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Abstract

Data propagation in wireless sensor networks is usually
performed as a multihop process. To deliver a single mes-
sage, the resources of many sensor nodes are used and a lot
of energy is spent. Recently, a novel approach is catching
momentum because of important applications; that of hav-
ing a mobile sink move inside the network area and collect
the data with low energy cost. Here we extend this line of
research by proposing and evaluating three new protocols.

Our protocols are novel in a) investigating the impact of
having many mobile sinks b) in weak models with restricted
mobility, proposing and evaluating a mix of static and mo-
bile sinks and c) proposing a distributed protocol that tends
to equally spread the sinks in the network to further improve
performance. Our protocols are simple, based on random-
ization and assume locally obtainable information. We per-
form an extensive evaluation via simulation; our findings
demonstrate that our solutions scale very well with respect
to the number of sinks and significantly reduce energy con-
sumption and delivery delay.

1. Introduction

Wireless Sensor Networks are visioned as large collec-
tions of very small autonomous devices, that can sense en-
vironmental conditions in their immediate surroundings and
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have limited processing and communication capabilities.
These smart nodes form ad hoc distributed sensing and data
propagation networks that collect quite detailed information
about the ambient environment. In a usual scenario, these
networks are deployed in areas of interest for fine grained
monitoring in different classes of applications [2]. The sen-
sor devices are battery powered, thus energy is their most
precious resource since periodically replacing the battery in
large scale deployments is infeasible. The collected data is
usually disseminated to a static control point – data sink in
the network, using node to node – multihop data propaga-
tion, [9, 12]. This process consumes significant amounts of
energy especially in the area near the sink where nodes need
to relay the data from nodes that are farther away. Thus, a
hotspot of increased energy consumption emerges and fail-
ure of these nodes due to strained energy resources leads to
a disconnected and dysfunctional network.
Mobility. In recent years, a new category of important sen-
sor networks applications emerges where motion is a fun-
damental characteristic of the examined system. In such
applications sensors are attached to vehicles, animals or
people that move around large geographic areas. Data ex-
change between individual sensors and infrastructure nodes
will drive applications such as traffic and wild life moni-
toring, smart homes and hospitals and pollution control. In
scenarios were some or all of the nodes are mobile, net-
work topology is highly dynamic and connectivity can’t be
guaranteed, the usual approach of having one or more stati-
cally placed control centers requires the implementation of
complex protocols in order to cope with increased network
dynamics thus leading to increased resource use and ineffi-
cient operation.

Motivated by these developments, a new approach has
been introduced that shifts the burden of delivering the data,
from the sensor nodes to the sink. The main idea is that



the sink has significant and easily replenishable energy re-
serves and can move inside the area the sensor network is
deployed. When moving inside this area, the sink is con-
stantly in close proximity to a (usually small) subset of the
sensor devices and can acquire the data collected by these
nodes at very low energy cost. By travelling in the whole
network area, the control center is capable of collecting all
the available data.

However, traversing the network area in a timely and ef-
ficient way is critical since failure to visit some areas of the
network will result in data loss, while infrequently visiting
some regions will result in large delivery delays. Also, rout-
ing and localization problems in the case of mobile sinks
become more difficult to cope with. Despite the apparent
difficulties, this data collection paradigm has many attrac-
tive properties [15]. A mobile sink that moves close to the
nodes can help conserve energy since data is transmitted
over fewer hops thus reducing the number of transmitted
packets. The extra energy spent for the operation and move-
ment of the sink doesn’t affect overall sensor network life-
time since the mobile sink is considered an external to the
network factor e.g. could be a man navigated vehicle or an
unmanned robot that periodically returns to a fixed point in
order to recharge itself.

Another important advantage is that sparse and discon-
nected networks can be better handled. A mobile sink al-
lows to monitor a region with fewer sensor devices thus de-
creasing the operational cost of the network. Also, the sen-
sor devices can reduce their transmission range to the lowest
value required to reach the mobile infrastructure. Addition-
ally, the mobile sink can possibly navigate through or by-
pass problematic regions where sensor devices can’t oper-
ate, such as small lakes, large boulders that block the prop-
agation path and other obstacles. In such conditions, con-
ventional multi-hop protocols either fail or spend too many
resources in order to overcome such obstacles.

Moreover, increased throughput and data fidelity can be
achieved with the use of a mobile sink. By reducing the
number of hops, the probability of transmission error and
collisions also reduces. Also, for applications where secu-
rity is concerned, with the use of a mobile sink the pres-
ence of the network is more difficult to detect since few low
power transmissions are used. Also, attempts to compro-
mise sensor nodes or deploy “bugs” in order to overhear
the collected data become irrelevant. Only the information
regarding a small area can be collected by the adversary be-
cause the data does not traverse many hops. A very nice and
complete categorization and discussion of several different
mobility models and their relevance to different application
types and real world scenarios can be found in [18].
Our Contribution. In this work we propose and investigate
sink mobility as a method for efficient, scalable and robust
data delivery in wireless sensor networks. Our work is one

of the first few attempts in the relevant state of the art that
introduces multiple mobile sinks. We propose three proto-
cols that consist of a mobility pattern for the sink and an ap-
propriate data collection method. Our mobility patterns, in
contrast to most other relevant solutions where sinks move
in a strictly deterministic manner, are mostly randomized.
Starting with the simple random walk we also propose a
combination of random walk and deterministic biased walk
that attempts to equally distribute mobile sinks in the whole
network area. In particular: a) the first protocol introduces
many mobile sinks; its main advantage is significantly re-
ducing latency, even with few sinks; also, energy dissipation
is very low. b) Our second protocol introduces a more ag-
gressive data collection strategy and uses a combination of
static together with mobile sinks; great benefits, in terms of
reduced latency and increased delivery rate, can be achieved
even when only a small percentage of mobile sinks is used.
c) Our final protocol builts upon the second protocol and
further enhances its’ performance. By loosely coordinating
the mobile sinks using only local information, even lower
latency and higher delivery rates are achieved. To retrieve
the data from sensors, the sink movement is combined with
two data collection strategies: a passive single-hop and a
limited multi-hop.

We investigate several important performance properties
of our protocols through a detailed, large scale simulation
evaluation. We emphasize in examining the effect of hav-
ing different degrees of mobility and on the scalability of
increasing the number of sinks, mainly with respect to the
delivery delay. Our findings demonstrate that by lightly
increasing the number of mobile sinks we can greatly re-
duce the delivery delay, without introducing any additional
energy overhead on the sensors. Even when having many
static sinks, adding a number small of mobile sinks can sig-
nificantly increase performance.

Moreover, we assume a weak yet still realistic model:
sensors and sinks are not required to have network topol-
ogy knowledge, the mobility strategies assume and exploit
locally available information and the proposed data prop-
agation protocols are simple enough to be implemented in
current day sensor devices (see [1]). We feel that our work
is a significant step towards introducing and studying mo-
bility of multiple nodes and loosely coordinated mobility in
wireless sensor networks, e.g. having a network composed
of mobile sensors (or combinations of mobile and static sen-
sors). Though efficient and important in practice, mobility
introduces complications and new challenges for protocol
design that should be investigated in future research.
Related Work and Comparison. Wireless sensor net-
works have been extensively studied and many interest-
ing and efficient routing and energy conservation protocols
have been developed for the case of statically placed sen-
sors and sinks. In [3], PEQ is presented, an algorithm that
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uses the publish/subscribe paradigm to disseminate requests
across the network and an ack-based scheme to provide
fault tolerance and low latency. [4] proposes a cluster-based
routing protocol that reduces latency and network traffic, by
grouping sensor nodes in clusters; nodes with more residual
energy are selected as aggregator nodes that relay data to
the sink. Also, [6] proposes and evaluates a propagation
protocol that optimizes paths using limited knowledge. The
protocol operates in phases, first it gathers locally network
knowledge of the immediate area surrounding a sensor, sub-
sequently this knowledge is used to optimize the routing
path, thus achieving low power consumption and delay as
well as high resilience in the presence of failures.

In [17], SW-PFR is proposed which is a randomized
multipath routing protocol that performs a probabilistic se-
lection to route messages with high probability over paths
close to the optimal line connecting the sender and the sink.
SW-PFR also reduces the energy consumption by alternat-
ing the operating state of sensor nodes between normal op-
eration and a low power consumption “sleep” state. Also, in
[11] a randomized routing algorithm is proposed, that uses
an elaborate probabilistic selection in order to favor nodes
with high energy and route messages over long distance
hops, close to the optimal route. The authors combine their
algorithm with a sleep-awake scheme and show that high
delivery rate and low energy consumption is achieved. A
sleep-awake based power conservation protocol that adapts
to local conditions, is proposed and extensively analyzed in
[7], under dynamic and heterogeneous network settings.

Although, mobility has been extensively examined in the
context of mobile ad-hoc wireless networks and many fine
communication protocols have been proposed, most of the
findings do not directly apply to wireless sensor networks.
Recently, applications that motivate mobility in wireless
sensor networks appeared; [14] is a case study of applying
peer-to-peer techniques in mobile sensor networks designed
for wildlife position tracking for biology research. In [5] a
data sink was mounted on a public transportation bus. The
sensor nodes learn the times at which they have connectiv-
ity, and wake up accordingly to transfer their data.

In [19] a three-tier architecture is proposed that exploits
the random motion of mobile entities, such as humans or
animals, in order to collect information from the sensors
and relay that information to access points. Using a sim-
plified analytical model of a sensor network it is shown that
great energy savings can be achieved at the cost of increased
latency. In [15] the authors perform an experimental evalu-
ation of a small sensor network with one mobile entity that
moves back and forth on a straight line. This idea is further
extended in [13] where multiple mobile entities that move
deterministically on precomputed linear trajectories are ex-
amined; an algorithm to load balance the data collection
process is proposed under the assumption of full coverage

of the network by the mobile entities.
[16] nicely investigates how to optimally (with respect

to energy) move the sink on a cycle (i.e. the optimal po-
sitioning and radius of the moving cycle are analytically
estimated) considering multi-hop propagation effects, thus
balancing energy consumption and increasing network life-
time. Optimization of the data propagation process using
mobility is examined in [10]. Under the assumption that
all sensor nodes can move in a controllable manner, the au-
thors propose an algorithm for rearranging the position of
nodes in a propagation path, thus minimizing hop-distance
and reducing energy consumption.

In [20] the authors propose a two-tier data dissemina-
tion model that supports many sinks. Each sink selects a
sensor node to act as it’s primary agent, that collects all in-
formation and propagates it to the sink. As a sink moves,
the path to it’s primary agent must be maintained until the
sink selects a one. Also, the sink issues queries that contain
location information used in routing data back to the sink.

This work effectively and non-trivially continues previ-
ous research of our group. In [8] we gained an insight in the
benefits of having a single mobile sink, when compared to
the static sink approach, even in cases where sink mobility
is reduced in a fixed trajectory. Here we significantly ex-
tend this previous work by examining the scalability of the
mobility assumption (since we allow multiple sinks) and by
introducing loose coordination among the mobile sinks.

Our approach is different to the presented solutions in at
least the following aspects, a) our model is weak but real-
istic; we assume no geolocation capabilities on the sensor
devices, we use only local knowledge of the network and
we examine scenarios where mobility is reduced. At the
same time we assume a detailed energy model and a real-
istic radio channel. b) Our protocols are very simple, with
low memory and communication footprint, and distributed
without centralized coordination. c) We investigate the im-
pact of multiple mobile sinks and also we consider hetero-
geneous settings of mixtures of static and mobile sinks.

2. The Model

Sensor networks are comprised of a vast number of ultra-
small homogeneous sensor devices (which we also refer to
as sensors) (see also [9]). Each sensor is a fully-autono-
mous computing and communication device, characterized
mainly by its available power supply (battery) and the en-
ergy cost of data transmission and the (limited) processing
capabilities and memory. Sensors (in our model here) do
not move. The network area A is a flat square region of size
D × D; this assumption can be easily relaxed to include
general network areas of arbitrary shapes.

The positions of sensor nodes within the network area
are random and in the general case follow a uniform distri-
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bution. Let n be the number of sensors spread in the net-
work area and let d be the density of sensors in that area
(usually measured in numbers of particles/m2).

Sensor devices are equipped with a set of hardware mon-
itors that can measure several environmental conditions.
Each device has a broadcast (digital radio) beacon mode
of fixed transmission range R, and is powered by a battery.
Also a sensor is equipped with a general purpose storage
memory (e.g. FLASH) of size C. Let Ei be the available
energy supplies of sensor i at a given time instance. At
any given time, each sensor can be in one of three different
modes, regarding the energy consumption: (a) transmission
of a message, (b) reception of a message and (c) sensing of
events.

In our model, for the case of transmitting and receiving
a message, we assume that the radio module dissipates an
amount of energy proportional to the message’s size. To
transmit a k-bit message, the radio expends ET (k) =
εtrans·k and to receive a k-bitmessage, the radio expends
ER(k) = εrecv · k where εtrans, εrecv are constants that
depend on the radio module and the transmission range of
the sensors. For the idle state, we assume that the energy
consumed for the circuitry is constant for each time unit
and equals Eelec.

Overall, there are three different types of energy dissi-
pation: (a) ET , the energy dissipation for transmission, (b)
ER, the energy dissipation for receiving and (c) Eidle, the
energy dissipation for idle state. For the idle state, we as-
sume that the energy consumed for the circuitry is constant
for each time unit and equals Eelec (the time unit is 1 sec-
ond). We note that in our simulations we explicitly measure
the above energy costs.

There is set of k special nodes within the network area,
which we call sinks, S = {S1,S2, · · · ,Sk} that represent
data collection points. We assume that any data packet re-
ceived by any Si is considered delivered and the informa-
tion it is transferring is available to the network implemen-
tors. This means that there aren’t sink specific data flows
and that sensors should propagate the collected information
to any available sink to complete a sensing task. We assume
that sinks can be deployed in a similar manner to sensor
devices, thus their initial positions within the network are
random. An important modelling assumption that differen-
tiates our approach from most standard models in the state
of the art is the mobility of the sinks. Sinks are not resource
constrained i.e. they are assumed to be powerful in terms
of computing, memory and energy supplies. Sinks can cal-
culate accurately their position (e.g. by using navigational
equipment, such as GPS) and is aware of the boundaries of
the network area. Sinks moves driven by a high level mo-
bility function which we symbolize byM. If pn is the posi-
tion of the sink in a given moment then M(pn) will return
a new position pn+1 towards which the sink should move.

This defines a trajectory for the sink as a series of points
p0, p1 = M(p0), p2 = M(p1), . . . , pn = M(pn−1). Also,
the function M defines the speed sn = M(sn−1) by which
the sink moves from position pn−1 to position pn, the speed
is bounded by a maximum value which is depended on the
scenario and models the mobility capacity of the sink; we
call this limit smax. A valid definition of M returns posi-
tions that are within the network area and s ≤ smax The
mobility function can be invoked at anytime even before
reaching the designated point. The actual mechanism that
moves a mobile entity from position pn−1 to position pn is
beyond the scope of this paper since it can be a human driver
or an automated navigation system. However, in order to
simplify our model we assume that all changes in speed and
direction can be done instantly. Finally, we assume that a
specific, high-level, sensing application is executed by the
particles that form the network which we model in an ab-
stract way by defining the message generation rate in each
sensor.

3. Mobility strategies for multiple sinks

A) The fully mobile strategy. In this section we exam-
ine the simple case of having k sinks moving independently,
without any coordination, inside the network area collect-
ing data. The sinks follow each a simple random walk
movement, where they can move chaotically towards any
direction. We define Mrandom as a function that imple-
ments random walks in our scenarios. At each invocation
Mrandom selects an angle as a random number uniformly
in [−π, π) radians. This angle defines the deviation from
the mobile sinks current direction. In our version of ran-
dom walk the speed of the movement is constant srandw

and predefined by the network implementors. To determine
the new position, Mrandom selects a uniform random dis-
tance d ∈ (0, dmax] which is the distance to travel along
the newly defined direction. If the new position falls out-
side the network area, Mrandom crops the position to fall
on the boundary of the area. This is the simplest possible
movement; no network knowledge at all is assumed. Fur-
thermore, this method is very robust, since due to its ran-
domness it guarantees visiting all sensors in the network
and thus collecting data even from disconnected areas of
few/faulty sensors. However, in some network structures it
may become inefficient, mostly with respect to latency, es-
pecially in the case of one (or few) sinks, as shown by our
latency results in Sec. 4.

Data is collected in a passive manner. Periodically a bea-
con message is transmitted from each sink (at randomly se-
lected times to avoid creating a broadcast storm problem).
Each sensor node that receives a beacon attempts to acquire
the medium and transmit its data to the corresponding sink.
Clearly, this approach minimizes energy consumption since

4



only a single transmission per sensed event is performed;
however time efficiency may drop due to long times needed
to visit all sensors, especially in the case of a few sinks only.
B) A mixed strategy of static and mobile sinks. In sev-
eral cases having k mobile elements is infeasible, due to the
added cost of moving all sinks, or undesirable due to other
factors e.g. since mobile sinks move unattended away from
the supervision of the network implementors, they are more
prone to failure, sabotage or theft.

We present here a hybrid solution where only a fraction
of the sinks are moving. Let Ss the set of static (non-
moving) sinks and ks = |Ss|. Also, let Sm be the set of
mobile sinks and km = |Sm|, then S = Ss ∪ Sm and k =
km + ks. In this setting the km sinks move according to
Mrandom described earlier, while the ks sinks remain fixed
at their initial positions.

Data is collected by the protocol presented here which
forms limited propagation trees with a sink as the root of
each tree. Each sink periodically broadcasts a beacon mes-
sage, which carries the identity of the sink, a hop counter hc

(initially hc = 0) and a time to live counter TTL. Each sen-
sor node maintains a hop distance hd from the nearest avail-
able sink (initially hd = ∞), a timestamp tu indicating the
last time hd was updated and the network address of a par-
ent sensor node (initially null). When a beacon is received
the sensor decides if it needs to update his parent node ac-
cording to the following rules: (1) If hc < hd, the node sets
the sender of the message as it’s parent, sets hd = hc, sets
tu = tb, increases hc = hc + 1, reduces TTL = TTL− 1
and if TTL > 0 broadcasts the beacon message to it’s
neighbors. (2) If hc ≥ hd and tb > tu + tthrees, then
the node sets the sender of the message as it’s parent, sets
hd = hc, sets tu = tb, increases hc = hc + 1, reduces
TTL = TTL − 1 and if TTL > 0 broadcasts the beacon
message to it’s neighbors. The value tthres is set by the net-
work operator and expresses the time a propagation tree is
considered valid. (3) If hc ≥ hd and tb ≤ tu + tthres, the
node simply discards the beacon.

Sensor nodes that belong to a propagation tree may be-
gin immediately forwarding their data to the corresponding
sink. The depth of these trees is determined by the TTL
value which is an operational parameter of the sinks. In this
way, the network operator can tune the trade-off between
reduced delay and increased energy consumption.

As a sink moves, whole propagation trees may become
disconnected. When a node with hd = 0 can no longer com-
municate to the sink, it simply caches all data, both gener-
ated and relayed, and waits to hear another beacon message
with hc = 0 to begin the propagation process again or after
tthres time the node initiates participation to a new tree.
C) The Equidistribution protocol. In both cases examined
so far, sinks do not coordinate with each other thus leading
to inefficient use of the sink multiplicity, since some nodes

may be within range of 2 or more sinks, while others are
infrequently or not at all visited. Intuitively, a first attempt
to solve this problem would be to have the sinks move to
a specific position each so as to equally distribute the net-
work nodes between sinks. However, this solution assumes
that sinks have global knowledge, at least of the other sinks’
positions and the network structure. Also, it would create
hot-spot areas near each sink were sensor nodes are more
strained due to relaying data. Furthermore, in case of dy-
namic changes in the network or uneven initial node distri-
bution, sinks would receive unbalanced load. For the same
reasons manually placing static sinks at a uniform arrange-
ment may not always be possible or cost effective. The so-
lution we present here loosely coordinates sinks based only
on locally, at each sink, available information. More specif-
ically, mobile sinks try to mutually detect the presence of
other sinks and change their movement accordingly so as to
avoid being in the same area.

More specifically, we assume that km and ks sinks are
deployed at random positions and perform limited multihop
data collection as described in the previous section. The
main difference is that sinks also include their position and
a sequence number within the beacon messages. When a
sink Si overhears a beacon message from another sink Sj

it attempts to modify it’s trajectory in order to avoid get-
ting too close to the other sink. Specifically, Si calculates
a vector ~r with orientation along the line connecting Si, Sj

and direction away from Sj . Also, |~r| = γ · | ~sSi | where γ
is a value depending on the distance of the 2 sinks, more
specifically:

γ =
{

R
d if d d

Re ≤ β
0 otherwise

where d is the distance between Si and Sj and R the trans-
mission range of the sinks. β is a protocol parameter set by
the network implementor that effectively controls the hop
distance (given by d d

Re) within which the two sinks can af-
fect eachother. From this formula it’s clear that γ = 1 when
Si and Sj are only 1 hop away, while γ becomes smaller
when the sinks are farther apart. Then, Si calculates a new
direction of movement as follows: ~s′Si

= ~r + ~sSi , while

maintaining the velocity constant | ~s′Si
| = | ~sSi |. The same

symmetric effect is applied on sensor Sj , in the usual case
when Sj also detects the presence of Si. For a graphical rep-
resentation of initial movement, intersection and adjusted
movement see Fig. 1. Also, Si stores the information (se-
quence number) about Sj , the next time it receives a beacon
from Sj it performs the trajectory recalculation only if the
newly received beacon has a greater sequence number than
the one stored. When a sink is not receiving beacon mes-
sages that force it to recalculate it’s trajectory, it follows the
Mrandom mobility protocol.

Note that while this protocol causes nearby sinks to drift
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Figure 1. The effect of equidistribution a)
Initial movement vectors b) Intersection
and new movement vectors (notice that
| ~s′
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| = | ~sSi | and | ~s′
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| = | ~sSj |)

further apart from each other, it uses the random walk mo-
bility strategy most of the time, so as to maintain proper-
ties, such as fairness, discussed earlier. Also, since the es-
timation of the positions of other sinks is based on purely
local thus possibly inaccurate information, the equidistri-
bution protocol doesn’t completely guarantee that the sinks
will be distributed equally in the network area at all times.

4. Experimental evaluation

4.1. Simulation Setup and Metrics

We implement and evaluate the above discussed proto-
cols in the network simulator platform ns− 2 version 2.26.
In particular we significantly extend the mobility function-
ality present in ns−2, to allow for much finer control when
moving a node as required by the equidistribution protocol.
We considered different simulation setups for various net-
work sizes, number of sinks and mobility parameters. The
particular settings for the results presented below are as fol-
lows: the size of the network area is 200m×200m, 300 sen-
sor nodes are deployed in a random uniform manner. The
transmission range of the sensors and of the sinks in S is set
to R = 15m and the speed of the movement of the sinks is
set to 4m/s. The mobile sinks for all protocols transmit a
beacon message every 1sec.

The initial energy reserves of the nodes are high enough
to ensure that nodes remain operational for all the duration
of the simulation, also here we do not consider the possibil-
ity of node failures that would make harder to investigate the
behavior of our protocols. The values of εtrans, εrecv and
Eidle were set to match as close as possible the specifica-
tions of the mica mote platform [1]. We assume that a high

level periodic monitor application is executed by the sensor
devices, the application is triggered at the beginning of the
simulation and registers data about the network region. The
data is generated at random times in packets of 36 bytes and
at an average rate of 1 message every 10 seconds, the size
of a beacon message is 24–32 bytes. Each node has a cache
of 256KB. Each sensor device transmits 100 messages be-
fore the monitored phenomenon ends, meaning that the data
generation phase lasts for about 1000sec. During the data
generation phase the mobile sinks are collecting data and
another 4000sec of simulation time are given in order to
collect all the data, leading to 5000sec of simulation time.

In our setting it is not feasible to calculate optimal posi-
tioning for the sinks since the positions of sensors are un-
known, thus for all test cases the sinks, whether mobile or
static, are deployed in a random uniform way within the net-
work area. We conduct several experiments for each pro-
tocol, for evaluating the simple random walk with single-
hop collection protocol we varied the number of sinks
k ∈ {1, 2, 3, 4, 5, 6, 7}. For our second protocol we tried
different combinations of static and mobile sinks, we set
ks ∈ {1, 2, 3, 4, 5, 6, 7} and km = k−ks for k = 8, we also
examine how our limited multihop scheme operates under
this dynamic setting by varying the number of performed
hops setting TTL ∈ {4, 6, 8}. For the equidistribution pro-
tocol we repeat the same experiments as in the previous set-
ting but only for TTL ∈ {4, 6} and set β ∈ {2, 3, 4} for
TTL = 4 and β ∈ {3, 4, 5} for TTL = 6.

Conducting these experiments, we measure several met-
rics that depict the behavior of our protocols. We call suc-
cess rate the percentage of data messages that were received
by all sinks over the total number of generated messages.
We measure the energy consumed at the sensor network
(i.e. we do not measure the energy consumption of the mo-
bile entities), as an absolute value in Joules. The delivery
delay is defined as the average time interval between the
creation of a message and the time when it is delivered to
any of the sinks. Note that we assume that as soon as at
least one sink gets a data packet, that data is considered
successfully delivered (so there is no need to study intra-
sink communication aspects). Thus, the overhead of hav-
ing many mobile sinks is more or less proportional to their
number; so, studying the impact of the number of sinks, we
implicitly investigate the overhead incurred as well. Each
particular setting is executed at least 10 times and the above
metrics are averaged between all executions.

4.2. Simulation Results and Discussion

A) Fully Mobile Strategy. In Figures 2-4 we present the
results of the evaluation of our first protocol. It is clear that
by increasing the number of mobile sinks the overall net-
work performance increases. Especially when considering
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the average delivery delay (Fig. 4) we can see that we have a
reduction by a factor of 10 (from about 1100sec to 115sec)
with 7 mobile sinks, but even 4 mobile sinks suffice to sig-
nificantly reduce latency. Success rate (Fig. 2) also tops at
about 99% with only 3 sinks, while there is an insignificant
increase in the energy consumption (see Fig. 3) due to the
increased number of beacon messages received by the sen-
sors. Our findings show that even with a small number of
mobile sinks (up to 5) significant gainings can be achieved
especially with respect to the reduction in the latency. There
also appears to be a threshold in this improvement since fur-
ther increasing the number of mobile sinks doesn’t result in
proportional improvements. Nevertheless this experiment
shows that by adding multiple mobile sinks performance
scales nicely according to the number of sinks.
B) Mixed (Static and Mobile) Case. In Figures 5-7 we
present the results of the evaluation of our second protocol.
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Figure 4. Average delay for multiple mobile
sinks with random walk and passive data col-
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Figure 5. Success rate for mixed case of
static and mobile sinks with random walk and
limited multihop data collection

When examining the success rate (Fig. 5) we can see that
as the amount of mobility is reduced the delivery rate also
drops, which is expected since the static sinks only cover a
limited area of the network and mobile sinks are required to
visit the rest of the nodes. We also notice that despite of the
increase in TTL, the success rate slightly drops. This is due
to the increased overhead in propagation tree creation and
reconfiguration and the inability of our simplified data prop-
agation method to quickly detect and reconfigure a broken
tree which leads to some data loss. Still, a very interest-
ing finding is that a relatively low mobility percentage like
when having 50% of the sinks mobile (in our case 4 sinks)
suffices to keep success rate quite high.

In Fig. 6 we can see that the energy dissipation tends to
drop as the amount of mobility is decreased, since the num-
ber of path reconfigurations required is smaller in this case;
but also because fewer messages are delivered hence less
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Figure 6. Energy dissipation for mixed case
of static and mobile sinks with random walk
and limited multihop data collection
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Figure 7. Average delay for mixed case of
static and mobile sinks with random walk and
limited multihop data collection

energy is spent. Still, it is very interesting that a very low
mobility percentage (just 1 sink) keeps the energy dissipa-
tion at very low levels, essentially of the same order as in
the fully mobile case. Also, in Fig. 7 we can see that the de-
livery delay gradually increases as the amount of mobility is
decreased, which as we already discussed is due to the par-
tial network coverage by the static sinks. Again, however
with only 3 mobile sinks we can achieve quite low latency.
Also, in this case we can see that when increasing the TTL
value the delivery delay is slightly reduced.

Overall we observe that when full network coverage
can’t be achieved by static sinks, having a limited number of
mobile sinks (up to 50% of the whole number of sinks) can
significantly improve delivery delay and success rate. The
findings regarding the mixed case suggest that the impact of
mobility is very positive on all metrics and that performance

drops as mobility decreases. However, in all cases having a
few mobile sinks, keeps performance at satisfactory levels.
This is an encouraging result since sometimes the amount of
mobility that can be used is limited; in such cases our find-
ings indicate what mixture the network implementor should
use to achieve certain performance.
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Figure 8. Success rate for mixed scenario of
static and mobile sinks for the equidistribu-
tion protocol for β ∈ {2, 3, 4} when TTL = 4
(top) and β ∈ {3, 4, 5} when TTL = 6 (bot-
tom)

C) The impact of the Equidistribution protocol. In
Figures 8–10 we can see the performance metrics for the
equidistribution protocol. In Fig. 8 we can see that the
equidistribution protocol increases the success rate by up
to 10% for a small percentage (25%) of mobile nodes when
compared to the case when β = 0, i.e. when the equidistri-
bution is off as in our second set of experiments. For dif-
ferent values of β the results seem slightly better for small
values of β.

At the same time Fig. 9 we can see that the energy dis-
sipation slightly increases which is somewhat expect since
the higher success rate incurs an additional cost. For higher
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Figure 9. Energy dissipation for mixed sce-
nario of static and mobile sinks for the
equidistribution protocol for β ∈ {2, 3, 4}
when TTL = 4 (top) and β ∈ {3, 4, 5} when
TTL = 6 (bottom)

values of β the results seem slightly better. In Fig. 10 we
can see that the equidistribution protocol also improves the
delivery delay in general. Especially as the percentage of
mobile nodes gets smaller, a very interesting behavior is
observed. When the percentage of mobile nodes is between
(50% –25%) the best results are achieved, however for fur-
ther reduction to 12.5% we experience longer delays than
without the equidistribution. A possible explanation is that
the mobile sink avoids areas with several static sinks; thus a
small number of nodes, that is in between the mobile sinks
but outside their area of service, is not frequently visited by
any mobile sink.

Overall, the use of the equidistribution protocol tends to
increase performance; still, in order to get more impressive
performance gains sink interactions can be made more ag-
gressive i.e. the size of the interaction vector can be made
larger (by increasing γ), the distance at which interactions
happen can be made smaller (by decreasing β).
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Figure 10. Average delay for mixed sce-
nario of static and mobile sinks for the
equidistribution protocol for β ∈ {2, 3, 4}
when TTL = 4 (top) and β ∈ {3, 4, 5} when
TTL = 6 (bottom)

5. Conclusions and Future Work

In this work we presented 3 protocols that exploit sink
mobility in order to improve overall network performance.
Each protocol assumes different degrees of mobility and is
combined with an appropriate data collection protocol. Our
protocols are based on randomized methods and introduce
a novel approach in loose coordination. Our results show
that significant gainings, in terms of increased success rate
and reduced energy consumption and delivery delay, can
be achieved when exploiting the mobility assumption. Fur-
thermore, in each of the examined protocols the achieved
performance is more or less, analogous to the amount of
assumed mobility. By introducing more mobile nodes per-
formance scales accordingly. Finally, an interesting finding
is that, while performance drops when mobility decreases,
a relatively low mobility percentage (a few mobile sinks)
suffices to keep performance at satisfactory levels.

9



In future research we intent to devise more elaborate sink
coordination schemes based on the insight gained by the
equidistribution protocol. We will also continue to investi-
gate in greater detail scalability and tradeoff issues in wire-
less sensor networks with mobile sinks and also we plan to
extend our model to represent more dynamic networks. Fi-
nally, we plan to compare the performance of our protocols
to other existing relevant protocols.
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