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Severe energy limitations, and a paucit y of computation posea set of di�cult design challenges for
sensor networks. Recent progress in two seemingly disparate research areas namely distributed
robotics and low power embedded systems has led to the creation of mobile sensor networks.
We conjecture that augmenting static sensor networks with mobile nodes addressesmany design
challenges that exist in static sensor networks.

We present here the Robomote, a robot platform that constitutes a single node in a mobile
sensor network.

We conclude by listing some of the research challenges that exist in enabling large networks
of such mobile sensors in realit y. These include rethinking some of the decisions taken in static
sensor networks and some that are new to mobile sensor networks.

Categories and Subject Descriptors: H.4.0 [Information Systems Applications ]: General

General Terms: Sensor networks, mobile sensor networks, actuation
Additional Key Words and Phrases: Robomote, mobile sensor network, sensor networks, actua-
tion, actuated sensor networks, controlled mobilit y, mobilit y, robotics

1. INTRODUCTION

Sensornetworks are envisioned to revolutionize our daily life by ubiquitously mon-
itoring our environment and/or adjusting it to suit our needs.The bene�ts of this
technology has been elaborated at length in literature [Kahn et al. 1999; Estrin
et al. 2000; Pottie and Kaiser 2000]. Here we will take a quick look at the main
challengesto be overcomein enabling such technologies:
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1.1 Low Power consumption

Sensornetworks have limited energy storage. Even if they are rechargeable, they
needto conserve energyfor periods when energyis scarce(e.g.: nighttime for solar-
powered nodes). Hence, energy e�ciency is always a design constraint in sensor
networks. Sincedecay of energyand death of somenodesarea given, it is important
that the applications display graceful degradation of behavior as the energy in the
network depletes. Techniques to harvest energy from the environment could also
be embeddedinto the applications.

1.2 Limited Resources

Since these nodes are small in size and need to be very cheap, the amount of
computational power and other resourcesthat can be put on a single node is also
constrained. E.g: The Berkeley mote [Hill et al. 2000]has a 4 Mhz processorand
8k RAM in comparison with a 1 Ghz and 512 MB RAM in a reasonabledesktop
system.

1.3 Highly distributed

As mentioned earlier, such networks are pictured to be deployed in large numbers.
They can be thought of as highly distributed systems. It is important that all
designsare scalable. Since the available resourceson any given node is minimal,
the strength of such networks is in the numbers. They are deployed in thousands
and require useof massively distributed algorithms to function most optimally . It
has been noted that Adaptive Fidelity [Intanagonwiwat et al. 2000] is a key char-
acteristic for algorithms designedfor such systems. Another important suggestion
for scalability is the useof Localized Algorithms [Estrin et al. 1999].

1.4 Deployment and Coverage

One of the initial challengesto uselarge sensornetworks is deployment. The main
designgoal of deployment is the e�ectiv enessof the functioning of a sensornetwork
. Since the number of nodesbeing deployed is very high, it is di�cult to carefully
handplace each of the nodes. At the same time, we want these nodes deployed
strategically such that they sensemost number of events. This might imply covering
most areain the region of deployment or provide certain densitiesin certain regions
which have a higher probabilit y of event occurance.

1.5 Needfor Calibration

To deploy such sensornodesin large numbers, it is implied by cost that the sensors
beavailable cheaply. An e�ect of this is that errors are inherent in such sensors.It is
important to put in placea method of distributed calibration to be able to coarsely
calibrate these sensorsperiodically. Also, the use of probabilistic techniques to
correct/adapt to somedegreeof error helps develop more robust algorithms.

1.6 BasicSystemServices

Apart from being deployed, there are a set of systemsservicesthat must be imple-
mented for the sensornetwork to function in a coherent manner. Someof them are
listed below:
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1.6.1 Localization:. Each node should be able to approximate its location either
globally or locally. This helps in identifying what peice of the environment that
node is sampling.

1.6.2 Time Synchronization:. Sincethe sensorsmostly producetime-seriesdata,
it is important that all nodesin the network be synchronized on time scale.

1.6.3 Routing:. Most of the times, thesesensornodesare deployed in an adhoc
fashion. Upon deployment, they needto �gure a good routing schemeto e�cien tly
and reliably transport data sensedfrom di�eren t parts of the network to a central
place from which this data can be sucked out.

1.7 Network Dynamics

Variation in communication range,frequent death of nodesdueto lack of energyand
other environmental causesresult in large variations in network topology. Given
that network dynamics are an integral part of such networks, applications should
be able to adapt gracefully to variations in the network topology.

1.8 Spatio-Temporal Irregularity

Studies show that there exists irregularit y in sampling in both spaceand time in
sensornetworks. [Ganesanet al. 2003]considertwo casestudiesto show the impact
of spatio-temporal irregularit y in sampling. They also suggest some corrective
strategies but acknowledge that such irregularities are inherent in static sensor
networks.

1.9 Data-centricNaming

There is a fundamental di�erence in the type of data requested from such net-
works [Heidemannet al. 2001]. More often than not, aggregatesof the data are of
more interest rather than the readings of one particular node. Due to the unreli-
able nature of the sensorsand the limited computational capability of such nodes,
aggregatevalues are also better indicators and would be closer to the real value.
This leadsto the data-centric paradigm where we namethe data asopposedto the
nodes.

1.10 Concurrencyintensive

It is suggested[Hill et al. 2000]that such sensornetworks are concurrencyintensive.
Such networks seelot of tra�c when an event is detected but might not seeany
activit y for long periods betweenevents. Many parallel processeswould be needed
to handle data at times of high load. One of the designgoalsof Tin yOS has been
to incorporate concurrencyby providing lightweight threads [TinyOS ].

2. WHY MOBILITY?

Contr ol led mobility enablesa whole new set of possibilities in sensornetworks.
The abilit y of actively changing location can be usedto mitigate/solv e many of the
design challengesoutlined above. Before we look at some of the advantages, we
would like to clarify that controlled or robotic mobilit y is di�eren t to mobilit y in
the context of the term in Mobile Adhoc Networks (MANETs). MANET studies
consider mobilit y as a given. They study the e�ects of mobilit y and assumeno
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control over it. However, controlled or robotic mobilit y is the abilit y to move
intentionally . It enablesmany possibilities and also has an energy cost to be paid.
We outline someof advantagesof controlled mobilit y below:

2.1 Deployment

Controlled mobilit y can be used to place sensorsat the optimal places for moni-
toring. It is conceivable in networks that are fully mobile or consist of a mixture
of static and mobile sensorsthat the mobile nodes align themselves such that the
deployment is optimal to monitor events under consideration. An algorithm for de-
ploying a fully mobile sensornetwork has beenproposed[Howard et al. 2002]. We
could conceive of a family of algorithms for deployments that have varying ratios of
static to mobile sensornodesthat optimize various metrics like maximum coverage,
required connectivity [Poduri and Sukhatme 2004]etc.

2.2 AdaptiveSampling

One of the fundamental requirements from a sensornetwork is to sample its envi-
ronment. As pointed out in Section [1.8], static sensornetworks have beenshown
to exhibit spatio-temporal irregularit y in sampling. This givesrise to many design
problems. Controlled mobilit y can be usedto alleviate this issueto an extent. It is
possibleto think of adaptive sampling strategieswherespatial adaptation is by the
useof mobilit y. Temporal irregularit y however needsmore complex mechanismsto
correct and is an open research problem.

2.3 Network Repair

One of the main problems of adhoc deployment is the lack of guarentee of connec-
tivit y (or a certain level of connectivity) in the network. If part of a network gets
disconnectedbecauseof nodes dying, there is little that can be done to repair it.
However, such situations can be corrected by having a few mobile nodeswhich can
actively move to desired locations and repair broken networks.

2.4 EnergyHarvesting

Methods have been suggested[Rahimi et al. 2003] to use mobile sensornodes to
physically transport energy in the network from areaswhere they are available in
plenty to other regionswhereenergyavailabilit y is scarce.This work [Rahimi et al.
2003] indicates the possibility of self-sustaining networks in the presenceof some
constant sourceof energy (lik e solar energy) using mobile sensornetworks.

2.5 Localization

Localization hasbeenidenti�ed asoneof the fundamental systemsservicesessential
for proper functioning as a sensornetwork [Savvides et al. 2001]. Localization has
also beenone of the fundamental problems of study in distributed robotics [Thrun
et al. 2001] [Thrun et al. 2000]. With the augmentation of static sensornetworks
with somemobile nodes, it is possiblefor us to incorporate someof the algorithms
developed in distributed robotics for localization of mobile nodes. We can also
conjecture hybrid algorithms that make useof both static and mobile sensornodes
in a symbiotic fashion.
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2.6 Event Detection

As mentioned in Section[1.4]event detection is oneof the fundamental functions of
a sensornetwork. Also, events are usually not evenly distributed in space. Hence,
the initial deployment might not be the optimal deployment of nodes to detect
events in time. We can correct this problem by having mobile nodes that move to
regions of high probabilit y of event detection over time. This arrangement could
also be dynamic with mobile nodesrepositioning themselvesas and when required.

3. ROBOMOTE:AN EXAMPLE PLATFORM FOR MOBILE SENSORNETWORKS

3.1 Introduction

The Robomote [Sibley et al. 2002] was designed to be a tabletop platform for
experiments on a testbed. The primary design goals for the robomote were two
fold :

(1) Easeof Deployment
(2) Cost

Keeping thesein mind, compatibilit y with the Berkeleymote [Hill et al. 2000]was
an obvious choice. We present here the secondrevision of the robomote Fig.[3.1].
The Robomote consists of an Atmel 8535 microcontroller [Atmel ]. This is a 8-
bit AVR RISC MCU with 8k bytes of In-system programmable 
ash alongwith 512
bytes of EEPROM and 512bytes of Internal SRAM. The microcontroller alsoincor-
porates various desirable features like programmable sleepmodes and reprogram-
ming capability. It has two motors [Micromo ], a compassfor bearing [Honeywell
] and IR bump sensors[Panasonica] [Panasonicb]. Each of these are described
in more detail below. The robomote is complete with the addition of a Berkeley
mote[Hill et al. 2000]. The mote is usedas the master and all basic functionalit y of
the robomote are exported to the mote via modular interfaces. We have also writ-
ten Tin yOS components for the mote to incorporate control of the robomote into
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Tin yOS apps. Just as the mote has a radio component and can send out
packets, it now has an actuation component and can physic al ly actuate
at wil l .

For convinience, we call the robomote as the lower layer and the mote the upper
layer. Each of the components of robomote are elaborated at greater detail below.

3.2 Hardware Architecture

3.2.1 Communication:. Communication betweenthe robomote and the mote is
via a serial interface and can achieve speedsof upto 19.2 kbps. There is a byte-
to-byte reliabilit y establishedvia acknowledgements from the lower layer for every
byte received. This helps detect loss of commandsand/or data. Each command
consistsof two bytes - a command and corresponding data. Somecommandsdo
not have any data to be passedand are padded (eg: get bearing of the compass).

3.2.2 Motion Control:. The wheelshave DC motors from Micromo [Micromo ].
The nominal voltage of the motors is 6 volts and the output power is 1.41 Watts.
The e�ciency of the motors is 71% with a no-load speedof 16,300rpm and a no-
load current of 30 mA.
The motors are controlled using an H-bridge, made from discrete components, and
utilizes PulseWidth Modulation ( PWM ) for its operation. The four signalswhich
control the motors are PWM1, PWM2, Direction1 and Direction2. By changing
the direction bits, the direction of the motors can be reversed. Motion control is
triggered by velocity and distance commands from the upper layer. These com-
mands are converted to the corresponding PWM and tick values.
The gearratio is 25:1. The robomote relieson preciseodometry for movement from
one location to another. The feedback usesIR TX/RX mechanism for sensingthe
number of ticks on the wheel. Every rotation of the motor shaft produces6 ticks,
which are then processedby the op-amps. Hence,for every revolution of the wheel,
we get 150 ticks for feedback control. This is then fed back to the counters of the
Atmel Microcontroller.
The robomote implements a PI-controller that corrects for odometry error inherent
in the motors and attempts to run the robomote straight. The PI-controller is acti-
vated with a frequencyof 2 Hz. It computesthe di�erence in ticks betweenthe left
and right wheelsand feedscorrectionsback to the PWM inputs that are applied to
the motors.The controller is bypassedfor turn commandsand calibration to avoid
additional complexity.

3.2.3 Compass:. The compasson the robomote is a 2-axisHoneywell HMC1022
IC. It is con�gured asa 4-element Wheatstonebridge. Thesemagneto-resistivesen-
sors convert magnetic �elds to di�eren tial output voltage. From this two analog
readingsare obtained, one that sensesthe Earth's North-South and another at 90
degreesto the �rst (i.e. West-East readings). The sensorsare not absolute and
must be calibrated at robot initialization and periodically throughout usage.This
is done by entering a calibration phasewhere the robomote makes a full turn to
detect the max and min readingsand sets them as reference.

The compasscan be run in two modes
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|free-running mode
|single conversion mode.

We useit in a singleconversionmode to conserveenergyavoid usageof the compass
when not required. When a requestfor compassreading is obtained from the upper
board, charge is passedto the compass.This causesthe compassto get activated
and the azimuth reading is obtained which is then passedon to the upper layer.

3.2.4 IR Bump Sensors:. Robomote has two infra-red transmitters [Panasonic
b] and one receiver [Panasonic a] respectively on either side. The transmitters
produce 940nm wavelength which are modulated at 40 KHz over 1.5 KHz in order
to reject the maximum amount of ambient light. The receiver hasa viewing angleof
40degreeswith 80%sensitivity. The receiverscanbeselectedby usinga multiplexer
and an interrupt is generatedon the controller's external interrupt channel. These
sensorsare usedto detect obstaclesin the path of motion of the robomote.
Obstacle avoidance runs in the free-running mode. There is a threshold value for
the IR receiver and if it detects IR signals above it, the upper layer is signalled
warning it of obstacles.

3.2.5 RechargeableBattery:. The robomote is provided with a rechargeableLithium
Ion battery [Renata ]. The battery can be charged by either by solar energy or
by DC wall charger. The wall charger usesLTC1734 chip from Linear Technolo-
gies[Linear b]. The solarchargerusesthe LTC1734L from Linear technology [Linear
a]. For the Solar charger, the minimum current supplied to the battery is 50mA,
and it can be increasedby a NV trimmer potentiometer(DS1804). The battery
itself is a Li-Ion prismatic rechargeable battery, from RENATA [Renata ]. The
typical capacity of the battery is 345mAh and it has a nominal voltage range of
3.7V. The weight of the battery is 10.1g.

Fig. 1. A group of robomotes

3.2.6 Energy Consumption:. We have measuredthe energyconsumptionsof the
individual components of the robomote. The energypro�le is shown in Fig.[2].
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Fig. 2. Power consumption percentage of various peripherals for the robomote

Table I. Power Consumption of Peripherals
COMPONENT PO WER CONSUMPTION

(in watts)

Both Motors On 0.72
Compass 0.06

IR (Both IR TX/RX On) 0.588
Both LEDs 0.044

All external services
o� (MCU + MOTE VDD 0.036

+ Leakage)

3.2.7 Energy utility Tradeo�:. It is interesting to compare this with the power
consumption of the MICA mote as seenin [Mainwaring et al. 2002]. Note that
actuation (physical movement) draws much more energy than computation or
communication(Fig.[2]). Hence,the energyconsumption in increasingorder of con-
sumption seemsto be Computation < Sensing < Comm unication < Actu-
ation . This is an important designconsideration to keepin mind while designing
algorithms for mobile sensornetworks.

3.3 SystemArchitecture

3.3.1 Actuation. The main feature of an actuator system is its abilit y to move.
This is facilitated by wheels that are run by motors. However, precisecontrol of
the motors is very di�cult. Odometry error is a well-known problem and has been
observed at length in robotics [Joneset al. 1998]. It arisesfrom many factors like
slipping and error in motor control. One solution to alleviate this problem is incor-
poration of a feedback controller that continually correctsfor the error in odometry.
Considering that theseactuator nodeshave to be cheap,somefeedback mechanism
must be present to acheive any reliable actuation.
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Motors

Encoders count ticks Atmel 8535

Apply Feedback

Serial

Mote

IR Sensor

Compass

Sensor Board

Fig. 3. System Arc hitecture of robomote

Fig. 4. System Arc hitecture of the Pioneers
[ActivMedia a]
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command Robomote.Move(uin t8 t distance)
Move straight for distance cm.

command Robomote.Turn(uin t8 t angle, uin t8 t direction )
Turn relativ e to current position in

anti � clockwise(direction =1)/ clockwise(direction =0)
by angle degrees.

command Robomote.ATurn(uin t8 t angle)
Turn to absolute position angle degrees.

event result t Robomote.MoveDone()
Signify completion of the move command.

event result t Robomote.TurnDone()
Signify completion of the turn command.

event result t Robomote.ATurnDone()
Signify completion of the absolute turn command.

Fig. 5. Actuation Interface provided by robomote

The robomote has optical encoders that produce 150 ticks per revolution of the
wheel. This is much more coarse than the Khepera that produces about 600
ticks. The robomote design of feedback control is similar to that of the pio-
neers([ActivMedia b], Fig.[3], Fig.[4]Table[II I]). As mentioned in Section 3.2.2, we
have implemented a PI controller to correct for odometry error so that the robo-
mote drivesstraight. The other enhancement has been that we have moved away
from a polling mechanism to keep track of distance traveled. We have now wired
the ticks to one of the asynchronous counters of the processorand an interrupt is
signalled.

Since counting the encoders and applying corrections have to be done at the
�nest resolution possible,this functionalit y residesvery closeto the motors in both
cases.There is a specializedboard in caseof the pioneersthat performs the PID-
control. The robomote alsohasa separateprocessor(Atmel 8535) for this purpose.
This processoralso performs the task of reading the IR sensors,the compassand
communicating with the mote.
All other functionalit y other than feedback control is handled by the upper layer.
The lower layer just acts as the interface for the devices.
Actuation is supported on the mote via three simple commandsas shown. Each of
the commandsresults in an event to notify the completion of the command. Note
that the split-phase methodology that is present in other component interactions
in Tin yOS has beenmaintained [Levis et al. 2004]. As elaborated in [Levis et al.
2004] this model is a good way of maintaining high concurrencywith low state.
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command result t Compass.calibrate()
event result t Compass.calibrateDone()

command result t Compass.getData()
event result t Compass.dataDone(uint8 t azimuth)

command result t IR .enableObstacleAvoidance()

Fig. 6. IR sensorsand Compass Interface

3.3.2 Sensorson Lower Board:. There are two other sensorson the lower board
as shown in Fig.[3]. One of them is two sets of IR bump sensors(each consisting
of two IR Transmitters and one IR receiver). The other is the compass. We
have changed the accessmechanism for the compassfrom free-running mode (in
Robomote version 1) to single conversion. This savesenergy by not querying the
compasswhen it is not being used.

3.4 Software Architecture

As mentioned earlier, we intend to usethe mote as the master. Hence,the system
software on the robomote has been designedto provide the basic functionalit y as
modules on the mote. We have designedmodules in Tin yOS to allow easyaccess
to robomote's functionalit y in Tin yOS.
The Tin yOS modulesconsist of two layers. There is a Hardware Abstraction Layer

that takescareof the communication with the robomote. The secondlayer exposes
the functionalit y of each individual feature (e.g.: compass)of the robomote to ap-
plications in Tin yOS. It is possible to include just the required components into
existing Tin yOS appsfor easeof understanding and clear design. This is illustrated
better in Fig.7.

3.5 Testbed Setup

Our setup includesa testbed [Rahimi et al. 2002]with beaconsat known locations.
Using these, we have a coarselocalization implemented (based on triangulation).
There is alsoan Orientation component that combinesthe Compasswith the local-
ization to get relative bearing on which direction to go next, given a destination.
We have written a higher level Navigation component that performs the task of
navigating from point A to point B using this localization and orientation.

4. ENHANCEMENTSIN ROBOMOTE VERSION2

This is version2 of the robomote. Many featureshave beenimproved from the �rst
version [Sibley et al. 2002]. Someof them have beenillustrated in the table above.
One of the biggest challengeshas beenaccurate motion control. As elaborated in
Section 3.3, we have incorporated feedback control for the same. Reliabilit y has
been improved by providing for acknowledgements for command and data bytes
being exchangedbetweenthe mote and the robomote. Last, but not least, we have
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Fig. 7. Blo ck Diagram of Software components

Table I I. Robomote v1 v/s v2
FEA TURE R OBOMOTE v1 R OBOMOTE v2

Gear Ratio 20:1 25:1
Encoders for wheels No Yes

PI Control for wheels No Yes
Battery Li-Ion Li-Ion Prismatic

Battery Lifetime 10-15 mins 30 mins
Charge time for battery 1.5 hours 20 minutes

Odometry Polling Interrupt-based
Compass Free running Single Conversion

incorporated a better rechargeablebattery which has a shorter recharge cycle and
longer life. Energy saving has beenbrought about by switching from free running
mode to single conversion mode.

5. COMPARISONWITH OTHER POPULARROBOTIC PLATFORMS

We comparethe robomote with popular actuator platforms just to show the space
within which the robomote �ts. One feature that standsout with regard to mobilit y
in all these platforms is the need for feedback control. This has been elaborated
before in Section 3.3. Note also that sincethis form of error correction needsto be
performed very frequently , the sensorsused for feedback control are tied in much
closer to processingthan the other sensors(Figures [4][3]).
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The other major distinction we would want to make is the fact that robomote is a
small robot. It is not intended to traverseterrains and encompassthe functionalit y
that someof the bigger robots possess.It has been designedto work with motes
and provide mobilit y in a sensornetwork setup.

A more detailed comparison is given in Table[II I].

Table I I I. Hardw are comparison with other popular robotic platforms

Parameter Rob omote Khep era Pioneer 3-D X heli

PHYSICAL

Length: 70mm Diameter: 70mm Length:380 mm Length: 1570mm
Dimensions Width: 45mm Width: N/A Width: 440 mm Width: 620 mm

Height: 35mm Height: 30mm Height: 220 mm Height: 770 mm
Weight 85g-90g 80g 9 kg 8.18 kg
Payload 300g 250g 23kg 10kg

PO WER

Type of Fuel Rechargeable 3 AA Rechargeable 12-V lead-acid Liquid Fuel Gas and
Battery Ni-MH batteries battery Tw o-stroke oil

Total Power draw 345mAh Not known 4050mAh
Run time 20-30 mins 1hr 18-24 hrs 30-40 mins
Recharge time 20 mins 6 hrs 12 hrs N/A

MOBILITY

Steering Di�eren tial Di�eren tial Di�eren tial N/A
Error Correction PI-controller PID Control PID Control PID Control
Gear Ratio 25:1 unknown 36:1 N/A
Linear Speed 15-20 cm/s 1 m/s 1.2 m/s 20 m/s
Wheel Diameter 1.5 cm 1.5 cm 19 cm N/A
Turn Radius 5 cm In place In place
Traversible Terrains Tabletop Tabletop Wheelchair N/A

accessible

ON-BO ARD ELECTR ONICS

On-b oard Computing Atmel 8535 Motorola 68331 PC-104 Stack 1 PC-104 Stack(vision)
1 PC-104 Stack (control)

Communication Wireless, UAR T Serial, Radio board 802.11b 802.11b
On-b oard Storage 4k EEPR OM 512K Flash Hard disk or Compact Flash

8k Flash Compact Flash
Reprogramming Serial (as of now) Serial N/A N/A
On-b oard Sensors IR bump sensors IR proximit y sensors Sonar ring GPS, Compass

(fron t and rear) IMU
Compass Gripp er GPS (3 Gyros and accelerometers)
optical Encoders Video Mo dule Laser-range �nder 2 sideways cameras
sensor board Radio-T 1 omnicam

1 downward looking camera
Laser-range �nder

6. CASE STUDIES - EXPERIMENTS USING THE ROBOMOTE AS A MOBILE
SENSORNODE

6.1 Detecting LevelSetsof Scalar FieldsusingMobile Sensor Networks

6.1.1 Problem:. Assuming that there is a static sensornetwork deployed in a
bounded area, the problem is that of detecting level sets(contours) of the sensed
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Table IV. Exp erimental results on the robomote

Optimal Distanc e Traveled Distanc e Ratio
5.5 8.3 1.509
5 6.1 1.22
5 7.6 1.52
3 5.5 1.83
5 7.8 1.56

scalar �eld (Eg: Isobars for pressure, isotherms for temperature) using a mobile
sensornode. This could be visualized to be a mechanism for event detection. It
is also a classic example where mobile sensornodes could augment static sensor
networks to perform tasks not possibleotherwise.

6.1.2 Algorithm:. The idea is to perform gradient descent on the sensedscalar
�eld. We use a control law proposed in the context of sensor-basedpath plan-
ning [Choset et al. 1997] for this purpose. The control law has been adapted for
the sensornetwork case.Simulation results show that the percentage of successof
detecting the desiredlevel set goesto above 80% for node degreesgreater than 7-8
of the static sensornetwork. This is logical since network connectivity might not
exist for networks below node degree6 [Xue and Kumar 2003].

6.1.3 Experiments:. We performed experiments on our testbed [Rahimi et al.
2002]. This was to validate the algorithm in the presenceof odometry error. The
experiments consistedof a matlab setup on a PC that simulated node deployment.
The robomote would query the PC to read the sensorreadings of its immediate
neighbors. Based on it, motion control commands were generated in matlab for
gradient descent. This would be executed by the robomote on the experimental
testbed. This would iterate until the robomote reached the desiredcontour.

The results validate the optimalit y results of our simulations. Twenty nodeswere
deployed in a 4ft by 8 ft area and radio range was about 2.8 feet. We performed
the experiment for 10 di�eren t typesof deployment and four start positions. Node
degreewas 8. The gradient simulated is a simple linearly decaying gradient. The
ratio of traveleddistanceto optimal is about 1.4. Successpercentage for thesetrials
were between75% and 80%.

6.2 Bacteria inspiredrobots for envirnmentalmonitoring

6.2.1 Overview/Experiment Motivation:. The problem at hand is to locate and
track a light sourceusing the photo gradient generatedby it over time using mobile
sensornodes (robomote) on the table top test bed. We implement an algorithm
basedon biasedrandom walk, modeledon taxis in bacteria [Berg 1983],for tracking
gradient sources.Using gradient information and rudimentary motion strategy, the
mobile senor nodes are able to track gradient sourcesanalogousto the manner in
which bacteria detect and track potential food sourcesusing the gradient generated
by the food sourcesand simplistic locomotion strategies. The strategy of such a
bacteria-like node can be summarized as "senseand move". For a more detailed
description of the algorithm, the reader is referred to [Dhariwal et al. 2004].
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Fig. 8. Robomote with the Sensor

A mobile sensor-node executing a biased random walk has very little require-
ments in terms of memory since only the last sensorreading needsto be stored.
The processingrequirements are minimal sincethe only processingrequired is com-
parisonbetweensuccessivesensorreadings(gradient computation). Only a minimal
amount of motion control is required to hold the headingof the robot in a particu-
lar direction for a particular duration of time (depending on bias levels). All these
characteristics make the robomote an ideal platform to carry out our experimental
work. In this casestudy, we focus on a 2D version of the gradient detection and
sourcetracking problem, and evaluate the results we obtained in simulation [Dhari-
wal et al. 2004]on the robomote platform.

6.2.2 Experiments with ROBOMOTE as the mobile sensor node:. We carried
out experiments on the robomote to validate our simulation results on actual mobile
sensornodesexecuting a biasedrandom walk. We useda mica mote to provide the
control commandsto the robomote using Tin yOS. We used the two basic compo-
nents move and rotate for controlling the robomote to carry out the biasedrandom
walk. We used a basic sensorboard with a photo (light) sensorthat could sense
the light gradient generatedby the light source. The experimental setup can be
seenin Fig.[8].

The position of the robomote on the test bed was tracked using an overhead
vision system which captured image frames and passedtheseto a tracker [Howard
2002] for data analysis and storage. Color blobs mounted on top of the robomote
helped track its position over time on the table top test-bed.

6.2.3 THE RANDOM WALK ALGORITHM:. The algorithm proceededasfol-
lows:

(1) Record the current photo intensity reading from the photo sensorP(i)
(2) Move along a straight line for a distance equal to the mean free path of the

experiment
(3) Record the current photo intensity reading from the photo sensorP(i+1)
(4) If the di�erence P(i+1) - P(i) > 0, move along the samedirection for a distance

proportional to the bias factor for the experiment
(5) If goal reached, then

(a) stop
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Fig. 9. Ligh t Gradien t

Fig. 10. The percentage gradient

(b) elserotate by a random angle and go back to step 1

The robomote is mounted with a light sensoras shown in Fig.[8]. We begin by
setting up a photo gradient generatedby a light sourceplaced at one end of the
robomote test bed as shown in the Fig.[9]. The robomote is then positioned on
a circular arc of radius d (d = 40cms.) units from the center of the light source,
generating the photo gradient, on the table. The heading and position of the
robomote on the arc wasa random variable and could be towards or away from the
source. A smaller circular arc of radius D (D=5cms.) units from the center of the
light sourcewas marked as the goal for the robomote.

The robomotewasswitchedon at distanced, and trackedasit performeda biased
random walk on the table following the photo gradient. The experiment terminates
when the robot reaches the smaller circular arc of radius D. The speed of the
robomote was set at 2cm/s. for the experiments. The experiment was repeated for
several other values of starting distance d (d = 80cm, 120cm). We repeated the
experiment 75 times for each of the d valueswith random starting orientations and
locations on the arc and averagedour position readingsbetweenthe gathereddata
for our analysis.

We believe this was a fair set of samples to evaluate the e�ectiv enessof the
approach. The graphs for the metrics proposedin the [Dhariwal et al. 2004] can
be seenin Fig.[11]. The results from the robomote platform agreewith the results
obtained from the simulation work presented in [Dhariwal et al. 2004]
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Fig. 11. Robomote with the Sensor
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Fig. 12. Robomote with the Sensor

We carried out another set of experiment with two equal intensity sourcespresent
at the sametime at opposite corners of the test bed and started the robomote at
distancesd (d = 25%,50%(center) and 75% positions on the test bed)Fig.[10]. We
started with only one source switched on initially at t = 0s. At t = 180s. we
switched on the secondsourcelocated at the other end of the test bed. This was
followed by switching o� the �rst sourcecompletely at t=435s. We repeated the
experiment for the di�eren t values of d (d = 25%,50%(center) and 75% positions
on the test bed)). Again the results (Fig.[12]) obtained in hardware platform were
in agreement with our simulation results.

6.2.4 Conclusion:. The above casestudiesdemonstratethat the robomote plat-
form provides an ideal test bed for implementing and testing our algorithms and
veri�cation of our simulation work for using mobile sensornodes. The robomote
platform is well suited for our work sinceit providesus with the essential navigation
components for performing simple experiments like random walks and gradient de-
scent. Additionally , it providesus with a set of control capabilities in terms of robot
speed,direction of motion and a set of sensingcapabilities which can be plugged in
using add-on sensorboard.
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7. CHALLENGESIN ENABLINGMOBILE SENSORNETWORKS

We will now attempt to summarize the research issuesto be solved before we can
make mobile sensornetworks a reality.

7.1 Robotics Issues

7.1.1 AdaptiveLocalization: . The most fundamental research problem in robotics
is for the robot to �nd out whereit is. There hasbeena lot of research in the areaof
probabilistic localization in robotics o� late [Thrun et al. 2001][Thrun et al. 2000].
Most of theseschemestend to be centralized and computationally very expensive.
However, adding mobile nodes to static sensornetworks gives us the oppurtunit y
of using odometry to do coarselocalization and adapt some of these techniques.
There is scope for research in devising less computationally intensive algorithms
to suit sensornetwork applications. It is also important that such algorithms be
distributed unlike the onesproposedin the robotics scenario.

7.1.2 Distributed Mapping: . The other important problem in robotics is to �nd
out what is around the robot. i.e. to map the environment in which the robot is
placed. However, most proposed techniques are again very intensive and rarely
make useof information from more than one robots. Augmenting this information
with sensor information from the static sensornetwork makes for an interesting
study.

7.1.3 Coverage:. Coverageis an important feature of sensornetworks. There
has been somestudy in using sensornetworks to maximize coverage[Batalin and
Sukhatme 2003]. This work is a clear example of cooperation betweenmobile and
static sensornodesto alleviate problems(in this case,coverage)in sensornetworks.
However, there hasnt been much work on looking at mobile sensornetworks and
how they could be usedto adapt networks by varying the coveragedynamically.

7.2 SystemsIssues

7.2.1 Massive Reprogramming:. One of the requirements of a sensornetwork
is the abilit y to do massive reprogramming. When thousands of nodes are to be
deployed, it is infeasible to program each one by hand. However, it is possible
to envision a mobile node covering the network and reprogamming all nodes that
comewithin its range. This could be consideredan instance of a multi-rob ot task
allocation problem.

7.2.2 Distributed Calibration:. Another hard problem in sensornetworks is that
of calibration. Such sensorsare cheap and reasonably erroneous. They require
frequent calibration. We can think of having a calibrated sensoron a mobile node
and the mobile node covering the area of sensornode deployment calibrating the
nodesin its neighborhood.

7.2.3 Network Repair:. An interesting areaof work is that of network repair. As
mentioned earlier, it can be imagined that a few mobile nodescan be usedto repair
static networks by positioning themselves at hotspots or points of disconnection.
However, moving the mobile nodesexpendsenergy and there is scope for study of
the tradeo�. This alsomakesfor interesting theoretical study for optimal algorithms
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to move the mobile nodes.

7.2.4 Distributed storage,aggregation and queryingtechniques:. Most of the stud-
ieson data-centric storage,aggregationand querying have beenw.r.t. static sensor
networks. They make assumptionsthat might not hold good in mobile sensornet-
works. An example would be the data-centric storage scheme'sdependency [Rat-
nasamy et al. 2003] on location. The scheme employs a hash that attempts to
distribute data evenly acrossthe geography of the network. However, if there are
a reasonablepercentage of mobile nodes, data would have to be transfered from
nodesthat move to nodes that are in that geographiclocation. This is clearly un-
desirable. This calls for a revisit to serviceslike data-centric storage for networks
that have a combination of mobile and static nodes.
It is important to build a model that is independent of geographiclocation.

8. CONCLUSIONS

In summary, there area wealth of issuesthat needto be lookedat to enablemobilit y
in sensornetworks. We have highlighted the bene�ts of augmenting static sensor
networks with mobilit y. We presented the Robomote, an exampletestbed platform
for mobile sensornetwork experiments. We also presented a couple of casestud-
ies where robomote is being used to experimentally validate algorithms designed
for next generation mobile sensornetworks. Finally, we looked at someof the po-
tential issuesthat needto beresolved in order to enablemobilit y in sensornetworks.
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