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Abstract—Message Ferrying has been shown to be an effective
approach to support routing in sparse ad hoc or sensor networks.
Considering a generic network model where each node in the
network wishes to send data to some (or possibly all) other
nodes with known (and possibly different) rates, we propose
three schemes enabling multiple ferries to coordinate in collecting
and delivering the data. We analyze the performance of each
scheme and establish bounds on the average and worst-case delay.
The latter bounds are useful in offering performance guarantees.
We establish that under one of our schemes, constant per-node
throughput is achievable within constant maximum (worst-case)
delay as the network size grows. Using simulation, we compare
our proposed schemes with an alternative, the Ferry Relaying
algorithm proposed earlier in the literature. The results show
that our schemes perform better and provide guidance on which
scheme to use given performance preferences and the number of
available ferries.

Index Terms—Wireless sensor networks, delay tolerant net-
works, sparse ad hoc networks, message ferrying, scheduling.

I. I NTRODUCTION

I N traditional ad-hoc or sensor networks, communication
between two nodes requires the discovery of a connected

path utilizing other nodes as relays. In some situations, due to
a damaged infrastructure (e.g., in disaster relief situations) or
due to limited wireless range (e.g., sparse sensor networks
deployed in remote areas), connectivity between nodes is
intermittent at best, and connected paths between pairs of
nodes may not consistently exist. As a result, traditional ad
hoc and mesh networking routing protocols are not applica-
ble. In addition, relaying data over a large number of hops
significantly reduces the lifetime of sensor nodes.

An alternative way to establish connectivity and transport
data is to usemobile nodesfor which we will adopt the term
Message Ferries (MFs). MFs can be robots, Unmanned Aerial
Vehicles (UAVs), Autonomous Underwater Vehicles (AUVs),
or any type of vehicle which is tasked with visiting the station-
ary nodes (ornodes, henceforth) and physically transporting
data from node to node as needed. Specifically, the MFs have
onboard memory and can act as relays, reaching to the nodes,
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downloading the data, mechanically carrying them to the
destination, and uploading them when in close proximity to the
intended sink. The use of MFs allows communications to be
short-range (between nodes and MFs) at a drastically reduced
energy budget. Furthermore, MFs can easily be recharged
periodically at a base station as opposed to nodes which may
not possess energy replenishment capabilities. The trade-off to
these benefits is increased delay as physical data transportby
the MFs can be quite slow. However, for manydelay-tolerant
applications this is acceptable.

A variety of applications have been considered for sensor
networks served by MFs as we described. For instance, a
sparse sensor network can be deployed in a remote inhos-
pitable area with no communication infrastructure (wireline or
wireless). Some examples include sensors in border surveil-
lance missions, sensors for environmental observation [1],
sensors underwater [2], or sensors tracking wildlife [3]. In
a different scenario, a myriad of sensors can be deployed in
an urban area for monitoring air/water quality, traffic, trash
cans [4], or the condition of traffic meters. Similarly, sensors
can be used for infrastructure/machinery condition monitoring.
In many of these settings the embedded sensors can not afford
longer-range wireless communications because either theyare
too sparse, inexpensive, energy limited, or have significant
bandwidth needs (e.g., cameras). The use of MFs for data
transport offers a viable solution. This is facilitated by the fact
that in some of the environments we considered (e.g., urban)
vehicles already exist (e.g., buses, municipal vehicles, taxis,
police cars) and can easily be tasked to act as MFs.

Since the data is transported via the MFs, the design
of the ferries’ routes has a significant impact on network
performance. Therefore, a basic question we address is how to
design effective routes for the ferries, given node positions and
their communication requirements. We will consider schemes
that utilize multiple MFs so that one can scale the size of the
network to be served. An MF can possibly use other MFs as
relays to deliver a message. This requires some synchroniza-
tion; that is, MFs are required to be physically close to each
other at certain times in order to communicate. Alternatively,
they can use special nodes to drop and pickup messages. In
either case, there is some cost: the synchronization overhead
in the former case and the hardware cost of the special nodes
in the latter. We elect to focus on the former case even though
several of our results apply to the latter as well.

Our main contribution is the development of three alter-
native schemes for ferry coordination and route design. For
each of the proposed schemes we present bounds on the
average and worst-case delay. The latter worst-case analysis
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was largely missing from the related literature, which we
review in Section II. Clearly, being able to compute worst-
case delay bounds allows us to offer performance guarantees,
which is extremely useful in network design. We also treat
some limited cases where “bounded” stochasticity is present
in the problem data (communication rates, travel times). Using
simulation, we highlight advantages and disadvantages of each
scheme under different scenarios while, at the same time,
compare each of our schemes with an alternative from the
literature. Another contribution of our work is to show that
even if each node sends data to multiple other nodes, Message
Ferrying is stillscalablein the sense that it achieves constant
per-node throughput within constant delay.

In what follows, Section II reviews related work. Section III
states the problem and the assumptions. Sections IV, V, and
VI introduce the three proposed schemes and present the
corresponding results. Section VII includes our simulation
results, and conclusions are drawn in Section VIII.

II. RELATED WORK

Several works use mobile nodes to carry data in networks,
each adopting a different term to refer to them:data MULE
[5], Message Ferry[6], [7], Actor [8], Actuator [9], sensor
node [10], or wireless agent [11].

In terms of applications, a number of recent projects pro-
mote the effectiveness of using message ferries, e.g., the
ZebraNet project [3], the Manatee project [12], the DakNet
project [13], unmanned vehicles in underwater environmental
monitoring [2], and a UAV (Unmanned Aerial Vehicle) in
structural health monitoring [14]. A host of other applications
are reviewed in [6], [7], [5], [15], [16].

The topic of ferry route design, which is the focus of our
work, was first thoroughly investigated in [6] where the authors
considered a single MF. [17] considered multicasting usinga
single ferry moving on a pre-determined route. [15] considered
multiple MFs in a stationary network scenario and proposed
a so calledFerry Relaying Algorithm (FRA)which allows
MFs to exchange data between each other. FRA requires
synchronization between MFs since they have to be physically
close to each other at certain times in order to communicate.
The schemes we propose in this paper fall in the same category
as data gets relayed among the MFs. As we show, our schemes
outperform FRA in a number of scenarios and offer advantages
such as guaranteeing worst-case delay and being scalable.

We also note that the problem we consider is fundamentally
different from any variant of thePickup and Delivery Problem
(PDP) [18], [19], [20]. In PDP, the quantities of goods (here,
the data) are considered to be discrete and are waiting in their
origin locations to be picked up and delivered to a depot. Once
the tour is completed and the vehicle returns to the depot where
it started its trip, the problem is over. In our setting, on the
other hand, the goods (the data) at each origin location (nodes)
are constantly being generated according to some rates and
the objective is to minimize theaverageor worst-casedata
delivery delay. The data are buffered in each node until the
location is visited by an MF, hence, the amount of data to
be carried depends on the time that the node is visited by

the MF. Further, in PDP, delays typically consist of just travel
times, whereas in our problem loading and unloading (i.e.,
transmission) delays are not ignored.

III. PROBLEM STATEMENT AND ASSUMPTIONS

We consider a network withN (stationary) nodes. We
assume that each node generates data at a constant rate
destined for other nodes. This corresponds to a situation where
the sensor network is monitoring/actuating some underlying
physical system whose dynamics can be captured by a (suf-
ficiently high) constant rate. Letλ(i, j) be the rate at which
nodei generates data to be sent to nodej, for all j. Data have a
single destination and we do not consider multicast scenarios.
We will assume that data in the network are exclusively
transported by the MFs. In practice, one would typically see
disconnected clusters of sensors communicating via the MFs.
Representing each cluster by a single node yields a network
using only MFs for data transport.

For most of our results we will assume that theλ(i, j)’s are
known (estimated) with certainty. We will also discuss some
cases whereλ(i, j) is an upper bound with probability one
(w.p.1) to the stochastic and potentially time-varying rate from
i to j. We haveM MFs at our disposal. For simplicity, the
communication between MFs and nodes is assumed to be done
at zero distance and at a rate ofW1 bpswhile communication
between any two MFs is done at a rate ofW2 bps(W2 ≥ W1).
Although in many situations the transmission of data between
MFs and nodes might be faster than the MF traveling time,
similar to [15] we take the more general view that MFs have
limited bandwidth and accounting for transmission times is
important for carrying out an accurate analysis. We assume
that the MFs move at a constant speed ofV m/s. The data are
buffered at each node until an MF comes and collects them.
The objective is to design the MFs’ routes such that the delay
in delivering the data is minimized. We will only consider
periodic ferry routes that form simple cycles between a set of
nodes. Specifically, each MF will be assigned to a set of nodes
and will cycle periodically through these nodes and potentially
some additional points where it meets with other MFs.

IV. CENTRALIZED FERRY RELAYING : CFR

In this section, we propose the CFR scheme. Fig. 1(a)
depicts a simple geographic partitioning of the entire network.
There is a single MF assigned to each segment. Within each
cycle, each MF collects the buffered data from its nodes.
Later in the same cycle, all MFs meet at some pre-determined
contact pointand relay their buffered data. All MFs stay at the
contact point until all inter-MF data transfers are completed.
Note that each MF’s route consists of aHamiltonian cycle1

that includes all its assigned nodes and the contact point;
we will refer to this route as theMF i cycle for each i.
The partitioning presented in Fig. 1(a) is a “contiguous”
partitioning in the sense that each segment assigned to an
MF is geographically contiguous. This is similar to FRA
partitioning [15] (in which segments are rectangles with equal

1A Hamiltonian cycle is a cycle in an undirected graph which visits each
node exactly once and returns to the starting node.
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area). However, in the CFR scheme we allow the segments to
be “non-contiguous.” This allows assigning any combination
of nodes to any MF and results in greater flexibility (see
Fig. 1(b)). For instance, consider a situation where nodes
located farther from each other have higher data rates among
themselves, and nodes closer to each other have lower data
rates among themselves. Then, we might prefer to allocate the
nodes farther from each other to one common MF, trading-off
shorter length routes for a decrease in relay time among MFs.

Fig. 1. Examples of partitioning into 8 segments (the blue circles represent
the nodes, and the red circle in the middle of the graph represents the
contact point); (Left): “Contiguous” partitioning. (Right): CFR scheme (“Non-
contiguous” partitioning).

A. Average and worst-case delay

In the CFR scheme, data are relayed between MFs at most
once, i.e., if the destination node is in a different MF cycle
than that of the source node, then the MF serving the source
node collects the data and relays it to the MF serving the
destination node. We suggest placing the contact point at the
centroid (geometric center) of the nodes. Each MF is tasked
with: collecting data from its nodes, relaying to other MFs
the data destined to their nodes, and delivering to its own
nodes the data destined to them. We refer to the time needed
by MF i to complete these activities asMF i’s cycle time
and denote it byTi. (On a notational remark, throughout the
paper, the superscriptd denotes downloading data to the MF
under consideration, the superscriptu denotes uploading data
to another MF or node, and the superscriptl denotes local
traffic.) Ti consists of the following terms:

• Inter-MF relay time(Y ): this is the same for all MFs and
is the time needed for all data to be relayed among MFs
at the contact point. Note that all the MFs wait in the
contact point until all relays among all MFs are finished.

• MF-node transfer time(Xi): the transfer time (Xd
i ) that

MF i needs in order to collect all the data from its nodes,
plus the transfer time (Xu

i ) that MF i needs in order to
deliver all its buffered data that are destined to MFi’s
nodes. We haveXi = Xd

i + Xu
i .

• MF travel time(Ai): the time needed to traverse its cycle.
Since MFs exchange data directly, synchronization is re-

quired so that MFs meet at the same time at the contact point.
For synchronization, the cycle time of the system,T , can
be chosen as the maximum of the MFs’ cycle times, hence
T = maxi{Ti}. An alternative to synchronization is to place
nodes with ample buffer space at the contact point so that each
MF can deposit and upload from this buffer without having
to wait for the other MFs. However, due to the cost/technical

constraints that these additional nodes would introduce, we
will not pursue this direction in this paper. We denote the set
of assigned nodes to MFi by N (i). To calculate the cycle
time for a given configuration of the scheme, we have

Ti = Y + Xi + Ai, (1)

where

Y =
T

W2

M
∑

k=1

M
∑

k′=1,k′ 6=k

∑

l∈N (k)

∑

l′∈N (k′)

λ(l, l′), (2)

Xd
i =

T

W1

M
∑

k=1

∑

l∈N (i)

∑

l′∈N (k)

λ(l, l′), (3)

Xu
i =

T

W1

M
∑

k=1

∑

l∈N (k)

∑

l′∈N (i)

λ(l, l′), (4)

Ai = Li/V. (5)

Li in above equation is the length of the MFi cycle. Solving
for T we obtain

T = max
i

{

Ai

1 − Y
T
− Xi

T

}

. (6)

Note that Y
T

and Xi

T
do not depend onT .

Let now S denote the set of allSource-Destination (SD)
pairs in the network. For eachs ∈ S , Ds denotes the time
needed to deliver a packet from the source to the destination.
Assuming that packets select their SD pair uniformly fromS

we define theaverageandworst-casedelay, respectively, as

E[D] = (
∑

s∈S
Ds)/|S |,

Dmax = max
s∈S

Ds.

Theorem IV.1. [Delay in CFR] Let λ and λ′ denote the
maximum output rate from and maximum input rate to any
arbitrary node in the network, respectively, i.e.,

λ = max
i

{∑N
j=1 λ(i, j)}, λ′ = max

j
{∑N

i=1 λ(i, j)}. (7)

Let also Smax = maxi |N (i)| and Smin = mini |N (i)|
denote the largest and smallest number of nodes assigned to
an MF, respectively. Finally, letL be the length of the longest
MF cycle. If

N min(λ, λ′)

W2
+

Smax(λ + λ′)

W1
< 1,

then

Dmax≤ 3TC
max,

whereTC
max =

L

V (1 − N min(λ,λ′)
W2

− Smax(λ+λ′)
W1

)
, (8)

and

E[D] ≤ min

{

M
(

Smax

2

)

(
3T C

max

2 ) + (
(

N
2

)

− MΓ)(
5T C

max

2 )
(

N
2

) ,

5TC
max

2

}

, whereΓ =

{

(

Smin

2

)

, if Smin ≥ 2,

0, otherwise.
(9)
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Proof: From Eq. (2) we have

Y =
T

W2

M
∑

k=1

∑

l∈N (k)

M
∑

k′=1,k′ 6=k

∑

l′∈N (k′)

λ(l, l′)

≤ T

W2

M
∑

k=1

∑

l∈N (k)

λ =
T

W2
Nλ.

From Eq. (2) we also can write

Y ≤ T

W2

M
∑

k′=1

∑

l′∈N (k′)

M
∑

k=1

∑

l∈N (k)

λ(l, l′)

≤ T

W2

M
∑

k′=1

∑

l′∈N (k′)

λ′ =
T

W2
Nλ′.

Hence,
Y

T
≤ N min(λ, λ′)

W2
.

Similarly, from Eq. (3) we have

Xd
i

T
≤ Smaxλ

W1
,

Xu
i

T
≤ Smaxλ

′

W1
. (10)

Finally, using Eq. (6) and the inequalities above, we have

T ≤ L

V (1 − N min(λ,λ′)
W2

− Smax(λ+λ′)
W1

)

△
= TC

max. (11)

The data need to be relayed by at most one MF, so the
maximum number of MFs that carry the data is2. Each MF
carries the data at most forT units of time, and the data waits
at most forT units of time before it is collected. Therefore,

Dmax ≤ 3T ≤ 3TC
max.

The average waiting time for the data before it is picked up
is T/2 and if the destination is within the same cycle, then
the maximum additional time to deliver the data is less than
T . However, if the destination is in a different cycle, then the
average delay is less than3T

2 + T . The former case includes
at mostM

(

Smax

2

)

SD pairs and the latter one includes at most
(

N
2

)

− MΓ SD pairs. Also, there are a total of
(

N
2

)

SD pairs
in the network. This implies

E[D] ≤ M
(

Smax

2

)

( 3T
2 ) + (

(

N
2

)

− MΓ)( 5T
2 )

(

N
2

) , (12)

whereΓ is as defined in (9). Since the total number of SD
pairs is

(

N
2

)

and the average delay does not exceed5T/2 no
matter where the destination is, we also haveE[D] ≤ (5T/2).
Combining this with (12) and (11) yields (9).

We note that the worst case bounds onY , Xd
i , and Xu

i

we derived are tight if the traffic is “load-balanced,” that is,
∑N

j=1 λ(i, j) is equal for alli or
∑N

i=1 λ(i, j) is equal for all
j (cf. Eq. (7)). Similarly, the inequalityDmax ≤ 3T is also
tight assuming no MF coordination takes place.

The following Corollary follows from the fact that all upper
bounds we derived in the proof above are linear in the data
rates andL.

Corollary IV.2. Suppose that the data rates between the nodes
are random variables and the maximum output rate from and

maximum input rate to any arbitrary node, denoted byλ̃ and
λ̃′ (cf. (7)), respectively, satisfy

λ̃ ≤ λ, λ̃′ ≤ λ′ w.p.1.

Assume further that the maximum length,L̃, of the MF cycles
is also stochastic such that̃L ≤ L, w.p.1. Then the bound (8)
on the worst-case delay holds w.p.1.

B. Scalability

Scalability is an important metric when designing a routing
protocol. There has been a comprehensive body of work on the
capacity of wireless networks in scenarios where each node
wishes to send data to at most one destination. [21] considered
a network of N randomly deployed nodes in a unit area
disc where sources and destinations are chosen randomly. The
throughput per node was found to beΘ( 1

N log N
). [22] assumed

all nodes to be randomly mobile within a unit disc area and
with data traveling over only two hops the throughput was
found to beΘ(1). However, this improvement comes at the
cost of increased delay. A series of papers followed that tried
to characterize the delay/capacity relationship as a function of
node mobility (e.g., [23], [24], [25]).

Another scenario for a network with mobile nodes was
considered in [26]. The network consisted ofN static nodes
acting as sources and destinations for data andM randomly
mobile nodes used as relays. Using a routing scheme proposed
in [26], the throughout was found to beO( M

N log3 N
) with an

average delay ofO(1). A similar model was considered in [16]
with controlled mobility. [16] showed that if mobility is fully
under our control, then forM = αN whereα is a constant
such that0 < α ≤ 1, a per node throughput ofO(1) with
delay of O(1) is achievable for scenarios where each node
has only one destination. In the sequel, we extend this result
to the multi-destination case. The key is the full cooperation
of MFs to relay the data.

Our results in this section rely on bounding the inter-MF re-
lay time. We account for “primary” interference constraints on
MF transmissions. In particular, data exchanges are pairwise
and an MF can not be communicating with more than one
other MF at a time. We do not however account for secondary
interference whereby two transmissions between two separate
MF pairs may interfere if they use the same frequency and
occur in close proximity. We assume that such interference
can be handled by lower-level Media Access Control (MAC)
protocols. Note that such secondary interference can be elim-
inated if interfering transmissions use different frequencies or
a code division multiple access scheme. Even if scheduling
(time division) is used, this would imply some additional delay
which can be accounted for by some multiplicative factor to
the expression we obtain. It should be apparent that our focus
is to characterize the order of magnitude of inter-MF relay
time rather than obtaining an exact expression.

Our analysis leverages graph-theoretic results. Define a
(simple) undirected graphG = (V ,E ) where the nodes
V = {1, . . . ,M} correspond to the MFs and introduce an
edge between any two nodes that have to communicate. Assign
to each edge a weight representing the data communication
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requirements. Amatchingis a set of non-adjacent edges (i.e.,
no two edges in the matching are incident to the same node).
A perfect matchingis a matching where every node of the
graph is incident to exactly one edge of the matching. An
edge-coloringis a partition ofE into matchings, where each
matching is assigned a different color. Ak-edge-coloring is
an edge coloring withk colors. The smallestk for which ak-
edge-coloring exists is theedge-coloring numberof G which
we will denote byχ′(G ). Let also∆(G ) denote the maximum
node degree. Vizing has shown (see [27, Chap. 28]) the fol-
lowing result for (simple) graphs:∆(G ) ≤ χ′(G ) ≤ ∆(G )+1.

Lemma IV.3. Suppose thatG is a complete graph. Then
χ′(G ) = M − 1 if M is even andχ′(G ) = M if M is odd.

Proof: Since ∆(G ) = M − 1, from Vizing’s result it
follows that M − 1 ≤ χ′(G ) ≤ M . Note that by assigning
color i+j mod M to each edge(i, j) we obtain a valid edge-
coloring. Consider first the case ofM being odd. Suppose that
there exists an(M − 1)-edge-coloring ofG . Then,E can be
partitioned intoM − 1 disjoint matchingsE1, . . . ,EM−1 such
that E = ∪M−1

i=1 Ei. SinceM is odd, each of these matchings
leaves an unmatched node and requires at most(M − 1)/2
edges. Hence,|E | ≤ (M − 1)2/2. On the other hand,G is a
complete graph and|E | = M(M−1)/2 > (M−1)2/2, which
is a contradiction. We conclude that there is no(M −1)-edge-
coloring of G andχ′(G ) = M whenM is odd.

Next consider the case whereM is even. Form the subgraph,
denoted byG̃ = (Ṽ , Ẽ), by removing nodeM from G . G̃ is a
complete graph withM − 1 nodes (an odd number). We have
already shown that the edge-coloring number ofG̃ is M − 1
and we can color the edges of̃G by assigning colori + j
mod (M − 1) to each edge(i, j). Note that the colorci = 2i
mod (M − 1) is not used to color an edge incident to nodei,
for eachi = 1, . . . ,M − 1. SinceM − 1 is odd,i 6= j implies
thatci 6= cj . Thus, we can colorG by using this coloring of̃G
and using colorci on edge(i,M) for eachi = 1, . . . ,M − 1.
This yields an(M − 1)-edge coloring ofG .

Note that the proof above is constructive and specifies how
exactly to color the edges ofG . Before we proceed, we state
the following theorem from [28] which gives a tight upper
bound on the length of the worst shortest Hamiltonian cycle.

Theorem IV.4. ([28]) VN denotes a set ofN points in[0, 1]2,
A denotes a subset of the edges of the complete graph defined
on the points ofVN , and |e| denotes the Euclidean distance
between two points connected by edgee ∈ A . Let

ρTSP(N) = max
VN

{

min
T

∑

e∈T |e| : T is a tour of VN

}

.

ThenρTSP(N) ≤
√

2N + 7
4 .

Theorem IV.5. AssumeN nodes are placed arbitrarily on a
unit square, each of which is transmitting with a total rateλ
to all other nodes such that the data rate between any pair of
nodes is the same. If

λ <
1

2( N2

M(N−1)W2

+ N
MW1

)
, (13)

then there exists a CFR scheme for which

Dmax≤
3(

√

2( N
M

+ 1) + 7
4 )

V [1 − 2λ( N2

M(N−1)W2

+ N
MW1

)]
, (14)

E[D] ≤N( 5
2 − 1

M
) − 3

2

N − 1

(
√

2( N
M

+ 1) + 7
4 )

V [1 − 2λ( N2

M(N−1)W2

+ N
MW1

)]
.

(15)

Proof: Consider a configuration of the CFR scheme where
we assignN/M (assumed integer) nodes to each MF. Using
Eq. (10) we have

Xd
i

T
≤ ( N

M
)λ

W1
,

Xu
i

T
≤ ( N

M
)λ

W1
.

To bound the inter-MF relay time we use Lemma IV.3.
Specifically, the edge-coloring of Lemma IV.3 partitions the
MF communications into a number of matchings,M if M is
odd andM − 1 if M is even. Each matching corresponds to
inter-MF communications that can proceed simultaneously;let
us call a “stage” the process of completing all these inter-MF
relays that correspond to a matching. Since there areN/M
nodes assigned to each MF, every stage includes traffic from
(N/M)2 pairs of nodes which needs to be relayed bidirection-
ally. Thus, every stage takes no more than(2T N

M
N
M

λ
N−1 )/W2

units of time. Since the number of matchings is eitherM , if
M is odd, orM − 1, if M is even, we obtain

Y

T
≤

M2 N
M

N
M

λ
N−1

W2
.

Using Eq. (6) and Theorem IV.4, we have

T ≤
(
√

2( N
M

+ 1) + 7
4 )

V [1 − 2λ( N2

M(N−1)W2

+ N
MW1

)]
.

Note that forλ to be feasible, we need (13). Using now the
same steps that led to the bounds onDmax andE[D] in the
proof of Thm. IV.1, and some algebra, we obtain the result.

Theorem IV.6. [Scalability of CFR] Consider the setup of
Thm. (IV.5). IfM = αN for some positive constantα, then
constant (inM and N ) per node throughput with constant
worst-case delay is achievable using the CFR scheme.

Proof: SubstitutingM = αN in (14), we obtain that the
worst-case delay is upper-bounded while the constant per-node
throughputλ < α

2( 2

W2
+ 1

W1
)

is feasible.

Note that the approach used in [16] for deriving the upper-
bound on delay, if applied to the case of Theorem IV.6, would
not achieve constant delay. The following result from [29]
stated in [30] clarifies this point.

Theorem IV.7. (From [29] in [30]) Consider the setup of
Thm. IV.4. It followsρTSP(N) ≥ 2(12)−

1

4

√
N .

For scenarios where each node has only one destination,
[16] suggested to group the nodes intoM groups and assign
each group to a different MF. The MF would be responsible for
picking up the data and delivering directly to the corresponding
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destination without relays. For constant per-node throughput,
[16] showed that the delay remains constant as the number
of nodes and MFs grow. However, for scenarios where each
node wishes to transmit to all other nodes, the approach in
[16] can not yield a constant delay. To that end, notice that
if each MF is assigned to a fraction of the source nodes (say
N/M ), then asN grows, the length of the path that each MF
should travel in order to visit all destinations of thoseN/M
source nodes would grow to infinity (from Theorem IV.7).
Since the velocity of MFs,V , is bounded, the delay increases
as N grows. In contrast, our CFR scheme can achieveO(1)
per node throughput withO(1) worst-case delay.

C. CFR Optimization

CFR optimizationis defined as the problem of finding the
optimal configuration of the CFR scheme (assigning nodes to
MFs and determining a route for each MF) such thatT in Eq.
(6) is minimized. The CFR optimization is a hard problem.
In particular, asW1 and W2 grow large, the inter-MF relay
times and MF-node transfer times converge to zero, and for
any assignment of nodes to MFs Eqs. (6) and (5) imply that the
problem reduces to finding the shortest route for each MF. This
amounts to solvingM Traveling Salesman Problems (TSPs),
thus establishing that CFR optimization is NP-hard. To cope
with the difficulty, we introduce a heuristic algorithm. We
group nodes intoM groups. Intuitively, a good assignment
(grouping) is the one that leads to groups with minimal inter-
group communications but also minimal distances between
nodes in the same group. The former minimizes inter-MF relay
times and the latter MF travel times.

At first, a set S of M nodes is selected such that
∑

i∈S

∑

j∈S ,j 6=i λ(i, j) is minimized. Each of theseM nodes
initializes a group for each MF. To perform this step, we
suggest using a greedy method: start with an arbitrary node
and keep adding one node at a time so that the node to be
added has the smallestcumulative rateto the nodes already
selected (the cumulative rate of a node to a group of nodes
is the sum of rates between the node and all individual nodes
within the group). If a tie occurs, we choose a node that has
the smallest cumulative rate to all other nodes in the network.
The proposed greedy method takesO(M) amount of work to
be completed.

Once this group initialization phase is over we continue by
assigning the remaining(N −M) nodes to theM groups, one
at a time. For each node we assign to a group, the objective
is to minimize the resulting cycle timeT = maxi{Ti}, where
the Ti’s, i = 1, . . . ,M , solve the following set of equations:

Ti =
L̃i

V
+

{

Ti

W1

M
∑

k=1

∑

l∈S (i)

∑

l′∈S (k)

λ(l, l′)

}

+

{

Ti

W2

M
∑

k=1

M
∑

k′=1,k′ 6=k

∑

l∈S (k)

∑

l′∈S (k′)

λ(l, l′)

}

+

{

Ti

W1

M
∑

k=1

∑

l∈S (k)

∑

l′∈S (i)

λ(l, l′)

}

, ∀i. (16)

In the above,L̃i is the length of MFi’s route andS (i) is
the set of nodes that have already been assigned to MFi plus
the node being considered. When adding nodes to a group, we
use acheapest insertionmethod to form a new Hamiltonian
cycle for the MF assigned to the group. That is, the new node is
inserted between two consecutive nodes in the current cycleso
that the smallest increase in length is observed. We consider
adding the new node to each one of theM groups and for
each case we compute the correspondingTi’s from (16) and
setT = maxi{Ti}. We then decide to add the node to some
group such that it results in minimalT . The assignment of the
(N − M) nodes to theM groups takesO(N2M) amount of
work.

After all nodes are assigned, we calculate each MF’s cycle
time Ti using Eq. (1). The total cycle timeT can also be
calculated using Eq. (6). Then, the MF with largestTi is
recognized. We call this MF the “critical MF” and its group
the “critical group.” We target the critical group and try to
shorten the critical MF’s cycle time by de-assigning one of its
nodes and assigning it to another MF. If due to this node-
exchange a reduction in total cycle time is observed, then
we apply the exchange. We continue this process until no
further improvement is found. This solution always achieves
the average and the worst-case delays given in Theorem IV.1.
To limit the amount of work for this improvement phase we
can limit the number of iterations byO(N2M) so that the
whole CFR optimization heuristic we described maintains an
O(N2M) complexity.

V. BUS FERRY RELAYING : BFR

In this section, we propose our second scheme. Fig. 2 shows
an example illustrating the BFR scheme with a single bus. In
the BFR scheme with a single bus,N nodes are assigned to
(M−1) MFs and data is relayed among MFs via the remaining
MF which is called the bus. Each of those(M − 1) MFs
collects and delivers data within its own group (the nodes
assigned to that MF), and the bus circulates the data among
groups. No direct relaying occurs among those(M −1) MFs.
The bus meets with each MF at a contact point exactly once
in each cycle. We choose one of the nodes assigned to MF
i as the contact point between the bus and MFi. Each MF,
after exchanging data with the bus at its contact point, travels
along its route (which is a Hamiltonian cycle including all
nodes assigned to it), exchanging data with its nodes.

Fig. 2. An example illustrating BFR scheme - the blue circles represent the
nodes, the black lines show the routes of eight MFs, and the red dashed line
shows the route of the bus.
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A. Average and worst case delay

We refer to the time MFi takes to complete these activities
as MF i’s cycle time, we denote it byTi, and we refer to the
time the bus takes to finish one cycle as thebus cycle time
Tbus. The cycle time of MFi consists of the following terms
(we use the same notation introduced in earlier sections):

• MF-bus relay time(Yi): the transfer time (Y u
i ) MF i needs

in order to relay to the bus all the buffered data it has
collected from its nodes, plus the transfer time (Y d

i ) the
bus needs in order to relay to MFi all the data that have
been relayed to it from other MFs. We have

Yi = Y u
i + Y d

i , i = 1, 2, . . . , (M − 1). (17)

• MF-node transfer time(Xi): the transfer time (Xd
i ) MF

i needs to collect all the data from its nodes, plus the
transfer time (Xu

i ) MF i needs to deliver all its buffered
data to its nodes. We have

Xi = Xd
i + Xu

i i = 1, 2, . . . , (M − 1). (18)

• MF travel time(Ai): the travel time of MFi.
The cycle time of the busTbus consists of:
• Relay time(Ybus): the transfer time that all(M − 1) MFs

need in order to relay to the bus all their buffered data
plus the transfer time that bus needs in order to relay to
the MFs all its buffered data. We have

Ybus =
∑M−1

i=1 Yi. (19)

• Bus travel time(Abus): the travel time of the bus.
Since MFs do not exchange data directly among themselves,

synchronization among MFs is not required. However, syn-
chronization between the MFs and the bus is required. To that
end, the cycle time of the system,T , can be chosen as the
maximum of the MFs’ cycle times and the bus cycle time.
Next, we calculate the cycle time for a given configuration of
the BFR scheme. We have

Ti = Yi + Xi + Ai, ∀i, Tbus = (
∑M−1

i=1 Yi) + Abus,

where

Y u
i =

T

W2

M
∑

k=1,k 6=i

∑

l∈N (k)

∑

l′∈N (i)

λ(l′, l), (20)

Y d
i =

T

W2

M
∑

k=1,k 6=i

∑

l∈N (k)

∑

l′∈N (i)

λ(l, l′), (21)

Xd
i =

T

W1

M
∑

k=1

∑

l∈N (i)

∑

l′∈N (k)

λ(l, l′), (22)

Xu
i =

T

W1

M
∑

k=1

∑

l∈N (k)

∑

l′∈N (i)

λ(l, l′), (23)

Ai = Li/V, Abus = Lbus/V. (24)

In the equations above,Li is the length of the route of MF
i, andLbus is the length of the route of the bus. Note that if
T = Ti then

Ti =
Ai

1 − Yi

T
− Xi

T

, (25)

and if T = Tbus then

Tbus =
Abus

1 −
∑M−1

i=1
Yi

T

. (26)

T is therefore the maximum of these quantities and it follows

T = max(max
i

{Ti}, Tbus). (27)

Note that Yi

T
and Xi

T
do not depend onT .

We next derive bounds on the maximum and average delay.
Let, as in Sec. IV,Smax and Smin denote the largest and
smallest number of nodes assigned to an MF, respectively.
Each MF circulates over a Hamiltonian cycle including all its
nodes. LetL the length of the longest such cycle among the
M − 1 MFs. Let alsoL′ denote the length of the bus route.

Theorem V.1. [BFR delay] Letλ andλ′ be defined as in (7).
If
(

1

W2
+

1

W1

)

<
1

Smax(λ + λ′)
, W2 > 2N min(λ, λ′),

then there exists a BFR scheme for which

Dmax≤ 4TB
max, whereTB

max =
1

V
max

{

L′

1 − 2N min(λ,λ′)
W2

,

L

1 − Smax(λ + λ′)( 1
W2

+ 1
W1

)

}

, (28)

and

E[D] ≤ min

{

7TB
max

2
,

(M − 1)
(

Smax

2

)

(
3T B

max

2 ) + (
(

N
2

)

− (M − 1)Γ)(
7T B

max

2 )
(

N
2

)

}

,

(29)

whereΓ is as defined in (9).

Proof: Since the cycle of each MF has at mostSmax

nodes, using Eqs. (17), (20) and (21) we have

Yi

T
≤ Smax(λ + λ′)

W2
.

Similarly, using Eqs. (18), (22) and (23) we obtain

Xi

T
≤ Smax(λ + λ′)

W1
.

Using Eqs. (20) and (21) we have
∑M−1

i=1 (Y u
i /T ) ≤ Nλ/W2,

∑M−1
i=1 (Y d

i /T ) ≤ Nλ′/W2.

Since the data to be downloaded to MFs (from the bus) and
uploaded to the bus (from the MFs) is exactly the same and
using Eq. (17) it follows that

∑M−1
i=1 (Yi/T ) ≤ (2N min(λ, λ′))/W2.

Finally, using Eq. (27), we can write

T ≤ 1

V
max

(

L

1 − Smax(λ + λ′)( 1
W2

+ 1
W1

)
,
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L′

1 − 2N min(λ,λ′)
W2

)

△
= TB

max.

The destination of the data belongs to either the same cycle
that the source belongs to, or to another cycle. In the former
case, the data reaches the destination within at most2T time
units. In the latter case, the data needs to be relayed twice
(once from the MF serving the source node to the bus, and
once from the bus to the MF serving the destination node).
Moreover, it reaches the destination within4T time units
since the data is carried by the source MF, the bus, and the
destination MF, where each MF carries the data for at mostT
time units and the data waits at most forT time units before
it is collected. Therefore

Dmax ≤ 4T ≤ 4TB
max.

The average waiting time of data before it is picked up is
T/2 and if the destination of the data is within the origin
segment, then the maximum time to deliver the data after it is
picked up would be less thanT . However, if the destination
of the data is in a segment other than the origin, the average
delay is less than3T

2 + 2T . The former case includes at most
(M − 1)

(

Smax

2

)

SD pairs and the latter one includes at most
(

N
2

)

− (M − 1)Γ SD pairs, whereΓ is as defined in (9). Also,
there are totally

(

N
2

)

SD pairs in the network. Therefore, after
some algebra we obtain

E[D] ≤
(M − 1)

(

Smax

2

)

(
3T B

max

2 ) + (
(

N
2

)

− (M − 1)Γ)(
7T B

max

2 )
(

N
2

) . (30)

Since the total number of SD pairs is
(

N
2

)

and the average
delay does not exceed7TB

max/2 no matter where the destina-
tion is, we also haveE[D] ≤ (7TB

max/2). Combining this with
(30) yields (29).

We remark that a result analogous to Corollary IV.2 can be
obtained for Thm. V.1 as well. Using Thm. IV.4 we obtain the
following Corollary.

Corollary V.2. AssumeN nodes are placed arbitrarily on a
unit square, each of which transmitting with rateλ to other
nodes (such that the data rate between any pair of nodes is
the same). If

(

1

W2
+

1

W1

)

<
1

2Smaxλ
and W2 > 2Nλ,

then there exists a BFR scheme for which (28) and (29) hold
with TB

max replaced by

T̃up =
1

V
max

{

√

2(M − 1) + 7
4

1 − 2Nλ
W2

,

√
2Smax + 7

4

1 − 2Smaxλ( 1
W2

+ 1
W1

)

}

.

B. BFR Optimization

BFR Optimization is defined as the problem of finding
the optimal configuration of the BFR scheme such thatT

in Eq. (27) is minimized. Using the same argument as in
Sec. IV-C it can be shown that it is NP-hard (reduction
from TSP). We resort to a heuristic algorithm. We will group
nodes into(M − 1) groups. We need to assign the nodes
to MFs such that, on one hand, it leads to small inter-group
communications, and, on the other hand, nodes geographically
close to each other are assigned to the same group. In addition,
we need to consider the length of the bus route so that the bus
cycle time does not exceedmaxi{Ti}. Our heuristic algorithm
for the BFR scheme has two phases. In the first phase, we
assign nodes to MFs, and in the second phase, we establish
the bus route and attempt to further minimize delay.

1) Phase I (Assigning nodes to MFs):At first, a set
S of (M − 1) nodes out of N are chosen such that
∑

i∈S

∑

j∈S ,j 6=i λ(i, j) is minimized. Each of theseM − 1
nodes initializes a group assigned to an MF to which we will
add nodes later. This initial step can be executed by using a
greedy method: start with an arbitrary node and add additional
nodes one at a time so that the node to be added has the
smallest cumulative rate (defined as in Sec. IV-C) with the
nodes already selected.

Once this group initialization phase is over we continue by
assigning the remaining(N −M + 1) nodes to these groups,
one at a time. With each node we add to a group, the objective
is to minimize the cycle timeT = maxi{Ti}, where theTi’s
for i = 1, . . . , (M − 1) are solutions to the following set of
equations:

Ti =
L̃i

V
+

{

Ti

W1

M−1
∑

k=1

∑

l∈S (i)

∑

l′∈S (k)

λ(l, l′)

}

+

{

Ti

W2

M−1
∑

k=1

M−1
∑

k′=1,k′ 6=k

∑

l∈S (k)

∑

l′∈S (k′)

λ(l, l′)

}

+

{

Ti

W1

M−1
∑

k=1

∑

l∈S (k)

∑

l′∈S (i)

λ(l, l′)

}

. (31)

In the above,L̃i is the length of MFi’s route andS (i) is
the set of nodes that have already been assigned to MFi plus
the node being considered. Note that when adding nodes to a
group, we also consider re-optimizing the route of that MF in
order to make sure that the route has minimum length. This
can be done by using acheapest insertion method: the new
node is inserted between two consecutive nodes in the current
cycle so that the smallest increase in cycle length is observed.
For each unassigned node, we consider adding it to each one of
theM−1 groups. In each case we compute the corresponding
Ti from (31) and setT = maxi{Ti}. We then add the node
to the group that results in minimalT . Using similar analysis
as in the CFR case, Phase I has a complexity ofO(N2M).

2) Phase II (Establishing the bus route):The bus route
is a Hamiltonian cycle including(M − 1) nodes in a way
that exactly one node from each of the(M − 1) groups
is visited. We have the freedom to select which node from
each group will be visited and, in addition, we want the bus
route to have minimum length so that the bus travel time is
minimized. This problem is a well-studied problem and is
called theGeneralized Traveling Salesman Problem(GTSP)
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in the literature. Several approaches transform the GTSP into
the classical TSP [31], [32], [33], [34], [35]. The generalized
2-opt method [36] can also be used. Such a method has no
complexity bounds on the number of iterations needed for
convergence but one can bound the iterations performed to
maintain low complexity. Having established the bus route,
we then calculate each MF’s cycle timeTi as well as the bus
cycle timeTbus using Eqs. (25) and (26). The total cycle time
T can also be calculated using Eq. (27). At each step, one of
the following conditions applies:

• Tbus < maxi{Ti}: Then the MF with the largestTi is
recognized. We call this MF the “critical MF” and the
critical MF’s group the “critical group.” We target the
critical group and we try to shorten its cycle time by de-
assigning one of its nodes and assigning it to another MF
(e.g., by a cheapest insertion method). If due to this node-
exchange a reduction in total cycle time is observed, then
we apply the exchange and we repeat the process.

• Tbus ≥ maxi{Ti}: Then the bus cycle time would be
targeted. In this case, we find and de-assign the nodes
with minimal cumulative rate to the rest of the nodes
and assign them to the group which results in the largest
decrease inTbus (again by cheapest insertion). If this
node-exchange results in a reduction in total cycle time,
then we apply the exchange and we repeat the process.

We continue this phase until no further improvement is found.
Note that this solution always achieves the average and worst-
case delays given in Theorem V.1. As in the CFR case we
can limit the number of iterations of the improvement phase
in order to maintain low complexity.

We close this section by noting that the BFR scheme, as
presented, may not scale well as the number of MFs increases
because the bus has to make many “stops.” One way of making
BFR scalable is to use multiple buses, decomposing the overall
coverage area into sections and assigning one bus to each
section. Buses can then meet at section boundaries (e.g., using
an NFR-like scheme we present in the next section) to relay
messages among them.

VI. N EIGHBOR FERRY RELAYING : NFR

The idea behind our last scheme, NFR, is to form a
Hamiltonian cycle which includes all nodes and then assign
each MF to a contiguous segment of this cycle –called the
path– in a way that each node in the path is assigned to a single
MF (see Fig. 3). Without loss of generality, we start from an
arbitrary point in the cycle and move in the forward direction
(let us define clockwise and counterclockwise directions as
“forward” and “backward” directions, respectively). As we
move forward, we assign the firstn(1) nodes to MF1, the
next n(2) nodes to MF2, and so on and so forth until we
arrive back to the start point. We denote the set of assigned
nodes to MFi by N (i).

MFs assigned to each path work serially: each MF relays its
buffered data only to its two adjacent MFs, and data circulate
(via multiple relays) in order to reach their destinations.For
efficiency reasons, the scheme requires the data to be relayed
only along the direction (either forward or backward) which

Fig. 3. An example illustrating the NFR scheme. Nodesi1, . . . , in(i)
denote the nodes assigned to MFi. PointsPi in the line segments connecting
neighboring paths are contact points where the MFs meet to exchange data.

is closer to the destination (in case either direction results
in the same delay, we assume the data is circulated in the
forward direction). Each MF moves forward and backward
periodically between the two contact points located at each
end of its assigned path. We refer to the time that is taken by
MF i to complete its forward and backward trips asforward
time (TF

i ) andbackward time(TB
i ) of MF i, respectively. We

also refer to the two adjacent MFs that meet with MFi at
contact pointsP i and P i+1 (as shown in Fig. 3) as MFi’s
backward neighborand forward neighbor, respectively.

A. Average and worst case delay

The forward time of MFi, TF
i , consists of the following

terms:

• Inter-MF relay time(Y F
i ): the transfer time (Y Fu

i ) that
MF i needs in order to relay to its forward neighbor all
the buffered data that have been relayed to MFi from its
backward neighbor during their last meeting at contact
point P i as well as all the buffered data that MFi has
collected from all its own nodes (when last traveling
from P i to P i+1) that need to be relayed to MFi’s
forward neighbor, plus the transfer time (Y Fd

i ) that MF
i’s forward neighbor needs in order to relay to MFi all
its buffered data. We have

Y F
i = Y Fu

i + Y Fd
i . (32)

• MF-node transfer time(XF
i ): the transfer time (XFu

i )
that MFi needs in order to deliver to its nodes all the data
that have been relayed to it from its backward neighbor
during their last meeting at contact pointP i and are
destined to MFi’s nodes, plus the transfer time (XFd

i )
that MF i needs in order to collect all the data from its
assigned nodes and need to be relayed to MFi’s forward
neighbor during their next meeting, plus the transfer time
(XFl

i ) that MF i needs in order to collect and deliver all
the data from its nodes destined to the nodes located in
MF i’s own path and lying between the source node and
contact pointP i+1. We have

XF
i = XFu

i + XFd
i + XFl

i .

• MF travel time(AF
i ): the travel time of MFi from contact

point P i to P i+1.
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Collecting all these we have

TF
i = Y F

i + XF
i + AF

i .

The backward time of MFi, TB
i , consists of the following

terms:
• Inter-MF relay time(Y B

i ): the transfer time (Y Bu
i ) that

MF i needs in order to relay to its backward neighbor
all the buffered data that have been relayed to MFi
from its forward neighbor during their last meeting at
contact pointP i+1, as well as, all the buffered data that
MF i has collected from all its own nodes (when last
traveling from P i+1 to P i) that need to be relayed to
MF i’s backward neighbor, plus the transfer time (Y Bd

i )
that MF i’s backward neighbor needs in order to relay to
MF i all its buffered data. We have

Y B
i = Y Bu

i + Y Bd
i . (33)

• MF-node transfer time(XB
i ): the transfer time (XBu

i )
that MF i needs in order to deliver to its nodes all the
data that have been relayed to it from its forward neighbor
during their last meeting at contact pointP i+1 and are
destined to MFi’s nodes plus the transfer time (XBd

i )
that MF i needs in order to collect all the data that have
originated and have been buffered in MFi’s nodes and
need to be relayed to MFi’s backward neighbor during
their next meeting, plus the transfer time (XBl

i ) that MF
i needs in order to collect and deliver all the data from its
nodes destined to the nodes located in MFi’s own path
and lying between the source node and contact pointP i.
We have

XB
i = XBu

i + XBd
i + XBl

i .

• MF travel time(AB
i ): the travel time of MFi from contact

point P i+1 to its other contact pointP i. We have

AB
i = AF

i .

Collecting the above we have

TB
i = Y B

i + XB
i + AB

i .

Since MFs exchange data directly, synchronization is re-
quired so that two adjacent MFs meet at the same time at
their contact points. For this scheme to work, we requireM
to be even so that at each contact point two adjacent MFs
are available to relay data to each other. Also to ensure that
adjacent MFs are able to meet each other in every cycle, the
scheme requires MFs in adjacent paths to move in reverse
direction. In particular, and without loss of generality, assume
that odd MFs start from their counter-clockwise contact point
and even MFs from their clockwise contact point. So, initially,
each pair of MFs starts from the same point. Odd MFs move
clockwise and even MFs counter-clockwise. It can be seen that
odd MFs will meet again with their backward neighbors at the
initial point after a finite amount of time and no deadlock can
occur. We define

Ti = 2max{TF
i , TB

i } (34)

and refer to it as MFi’s cycle time. When the cycle times
of two adjacent MFs are not the same, the contacts between

MFs would occur irregularly, so the MF with shorter cycle
time needs to wait for an additional period of time before its
neighbor arrives and they can exchange data. It follows that
the cycle time of the system can be chosen as the maximum
of all MF cycle times:T = maxi{Ti}. We will next proceed
with characterizing delay and deriving bounds on average and
worst-case delay.

Assume that a configuration of the NFR scheme is given
(without loss of generality as presented in Fig. 3). To calculate
the cycle time for a given configuration of the scheme, we
define the functionγ(j, k) for j ∈ {1, 2, . . . ,M} and fork ∈
{−M,−M + 1, . . . ,−1, 1, . . . ,M − 1,M} which identifies
the MF that isk segments away from MFj (in the forward
direction if k is positive, and in the backward direction ifk is
negative) as follows:

γ(j, k) =















j + k, if j + k ≥ 1, k < 0,
M + j + k, if j + k < 1, k < 0,
j + k, if j + k ≤ M, k ≥ 0,
−M + j + k, if j + k > M, k ≥ 0.

We have

Y Fu
i =

T

W2

M
2
−1

∑

k=0

M
2
−k

∑

k′=1

∑

l∈N (γ(i,−k))

∑

l′∈N (γ(i,k′))

λ(l, l′),

(35)

Y Fd
i =

T

W2

M
2
−1

∑

k=1

M
2
−k−1
∑

k′=0

∑

l∈N (γ(i,k))

∑

l′∈N (γ(i,−k′))

λ(l, l′),

(36)

XFu
i =

T

W1

M
2

∑

k=1

∑

l∈N (γ(i,−k))

∑

l′∈N (i)

λ(l, l′), (37)

XFd
i =

T

W1

M
2

∑

k=1

∑

l∈N (γ(i,k))

∑

l′∈N (i)

λ(l′, l), (38)

XFl
i =

2T

W1

∑

l∈N (i)

∑

l′∈NF,l(i)

λ(l, l′), (39)

Y Bu
i =

T

W2

M
2
−2

∑

k=0

M
2
−k−1
∑

k′=1

∑

l∈N (γ(i,k))

∑

l′∈N (γ(i,−k′))

λ(l, l′),

(40)

Y Bd
i =

T

W2

M
2

∑

k=1

M
2
−k

∑

k′=0

∑

l∈N (γ(i,−k))

∑

l′∈N (γ(i,k′))

λ(l, l′), (41)

XBu
i =

T

W1

M
2
−1

∑

k=1

∑

l∈N (γ(i,k))

∑

l′∈N (i)

λ(l, l′), (42)

XBd
i =

T

W1

M
2
−1

∑

k=1

∑

l∈N (γ(i,−k))

∑

l′∈N (i)

λ(l′, l), (43)

XBl
i =

2T

W1

∑

l∈N (i)

∑

l′∈NB,l(i)

λ(l, l′), (44)

AF
i = AB

i = Li/V. (45)
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In the equations above,NF,l(i) denotes the set of nodes in
MF i’s path which are located after nodel in the forward
direction, NB,l(i) is the set of nodes in MFi’s path which
are located after nodel in the backward direction, andLi is
the length of MFi’s path. Solving forT , we have

T = max
i

{

max

(

AF
i

1
2 − Y F

i

T
− XF

i

T

,
AB

i

1
2 − Y B

i

T
− XB

i

T

)}

.

(46)
Note that Y F

i

T
, XF

i

T
, Y B

i

T
, and XB

i

T
do not depend onT .

Theorem VI.1. [Delay in NFR] Letλ andλ′ be defined as in
(7). Let alsoSmax denote the largest number of nodes assigned
to an MF andL the length of the longest MF path. If

M min(λ, λ′)

W2
+

(λ + λ′)

W1
<

1

2Smax
,

then there exists an NFR scheme for which

Dmax≤
(

M

4
+

3

2

)

TN
max, where

TN
max =

L
V

1
2 − Smax

[

M min(λ,λ′)
W2

+ λ+λ′

W1

] . (47)

and

E[D] ≤ min

{

(

∑

M
2
−1

k=1 MS2
max(

3T N
max

2 + (k − 1)
T N

max

2 )

)

(

N
2

)

+
M
2 S2

max(
3T N

max

2 + (M
2 − 1)

T N
max

2 )
(

N
2

) +
M

(

Smax

2

)

TN
max

(

N
2

) ,

3TN
max

2
+

(

M

2
− 1

)

TN
max

2

}

. (48)

Proof: Consider a configuration of the NFR scheme and
any arbitrary Hamiltonian cycle that includes allN nodes.
From Eq. (35) we have

Y Fu
i =

T

W2

M
2
−1

∑

k=0

∑

l∈N (γ(i,−k))

M
2
−k

∑

k′=1

∑

l′∈N (γ(i,k′))

λ(l, l′)

≤ T

W2

M
2
−1

∑

k=0

∑

l∈N (γ(i,−k))

λ

≤ T

W2

(

M

2

)

Smaxλ.

On the other hand, Eq. (35) also yields

Y Fu
i ≤ T

W2

M
2

∑

k′=1

∑

l′∈N (γ(i,k′))

M
2
−1

∑

k=0

∑

l∈N (γ(i,−k))

λ(l, l′)

≤ T

W2

M
2

∑

k′=1

∑

l′∈N (γ(i,k′))

λ′

≤ T

W2

(

M

2

)

Smaxλ
′.

Hence,
Y Fu

i

T
≤ (M

2 )Smax min(λ, λ′)

W2
.

Similarly, we can show

Y Bu
i

T
≤ (M

2 )Smax min(λ, λ′)

W2
,

Y Fd
i

T
≤ (M

2 )Smax min(λ, λ′)

W2
,

Y Bd
i

T
≤ (M

2 )Smax min(λ, λ′)

W2
.

Therefore,

max

(

Y Fu
i

T
,
Y Bu

i

T

)

≤ (M
2 )Smax min(λ, λ′)

W2
,

max

(

Y Fd
i

T
,
Y Bd

i

T

)

≤ (M
2 )Smax min(λ, λ′)

W2
.

Using Eqs. (38) and (39), we can write

XFd
i +

XFl
i

2
=

T

W1

∑

l∈N (i)

M
2

∑

k=1

∑

l′∈N (γ(i,k))

λ(l, l′)

+
T

W1

∑

l∈N (i)

∑

l′∈NF,l(i)

λ(l, l′)

≤ T

W1

∑

l∈N (i)

λ.

Now, from Eqs. (37) and (39) it follows

XFu
i +

XFl
i

2
=

T

W1

∑

l′∈N (i)

M
2

∑

k=1

∑

l∈N (γ(i,−k))

λ(l, l′)

+
T

W1

∑

l′∈N (i)

∑

l∈N (i)

λ(l, l′)

≤ T

W1

∑

l′∈N (i)

λ′.

Hence,
XF

i

T
≤ Smax(λ + λ′)

W1
.

Similarly, we can show

XB
i

T
≤ Smax(λ + λ′)

W1
.

Therefore,

max

(

XF
i

T
,
XB

i

T

)

≤ Smax(λ + λ′)

W1
.

Finally, using Eqs. (32), (33), (46), and the inequalities
above, we obtain

T ≤
L
V

1
2 − Smax

[

M min(λ,λ′)
W2

+ λ+λ′

W1

]

△
= TN

max.

A packet needs to be relayed by at mostM/2 MFs before
reaching its destination, so the maximum number of MFs that
carry this packet is (M2 + 1) (considering also the MF that
collects it from the source node). Each MF carries the packet
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for at mostT/2 time units, and it waits for at mostT time
units before it is collected. Thus,

Dmax ≤
(

M

2
+ 1

)

T

2
+ T ≤

(

M

4
+

3

2

)

TN
max.

The average waiting time of a packet before it is picked up
is T/2 and if its destination is within the origin path, then
the maximum time to deliver the packet after it is picked up
is less thanT/2. However, if its destination isk paths(k =
1, . . . , M

2 ) away from the origin path, then the average delay
is less than3T

2 +(k−1)(T
2 ). The former case includes at most

M
(

Smax

2

)

SD pairs. The latter case includes at mostMS2
max

SD pairs for eachk = 1, . . . , (M
2 − 1), and at mostM2 S2

max

SD pairs fork = M
2 . Also, there are a total of

(

N
2

)

SD pairs
in the network. Thus,

E[D] ≤

(

∑

M
2
−1

k=1 MS2
max(

3T N
max

2 + (k − 1)
T N

max

2 )

)

(

N
2

)

+
M
2 S2

max(
3T N

max

2 + (M
2 − 1)

T N
max

2 )
(

N
2

) +
M

(

Smax

2

)

TN
max

(

N
2

) .

(49)

Taking into account (49), considering that the average delay
does not exceed3T N

max

2 + (M
2 − 1)(TN

max/2) no matter where
the destination is, and noting that the total number of SD pairs
is

(

N
2

)

, we obtain (48).
A result analogous to Corollary IV.2 can be obtained for

Thm. VI.1 as well.

Corollary VI.2. Suppose that the data rates between the
nodes are random variables and the maximum output rate
from and maximum input rate to any arbitrary node, denoted
by λ̃ and λ̃′ (cf. (7)), respectively, satisfy

λ̃ ≤ λ, λ̃′ ≤ λ′ w.p.1.

Assume further that the maximum length of an MF path,L̃, is
also stochastic such that̃L ≤ L, w.p.1. Then, bound (47) on
the worst-case delay holds w.p.1.

Furthermore, using Thm. IV.4 we can show the following.

Corollary VI.3. AssumeN nodes are placed arbitrarily on
a unit square, each of which transmitting with a rate ofλ to
other nodes (such that the data rate between any pair of nodes
is the same). Ifλ < 1

2Smax( M
W2

+ 2

W1
)
, then there exists an NFR

scheme for which (47) and (48) hold withTN
max replaced by

T̃N
max =

√
2Smax+ 7

4

V

1
2 − Smax

[

Mλ
W2

+ 2λ
W1

] .

B. NFR Optimization

NFR optimizationis defined as the problem of finding a
configuration of the NFR scheme (finding a Hamiltonian cycle
through the nodes and splitting it into appropriate paths) such
thatT in Eq. (46) is minimized. As the earlier schemes, NFR
optimization is NP-hard (reduction from TSP) and we again
rely on a heuristic algorithm. Intuitively, good paths should

be short and constructed such that nodes with high data flow
among themselves are located closer to each other. The former
helps us reduce the MFs’ travel times, and the latter reduces
inter-MF relay times. Our heuristic algorithm consists of two
phases. In the first phase, we find a good Hamiltonian cycle
and in the second phase we assign the nodes to the MFs.

1) Phase I (Choosing a good Hamiltonian cycle):We first
use well known TSP heuristics [37], [38] which compute a
cycle visiting all nodes. However, instead of optimizing the
length of the cycle route as in TSP, we optimize the following
estimate (τ ) of the cycle time:

τ =
L̃
V

M
2 − [

P

N
i=1

P

N
j=1

y(i,j)λ(i,j)

W2

+
P

N
i=1

P

N
j=1

λ(i,j)

W1

]
,

which is obtained by solving the following equation forτ :

τ =
2

M

L̃

V
+

1

(M
2 )

(

τ

∑N
i=1

∑N
j=1 y(i, j)λ(i, j)

W2

)

+
2

M

(

τ

∑N
i=1

∑N
j=1 λ(i, j)

W1

)

. (50)

In the equation above,̃L is the length of the Hamiltonian cycle,
andy(i, j) returns an estimate of the average number of relays
needed to deliver data from nodei to nodej along the cycle,
defined as

y(i, j) =
s(i, j)

N/M
,

where s(i, j) is the number of nodes located between node
i and nodej along the direction of the cycle that yields the
smaller number. The estimate in Eq. (50) can be intuitively
understood as follows. Assuming that we split the cycle into
paths of equal length, each MF’s travel times,AF

i and AB
i ,

would be equal to L̃
V M

, and each MF’s total travel time (for-
ward and backward) in one cycle would be equal to2L̃

V M
. Also,

in one cycle, there would beτ
∑N

i=1

∑N

j=1 y(i, j)λ(i, j) bits
of data to be relayed among theM MFs, and since in the inter-
MF relay process two MFs are communicating with each other,

each MF would spend 1
( M

2
)
(τ

PN
i=1

PN
j=1

y(i,j)λ(i,j)

W2

) units of

time as its inter-MF relay time. Note that ass(i, j) grows,
y(i, j), the average number of relays from nodei to nodej,
also grows. In addition, in one cycle, there would be a total of
τ

∑N
i=1

∑N
j=1 λ(i, j) bits of data to be delivered to all nodes

by M MFs, and since the data should be also collected in order

to be delivered, each MF would spend2
M

(τ
PN

i=1

PN
j=1

λ(i,j)

W1

)
units of time in each cycle as its MF-node transfer time.

Similar to [15], we consider the following 2-opt and 2H-opt
swap operations to improve the cycle.

• 2-opt swap: A 2-opt swap removes two edges AB and
CD from the cycle and replaces them with edges AC and
BD while maintaining a single cycle.

• 2H-opt swap: A 2H-opt swap moves a node in the path
from one position to another.

Thus, the algorithm tries to reduceτ by applying 2-opt and
2H-opt swaps until no further improvement is found. There
are no complexity results for the TSP heuristics we discussed
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Fig. 4. Comparison of the schemes for the scenario with topology U and the uniform data model: (Upper Left) Average delay; (Upper Right) Worst-case
delay; and of the schemes for the scenario with topology A and the uniform data model: (Lower Left) Average delay; (Lower Right) Worst-case delay.

but one can limit the number of iterations to maintain low
complexity.

2) Phase II (Assigning nodes to MFs):This is essentially
a local search heuristic. We start from an arbitrary point in
the cycle obtained in Phase I and as we move in an arbitrary
direction we assign the firstN

M
nodes to MF1, the next N

M

nodes to MF2, and so on and so forth. We assume that
two MFs meet with each other at a contact point defined
as the midpoint of the edge that is incident to both of their
corresponding paths. Given this construction, each MF’s cycle
time Ti can be calculated using Eq. (34), and the actual total
cycle timeT is obtained from Eq. (46). Then, the MF with the
largestTi is recognized. We call this MF the “critical MF” and
its path the “critical path.” We target the critical path andtry to
shorten the critical MF’s cycle time by de-assigning one of its
two “extreme” nodes (the nodes that are located closest to the
MF’s forward and backward neighbors) and assigning them to
the corresponding (closest) neighbor. If this node-exchange
reduces the total cycle time, then we apply the exchange;
otherwise we attempt this node-exchange process between
neighboring paths that have the largest difference between
their cycle times. In the latter case, such a node-exchange is
allowed only if it does not increase the total cycle time and
results in a smaller difference between the cycle times of these
paths. We continue this process until no further improvement

is realized. Note that the proposed approach always achieves
the average and worst-case delays given in Theorem VI.1. As
we have done so far, we can limit the number of iterations of
this assignment phase in order to maintain low complexity.

Fig. 6. The locations of the cluster centers in topology A.

VII. N UMERICAL EVALUATION

In this section, we evaluate the effectiveness of the schemes
we introduced via simulation under various scenarios. The
simulation was developed in the MATLAB environment. A
graph generator forms the random network topology and
determines the data rates according to a given scenario. Given
node positions and pairwise data rates, the CFR, BFR, and
NFR optimization problems are solved using the proposed al-
gorithms. We consider40 nodes distributed on a300m×300m
area. Two topologies, A and U, are assumed in our simulations.
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Fig. 5. Comparison of the schemes for the scenario with topology U and the non-uniform data model: (Upper Left) Average delay; (Upper Right) Worst-case
delay; and of the schemes for the scenario with topology A and the non-uniform data model: (Lower Left) Average delay; (Lower Right) Worst-case delay.

Topology U corresponds to uniformly distributed nodes over
the coverage area. In Topology A, we assume that the nodes
are concentrated at certain locations calledcluster centers. The
cluster centers have the highest density of nodes, which drops
radially outward. More specifically, the area was divided into
four 150m×150m squares, and the centers of the four squares
were chosen as the locations of the cluster centers (see Fig.6).
To generate topologies A,x andy coordinates of each of the
10 nodes belonging within each cluster are generated from
a Normal distribution with mean equal to the corresponding
coordinate of their cluster center and standard deviation equal
to 20m. The communication between MFs and nodes is done
at the rate ofW1 = 20 Mbps and among MFs at the rate
of W2 = 20 Mbps also. We consider two data traffic models
in the network:uniform flow and non-uniform flow. In the
uniform flow model, the data rate between any two nodes
is randomly selected from a Uniform distribution that takes
values between0 and1 Kbps, whereas in the non-uniform flow
model,10% of the traffic has a rate of3 Kbpsand the rest a rate
of 1 Kbps. We setV = 1(m/s). The performance measures
we computed via simulation include the average delay and the
worst-case delay.

Figs. 4 and 5 depict the average and worst-case delay for
different scenarios as the number of MFs increases. As we
noted earlier, for the NFR scheme we requireM to be even

so that at each contact point two adjacent MFs are available
to relay data to each other. The results show that the CFR,
BFR, and NFR schemes generally yield substantially less
average delay than the FRA scheme. This gain is generally
more pronounced for larger values ofM . It appears that the
FRA scheme is the least capable of utilizing the additional
number of MFs to decrease the delay (when the number of
MFs becomes large, the delay increases in the FRA scheme);
this is due to excessive inter-MF relays in the FRA scheme.
Notice that in the BFR scheme the average delay also increases
after a certain number of MFs, because we utilize a single bus
which has to travel between many MFs. We discussed earlier
(see Sec. V) how this issue can be addressed by employing
multiple buses.

Regarding worst-case delay, the qualitative conclusions are
similar. Note that CFR and NFR keep the worst-case delay
low while also maintaining a low average delay. BFR (with
a single bus) increases worst-case delay after a number of
MFs get employed, but still outperforms FRA. BFR may
be appropriate for a specific application, especially when
vehicles that roam the environment (e.g., real buses) already
exist. These observations guide the network designer to select
an appropriate scheme given performance requirements and
application considerations.

Fig. 7 shows the ratio of simulated worst-case delay and
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Fig. 7. Assessing the tightness of the bounds: (Upper Left) CFR; (Upper Right) BFR; (Lower Left) NFR. In each plot and for each number of available
MFs the 1st and 2nd bars correspond to non-uniform flow and Topology A and U, respectively, and the 3rd and 4th bars correspond to uniform flow and
Topology A and U, respectively. (Lower Right): Assessing the effectiveness of CFR, BFR, and NFR optimization approaches. The 1st and 2nd bars correspond
to uniform flow and worst-case and average delay, respectively, and the 3rd and 4th bars to non-uniform flow for the two respective delay metrics.

average delay over the corresponding upper bounds we have
established for CFR, BFR, and NFR, respectively (cf. Theo-
rems IV.1, V.1, and VI.1, respectively). In general, the bounds
under uniform flow traffic are tighter than the ones under non-
uniform flows, which is to be expected based on our earlier
discussion. The bounds of CFR are the tightest and the gap
is less than 30%. For BFR and NFR, the bounds are tight in
most cases.

Finally, we assess the effectiveness of the CFR, BFR,
and NFR optimization approaches we have proposed in Sec-
tions IV-C, V-B, and VI-B, respectively. In each case we
derived an optimal policy using a brute-force method for a
small-scale network with 4 nodes and 2 MFs. In the brute-
force method, we calculate the total cycle time for all possible
configurations and select the configuration with the smallest
such value. This calculation of total cycle time is done by
simulation and this introduces some (estimation) error which
may prevent us from obtaining the true optimal policy. Yet,
the policy we derive should be very close to optimal and
provides an appropriate baseline. In this comparison, the
network topology is set to be Topology U and both uniform
and non-uniform flow models are considered. The results

appear in Fig. 7 (Lower Right), where it can be seen that
our heuristic methods produce policies that are not that far
from optimal (by a factor of 1–1.5 for CFR and BFR and a
factor of 1.4–1.8 for NFR).

VIII. C ONCLUSIONS

In this paper, we studied the problem of designing routes
for mobile elements (message ferries) in wireless networks.
We considered a general network model where each node in
the network sends data to multiple other nodes with possibly
different data rates. We proposed schemes that utilize useful
interactions among the ferries. For each scheme, analytical
bounds on worst-case and average delay were derived. Worst-
case bounds in particular, have not received enough attention
in the literature even though they are critical in offering
performance guarantees.

We also established that one of our schemes (CFR) has
desirable scalability properties; achieving constant per-node
throughput within constant maximum (worst-case) delay as
the network size grows. Simulation results for several qual-
itatively different topologies and traffic patterns showedthat
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our schemes perform better than the alternative Ferry Relaying
Algorithm proposed earlier in the literature.

We noted that the BFR scheme can be possibly improved
if more than one bus is used when the number of ferries is
relatively large (e.g., using two buses each of which traveling
half of the route designed for the single bus case). In addition,
and for all of our schemes, it would also be interesting to
explore route design where some of the nodes (e.g., the ones
with higher data rates) are visited more than once in every
cycle. These are interesting directions to be pursued in future
research.
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