remains (immediately) available as long as at least one
user remains in the anchor zone. Assuming a Poisson arrival
process with rate A, this system is closely related to the well-
known M/G/oco-queue, for which insensitivity results exist. For
example, if a node arriving to an empty anchor zone creates an
information, a standard busy period analysis gives the mean
lifetime of the information: E[T] = (e*/* —1)/A, where 1/
denotes the node’s mean sojourn time in the anchor zone.

V. ANALYSIS OF MOBILITY MODELS

In this section, we analyze the floating content concept by
deriving exact expressions for the encounter rates ‘R for several
elementary mobility models. Based on these, and the results
in the previous section (i.e., population is still assumed to be
well mixed), the criticality conditions are then established.

A. Manhattan road network

Let us first derive expressions for the total encounter rate
observed in a Manhattan like network consisting of (i) road
sections and (ii) perpendicular intersections.

1) Road section: Consider a simple case of two-directional
road section with length A, where nodes move with a velocity
of v; from left to right, and with a velocity of vy from right
to left. The node arrival rates to the road section are A\; and
Ao, respectively. The two directions are further assumed to be
independent and sufficiently random. Then, the total rate of
encounters, denoted by R, is given by

Rs = )\1A2 . A . (1/’[)1 + ]./’UQ) = ()\1712 +)\2TL1) . A,

where n; and no denote the node (line) densities on the road
section. Consequently, the density of encounters is

p = Anz + Aang = nyna(vy + v2),

as \; = n; - v; (cf. (2)). For a uniform case with v1 = vy and
A1 = g, the total rate of encounters is

202 A

Ry = ——o.

(%

2) Intersection: Consider next an arbitrary perpendicular
intersection where, for simplicity, we assume that all vehicles
move at a constant velocity of v, have a constant transmission
range of d. Let A\; denote the traffic rate, e.g., from left to
right, and Ay a perpendicular traffic rate, e.g., from bottom
to up. This can be seen as a special case of (4) with § =
7 /2. Consequently, the encounter rate due to A and Az in an
intersection is*

Ry =

2¢/2d
V2 - AL Ag.
v

4Alternatively, a geometrical analysis shows that the time window during
which a perpendicularly moving node must enter the intersection in order to
establish a connection with an arbitrary node has length 2v/2d/v.
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Fig. 5. In one block model, the anchor zone consists of the four road
segments with length 2h around the block, where h is the length of side of
the block. Traffic flows entering the zone are 8 x . Nodes move straight out
of the area without making any turns.

With arbitrary velocities, vy, vo > 0, the encounter rate due to
two flows meeting in an intersection with an angle /2 is

Ry =2d-\/1 v} +1/v2 A1 Ao, (11

which by conditioning then gives a general expression for a
movement with an arbitrary velocity distribution. Note that
there are 4 such pairs of flows in a general intersection.

3) Example: One block model: A single block, as illustrated
in Fig. 5 represents one potential anchor zone. Let i denote the
length of the block’s side, so that the path around the block has
length 4h. The four road segments are further extended by h/2
in order to ensure arriving nodes have a fair chance to obtain
the information before reaching the block. For simplicity, we
further assume that nodes move at constant velocity v and do
not make any turns.

The results of Section III give the total rate of encounters,

AN - IN2.d 82
R=4. L 8v2 :8—<2h+\/§d>,
v v v

where d < h. Similarly, the mean number of nodes in the
anchor zone is (cf., Little’s result)

E[N] = 16 Ah/v.

Due to the simple movement model, these nodes are uniformly
distributed on the 4 line segments, yielding a constant node
density of n =2 \/v. The criticality condition, 2R > A, gives

2\
v
Note that the non-spatial model implicitly assumes that all
nodes are well “mixed” and information can spread “freely”.
In Manhattan example this is not strictly the case as the
information flow between the road segments is restricted.
Therefore, one can assume that the criticality condition gives
a somewhat optimistic estimate for the required arrival rate.
4) Example: Assume a block dimension of A = 50m,
transmission range d = 10 m and velocity of v = 1 m/s. Then
the criticality condition (12) suggests that for A > 0.263 1/min,
the mean lifetime should increase rapidly. Fig. 6 depicts the
corresponding simulation results. As expected, the lifetime
starts to increase fast somewhat later than (12) suggests. The
discrepancy is due to the fact that the considered mobility
pattern is far from the assumptions of the non-spatial model.

(2h+\/§d) = n(2h + V2d) > 1. (12)

Lifetime quantiles with Manhattan model: d=10m and v=1m/s
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Fig. 6. Information lifetime with the Manhattan model (one block anchor

zone). Three curve pairs correspond to 25%, 50% and 75% quantiles. The
information is initially passed to two nodes. The vertical dashed line depicts
the criticality condition (12).

B. Random Waypoint Model

RWP is a frequently used mobility model due to its sim-
plicity facilitating the analysis, see, e.g., [21], [22], [23]. Here
we simply give the necessary results and an interested reader
is referred to [24]. For unit disk, the mean transition length is

128
E[Lrwp] = Br (13)
The angular node flux with N nodes at r = (0, 7) is
45- N
p(r,d) = =2 (1= /T—12cos? . (14)
1287

Arrival rate to a concentric h-disk with radius h < 1 is
45h(1 — h?) - N g
= ( ) U/ sing - /1 — h2cos? pdep

We note that unless h ~ 1, most of the nodes simply pass
through the h-disk. The encounter rate within the h-disk is

A(h)

h 27
R(h,d)= G‘Z‘Zirszvfr(lfﬁ)Q J V/1—=r2cos?¢
o 0 0 (15)

1—r2 cos?(¢p+0) sin(6/2) db d¢ dr,

i.e., for the whole unit disk one has R(d) ~ 0.573678-d N? v.

Consequently, consider next the floating content concept
with NV nodes moving in unit disk with a constant velocity
of v and having no pause times. Let the h-disk correspond to
the anchor zone located at the center of the movement area.
The criticality condition, 2 R(h,d) > A(h), gives

2d- N > Q(h),
where
Q(h) =
647 h(1 — h?) /” sing - /1 — h2 cos? ¢ dop
0

h 27w

2 :
45/r(1—r2)2/\/ 1—r2 coszqﬁ/ 1—72 cos?(¢+0) sin(6/2) d d¢ dr
0 0 0



Criticality condition for RWP in unit disk
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Fig. 7.  Criticality condition illustrated for N RWP nodes with (small)
transmission range d. Information zone radius h is on the z-axis, and
y-axis corresponds to the product d N h. Above the curve the criticality
condition holds, 2R (h,d) > A(h). For h = 0...0.4, the curve is close
to 16/45 ~ 0.356, obtained at the limit A — 0.
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Fig. 8. Median information lifetime with the RWP model as a function of the
criticality quantity dNr/R2?, with d = 10m and R = 2r, for three cases:
(a) R =100m, (b) R = 200m and (c) R = 400 m. The vertical dashed line
corresponds to the criticality condition (16).

It turns out that Q)(h) behaves approximately as 1/h for h <
0.4. Criticality condition can be written as d-N-h > h-Q(h)/2,
and thus Fig. 7 depicts h-Q(h)/2 as a function of zone radius
h. The curve corresponds to the value of the product d N h at
the criticality threshold. In particular, in the limit 2 — 0, the
criticality condition, independently of v, becomes
dNh 16 - 0.356 16
= g5 TP (16)
which holds for a surprisingly wide range of zone radii h. A
similar result has also been obtained experimentally in [1].
1) Example: Assume a transmission range of d = 10m,
a constant velocity of v = 1 m/s, and a movement area with
radius r = 2R (i.e., h = 1/2). The anchor zone radius is
R = 100m, 200 m, 400 m. In Fig. 8, on x-axis is the criticality
quantity, dNr/R?, obtained by varying the number of nodes
N. The y-axis depicts the median of the information lifetime.
Initially, the information is passed to two nodes (solid curve)
at the center of the area. We can observe a good match with
the theory as d/R tends to 0.

Fig. 9. Integration along a line in direction 6 through the point (0, y).

VI. SPATIAL DISTRIBUTION OF INFORMATION

Let us next consider the simplest possible mobility model
where each user moves along a straight line (at least within
the R-disk corresponding to the anchor zone) with a constant
speed v. The user population is assumed homogeneous, with
n nodes per unit area, and the velocity distribution isotropic,
meaning that all directions of motion are equally probable.

Our aim is to find the criticality condition for this system.
Furthermore, for systems which are above the threshold, the
task is to find the function p(r, §) defining which proportion of
the nodes at distance r from the origin and moving in direction
6 with respect to the outward radial direction are information-
carrying “tagged” nodes.

A. Criticality Condition

Under the above assumptions, one can easily show that the
mean number of encounters a test node, at distance r from the
origin and moving in direction ¢ with respect to the inward
radial direction, experiences with tagged nodes per unit length
of its path is

27 _
M) =7 [ a0 lcos S as, am)
4 J, 2
where 3
A= —nd (18)
T

is the mean number of such encounters per unit length of path
if all nodes were tagged, i.e., if p(r,0) = 1. The cosine factor
in (17) reflects the fact that the encounter rate between two
streams of nodes depends on their relative velocity, being zero
for parallel streams and at maximum for opposing directions.

To determine the distribution p(r, §) for the fluid system in
stationarity consider the point (0, y) at the distance y from the
origin, see Fig. 9. Then we have

3(y,0)
p(0.6) = 1= exp ([ X(r(u.0,5), w(0.0.5)) ds). (19
0
where
5(y,0) = \/m—i—ycose7
r(y,0,8) = +/s2+y2—2sycosh, 20)
¥(y,0,s) = arccos 5 — ycosh

/52 +y2 — 25y cosb .
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Fig. 10.  Fixed point solutions for the distribution p(r) as a function of
r =20,..,1 in the cases (bottom up) AR = 2, 3, 5, and 10.

The integral in (19) is along the the line going through the
point (0, y) in direction 6. Variable s represents the distance of
the point of integration from the point (0, y). The exponential
term is recognized to be the probability of no information
exchange encounter between the point of entrance $(y, ) and
the point of consideration (0, y); its complement then gives the
probability that there has been at least one such encounter, i.e.,
that the information has been gained. Expressions r(y, 0, s)
and ¥ (y, 0, s) give the distance of the point of integration from
the origin and the angle that the line of integration makes with
the inward radial vector at the point of integration (Fig. 9).

Since the function A(-, -) in the integrand depends on p(r, §)
by (17), equation (19) constitutes a non-linear integral equation
for p(r, ). This equation can be solved by iteration, by starting
with an initial guess, e.g. p(r,0) = 1, substituting this on the
right hand side of the equation thus obtaining a new function
p(r, 6) (the variable name, r vs. y, of course, does not matter),
and continuing until the fixed point solution is found.

Above the criticality point, the iteration converges quite
fast, requiring only a few rounds. Solutions for p(r) =
5= 5" p(r,0)db, ie., the total proportion of tagged nodes of
all the nodes at distance r, are shown in Fig. 10 for different
values of AR. Corresponding full directional distributions
p(r,0) as a function of 6 are shown in Fig. 11 for different
values of r (curve parameter in each family of curves).
From Fig. 10 we see that when AR becomes smaller, also
the proportion p(r) of tagged nodes decreases. It turns out
that for a certain critical value of AR the solution goes to
zero, which means that the information cannot be anymore
sustained, even within a fluid model. The critical value can be
most easily found by linearizing (19), justified when p(r, 0) is
small, retaining only the first two terms of the Taylor series
expansion of the exponential function,

5(y,0) _
po0) = [ Arl.05), vl005))ds @D
0
which, together with (17) constitutes an eigenvalue equation
for . The critical value corresponds to the greatest eigenvalue,
which can again be found by a standard iterative procedure,
similar to that described above. In this way we find

AerR = 1.038. (22)
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Fig. 11. Directional distribution of p(r,0) at r = 0.1, 0.2,..., 0.9 (from

the flattest curve to the steepest curve). Probability p(r, 8) is on the y-axis,
and the meeting angle 6 on the z-axis.

In terms of the more elementary parameters of (18), the
criticality condition reads

ndR > 0.407. (23)

For comparison, one can also analyse this mobility pattern
similarly as in Section V. The mean sojourn time in the anchor
zone is 1/ = mR/(2v), i.e., A = 2R - nv. Moreover, & =
nv, ¢ = nv/(27), and (4) gives R = 4n?vdR? = A%d/v.
Omitting the spatial dependence and simply substituting these
to the non-spatial criticality condition (8) gives

ndR>1/4, (24)

which is thus more optimistic estimate than (23).

1) Example: Simulation results with a transmission range
of d = 10 m, the anchor zone radii of R =100 m, 200 m, 400 m,
and the node’s velocity of 1 m/s, are illustrated in Fig. 12. The
system is initialized by passing the information to the first two
nodes arriving to the vicinity of the center, which prevents
situations where a sole carrier walks immediately out of the
anchor zone without passing the information further. From
figure one can observe (i) that the criticality conditions, (23)
in particular, correctly predict the region where the floating is
feasible, and (ii) that the criticality condition becomes more
accurate as the system dimensions approach the fluid limit.

B. Additional Results

From the previous model we can extract some more infor-
mation. For notational simplicity we write the formulae for
R = 1. The proportion of tagged nodes in the anchor zone is

2 1 T
Pave = — / / Tp(?“, 9) de dr.
m™Jo Jo

If there are N nodes in total within the anchor zone, then the
number of tagged nodes is Py V. Secondly, we can calculate
the probability p;,s that a random node entering the anchor
zone will acquire the information, i.e., exit as a tagged node,

(25)

/2
pinf:/ p(1,0) cos 6 d. (26)
0
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Fig. 12. Median information lifetime with uniform direct mobility model with
three anchor zone radii: 100 m, 200 m and 400 m. Initially the information is
passed to two nodes by a seeder located at the center. The two vertical lines
correspond to criticality conditions (24) (left) and (23) (right).

Related to this, it is of interest to calculate the average
length £, traversed within the anchor zone upon information
acquisition of a random node exiting as a tagged node,

Cing =
inf "y

1 =«
‘1 // <p(1, arccos vV 1—r2 sin? 0) —p(r, 6‘)) rdrdf.
il 0 0
For comparison, one should note that the average length
traversed within the anchor zone by a node that hits the anchor
zone equals “the average height of the disk, i.e., the area of
the disk 7 divided by the length of the diameter 2 or 7 /2.
Numerical results for these quantities are given in Table I.

VII. CONCLUSIONS

In this paper, we have studied the floating content concept,
and in particular, the expected lifetime of the information in
such a system. In the analysis, we have considered situations
where the anchor zone is assumed to be significantly larger
than the transmission range. When the diameter of the anchor
zone is several magnitudes higher than the communication
range between two nodes, the spatial dimension must be taken
explicitly into account.

We develop a sound theoretical framework to analyze the
floating content concept in this regime. Exact expressions for
the fundamental quantities, such as the node encounter rate
and mean contact times as a function of location are given.
Our results allow one to characterize the feasible operation
region ensuring sufficiently long expected information life-
times. In particular, the so-called criticality condition, related
to the mean number of encounters a randomly chosen node
experiences per visit, provides a threshold above which the
expected lifetime of the information increases very rapidly,
and a content can actually “float” without any supporting
infrastructure. The analytical results are applied to various
mobility models, and supported by simulation experiments.
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