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Abstract

This paper explores the use of controlled node mobility in delay-tolerant networks. Mobile nodes are used to ferry
data between otherwise unconnected network nodes. In particular, the problem of efficient route design for aerial
data-ferrying nodes is studied. We introduce two new approaches to route design, namely the chain-relay model and
the conveyor-belt model. Analytical evaluation of the proposed route designs shows their relative merits depending
on node velocity, data rate, and buffer size. Further, we introduce a new problem framework, which departs from
the traditional approach of seeing communication as limited to one data rate within a circular region around a node.
Our model takes into account multiple data rates varying with the separation distance from a node. Preliminary
evaluation suggests performance improvements over existing approaches when combining our route designs with this
problem framework.

1 Introduction

Mobile ad-hoc networks (MANETS) are expected to play
an increasing role in making ubiquitous computing and
communications become a reality. Already mesh net-
works are increasingly being deployed to give people ac-
cess to the Internet where no wired infrastructure is read-
ily available. However, with the advent of ever cheaper
computing power in ever smaller mobile devices the po-
tential of MANETS goes beyond accessing the Internet.
Example applications include search and rescue coordi-
nation without fixed infrastructure; scientific observa-
tion in high-risk areas; and inter-vehicle communication
for collision avoidance.

The data that is used by applications in these networks
can be classified as either real-time or delay-tolerant.
Real-time traffic includes voice over IP, video conferenc-
ing, or monitoring of critical processes. Delay-tolerant
traffic does not carry an urgency and only eventual, reli-
able reception is important. Examples are email, instant
messages, or sensor data of a long-term experiment.

For a wireless ad-hoc network to be able to carry real-
time data, there needs to be contemporaneous, reliable
path from sender to receiver. Such a path is more likely
the shorter the sender and receiver separation and the

more dense the radio nodes.

Real-time communication is challenging for wireless
mobile ad-hoc networks because of inherent variability in
wireless connections combined with changing node posi-
tions. In the extreme case of sparsely connected, moving
nodes, some nodes might not be able to connect with any
other node for a long time. In this scenario only delay-
tolerant communication is feasible.

The Ad-hoc UAV-Ground Network project (AUGNet)
at the University of Colorado lends itself to studying
methods to support sparsely-connected, delay-tolerant
networks [1, 2]. AUGNet features fast-moving planes
which can span large distances in a relatively short time.
It is exploring how moving nodes can be used to re-
duce delay and improve reliability of communication in
sparsely connected networks. Controlled plane mobility
can increase battery life of ground nodes, enable coordi-
nation of large-scale deployments of and among swarm-
ing planes, and simplify data collection and distribution
among ground nodes.

This paper investigates the role of ferrying in two com-
munication models: the first has a constant data rate up
to a maximum distance and zero rate otherwise; the sec-
ond has a continuously variable rate that decreases with
distance and is always non-zero. Several models of ferry-



ing are developed for both a single transfer between two
nodes and a transfer between several nodes and a hub.
The results are three-fold. First, they reveal which fixed-
rate ferrying model is the most suited for a given set of
external operating conditions. Second, a delay-optimal
scheduling algorithm is derived which assigns ferry time
to nodes in a star network. Third, network performance
is greatly improved by considering a variable data rate
model where the data rate is a continuous function of
node separation distance.

The paper proceeds as follows: Section 2 describes our
model for delay-tolerant networking and route planning.
Section 3 analyzes route design under full knowledge and
introduces our new problem framework. Section 4 gives
an overview of related work, and Section 5 concludes the
paper with an outlook on future work.

2 Modeling Delay-tolerant Net-
works

2.1 System Components

Task Nodes
Task nodes form the basic sparsely connected ground
network. The nodes operate over an area A, called the
survey area. For our purposes these nodes are assumed
to be stationary. Every node has a buffer of size bnode

bytes and a wireless radio capable of transmitting or
receiving at data rate Rnode in a coverage area forming
a concentric sphere around the node with radius rnode.
For this scenario the data rate is considered constant
within the coverage area.

It is assumed that the separation distance l between
task nodes is greater than the communication range of
the radios, i.e., l > rnode. Thus there is no connec-
tion between nodes and no possibility for routing traffic
among them without the help of some other nodes.

A node can send data to a receiver that is at a dis-
tance less than rnode as long as the receiver is outside
of the interference range of any other transmitting node.
The interference range is assumed equal to the commu-
nication range.

We refer to this model as the fixed radius communi-
cation model.

Ferries
Mobile nodes called transport ferries are capable of mov-
ing around the survey area to any location requested.
There are n ferries on the survey area at any given point
in time, denoted F1, F2, . . . , Fn. They are areal vehicles
and the motion can be controlled arbitrarily. The motion

is assumed linear with speed v, but ferries can also stop,
e.g., for data exchange. Every ferry is equipped with a
radio capable of transmitting or receiving at data rate
Rferry in a coverage area forming a concentric sphere
around the ferry with radius rferry. The ferry can buffer
bferry bytes of data. For simplicity we are assuming
buffer size, communication radius, and data rate are the
same for both, task nodes and ferries and so the sub-
scripts will be dropped. Ferries can talk to nodes or
other ferries, but not at the same time.

2.2 Performance Metrics

The analytical evaluation of the proposed ferry path
models will compare the following performance mea-
sures. They are computed for the ideal case of perfect
coordination between ferries.

2.2.1 Throughput

The throughput as experienced by the sender or receiver
can be calculated as follows.

T =
buffers delivered per cycle

cycle period
(1)

Herein the cycle period comprises the total time for a
ferry to follow a given path and return to the original
position and state. It includes ferry travel times plus
times to fill and empty buffers. Such a cycle may involve
one or more buffers of traffic delivered.

2.2.2 Average Packet Delay

The average delay experienced by one packet can be de-
rived by looking at the best-case and worst-case delays
incurred by the system with subsequent averaging1. The
best-case delay occurs when a packet stored in the source
buffer gets loaded onto the ferry last, i.e., just before de-
parture. The worst-case delay occurs when a packet ar-
rives at the source buffer just as the ferry departs, i.e., it
gets buffered at the source as the first packet until arrival
of the next ferry. Figure 1 illustrates this method.

2.2.3 Buffers

Packet delay includes the ferry travel times, time that a
packet spends waiting in ferry buffer while other packets
load and unload, and time for buffering at the source.
Propagation delay is assumed negligible. Packets are
considered small relative to buffer sizes so that buffers

1The validity of this approach can be shown for the chain relay
and conveyor belt models. For other models it is an approximation.



Figure 1: The two boundary cases of packet delay and
corresponding timing diagram

smoothly fill and empty. Traffic flows are also smooth
and continuous. Thus data is modeled as a fluid for
simplicity so that we can focus on the role of mobility.

We assume a FIFO buffer policy. If R is the transmit
rate then b

R is the time required to completely fill or
empty the buffer.

2.3 Traffic Flow and Ferry Path Models

When looking at traffic flow, there can be three different
models: (a) Star model: all traffic flows between one
special node (the hub) and the k task nodes, (b) Uni-
directional model: traffic can flow between any nodes,
but only in one direction, and (c) Bi-directional model:
traffic can flow between all nodes in both directions.

We evaluated two different path models for ferry move-
ment, namely the chain-relay model and conveyor-belt
model. The following sections introduce these mobility
models in the special case of k = 1 nodes communicating
with the hub uni-directionally.

2.3.1 Chain-Relay Model

In this model it is assumed that all participating ferries
are distributed along a connecting path from source to
destination, forming a chain. The source passes available
data on to the first ferry, which physically transports
it some way along the path, hands it off to the next
ferry, and returns to the source. This hand-off procedure
is repeated until the last ferry hands the data to the
destination. Figure 2 depicts this model.

Figure 2: The Chain-Relay Model

Throughput and Ferry Travel Space
The cycle time is the time for F1 to fill its buffer, travel
to within the range of F2, offload the buffer, and travel
back to the source node. The traveling distance is the
total separation distance from sender to receiver, l, less
n + 1 times the communication radius, divided by the
number of ferries that operate on the link:

dneighbor(n) =
l − (n + 1)r

n
.

Therefore

tcycle = ttravel + ttx = 2
l − (n + 1)r

n v
+ 2

b

R

and from (1) the throughput can be stated as

T =
b

2
(

l−(n+1)r
n v + b

R

) . (2)

In this model even if v →∞ the maximum throughput
is R

2 . Substituting T = R
2 into (2) and solving for n

yields n = l
R−1. In this case, dneighbor = 0, and we reach

the “saturation” case of a connected chain of relays2.

Delay Calculation
We compute the packet delay by averaging over worst
possible delay and best possible delay. (a)The First-on

Case (worst-case delay)
The packets in the chain model get handed off be-
tween neighbor-ferries and one cycle happens between
two neighbors. This cycle time needs to be accounted
for in the wait time for the packets. The total delay seen
by a single packet from source to destination consists of
the following times.

2Note that when dneighbor = 0 we rely on the interference
distance to be equal to the communication distance. In fact, the
nodes move a small distance away from the sending node and out
of its interference range before communicating with the next node
in the relay. A longer interference range would require a longer
minimum separation between nodes.



i) packet wait delay until neighbor ferry shows up
again and stops at distance r from center of source; this
includes actual travel time of ferry as well as off-loading
and loading at remote neighbor, plus off-loading time
at the source. This is not the average wait time since
the ferry had just departed and a full cycle needs to be
traveled.

twait = 2
l − (n + 1)r

nv
+

b

R

ii) ferry loading time. Even though the first packet is
loaded immediately into the ferry buffer, the packet still
has to wait until all packets are loaded and the ferry is
ready to depart.

tloading =
b

R

iii) ferry travel delays to n remote neighbors, includ-
ing the destination.

ttransit = n
l − (n + 1)r

nv

iv) buffer exchange time with n − 1 neighbors. We
assume an empty neighbor buffer.

texchange = (n− 1)
b

R

(b)The Last-on Case (best-case delay) A packet experi-
ences the following delays from source to destination.

i) n transit delays between neighbors.

ttransit = n
l − (n + 1)r

nv

ii) n buffer exchanges between neighbors, including
the destination.

texchange = n
b

R

The average delay of packets from source to destination
is the average of best and worst case delays:

delaychain =
(

1 +
1
n

)
l − (n + 1)r

v
+

(
n +

1
2

)
b

R
(3)

2.3.2 Conveyor-Belt Model

In this model it is assumed that every ferry travels the
complete distance from source to destination, then re-
turns to the source. Multiple ferries are sharing the same
path, which increases throughput and robustness of the
system. Figure 3 depicts the model.

Throughput and Buffer Status
One cycle in the conveyor belt model is given by a com-
plete round-trip from source to destination including
buffer transmission times. The corresponding cycle time
is thus given by

tcycle = ttravel + ttx = 2
l − 2r

v
+ 2

b

R

Since there are n ferries hauling data between two
nodes, the data delivered in one cycle time is n · b.
According to (1), the total throughput is

T =
n · b

2 l−2r
v + 2 b

R

=
n

2(l−2r)
v·b + 2

R

. (4)

R is the maximum rate at which a node can transmit.
T = R implies that for the node to be transmitting at
its maximum data, at least nopt ferries are necessary:

nopt =
⌈
2

(
1 +

l − 2r

v

R

b

)⌉
.

When n > nopt, ferries arrive faster than buffers can
fill. In this case, either (a) ferries get queued at the
source or (b) ferries’ buffers are filled partially to ε · b,
where 0 < ε ≤ 1. ε is the ratio of the time between ferry
arrivals and the time to fill the buffer:

ε =
2
n

(
l−2r

v + b
R

)
b
R

=
2
n

(
1 +

l − 2r

v

R

b

)

Packet Delay Calculation
In this section we calculate the average delay for one
individual packet from source to destination analoguous
to the chain-relay model.

(a)The First-on Case (worst-case delay) The delay this
packet experiences comprises these time components.

i) packet wait delay until the next ferry arrives and
stops at a distance r from the center of the source; this
includes the actual travel time of the ferry as well as off-
loading and loading at the destination, plus off-loading
at the source. In the single flow case there is no load-
ing at the destination or subsequent off-loading at the
source. For n ferries this delay is on average as the nth

fraction of the cycle time less one buffer transfer time.
This is not the average wait time since the ferry had just
departed and a full cycle needs to be traveled.

twait =
2
n

(
l − 2r

v
+

b

R

)
− b

R

ii) ferry loading time. Even though the packet is
loaded immediately into the ferry buffer, the packet still



Figure 3: The Conveyor Belt Model

has to wait until all packets are loaded and the ferry is
ready to depart.

tloading =
b

R

iii) ferry transit delay to destination. There will be no
offloading delay since the packet is the first in the FIFO
queue and can be handed to the application immediately.

ttransit =
l − 2r

v

(b)The Last-on Case (best-case delay) A packet in the
last-on case experiences the transit delay plus the of-
floading delay at the destination:

tbest =
l − 2r

v
+

b

R

The average delay of packets from source to destination
is calculated as the average of best case and worst case
delays:

delayconveyor =
(

1 +
1
n

)
l − 2r

v
+

(
1
2

+
1
n

)
b

R
(5)

2.4 Evaluation of proposed route designs

Each of our proposed route designs yields benefits over
the other, depending on the environment it is deployed
in. The following section compares both schemes in
regards to throughput and packet delay. Environment
variables include ferry speed v, ferry buffer size b, num-
ber of ferries n, data rate R, transmission radius r, and
separation distance between sender and destination l.
Throughput

In the case of n = 1 ferries, both throughputs are
equal, i.e.,

T =
1

2(l−2r)
v b + 2

R

, (6)

which validates the model analysis.
For v →∞ or b →∞ the chain model throughput be-

comes R
2 and the conveyor belt model yields n·R

2 .3 Ferries
with high buffer size can deliver more data per cycle in
the conveyor belt model, since there are no intermediate
buffer exchanges like in the chain-relay model. However,
when using a fast radio, i.e., R → ∞, the chain-relay
model outperforms the conveyor-belt.

If communication range for each node is reduced, i.e.,
r → 0, the conveyor belt model yields higher throughput.
This suggests that when limited to short-range com-
munication radios like Bluetooth, the chain-relay model
should not be used.

The number of ferries such that T = R
2 , which is the

maximum data rate for the chain-relay model, is less for
the conveyor belt model if v > Rr

b .

Delay
For R → ∞ the chain model yields lower delay than

the conveyor belt. When dealing with fast planes, i.e.,
v →∞, the conveyor belt model yields lower delay.

In summary, the conveyor belt model is superior with
fast ferries, whereas the chain-relay model should be de-
ployed with high data rate or long-range radios.

3 Algorithm Design

The previous section analyzed two models of possible
ferry movement between one task node communicating
to one data sink. Now we evaluate an algorithm which
assigns ferry time to nodes in the case of multiple task
nodes transmitting to one data sink.

3.1 Full Knowledge

The following scenario exemplifies the use of a single
ferry to serve as communication enabler in a central-
ized, client-server star network. k stationary task nodes
send traffic at their individual, but time-invariant, rates
to a central server outside their coverage area. The ferry
connects clients and server in a round-robin fashion, i.e.,
nodes are served one after the other. The ferry moves
between client and server according to the conveyor-belt
model. We assume full knowledge of the network pa-
rameters, including traffic flow rate fi for each node i,
distances di from node to server, maximum wireless data
rate R at each node, buffer size b and constant speed v
of the ferry. The ferry’s radio can match any node’s data
rate, and the time for one buffer exchange is b

R . There
is always a full buffer transmitted.

3nopt = 2 in this case.



Figure 4: Problem notation: One ferry serving two nodes

The goal is to minimize the average packet delay in the
network. The parameter to optimize for is the fraction
of the total cycle time ni that the ferry cycles between a
given node i and the server before going on to serve the
next node. A ferry can, for instance, spend more time
serving nodes with higher flow rate requirement, than
other nodes. Figure 4 shows the network setup with
k = 2 nodes.

The objective function for packet delay in the network
can be derived analogous to the conveyor-belt model by
averaging over best case and worst case packet delay for
each node. To consider all packets in the network, we
further need to sum the delays over all nodes. Let each
node’s serving time, i.e., the total time it takes the ferry
to cycle between node and server, be ni(2di

v +2 b
R ) = niτi.

The total cycle time is Tcycle =
∑

i niτi.
A packet experiences the shortest delay when it gets

loaded onto the ferry last, i.e., dj

v + b
Rj

. If a packet
arrives just after a ferry has departed, it incurs the
longest delay, i.e., the cycle time to serve all other
nodes, plus its own serving time. This delay is given
by 3dj

v + 2 b
Rj

+
∑

i,i 6=j niτi.
Averaging over both these delays yields the objective

function:

d =
k∑

j=1


2

dj

v
+

3
2

b

Rj
+

1
2

k∑

i=1; i 6=j

niτi


 (7)

The first two terms of (7), which do not depend on ni,
are positive and constant by definition, thus they would
only add to the total delay. For simplicity, these terms
can be neglected without affecting the solution, and (7)
simplifies to

d =
k − 1

2
Tcycle.

Note that this model weighs the delays equally by nodes.
An alternative would weigh each node’s delay by its traf-
fic volume (i.e., its flow rate fi). It turns out that this
does not affect the results and so will not be used for
simplicity.

To meet the traffic demand for each node, the follow-
ing flow constraints need to hold.

fi · Tcycle ≤ ni · b ∀ i ∈ {1, .., k}, (8)

ni ≥ 0. (9)

Note that if the constraints are satisfied for any n =
(n1, n2, . . . , nk) then they can be satisfied for any scaled
version of n. Similarly the delay can be minimized by
scaling n so that ni → 0. Therefore for concreteness we
let

k∑

i=1

niτi = Tcycle = 1. (10)

Substituting (10) in (8) leads to

ni ≥ fi

b
. (11)

Substituting (11) in (10) gives

k∑

i=1

(
fidi

v b
+

fi

Ri

)
≤ 1

2
. (12)

Now even if v → ∞, buffers need to be transmitted
twice and (12) reduces to

∑
i fi ≤ R

2 . If the data rate
approaches ∞ the ferry still needs to fly back and forth
twice to deliver data and (12) reduces to a constraint on
flying time.

The fraction of time spent serving each node just de-
pends on this node’s flow requirement. The separation
distance of node and server is not directly relevant. If
only a few packets are transmitted from the node, the
ferry visits this node less frequently, but instead delivers
more packets on links with higher traffic flow.

Thus we have the following algorithm. First, the con-
straint in (12) is evaluated. If it is satisfied then the
ferry can carry all flows successfully. Next the ni are
normalized to n′i = ni∑

ni
so that n′i represents the frac-

tion of time each node is visited. A simple stochastic
algorithm would choose the next node to visit accord-
ing to the probabilities {n′i}. A deterministic algorithm
would use a fractional visit counter ci for each node to
track visits.

1. Set ci = 0 ∀ i.

2. While max{ci} < 1 set ci = ci + n′i ∀ i.

3. Let j = arg maxi{ci}.
4. Visit node j and set cj = cj − 1.



5. When the ferry visit is finished, go to 2.

This specifies a fair algorithm in the sense that if all ni

are equal then each node will be visited once per cycle.
If traffic was in the opposite direction from the central
hub to the task nodes, then the scheduling would be
trivial. The ferry would choose the task node with the
most data waiting. This strategy is equivalent to the
above deterministic algorithm.

3.2 Variable Data Rate Communication

All aforementioned approaches to determining the best
location or route for a ferry were based on a simple com-
munication model. In this model two nodes are able to
communicate if the separation distance between them
does not exceed a certain threshold. Once this distance
threshold is exceeded, direct communication between the
nodes is assumed impossible.

The model in reality is richer than this. Many digi-
tal wireless interfaces such as IEEE 802.11 have multiple
data rates. When communicators are close the commu-
nication rate is high (e.g. 54 Mbps in 802.11g). When
communicators are far the communication rate is lower
(802.11g has 14 different rates between 54 and 1 Mbps).
The rate decision is based on signal power to noise power
ratio (SNR) and packet success measurements made over
the channel. This phenomenon is an example of a gen-
eral principle. The well known Hartley-Shannon Law
states that the channel capacity C, which is the theo-
retical maximum rate at which information passes error
free over a channel, is equal to

C = W log2(1 + SNR), (13)

where W denotes the channel bandwidth. Depending
on channel coding, actual data rates can be pushed very
close to this theoretical maximum. The assumption of
a wireless propagation model which links distance and
SNR in the fashion SNR = k

de leads to a relationship
between data rate and distance

C = W log2(1 +
k

dε
), (14)

where k is a constant, and ε the path-loss exponent,
usually between 2 and 4. The above equation turns
the discrete data rate assumption in earlier works into
a continuous function. Hereby, there exists an obvious
trade-off between data rate and distance, which can be
leveraged for providing improved connectivity of multi-
ple nodes through ferry placement. The idea is that the
ferry can exploit communication while moving between
multiple nodes in order to more quickly transfer data.

Figure 5: The possible data rates between ferry and
nodes A and B as a function of ferry separation distance
from A.

Figure 5 shows the achievable data rate between a
ferry and node as a function of their separation distance
for two nodes A and B.

In this paper we are concerned with the region when
the ferries and nodes are relatively widely spaced. In this
regime, SNR ¿ 1 and we can approximate the Shannon
capacity as:

R(d) = 1.44W
k

dε
= R0

dε
0

dε
(15)

where R0 is the bandwidth at a reference location d0.

Scenario 1: One Single Ferry

Consider a node sending data to a sink. The nodes
are separated by distance l. The optimal strategy for a
single ferry is for the ferry to start at the midpoint, fly
toward the node until its buffer is half full, then fly away
from the node. Upon reaching the midpoint, its buffer
will be full. Continuing to fly toward the sink, it will
start to unload its buffer, until it has unloaded half of its
buffer, then fly away from the sink. Upon reaching the
midpoint, the rest of the buffer will have been unloaded
and the transfer will be complete. In this way, the plane
only moves as close to a node as is necessary to complete
a transfer.

Consider two nodes separated by distance l. When a
ferry is at distance y from a node and flying at velocity
v, as it moves over a distance dy, it will relay R(y)dy

v bits.
So moving from the midpoint to within x of the node it
will load:



B(x) =
∫ l/2

x

R0d
ε
0

vyε
dy =

R0d
ε
0

v(ε− 1)

(
1

xε−1
− 1

(l/2)ε−1

)

=
R0d

ε
0

v(ε− 1)xε−1

(
1−

(
2x

l

)ε−1
)

Setting B(x) = b/2, setting d0 = l/2 and solving for
x yields;

x =
l

2

(
1

1 + b(ε−1)v
R0l

) 1
ε−1

The cycle time is then

Tcycle = 4(l/2− x)/v

=
2l

v


1−

(
1

1 + b(ε−1)v
R0l

) 1
ε−1




The time 2l/v is the total time for the vehicle to fly
from one node to the other and back. The quantity in
the brackets is the fractional savings in time because of
the transferred data enroute. To better see what is going
on, we compute the throughput for the special case of
free-space path loss, ε = 2:

T =
b

Tcycle
=

R0

2
+

v · b
2l

(16)

In this case we see that if v or b are large or R0 or l are
small then the throughput is one buffer per round-trip
flight between nodes, v·b

2l . If v or b are small or R0 or
l are large then the throughput is half the rate at the
midpoint, R0

2 .
It would be instructive to compare this to the fixed

radius communication model. In this model the data
rate is R at radius r. Substituting this into the rate
model yields R0 = Rrε/(l/2)ε and:

T =
2Rr2

l2
+

v · b
2l

(17)

Let Tvr be the above throughput with variable rates,
and Tfr be the fixed radius throughput in (6). We note
that Tfr ≤ R/2, while Tvr is unbounded as v or b in-
creases. In the best case, when l = 2r, Tfr = R/2 which
is less than Tvr = R/2+v ·b/(4r). While Tvr is generally
superior, for large l they both have similar throughput
of about v · b/(2l).

Scenario 2: Multiple Ferries
The superiority of the variable rate model is more pro-

nounced in the case of multiple ferries. In the conveyor

Figure 6: Multiple ferry scenario with n = 2 ferries.

belt, more ferries can always be added by passing closer
to the source and destination nodes where the rates are
higher. In the chain relay, the effective l is shortened
with each additional ferry and the communication is
more into the regime where the variable rate method
dominates. The conveyor belt model is trivial, so we
will look at multiple ferries in the chain relay model.

We assume n ferries which serve evenly spaced divi-
sion points between communication points A and B.
Figure 6 shows the two ferry scenario. The ferry op-
eration dictates that the gap between two adjacent fer-
ries is being closed at twice the speed as the gap be-
tween a fixed endpoint and a ferry. However, through-
put goes down. Looking at n = 2 ferries, we see that
d2−d1 = 2d1 = 2(l−d2). Substituting 2l for l, 2v for v,
and R0 = Rrε

(l/2)ε in (16) this fact becomes obvious. Now,
with n ferries the approximate throughput between ad-
jacent ferries is given by substituting v = 2v and l = 2l

n
in (17), resulting in

Tvr = n2 Rr2

2l2
+ n

v · b
2l

.

So we see that throughput scales quadratic with the
number of ferries serving the endpoints4.

4 Related Work

Li and Rus [4] are one of the first to address deliber-
ate trajectory changes to make message sending between
two communicating nodes possible. Two algorithms are
presented - one for full knowledge of node motions the
other under partial knowledge. Each algorithm results
in the local update of a node’s trajectory. Errors in the
estimation of neighbor node locations are studied, and
the algorithms are simulated. Special attention is paid
to the influence of the node’s message relaying duty on
the primary task of each node. They use an idealized
propagation model, and have no consideration of multi-
ple flows at a time.

4Recall this is the case where l
n

is large and (15) applies.



The first notion of message ferrying was developed by
Zhao [7] who looks at routing of messages in partitioned
wireless ad-hoc networks, where it is infeasible to route
messages along pre-established routes. Instead, mes-
sages are carried by so-called “ferries” until they reach
their respective destinations. Known traffic patterns are
exploited to form efficient ferry routes that minimize de-
lays and support bandwidth requirements. While at first
looking at stationary ground nodes, in [8] the authors
develop two algorithms for ferry route design in the mo-
bile scenario. One ferry services all nodes. Nodes or
the ferry can initiate the messaging scheme. Either the
ferry location/trajectory is assumed to be known or the
nodes are equipped with long range radios to notify the
ferry of their locations. This way, the authors circum-
vent the problem of finding nodes and ferries. In [9]
they extends the route design problem to include multi-
ple ferries. Buffer constraints are not considered. Simu-
lations are done in the network simulator ns-2. All path
planning algorithms build upon the Traveling Salesman
Approach.

Unlike our approach, the TSP solution will always find
an optimal cycle path among all nodes. Thus every node
is visited once per cycle. In the simple case of one outly-
ing node with a low flowrate this will limit the network
capacity and increase average packet delay in the net-
work. The node will be visited in every cycle regardless
of its location or flow requirement.

Shah et al. [6] deal with the problem of sensor data
collection in sparse sensor networks. So-called MULEs
pick up the data when in close range to the data-
gathering nodes, buffer it for some time, and drop it off
at wired access points. The main advantage is the power
savings in the nodes, since only short-range transmission
of data is necessary. An analytic model of the system is
introduced, and scaling with regards to number of mules,
sensors and access points is examined. Results are meant
to provide guidelines for deployment of similar systems.

Merugu et al. [5] look at identifying recurring ‘paths
over time’ in highly partitioned networks with explicit
node movements. In these store, carry, and forward net-
works it sometimes is more efficient to carry data instead
of forwarding it to the closest neighbor. Their work is
based on an assumed periodicity of movement in most
mobile nodes. The result is a space-time routing frame-
work which relies on space-time routing tables where the
next hop is selected from current as well as future neigh-
bors. An algorithm for creating the routing tables as to
minimize delay is introduced and empirically evaluated
using simulations.

Chatzigiannakis et al. [3] introduce the notion of the

support of the network, which refers to a subset of mo-
bile nodes dedicated to message relaying. The move-
ment of the support is controlled by a subprotocol. Two
possible motion models are proposed: (a) the snake pro-
tocol, where support nodes stay pairwise adjacent at all
times, and (b) the runners protocol, where each support
node performs an independent random walk on a motion
graph. It is shown that basic message passing can be im-
proved especially in highly dynamic environments. The
drawback of the approach is a limitation of the support
movement along an abstract graph, which does not re-
late to real-world coordinates. Further, nodes in the run-
ners protocol perform random movements which can not
guarantee expedited delivery of high-priority messages.

5 Conclusion and Future Work

This paper analyzes two novel ways of designing ferry
routes in a delay-tolerant network, namely the chain-
relay model and the conveyor belt model. It is shown
that each of the models has its merits, depending on the
environment it is to be deployed in. A simple client-
server star network, where one ferry serves multiple
nodes according to the conveyor belt model, is stud-
ied and a delay-optimal scheduling algorithm is derived.
Further, a new problem framework for data ferrying in
delay-tolerant networks is described. It is argued that
viewing the communication data rate as a continuous
function of node separation distance can greatly enhance
network performance. The design of mobility algorithms
as well as transmission protocols within this framework
will be the focus of future work.
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