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Abstract— Although many energy efficient/conserving routing
protocols have been proposed for wireless sensor neiworks, the
concentration of data traffic towards a small number of base
stations remains a major threat to the network lifetime. The main
reason is that the sensor nodes located near a base station have
to relay data for a large part of the network and thus deplete
their batteries very quickly. The solution we propose in this paper
suggests that the base station be mobile; in this way, the nodes
located close to it change over time. Data collection protocols
can then be optimized by taking both base station mobility and
malti-hop routing into account. We first study the former, and
conclude that the best mobility strategy consists in following
the periphery of the network (we assume that the sensors are
deployed within a circle). We then consider jointly mobility and
routing algorithms in this case, and show that a better routing
strategy uses a combination of round routes and short paths. We
provide a detailed analytical model for each of our statements,
and corrohorate it with simulation results. We show that the
obtained improvement in terms of network lifetime is in the
order of 500%.

Index Termms— Sensor networks, Network lifetime, Mobile Base
Stations, System design, Mathematical optimization, Simulations,

I. INTRODUCTION

Many communication protocols for energy conservation in
wireless sensor networks have been proposed recently. These
include, among others, energy conserving routing (e.g., [1],
[21, (3], [4]}), topology control (e.g., [5], [6], [7], [8]) and
clustering (e.g., [91, {101, [11], [12]}. Although all these proto-
cols achieve their optimization goals under certain conditions,
they always focus on the sensor nodes.! We will show that
further improvements on the lifetime of sensor networks can
be achieved if we shift our focus to the behavior of base
stations.

We observe that, as data traffic must be concentrated to-
wards a small number (typically one) of base stations, the
sensor nodes around a base station have to forward data for
other nodes whose number can be very large; this problem
always exists, regardless of what energy comnserving protocol
is used for data transmission. In other words, applying energy
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the National Competence Center in Research on Mobile Information
and Communication Systems (NCCR-MICS), a center supported by the
Swiss National Science Foundation under grant number 5005-67322.
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conserving protocols does not directly lead to load balancing
in the whole network. Using a simple analytical model, we
will show how unevenly the load is distributed within a
network. As a result, those boitleneck nodes around base
stations deplete their batteries much faster than other nodes
and, therefore, their lifetime upper bounds the lifetime of the
whole network.

Intuitively speaking, the load of sensor nodes can be more
balanced if a base station changes its position from time o
time. Although a base station is usually assumed to be static,
it can become mobile thanks to the advance made in the
field of robotics [13], [14]. In this paper, taking a mobile
base station into account, we investigate the problem of load-
halanced data collection in wireless sensor networks. The idea
is to make use of existing multi-hop routing protocols and to
achieve further improvements in ferms of network lifetime by
exploiting the base station mobility. Since multi-hop routing is
used, our solution does not significantly affect latency and is
thus different from the mobile relay approach [15], [16]. Using
our analytical model, we first show that the load distribution
becomes much more even, with only an arbitrary mobility
trajectory of the base station. These analytical results suggest
that, in addition to routing, mobility (of base stations) does
help to optimize the network lifetime. Considering jointly the
mobility and routing strategies, we propose data collection
protocols that further balance the load. Finally, we perform
simulations to validate the analytical model and to quantify
the lifetime elongation compared with sensor networks with a
static base station.

The rest of this paper is organized as follows: Section 11
states the problem and the network model. Section III analyzes
sensor networks with a static base station and with a base
station moving arbitrarily. Section IV refines the problem det-
inition. presents our joint mobility and routing strategy for data
collection, and discusses implementation issues. Simulation
results are provided in Section V. Section VI surveys related
work. Finally, Section VII concludes the paper.

II. NETWORK MODEL AND PROBLEM STATEMENT

We assume a relatively dense and strongly connected net-
work that harvests data from the arca covered by the network.
The network consists of a set NV of static sensor nodes and one
base station that collects data from all nodes. We focus only on
the communications between the nodes and the base station,

1735



whereas the communications between the base station and
devices outside the network are out of the scope of this paper.
We also assume that nodes are distributed as a Poisson process
with density p within a circle Cog of center O and radius R,
Each node sends data to the base station with a constant rate .
The overall energy for a node to receive and transmit a unit of
data is £, The transmission and sensing ranges of all nodes are
identical and fixed at r (» < R). For simplicity, we assume an
ideal load-balanced short path routing protocol (we refer to [4]
for a profile of such protocols), and we do not consider data
aggregation (e.g., [17), [18]) when data are collected”. Fig. 1
illustrates this model. The mode! can be extended to cases
where multiple base stations exist by dividing the network
imo several sections with one base station assigned to each.

© Basestation

» Sensornode

Network model.

Fig. L

Let us first define the relevant concepts before specifying
our problem. We define the network lifetime as the time span
from the sensor deployment to the first loss of coverage [20]
{(i.e., the time when some area initially covered hy the network
is not sensed by any active node any more). The load of node
n, loady,, is the power that n consumes to transmit and receive
data. it is obvious that the higher load, is, the shorter the
lifetime of = is. The average load of n, load,, is an average
over both a time period and a subset of nodes that are within
the sensing range of n. The time average is necessary if the
base station mobility (mobility hereafter) is introduced, since
load,, becomes time-variant. And the geographical average
makes sense due to our definition of network lifetime; whereas
the quick loss of individual nodes bearing a high load may
not lead to the loss of coverage, a subset of nodes with a
high average load do leave a coverage “hole” in the network
after depleting their batteries all together. We also provide our
definition of energy efficiency in order to clarify its relationship
with the network lifetime: A protocol is energy efficient if it
minimizes the accumulative energy consumption for fulfilling
its task (e.g., minimum-energy broadcast [211). It has long

20n one hand. it can be easily seen that applying these strategies can
only improve the performance of our protocols. On the other hand, assuming
redundancy in order to use data aggregation becomes impractical if the sensed
areas are much smaller than the overall areas under monitoring (for instance,
collecting soil moisture over large agricullural areas [19]).

been recognized that an energy efficient protocol does not
necessarily maximize the network lifedme [1].

Although the network lifetime definition based on the
concept of loss of coverage is more comprehensive than
other definitions [22], the lifetime defined as such is hard to
quantify; exisiing proposals have investigated only its upper
bound [20], [23], [24]. Therefore, we convert the problem of
maximizing network lifetime to a problem of load baiancing,
and formulate it as a min-max problem in terms of the average
load of a certain node n:

Minimize loady = Jax load, (strategies)
ne

(h

Constraints : specific to given strategies.

The intuition behind this formulation is that the network
lifetime is roughly in inverse proportion to lead,, or the
nerwork load. Existing solutions, when specifying the problem
decision variables (or strategies) and constraints, only take
routing strategies into account, In this paper, we intend to show
that, by considering jointly mobility and routing strategies, one
can yield a better solution to the problem. But before doing
this, we first demonstrate in the next section that mobility is
indeed a strategy that deserves to be considered. Note that, in
our proposal, the base station does not rely only on mobility
to retrieve data from sensors (in opposition to the proposals
in [15], [16]); the data collection procedure continues through
multi-hop routing wherever the base station stays.

III. TO MOVE OR NoT To MoOVE

In this section, we compare two cases. In one case, we locate
the base station in a place where the most energy efficient data
collection is achieved. In the other case, we require the base
station t© move in an arbitrary way. We analytically quantify
the benefit in terms of network lifetime due to mobility, and
thus show that mobility deserves to be a strategy for solving
the problem specified by (1).

A, Networks with a Static Base Station

We first place the base station at its optimum location in
terms of energy efficiency, then we show that the network
lifetime is quite limited with this optimum base station posi-
tion,

Claim 1; The center of the circle Copg is the optimum
position for a base station in terms of energy efficient data
collection.

Proof: Let the base station be at B (zp, yp) and consider
an infinitesimal area S that measures dx x dy and is centered
on (z,y), as shown in Fig. 2, Given the Euclidean distance
d=+/(z—zp)? + (y —yg)? from the center of § to B, the
routing path length (in hops) I from S to B is approximately
linear in d (i.e., ! = kd) due to the assumption of a short path
routing protocol. As a result, the energy consumed to transmit
data from S to B is kds x Ap x dady, where Atp x dxdy
is the amount of data produced within time ¢ and kds is the
energy spent to transmit a unit of data from S to B. The total
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Fig. 2. Proof of optimum base station position.

energy consumption is F = fy [, kdeXtp dedy. It is easy to
see that minimizing F is equivalent to minimizing

+ R b/ RP—y? ) )
z—zp) +(y—w daxdy

[ s (@) =)
= %WRQ(ZQ,'QB +24% + R°)

which achieves the minimum value if xp = yp =0, i.e., the
based station is placed at the center O. |

We will show that, even with this optimum position, the
load is poorly distributed among the nodes. Given a node n
that is at distance d from the base station B (also the center
O, as shown Fig. 3, the geographical average load taken by
this node is in proportion to (5] + S2}/S2. Here we adopt
and extend the model proposed in [25]. In Appendix I we
pive detailed explanations about how this model is built. The

(a) dz=*#

(byd<r

Fig. 3. Calculation of load distribution with a centered static base siation. S
and Sz in (a) are two disjoint paris of a sector whose two sides are tangent
to a circle of center r and radius .

intuition is that all the traffic lows from both areas S5, and S5
have to go through nodes in area S-, which forms a “pressure”
on those nodes. The (geographical) average power that a node
in S, spends to forward the data traffic can be calculated as

the intensity of the pressure:
(51 + Sa)phe

load,,
oa 50
2 2 2 -
zi(—%—l—)\s d>r @

where 3 = 2arcsin{r/d). As shown in Fig. 4, the average load
of a sensor node increases dramatically with the decreasing
distance between the node and the base station. This means

Joadt taverage tond)

160 .
\ i
30

N\
\f\

3 &
d (Distance from fhe center}

Load distribution with a centered static base station. We assume

Fig. 4.
R=10,r=1p=8/m, A=1ande=1

that the nodes around the base station use up their energy
much faster than other nodes, because they have to forward
a great amount of traffic flows even though their number is
limited. Therefore, the network lifetime is upper bounded by
the lifetime of these nodes. Also, when these nodes run out
of batteries, the base station has no way to collect data any
more (even though a large part of the network is still “alive™),
because the network is partitioned. Finally, the {oad v does not
vary with different base station position, according to (2) with
d < r. However, the centered position is optimum in terms of
energy efficiency, as shown by Claim 1.

B. Networks with a Moving Base Station

Intuitively speaking, a moving base station can distribute
over time the role of “hot spots” (i.e., the nodes around the
base station), such that the load can be evened out. In this
section, we prove that this intuition is indeed correct. Since
the data collection procedure continues wherever the base
station stays, (i) any departure of the base station from the
center increases the worst-case latency (whose maximum vatue
doubles compared with that in the case of centered static base
station) and (ii) the moving speed is not essential to a mobility
strategy.

We assume that the base station moves in such a way that it
appears everywhere with the same frequency in the long run.
We could continue using the model in Section III-A, but it
would result in an extremely complex integral, which can only
be computed through numerical methods and does not provide
enough insight into the system performance. Therefore, we
simplify the model in order to obtain a closed form expression.
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Let us consider the power consumption of an arbitrary node »
that is at distance d from the center, with respect to a random
base station position B. As shown in Fig. 5, we consider that

Fig. 5. Calculation of load distribution with a mobile base station.

node n is charged with the (geographical average) forwarding
load from a small sector Ss, when the base station stays at
B on segment nC; A and € are intersections of line nB and
circle Cor, and &3 is centered around line nA with an angle
of @. This model is not physically as explainable as the model
in Section III-A. However, in Appendix [, we show that they
are equivalent (in a sense that () + 52)/5> = Sap) and @ is
a decreasing function of |nB|. For simplification, we apply an
average value & = 0.2 that is estimated in Appendix I for any
positions of B and n within Cog. In order to facilitate further
calculation, we also consider that B is located in another sector
S, centered around line nC, with an angie of Ay, When
A~y — 0, it goes back to the situation where B is on segment
nC. Since B visits everywhere within Cog, we divide diskor
{the area within Cop) into disjoint sectors {5y} such that
U, 84 = diskor. Now we calculate the average load of node
n by further taking a time average:

2m
load,, = ZW,LHBN:} X FI'{B in SZ}
y=0
In
S7
= SYphe x —%
; 3P x 7TR2
27 1 'g
~ 3 Ao x 20T AT
y=0" 4
B {j (R? — d2)28preAny &
N = 4m R?

where ~ takes only a discrete value of kAv, &k € Z*, The
calculation of the cccupving frequency Fr{B in S]} is based
on the assumption that the base station visits everywhere with
the same frequency. The reason [rA[% x |nC|? = (R? — d°)?
is that triangles AnAFE and AnF'C are similar. Let Ay — 0,

the sum over [0, 2] in (3) becomes an integral over {0, 2x]:
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The average load is plotted in Fig. 6. A comparison between
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Load distribution with a mobile base station. We assume R = 10,

Fig. 6. _
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Fig. 6 and Fig. 4 shows that the maximum average load is
much lower in the case of a mobile base station, indicating
an extended network lifetime (more than 3 dmes). We also
provide simulation results for these two cases in Section V-A,
which corroborate our analysis. In addition, the closed form
expression (4) actually suggesis that, given certain values for
A and &, there are two possibilities for further improvements:

+ Reducing € for the hot spot (the center),

« Reducing the network size characterized by R.

Note that reducing node density p does not help, because, -
according to Appendix II, # increases when decreasing p.

IV. JOINT MOBILITY AND ROUTING STRATEGY

In the previous section, we have shown that mobility helps
to balance the load and prolong the network lifetime. This sug-
gests that mobility is indeed a promising strategy to optimize
the network lifetime. Now, we refine our problem definition
of maximizing network lifetime as:

Minimize loady =

nax load, (M, R) 3)

Constraints : M constraints; K constraints

where M and R refer to mobility strategies and routing strate-
gies, respectively. A traditional way of solving the problem
with only routing taken into account is linear programming
[1], in which the routing constraints are actually flow con-
servation. However, since we add the mobility strategy, the
size of the sirategy space increases dramatically. Therefore,
we only rely on the following heuristics to achieve a “better”
{but not necessarily the “best”) solution to the problem:
we first fix the routing strategy to short path routing and
search for the optimum mobility strategy, then based on the
optimum mobility strategy, we search for a routing strategy
that performs better than short path routing, The constraints
are discussed separately for each strategy. We also explain the
implementation issues at the end of this section.
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A. Optimum Mobility Strategy

We first fix the routing straiegy and search for the optimusn
mobility strategy under the consiraint that the base station
should not move out of the network region (otherwise il cannot
collect data any more). At first glance, the strategy space of
mobility is enormous because the number of trajectories that
can be chosen is infinite. Fortunately, by defining periodic
mobility as recurrent movements with a constant period, we
can first reduce the size of the strategy space by removing all
aperiodic mobility strategies (i.e., mobility stralegies that are
not periodic within the network lifetime). In fact, this category
of mobility strategies can always be considered as a periodic
mobility whose period is the same as the network lifetime,
In adduion, the following claim further limits our searching
to periodic mobility strategies whose trajectories have rotation
symmetry of afl degrees around the network center (symmetric
strategies hereafter for brevity and non-symmetric strategies
otherwise):

Claim 2: For each non-symmetric strategy that achieves a
network load load pr, there exists one corresponding symmetric
strategy that achieves a network load no larger than load .

Proof: Let Ty in Fig, 7(a) be the trajectory of an arbitrary
non-symmetric mobility strategy, and let load & be the network
load achieved with 7. In order to obtain the symmetric strat-

T

(a) Non-symmetric strategy

(b) Symmetric strategy

Fig. 7. Transformation from a non-symmetric mobility strategy o a
symmetric one.

egy corresponding to 7, we modify the trajectory in such a
way that, after completing one period, the base station changes
to another (rajectory that rotates the previous one about the
center with a A~ angle. For example, upon completing 7o, the
base station moves from point A to point B and then starts to
move along Ta, as shown in Fig. 7(b). When A~ — 0, the
mobility strategy becomes an identical frequency movement®
in the annuius 5 (i.e., the base station appears everywhere in &
with the same frequency), which is a symmetric strategy. Note
that the mobility strategy we considered in Section ITI-B is a
special case of this category of strategies. Now, let us consider

3This movement does not necessarily follow the trajectory we suggest here
or a random walk {they both have an infinite period); it can always be achieved
by a regular moving trajectory (e.g., a space-filling curve [26]) with a short
period.

the average load of an arbitrary node n in the network. Let
loady, ., be the average load of n when only the sirategy
Tia is considered, we have Toad, = M~ 3= loadn, .,
where M = 9n/A~. Let Ay — 0, we have load, =
(27)~1 fozﬂ WTLTdPy < (2x)71 foh loadndy = loady.
since loadp remains constant with rotation because of the
embedded symmetry. Therefore, the network load achieved
by the symmetric strategy (maXv,-n load,,) is no larger than
load . ]
This claim actually limits our search to two categories of
mobility trajectories: movements on conceniric circles and
identical frequency movements in annuli, because they are the
only symmetric strategies we can have within the network
region. Finally, the following claim gives us the best mohility
strategy we can have, under the condition of short path routing:

Claim 3: The optimum symmetric strategy i$ the one whose
trajectory is circle Cog (i.e., the periphery of the network).

A formal proof is hard to achieve in this case, so we
instead confirm the claim by analytically comparing mobility
trajectories on concentric circles of radius R,,,. With a circle
trajectory, we cannot obtain 2 closed form expression, even
with the simplified model of Section III-B. As shown in Fig. 8,
we turn back to use the model applied in Section III-A. Similar
to {2), we can calculate the average load as follows:

load,, = f M X FI‘{B on arc lzd‘y} ()]
v Sap

where Sy~ £((1, 4+ 15)? —12) and S5 ~ =r? /2. While [, =
R? — @ sin’{~)+d cos(v), the calculation of > depends on

d = |nO). There are four cases that should be distinguished:
iy 0<d< Hyp, —7 in Fig. 8(a),

i} Ry ~r<d<R,, inFig. 8(0b),
i) Ry <d< Ry +r in Fig. 8(c),
wv) R, +r<d<R in Fig. &(d).

In the case of (i), [z = / R2, — d?sin®(y) —d cos(y). Possible

situations where |[nB| < r have 10 be laken into account when
R, —r < d < Ry,. The frequency of such events is n/7, and
the average load in that case can be calculated by (2) with
d < r; otherwise the integral is over |yp, 27 — o). The cases
of (iii) and (iv) are different because ~ only varies within
[r1,2m — ;] and the integration has two parts: a clockwise
one and a counter-clockwise one, as shown in Fig, 8(d). The
calculation of the counter-clockwise integration is the same

as (i). For the clockwise part. Is = —y/R2, — d?sin®(vy) —
deos(y) and, in the case of (iii), possible situations where
inB| < r are treated in the same way as for (ii).

Assuming R=10,r=1,p=8/m, A =1, and g = 1,
we compule {oad, with a numericai method. The results for
R, = 3,5,7,10 are plotted in Fig. 9, and the result in
Fig. 6 is also re-plotted (denoted by R, € [0, 10]). It is
easy to see that (i) the trajectory with R,, = R is the best
among all circle trajectories and (ii) the maximum average
load is always achieved at the network center. According
to these observations and coasidering the fact that moving
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()R, =d <R +r

{d}R +r=d<R

Fig. 8. Calculation of load distribution with the mobility strategy on a
concentric circle.

in an annulus is a weighted average over movements on a
set of concentric circles (e.g., the movement with R, €
f0, 10] is roughly equivalent to a trajectory of R, = 6), we
know that circle Copg is the optimum mobility strategy under
the condition of short path routing. These results prove the
correctness of Clgim 3. They also match the intuition we get
from (4); the trajectory with R,, = R maximizes the distance
from the base station to the network center (which is always
the hot spot), and thus minimizes the angle @ for the center,
which in turn minimizes load . We validate this analysis by
simulations in Section V-B. ’

B. “Better” Routing Strategy

According to (4) in Section II1-B, there are two ways to
reduce the network load. In the previous section, we have
already applied one of them (i.e.,, reducing &) to achieve the
optimum mobility strategy. So the only way to further reduce
the network load is to decrease R, This implies a sacrifice
of the network size, if only mobility strategy is considered.
Fortunately, we still have another dimension of design strategy,
i.e., routing. By investigating the load distribution of networks
with a mobile base station {e.g., Fig. 9), we find that the
nodes that are near to the border of the network always take a
lighter load than the nodes near the center. A “better” routing
strategy should exploit the energy capacity of these nodes to
compensate the energy consumption of the hot spots. Our
heuristic on joint routing and mobility strategy is shown in

T — T T T T

o

1 2 3 4 5 6 7 8 9
d {Distance from the cenler)
Fig. 9.  Comparison between mobility trajectories with differemt Rp,. The

singular regions {(circled in the figure) are due to the imperfections of our
approximations.

Fig. 10. The network is divided into two parts; an area within

Shaort path
routing

Fig. 10.

Joint mobility and routing strategy.

a concentric circle of radius R,, < R and an area between
that ¢circle and the periphery of the network (the grey annulus).
The base station only moves on the circle of radius R,,. The
routing constrainis® are such that the nodes within the inner
circle still take the short routing path when transmitting data,
whereas nodes in the annulus perform a two-step routing: the
path first circles around the center O until it reaches OB
(round routing hereafter). then it follows a short path to the
base station. The direction of the round routing depends on the
location of a node: clockwise on one side of the diameter OB
and counterclockwise on the other side. The rationale behind
this heuristic is that this joint strategy tends to achieve a better
performance (i.e., a lower network load) by reducing the radius
of the network section that applies short path routing (but not
of the whole network) from R to R,.

4Detailed constraints such as flow conservation could be applied for further
optimization, but we use only this “high level” specification, because the paper
aims at demonstrating the benefit of mobility.
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The same analysis in Section IV-A can apply for nodes
located within the trajectory circle. Since the radius of this
part has been reduced from £ to R,,, the maximum load of
this part is approximately (R,,/R)” of the load v achieved by
the optimum mobility strategy (ie., K, = R), according to
{(4). For nodes outside the trajectory circle, a different analysis
should be made because those nodes do not apply short path
routing. It we could characterize the load distribution for this
part of the network, we would choose Ry, in order to balance
the load between these two network sections.

It is easy to model the load distribution if we omit the load
incurred by the second routing step. The 5y and 5» for a
node n in this case are shown in Fig. 10. They have the same
{radial) width w that is centered on n. The length of 5, is
d|i: + 7 — |, and the length of Sy is always r. Note that we
are using rectangles to approximate the areas of 57 and 5,
because w can be arbitrarily small. We can then estimate the
average load of n with respect to the round routing as follows:

(8] + Sa)Ae
=0 82

im
wdlgp +7 —vy|Ae | o Rydy
/D ( rw +Ae) x 2r Ry,

dX T+
= ——E_[ (1!J+7r—7)d7)+f\€
¥

nr

load, = X F‘r{B OR arc R,,.,d'y}

(md+ 2r)ie

BT @

However, this model works only for d — R,, > r. As we
will see in Section V-C, the load distribution in the annulus
IRy, — 7, R + 7] is hard to characterize, simply because, in
reality, there is no clear demarcation between the two areas
that apply different routing strategies. As a result, we have to
rely on simulations to determine the radius R,,, of a trajectory
circle that performs better than the optimum mobility strategy.
Nevertheless, the analytical model still provides instructive
information. We can compute by (7) that the load taken by
nodes near the network pertphery is about 17, given the
assumption that R =10, r=1, p=8/m, A=1,and z = 1.
We also know that the maximum load of the inner network
section is approximately (R, /R)? of the load y achieved by
the optimum mobility strategy (which is about 23 from Fig. 9).
Therefore, K, should be within [8, 101: smatler vatues of R,
would not lead to lower loadn, because loadyy > 17,

C. Implementation Issues

We now explain the implementation aspects of the afore-
mentioned mobility and routing strategies. The explanations
are expressed as the answers to four questions.

1) How to make a base station move? We can mount a
sensor node (e.g., a Berkeley mote [27]) on a robot. The robot
provides a power supply for the node and also carries commu-
nication facilities that enable the base station to communicate
with devices outside the considered sensor network. A detailed
design of a mobile base station is out of the scope of this paper;
a brief introduction can be found in [13], [28]. It is important

to note that, in order to achieve a balanced load distribution,
the mobility peried (i.e., the time to complete one round along
a trajectory) should divide the network lifetime. This implies,
in practice, a period much shorter than the lifetime.

2) How to achieve short path routing in the case of a mobile
base station? We need to consider two cases:

a) The base station performs g discrefe movement whose
trgjectory coincides with sensor locations: The routing is easy
to achieve in this case, if there is a (loose) time synchronization
among nodes. The base station itinerary (a discrete trajectory
along with a time schedule) and the pairwise routing path can
be determined after the deployment but before the operation
of the network. As a result, each node knows the location
of the base station at a given time and which routing path it
should use to transmit data. Since the routing computation
is performed offline, we can apply any sophisticated load-
balanced routing protocol for all nodes. '

b) The base station performs a continuous movement that
Jollows the exact curve of a trajectory: The base station has to
broadcast a data query whenever the network topology changes
due to the mobility, in order to refresh the routing information
of the nodes. This scheme does not necessarily bring extra
overhead, because sensor networks with a static base station
also need periodic query flooding [17] and becaunse practical
routing protocols (e.g., MintRoute [29]) apply a table-driven
scheme. If the base station and the senscr nodes are location-
aware (using GPS or other localization methods [30], [31].
{32]) and the base station announces its location to all nodes,
building load-balanced routing path online is possibie {4].

3) How 1o implement the round routing? The trajectory
based forwarding, proposed in [33], [34], provides a way to
shape a routing path into a predefined curve. In our case,
the curve is simply an arc parameierized by a radius and the
coordination of its center. The location-awareness is necessary
for sensor nodes that apply such a routing, which brings extra
overhead and could potentially offset the benefit of our joint
strategy. Therefore, a careful design based on field testing is
needed.

4) What if the network region is not circular? The periphery
mobility strategy can be conjectured as being (at least) nearly
optimum, because it could be the best way to disperse the
traffic flows, Note that this strategy also has a practical
significance; certain applications (e.g., habitat monitoring [35])
of sensor networks do prefer less human intervention in the
inner part of the networks in order to reduce the disturbance
effects. A joint strategy depends heavily on the shape of the
network region, but the idea of expleiting redundant energy
capacity always appiies.

V. SIMULATIONS

In this section, we provide simulation results for the strate-
gies presented in Section III and TV, including the static base
station, the mobile base station, and the joint mobility and
routing. We also compare these results with their correspond-
ing analytical results, We perform simulations with a high
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Fig. 11.

level simulator programmed in MATLAB®, which ignores the
MAC effects.

Our simulation set-ups consist of about 800 nodes deployed
within a circle of R = 10 units. The nodes are randomly
scattered as a Poisson process with density p = 8/, Each
node has a transmission range of » = 1 unit. We also normalize
A (data rate), £ {(energy consumption for a data unit), and
T {simulation time) to 1. For strategies with a mobile base
station, we always consider a discrete {in the sense of both
space and time) mobility trajectory for the base station. So
if 2 mobility trajectory consists of m steps, the base station
spends 1/m time for each step. We also assume that the base
station only stays at sensor locations in order to keep the
network connectivity independent of the positions of the base
station; this results in an actual mobility trajectory that does
not exactly follow the defined trajectory (e.g., a circle). We
emulate the effect of load-balanced routing by randomizing
all link weights before searching a routing path; this scheme
distributes the traffic forwarding load from other nodes among
a set of neighboring nodes. For each strategy, we perform 10
simulations with different node deployments.

A, Static vs. Mobile

We perform simulations for the two strategies analyzed in
Section HI. A static base station is located at the node whose
distance to the network center is the smallest, and a mobile
base station stays at each node for a time period of 1/{NV|
(remember that we have |N| = 800 nodes in a network),

Fig. 12 compares the simulation results with the analytical
ones. The figure represents the average load of nodes versus
their distance d from the center. The analytical results are
simply a re-plot of the curves in Fig. 4 and 6. Simulation
results match the analytical ones very well in the case of
a static base station. For the mobile base station strategy,
analytical results appear to be a bit over-optimistic, but they
do not differ too much from the simulation results when d
varies between  and 5. The difference becomes larger when
4 goes beyond 5; the reason is that we apply the # estimation

(b}

Ilustration of the exact load distribution: (a) static base station and (b) mobile base station.

1 50 ! T ! T T T T T T
: - - : -8B~ Static base statjon (simulation)
= = Static base station (analysis)
—&— Mobile base station {simulation)
125 - p e += 1 Mobile base station (analysis)
=)
g 100
o
&0
G
* 75
x
‘E
= 50

25

1 2 3 4 5 6 7 8 9 10
d (Distance from the center)

Fig. 12. Comparison between analytical and simulation results on the average
load {confidence intervals 95%).

of the center for every other nodes. In spite of these errors, the
overall approximation is valid. Most importantly, it is ob@_ed
that a mobile base station reduces load v (= maxy,e n load,,)
by about 75%; this implies a 400% increase of the network
lifetime.

We also evaluate the network lifetime defined as the time for
the first node o die [1], [36], which is often pessimistic [22].
Fig. 11 shows the simulation resulis of the exact (not average)
load distribution for one of the network configurations. One
can easily see the similarity between these plots and Fig. 4
and 6. The unusual spikes appearing in Fig. 11(b) (compared
with Fig. 6) are due to three facts: (i) the network topology
is not regular, (ii) the movement of the base station is not
continuous, and (iii) the emulation of load-balanced routing is
not perfect. However, the gain in lifetime is still quite obvious
even with these spikes. Since the maximum load taken by a
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node is reduced by about 60%, the lifetime is increased by
about 250%.

B. Optimum Mobility with Short Path Routing

We evaluate different mobility strategies (under the con-
dition of short path routing) in this section. We make a
comparison between three strategies; (1) movement on a con-
ceniric circle of radius R,, = 5, (it) identical frequency
movement in the network (the one described in Section III-B,
equivalent to R, € [0, 10)), and (iii) peripheral movement
with R,, = 10. Each discrete movement on a circle consists
of 72 steps, so a mobile base station stays at each step for a
time period of 1/72. Fig. 13 shows the comparison results, It
actually confirms our Claim 3 that peripheral movement is the
best strategy. Furthermore, the comparison between analytical
and simulation results also prove the validity of our models.
Finally, we observe that the identical frequency movement is
better than the circle movement of R, = 5 and is worse than
the peripheral movement. This result supports our argument
that the identical frequency movement is a weighted average
over all the circle movements it covers,

C |- R =5 (simolation) : - R, =10 (simulation)
s - Rm=5 ranalysis) 25} : - Rmcw {analysis)
K P : - T N
? ¢
é’zu 315 .
fEer 1R
10! .
.
L
R i ‘ : L oo E
i 2 3 “ & & 7 k] B 19 1 2 1 + 5 £ ? 3 E) 10
& {Distanés from the center) o {Dinanes framthe center)
40 T T T T T T T T T
. . : . . R’H =% (simulation}
sl Tl - Rm e [0 ]Q] (snTnuiann)
A Rm = 10 (simulation)
30 N B I T e 4
]
: 25 O e T . N e —
&
Zoglb |l A NN i
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d (Distance from the center)
Fig. 3.  Comparison between different mobility strategies (confidence

intervals 95%).

C. Joint Mobility and Routing

In this section, we provide simulation results for the joint
strategy proposed in Section IV-B. The results plotted in

Fig. 14 show that the joint strategy indeed reduces the maxi-
mum load in the network section within the mobility trajectory,
at the cost of an increased load in the network section outside
the mobility trajectory. The maximum load of the two network
sections becomes equal when K, = 9, which gives us the
best choice of the joint strategy. The joint strategy further
reduces the network load by about 10% compared with the
optimumn mobility strategy (f2,, = 10). As a result, the overall
improvement of the network lifetime, compared with the case
of static base station (Fig. 12), reaches about 500%.

=)
g
3020
2
@
=
<
=
HE
10
1 2 3 4 5 6 7 a8 9 10
d (Distance from the center)
Fig. 14. Comparison between different joint mobility and routing strategies

(confidence intervals 95%).

V1. RELATED WORK

The existing work concerned with lifetime (or energ
conservation) issues is so vast that it would deserve several
comprehensive surveys, Hence, we only discuss a few related
topics here. Energy conserving rowting (e.g., [11, [2], [3],
[4]) aims ar balancing the energy consumption among all
nodes, instead of minimizing the absolute consumed power,
Topology control {e.g., [5], [6]. [7], [8]) and clustering (e.g.,
[91, [10], [11), [12]} are usually closely correlated [11]. They
both manipulate the network topology by exploiting the nodes’
ability to adjust their transmission power dynamically; the goal
is to maintain network connectivity while reducing energy
consumption and improving network capacity. Although these
proposals are somewhat orthogonal to the idea we present in
this paper, they are all potentially complementary to our idea.

Base station mobility has also been exploited to extend the
network lifetime [15], [16], but in a form of mobile relay
approach (an idea originally described in {37]), which can
lead to significant delays of data delivery. Also, their proposals
leverage only on uncontrollable (although predictable for [16])
mobility of the base station. The controllable mobility was
recently investigated in [28]. This proposal is a compromise
between the mobile relay approach and ours: the base station
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still relays data with its movements, but a node that does not
lig in the vicinity of the mobility trajectory transmits data
through a multi-hop routing when the base station moves 1o
the closest point to the node. It would be interesting to have
a theoretical analysis on this hybrid approach. Our proposal
ditfers trom [15], [16], [28] in that we do not apply the mobile
relay approach; as a resuit, the moving speed, which is crucial
in their cases due to its impact on latency, is not essential any
mor¢ © our solution, Finally, it is also important to note that
the mobility of network nodes can facilitate sensor deployment
[38]. reduce sensing uncertainty {39], and act as a network
control primilive to improve commupication performance in
ad hoc networks [40].

In terms of the model we have used, two papers should be
mentioned. Pham and Perreau {41] propose a similar model
to analyze the performance of multi-path routing. Ganjali
and Keshavarzian {25] introduce another model for the same

purpose,

VII. CONCLUSION

In this paper, we have first shown that, with a static base
station, the sensor nodes located close 10 the base station suffer
premature battery depletion, leading to an early disconnection
of the network. In order to better balance the load among the
nodes, we have proposed that the base station be mobiie and
demonstrated that the traffic experienced by the most heavily
loaded nodes is reduced by a factor of 3 with only an arbitrary
mobility strategy. These results suggest that base station mo-
bility is indeed a sirategy that deserves to be considered when
optimizing the network lifetime. In order to further exhibit
the benefit of the base station mobility, we have compared
different mobility strategies and obtained the optimum one
under the assumption of certain routing strategies, We have
also explained how routing can be fine-tuned to leverage on
the trajectory of the base station; in particular, we have shown
how 1o better exploit the transmission capabilities of the nodes
located at the periphery of the network. Our joint mobility
and routing strategy achieves a 500% improvement of the
network lifetime. For all these scenarios, we have developed
an analytical model, corroborated by a set of simulations,

We are currently considering an interesting complement to
the work in this paper, where we perform an analysis based on
a discrete model (i.e.. a graph). In addition, we are preparing
field tests that could better justify the benefit of the base station
mobility.

In terms of other future work, we intend to study how data
aggregation protocols can be efficiently integrated into the
proposed scheme. We will also explore how a set of mobile
base stations can be coordinated to further optimize the data
collection.

More generally, an intriguing research area would consist-

in further exploiting the capabilities® of base stations for
optimizing various aspecis of sensor networks,

3As shown in [14]. in addition to mobility, a robot can also calibrate and
recharge sensor nodes.
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APPENDIX [
MODELING THE LOAD OF SENSOR NODES: THE CASE OF A
STATIC BASE STATION

We sketch the analytical model proposed by Ganjali and
Keshavarzian [25] and show how we extend their modet for
our analysis, Let us consider two fixed points B and »n (which
refer to the base station and an arbitrary node in our case).
Ganjali and Keshavarzian observe that the set of nodes used
by routing paths between any two nodes approximately lie in
a rectangle of width 2w. They suggest that the locus of a node
x whose routing path towards B goes through » should meet
two conditions if |z B| > w: (1) the distance from n. to the line
segment xf3 should be less than w, and (ii) the projection of
peint » on 2B should lie between x and B. These two criteria
indicate that the locus of z is the area S in Fig. 15(a). In our
case, we only assume single-path routing, so it is intuitively
correct to set w = 7.

{a) |nB| 2 w

(b) InB| <w

Fig. 15. Modeling sensor load in the case of a stalic base station.

Actually, it is only in the worst case that » should forward
all traffic flows from &;. Since we apply an ideal load-balanced
routing. the load will be shared among nodes in 5. i.e., nodes
within this one-hop belt have the same probability to be chosen
as forwarding nodes. As a result. loed,, is in proportion (o
(81452)/ 5 (remember that nodes in S have to forward their
own data traffic), Directly calculating the area of 55 leads to
a very complex expression, but the area can be approximated
by mr?/2, as suggested in Fig. 15(a). When |nB| < r, [25]
concludes that the locus of = consists of the intersection of a
half plane and the network region, This result, however, does
not apply to our average load computation. For average load
evaluation, it is easy to see that nodes (including ») within the
transmission range r of B share the load of forwarding traffic
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flows from all nodes in the networks, as shown in Fig. 15(b),
again due to our assumption of an ideal load-balanced routing.

APPENDIX I
MODELING THE LOAD OF SENSOR NODES: THE CASE OF A
MOBILE BASE STATION

For the case of a mobile base station, it is very hard to
obtain a closed form expression for load,, if we continue using
the model in Appendix I. The reason is that the angle 3 in
Fig. 16(a), and thus the area of .51, depends on the positions of
both » and B. Let us consider a new model where node » has
the duty of forwarding data traffic from 53, a sector centered
around nA with an angle of #. This model is equivalent to the
model in Appendix 1if ($;+.52)/55 = Sap. Given a position
of n and an angle ~. since 57 decreases with increasing [nB)|
and S, is somewhat constant, S3, and thus @, is a decreasing
function of |nB|. If we can find a sector Sy of angle & that
is equivalent to (S; + S4)/52 on average bul is decoupled
from |nB|, the estimations provided in Section II-B would
be justified. However, obtaining a value equivalent 10 (5 +

{a) Arbitrary node n

{b) Centered node n

Fig. 16. Modeling sensor load in the case of a mobile base station.

S3)/ 87 on average for an arbitrary » has the same complexity
as calculating the Toad,,. Fortunately, @ is computable when »
lies on the center, as shown in Fig. 16(b). Also, it is observed
that the area of S5 depends mostly on its height, i.e., |nA| in
both Fig. 16(a) and (b), instead of 4, since S3 =~ 0[nA|>/2. So
we can calculate @ for the centered » and apply this value as an
estimation for an arbitrary . Let load,, be the value computed
with (5 + 53)/5; and load,, be the value computed with ¢
(thus S3), we want load, = load for a centered n. These
two values can be computed as follows:

e 2 eR
load, = ] Sgp)\E X Fr{base station at B}

"71'
lxdlxd'y
N // 3010 B

= 591%2 pAE (8

FI‘{base station®at B}

f’" /R (514 Sa)de
Sh

/27 (Sopr + Soce + Sopr + Sa)ie
57

&

{x dl x dv

T}

i r=7rR°/\F lxdlxd'y
" ff "I

W—H’ / ((aICbln(?l:)Jrarcsm —)R?
= - r

&

+ rVR? —r2+7>ldl}+)\s o)

Let load, = l:?;—ciln and assumevR =10, r =
A=1, and £ = 1; we thus have § =~ (.2,

1 p= 8/m,
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