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Abstract The Caltech Multi-V ehicle Wireless Testbed (MVWT) is an experimen-
tal platform for investigating the increasingly important intersecting
frontiers of reliable distributed computation, communication and con-
trol. The testbed consists of eight autonomous vehicles equipped with
onboard sensing, communication and computation. The vehicles are
underactuated and exhibit nonlinear second-orderdynamics, key prop-
erties that capture the essenceof similar real-world applications at the
forefront of cooperative control.

The relativ e simplicit y of the testbed facilitates the investigation and
application of novel ideas in reliable computing, real-time optimal con-
trol, stabilit y of interconnected systems, control of and over networks,
and formation °igh t. In this paper, we describe in detail the MVWT
and its components so that readers may envision how it can be used to
provide proof-of-concept for new techniques in multi-v ehicle control.

Keyw ords: Multiple vehicles, coordinated, distributed, cooperative, testbed.

1. INTR ODUCTION

We have developed a versatile experimental testbed (called the Multi-
Vehicle WirelessTestbed, or MVWT) for the implementation of control
algorithms for single- and multi-v ehicle control problems. It consists
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of eight fan-driven vehicles that glide on low-friction omni-directional
casters. Each vehicle is equipped with an onboard computer and local
sensors,and can communicate over a local wirelessnetwork.

The goal of the MVWT is to embody the di±cult problem of multi-
vehicle control (as found, for example, in multiple UAV systems) in
an easy to use, low-cost and low-risk system. Our testbed captures
many aspects of real-world application environments and can be used
to validate theoretical advancesin a variety of disciplines. Multi-v ehicle
control problems appear in a wide variety of applications in which theo-
retical advancescan signi¯cantly improve our abilit y to perform complex
tasks. Military applications include operation of unmanned aerial vehi-
cles(UAVs) and unmannedcombat aerial vehicles(UCAVs) in a variety
of situations. Civilian examplesinclude automation of air tra±c control
systems,automated highway systems,planetary exploration, and search
and rescueoperations.

The ultimate successof theseapplications dependsheavily on a greater
understanding of the research areasrelated to multi-v ehicle (in partic-
ular, decentralized) control. This is especially true in situations where
agents in a decentralized control scheme are part of a communications
network and the e®ectsof delay, communication constraints and dynamic
constraints must be considered.

The main purposeof our testbed is to provide a platform where new
theoretical ideas can be implemented and their practicabilit y can be
evaluated in light of the reality of a physical experiment. We brie°y
mention several areasthat usersof the MVWT are either exploring or
plan to explore.

A natural task for a multi-v ehicle system is formation °igh t wherein
vehiclesmust maintain their positions relative to someglobal \shape".
In [9, 22] formations and formation changesare speci¯ed by abstract
graphsthat de¯ne the neighbors of each vehicleand the desireddistances
and anglesbetween them. In particular, the relationship between the
stabilit y of a formation and the structure of the associated graph is
explored. Applying theseresults in a system with non-trivial dynamics
such as the MVWT would represent a signi¯cant advance.

Optimal control techniquessuch as tra jectory generation [20] and re-
ceding horizon control [12, 7, 14] are obvious choicesfor the control of
nonlinear vehiclessuch as those in the MVWT. However, it is not at all
obvious how to \distribute" optimal control problems[15,21]over multi-
ple vehiclessothat each is solving a sub-problemin a truly decentralized
fashion.

Low bandwidth communication intro ducesmany di±culties into con-
trolling the MVWT and systems like it. For instance, to achieve a
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consensus(e.g regarding what formation to assume) in a distributed
asynchronous network is theoretically impossible[11]. To addresssuch
di±culties, weareexamining novel communication strategies[10,23]and
investigating their interactions with multi-v ehicle control algorithms.

Finally, writing reliable control programs (to implement the above
algorithms) and communication protocols is a fundamentally di±cult
problem even without the complicated dynamical scenarios that are
commonplacein multi-v ehiclecontrol. We are exploring formal software
methods and ideas including novel languages[17] and compiler tech-
niques [13], and we plan to use these tools to implement multi-v ehicle
algorithms on the MVWT.

Many of the research areasdescribed above carry novel results appli-
cable to °igh t control experiments, but which have beenveri¯ed only in
simulation. In many casesa combination of high cost, prohibitiv e risk,
and labor-intensive implementation inhibits the processof transferring
novel control ideasto aircraft °igh t experiments.

To addressthis, our vehiclesare designedto possessdynamics that
capture the essenceof real-world applications and thus require real-time
and perhapsrecon¯gurable control. Many academicexperiments involv-
ing coordinated or cooperative planning usevehiclesfor which real-time
control is not an inherent requirement (e.g., wheeled kinematic vehi-
cles). Our vehicles are described by equations that are secondorder
dynamic, nonlinear, underactuated, input constrained, and input sign
constrained. As in the caseof real-world high performancesystemssuch
as military aircraft, these features make quick responsetime to new or
existing constraints critical for mission success.

While the ground based°igh t control testbed we describe here cap-
tures many of the dynamical featuresof aircraft, it alsoavoids the danger
of expensive failures or the overhead of launching, landing and main-
taining temperamental aircraft. Our testbed is low cost, low risk and is
designedspeci¯cally for easeof use and versatilit y in controller design
and implementation.

We proceedhereto give an overview of the architecture of the MVWT
to show how we decidedto addressthe goalsde¯ned above. We alsode-
scribe the educational usesof the MVWT, and provide a brief discussion
of related experimental testbeds. The later sectionsof the paper are de-
voted to the description of the components of the MVWT.

Ov erview. An overheadview of MVWT arena is indicated by Fig-
ure 1.1. The MVWT vehiclesoperate on a smooth °oor of approximate
dimension 6.7 m £ 7.3 m. Each vehicle in the MVWT is equipped with
an onboard computer, local sensorsand an 802.11b wireless Ethernet
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Figure 1.1. A diagram of the Caltech MVWT. An o®-¯eld vision computer processes
imagesfrom overheadcameras(A) and provides state information to the vehicles(B).
An obstacle (C), due to an unrelated experiment in the samespacemust be avoided.

card for communication over our laboratory's local areanetwork. Video
camerasmounted on the ceiling take pictures of the ¯eld at 60Hz and
are connectedto an o®-¯eld vision processingsystem. The vision sys-
tem identi¯es each vehicle, its position, and its orientation by the unique
symbol that appears on the vehicle's \hat" (Figure 1.9). It broadcasts
this information over the local area network and the vehicles receive
it via their wirelesscards. Each vehicle can communicate through the
samewirelessnetwork to the other vehiclesand to auxiliary computers
o®-¯eld that may serve as command systems,real-time monitors, data
loggersor human user interfaces.

The block diagram of Figure 1.2 depicts the MVWT architecture. A
picture of an MVWT vehicle appears in the lower right. Each vehicle's
input is composedof communicated information (e.g. from the vision
system, other vehicles or a command center), and sensedinformation
from onboard sensors(e.g. gyroscopes and ultrasonic range ¯nders).
The vehicle's output includes messagesto other vehicles (or auxiliary
computers) and actuation commandsto its two ducted fans, which pro-
vide thrust and the vehicle's means of mobilit y. A con¯gurable user
interface is de¯ned in a program called \Master Control" which handles
high level control commands,including those for data logging. Informa-
tion °ows both ways between Master Control and the vehicles, which
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Figure 1.2. The structure of the MVWT: Vehicles receive input from sensorsand
from the wireless network and output thrust commands to their fans and messages
to the network. A vision system sensesthe positions and orientations of the vehicles.

allows for easier testing of control designsand real-time monitoring of
results.

The computing platform onboard each vehicle is a laptop which runs
the QNX real-time operating system and a C++-based software suite
called RHexLib (described in Section 6). This software architecture al-
lows us a rapid protot yping environment that placesfew restrictions on
the type and designof controllers that we are able to implement. Essen-
tially , we can implement any controller that can be written in C/C++
and is amenable to a statically-scheduled and ¯xed-rate environment.
The additional details of our software environment (seeSection 6) and
our communication capabilities (seeSection7) make for a highly con¯g-
urable platform for experiments in many cutting edgeareasof control
theory. Our testbed can be usedto investigate decentralized control al-
gorithms, high-level coordination algorithms, real-time communication
protocols, novel wirelessnetwork architectures, distributed sensingand
actuation strategies,and much more.

Educational Uses. In the Spring of 2002the MVWT was usedas
the main experimental testbed for the Caltech course\Applications of
Control Technology" (CDS 111). The purposeof the courseis to provide
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students with the opportunit y to put into practice the theoretical tech-
niques learned in previous courses. In CDS 111, the students become
familiar with the components of the testbedand how to operate the vehi-
cles. They then run simple programs to becomefamiliar with controller
designand deployment, and ¯nally are required to designtheir own con-
trollers to accomplish speci¯c tasks on the testbed. The coursedrives
continuous improvement in software infrastructure and user-friendliness
of the MVWT for future users. We expect the testbed to be used by
CDS 111 for at least the next several years.

Related W ork. There are several other testbeds related to the
MVWT. For example, the recent popularit y of the RoboCup [6] robotic
soccer tournament hasseennumerouswheeledrobot systemsbuilt. The
main di®erencebetweensuch systemsand the MVWT is that they can
often betreated asif they are¯rst order, thereby signi¯cantly simplifying
their control. Several °igh t basedtestbedsare also in development that
use ¯xed-wing UAVs [8], unmanned helicopters [16], or hovercraft [25].
The MVWT di®ersfrom the ¯rst two in that vehicle failures are not as
dramatic and costly. The latter testbed is quite similar to the MVWT,
although the vehicles°oat on a forced air table rather than resting on
casters,limiting the range of the vehiclesto the sizeof the (necessarily
small) table.

Paper Organization. In the rest of this paper we describe in
detail the architecture of the MVWT including the physical and compu-
tational speci¯cations of the vehiclesand the laboratory infrastructure
that supports them. In Section 2 we describe the details of the system
hardware. Wediscussthe vision systemin Section3 and onboard sensing
capabilities in Section 4. In Section 5 we describe the various electronic
components. Our software environment is described in Section 6 and
our communication systemsin Section 7. We discusshow the testbed
hasbeenusedto explore new control algorithms in Section8. In Section
9 we attempt to predict the future of the system in terms of continued
infrastructure development and planned interesting usesof the MVWT.

2. VEHICLE HARD WARE

One of the MVWT vehiclesis shown in Figure 1.3. It is supported by
three low-friction omni-directional castersand is driven by two ducted
fans (¯xed to the vehicle), each producing up to 5.0 N of thrust. The ve-
hicle is essentially a \laptop sandwich", with a laptop computer secured
between two piecesof machined acrylic. Attached to the top acrylic
pieceare the fan assemblies, battery packs, identifying \hats", interface
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Figure 1.3. An MVWT vehicle (left) and exploded view (righ t).

board, and local sensors. The castersare attached (ball-down) to the
bottom pieceof acrylic. All of thesecomponents are described in detail
below.

SeeFigure 1.4 for critical dimensionsand the MVWT website [2] for
vehiclespeci¯cations, including a bill of materials, detail drawings of the
acrylic structure, and laptop speci¯cations.

2.1. COMPONENTS

Chassis. The chassisis machined from acrylic, chosenfor its low
cost and machinabilit y. Acrylic also allows us to easily bond additional
components to the main chassis(e.g., to keepthe bumpers from sliding
o® or to hold the batteries in place). The structure was designedto
allow accessto most of the laptop ports, including USB, power, video,
and PS/2 ports.

A loop of clear vinyl tubing is stretched around the bottom plate
of the chassisto protect the vehicle and its contents during bumps with
other vehiclesor with the surrounding walls of the testbed °oor. Finally,
a corrugated plastic \hat", placed on the top of the vehicle, is used by
the vision systemto determine vehicle identit y, position and orientation.
SeeSection 3 for more details.

Casters. The casters (also known as ball transfer units) are fur-
nished by Alwayse Engineering Limited. They are nearly ideal for our
purposessince they have relatively low friction and are self-cleaning.
According to the Alwayse website [1], the load ball (50.8mm diameter)
\rotates on a bed of small balls supported on a hardenedsteel, precision
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Figure 1.4. Critical dimensions of an MVWT vehicle.

machined table." There are two sealsthat keepdirt and dust away from
the bearingsurfaces- oneto remove largeparticles and another to scrape
the ball clean. This self cleaning feature hasproved to be indispensable,
as other omni-directional casters we tried quickly \gummed up" with
dust and debris, drastically changing their friction characteristics.

Fan Assem bly . The fan assembly consistsof the ducted fan housing
and rotor (WeMoTecMinifan 480), motor (Hacker B40-14S),and motor
controller (Jeti MASTER 40-3POpto). Assembling thesecomponents is
fairly straightforward; the most critical step is balancing the fan rotor.
An unbalanced rotor not only degradesthrust performance, but also
causesthe rotor to vibrate and hit the sideof the duct during operation,
causingexcessive noiseand damageto the rotor and duct. We found the
Du-Bro Prop Balancer to be an e®ective tool to balancethe rotor.

Fan Characterization. For a control system to be e®ective, the
actual control input (in our case,the actual forcesproducedby each fan)
should be equal to the control input commandedby the control system.
In the caseof the MVWT vehicle, the control system software onboard
the laptop commandsforcesto each fan. These forcesare converted to
integer values and sent via USB to the microcontroller. Therefore it is
necessaryto determine what fan force is produced for a given integer
input to the microcontroller. See Section 8 for details of controllers
used on the vehicle, Section 5 for details of the vehicle's electronics
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Figure 1.5. Fan assembly hanging in the thrust map test ¯xture (left) and a typical
thrust map (righ t). Note that the entire weight of the fan assembly is supported by
the load cell.

(microcontroller and interface board), and Section 6 for details of the
software usedon the vehicle.

For each fan assembly, thrust was measuredover the full range of in-
teger input signalssent to the microcontroller, producing a map between
the microcontroller's input signaland actual fan thrust. The ¯xture used
to create thesemaps is shown in Figure 1.5, along with a typical thrust
map produced by the ¯xture. To measurethrust, the fan is hung in the
¯xture as shown, with the entire weight of the fan assembly supported
by a load cell (which outputs a voltage proportional to axial load).

Battery Pack. Each fan assembly is powered by ten sub-C size
nickel metal hydride (NiMH) 3000 mAh cells, manufactured by both
Sanyo and Panasonicand packagedby Batteries America of Middleton,
WI. The battery packs are charged with a Robbe Power Peak In¯n-
it y I I charger, which automatically detects when the batteries are fully
charged, preventing damageto the battery cells. During normal use, a
battery pack lasts about 20 minutes and takesapproximately 1.5 hours
to charge. Current draw is approximately 20 A at full thrust.

Computing Platform. Each vehicle is equipped with either a
700 MHz Dell Inspiron 2100laptop or Dell Latitude L400 laptop (both
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the onboard computer and the fans and sensors.

of which have the sameform factor). The screensare removed to save
spaceand reduceweight and power.

In terface Board. An electronic interface board relays fan force
output from the onboard computer via the USB bus, converts it into a
pulse-width modulated (PWM) signal, which is the format expected by
the motor controllers. The interface board is also used to relay sensor
information to the onboard computer. SeeFigure 1.6 and Section 5 for
more details.

2.2. PARAMETER IDENTIFICA TION

The simpli¯ed equationsof motion (assumingperfect sensingand ac-
tuation, no delays, no disturbances, and linear friction) for the vehicle
are listed in Equations 1 - 3. Theseare derived by observation from the
simple schematic of the vehicle shown in Figure 1.7 (A more detailed
discussioncan be found in Section 8).

mÄx = ¡ ¹ _x + (FR + FL ) cosµ (1)

mÄy = ¡ ¹ _y + (FR + FL ) sinµ (2)

J Äµ = ¡ Ã _µ + (FR ¡ FL )r f (3)

These equations include four physical parameters: the mass m, the
massmoment of inertia J , and the linear and rotational viscousfriction
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Figure 1.7. Schematic of MVWT vehicle. The coordinate frame is inertial and the
forces FL and FR are applied at the fan axes.

coe±cients ¹ and Ã. The geometric parameter r f (= 0:123 m) is the
distance betweenthe center of massof the vehicle and each fan axis.

Mass. Mass was measuredwith a digital scale. Each vehicle has a
massof 5:05§ 0:05 kg.

Mass Momen t of Inertia. To measureJ , the vehicle was hung
from a rod as shown in Figure 1.8. It was then displacedfrom its equi-
librium position and allowed to swing freely. J was calculated from the
small-angleapproximated equation J = mL 2( gT 2

4¼2L ¡ 1), where L is the
vertical distancefrom the axis of rotation to the vehicle'scenter of grav-
it y and T is the period of oscillation. The value of J was found to be
0:050§ 0:005 kg m2.

Linear Friction. A test ¯xture for determining ¹ is shown in
Figure 1.8. The vehicle was pulled back from its equilibrium position
and allowed to oscillate. The vision system recordedthe position of the
vehicle as a function of time, and the logarithmic decrement technique
wasusedto determine the damping coe±cient [19]. ¹ was found to vary
between3:3 and 5:5 kg

s (di®erent for each vehicle).

Rotational Friction. The rotational viscousfriction coe±cient Ã
wascalculatedby measuringthe steadystate angular velocity of a vehicle
with one fan operating at constant thrust and the other turned o®. The
equation of motion in this caseis J Äµ = F r f ¡ Ã _µ (assumingthe vehicle
is rotating about its center of mass{ this was observed in practice). At
steady state ( Äµ = 0), _µss = F r f

Ã , or Ã = F r f
_µss

. All parameters in this
equation are known (F from the thrust map, r f by direct measurement,
and _µss via vision system), making the calculation of Ã trivial. This
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Figure 1.8. Test ¯xtures used to measureJ , the massmoment of inertia (left), and
¹ , the linear viscous friction coe±cient (righ t).

parameter was found to vary between 0:049 and 0:064kg m2

s (di®erent
for each vehicle) using this method.

3. LAB POSITIONING SYSTEM

Vehicle localization is accomplishedusing an overheadcamerasystem
known as the Lab Positioning System (LPS). This system consists of
four Pulnix TM-6710 monochrome CCD camerasand three Matrox vi-
sionprocessingboards(oneGenesisand two GenesisPlus). Each camera
coversan areaof approximately 4.88x 4.26m on the °oor and produces
640 x 480 pixel imagesat 60 Hz. The Genesisvision board combines
thesefour imagesinto one and each GenesisPlus board processesalter-
nate frames of data.

Vehicle localization and identi¯cation is accomplishedusing a pattern
of black \blobs" on white \hats" atop each vehicle. To facilitate process-
ing, the °oor of the MVWT lab is entirely white so blob identi¯cation
is unambiguous. The vision processingboards perform a standard blob
analysis, identify all blobs in the image that are in an appropriate size
range,and sendthat information to the vision processingalgorithm. The
algorithm takesthis information and identi¯es the patterns of blobs cor-
responding to the hats with their associated vehicle identities, positions
and orientations.

Figure 1.9 depicts an examplehat pattern. It hastwo large blobs, one
with onewhite patch, or \hole," and the other with two, that areusedfor
localizing and determining the orientation of the corresponding vehicle.
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Figure 1.9. An example vehicle \hat" (number 1 shown). The large \blobs" are
used to determine vehicle location and orientation and the smaller blobs determine
the vehicle's identit y.

Between these blobs are up to three smaller blobs (with no holes) that
represent, in binary, the vehicle's integer identi¯cation number.

Localization is accurate to approximately 1 cm (when the vehicles
are stationary). Noise when the vehiclesare stationary is insigni¯cant,
with a standard deviation of 0.2-0.25 mm in position and 0.0035 rad
in orientation. The vision system also provides rate information using
an (un¯ltered) \dirt y derivative" which is signi¯cantly noisier than the
position data, with a standard deviation of 1.0-1.5 cm/s in linear ve-
locity and 0.2 rad/s in angular velocity for a stationary vehicle. All
¯ltering and smoothing of this data is currently doneon board the vehi-
cles. Processingof one frame of vision data takesapproximately 33 ms.
This information is then broadcast to the vehiclesover the local wireless
network.

4. ONBO ARD SENSING

Onboard sensingnot only servesto augment the vision system in ob-
serving the vehicle motion and behavior, it also enablesthe vehicles,in-
dividually or collectively, to gather information about their surrounding
environment. The onboard sensingcapability of the MVWT facilitates
research of interesting topics such as distributed sensing,sensorfusion,
and decisionmaking.

4.1. UL TRASONIC RANGEFINDER

In many multi-v ehicle applications, whether they be formation con-
trol, mapping and tracking tasks, or obstacle avoidance, knowing the
relative distance from one vehicle to another vehicle or object is vital.
The most common types of proximit y sensorsinclude infrared, acous-
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Figure 1.10. The beam pattern for the Devantech SRF04 ultrasonic range¯nder.
The SRF04 has a range of approximately 3 cm to 3 m and a resolution of approxi-
mately 8 cm.

tic, and optical (laser) range¯nders. After weighing the requirements of
range and accuracy against the constraints of cost and dimensionswe
choseto explore the useof an ultrasonic (i.e. acoustic) range¯nder.

Sensor description. The ultrasonic range¯nder we selectedfor the
MVWT is the Devantech SRF04. It has a minimum range of approxi-
mately 3 cm and a maximum range of approximately 3 m. The sensing
cone of the SRF04, or the angular range, sweepsthrough an approxi-
mately 50

�

angle, as illustrated in Figure 1.10. The resolution allows for
detection of a 8 cm target at approximately 2.8 m.

Soft ware In tegration. The sonar measurements are made avail-
able to the vehicle'sonboard computer via the electronicsinterface (Sec-
tion 5). Each sonar sensorusestwo bytes of the data packet sent via
the USB to the SonarModule in RHexLib (described in Section 6). The
SonarModule allows the control software to collect range measurements
at a user-speci¯ed rate and output them using the logging capabilities
built into the MVWT RHexLib software.

4.2. RA TE GYR OSCOPE

The vision systemintro ducessigni¯cant delays (greater than 0.05sec)
into the vehicle's control system, which degrade the vehicle's perfor-
mance. Use of an onboard piezoelectric rate gyroscope (gyro) can sig-
ni¯can tly reducethe angular rate delay, sinceminimal signal processing
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and no communication is required to get the gyro output to the control
system. In addition, the gyro measures_µ directly, which hasadvantages
over estimating _µ basedon our discrete vision measurements.

Sensor Description. The gyro we are using is the Tokin CG-
16D, whoseoutput is proportional to the angular rate of the sensor,a
product of the Coriolis e®ecton an internal vibrating ceramic column
printed with electrodes.

Gyro Calibration. The gyro was placed on a turn table and its
output measuredfor a given angular rate. We found that the output of
the gyro was linear in the range § 840 degrees/s,which in fact exceeds
Tokin's speci¯ed maximum detectable angular rate of § 90 degrees/s.

Gyro Circuit. Beforeusing the gyro signal in the vehicle'sonboard
control system, it must be converted from an analog signal to a digital
one. The PIC, which doesthe A/D conversion,acceptsinput in the 0 - 5
Volt rangeand converts it to an 8-bit digital signal. While on the vehicle,
however, the gyro outputs a signal only in the range 2:0 § 0:3 V , even
during aggressive maneuvers. If this signal weresent directly to the PIC,
the resulting digital output would have poor resolution. To improve this
resolution, we built a circuit to amplify the gyro's output, using more
0 - 5 Volt range of the A/D input. In addition, the circuit includes a
low-pass¯lter to reducethe e®ectof high-frequencynoise.

Preliminary Results. SeeFigure 1.11 for a plot of the vehicle's
angular rate asmeasuredby both the gyro and vision system(to produce
this data, the vehiclewasrotated back and forth by hand). As discussed
above, the gyro output is sent through an analog ¯lter prior to use by
the vehicle's onboard control system. As currently implemented, the
angular rate from the vision systemis calculated by performing a \dirt y
derivative" on the vision system'svehicleorientation (angle) output. To
accurately compare the gyro and vision system angular rate data, the
vision system'sangular rate output wasprocessedthrough a digital ¯lter
with characteristics similar to the gyro's analog¯lter. Figure 1.11shows
that with the same¯ltering, the gyro signal producesa cleaner signal
and one with lessdelay than the vision system.

5. ELECTR ONICS

In this section we describe the electronics onboard the vehicles. In
Section 5.1 we describe the latest version of electronics, the MVWT in-
terface board, which communicates with the onboard laptop though the
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Figure 1.11. A plot showing the angular rate of an MVWT vehicle, from both the
gyro and the vision system. The vision data has beenpost-processedby a digital ¯lter
with the same characteristics as the gyro's analog ¯lter. Note the smoother signal
from the gyro and the slight delay intro duced by the vision system.

laptop's Universal Serial Bus (USB). A description of the Pulse Width
Modulation (PWM) scheme and the command communication proto-
col is given. In Section 5.2 we describe the recently developed sensor
integration schemeat the hardware level and the local feedback commu-
nication protocol. Section 5.3 summarizesthe electronicswith the help
of a functional °ow chart.

The motor speedcontrol assembly consistsof a microcontroller which
receivesinteger values(corresponding to a commandedforce) which are
generated by the onboard laptop. The microcontroller converts these
values to PWM signals with appropriate duty cycles, which it outputs
to the two motor controllers, one each for the left and right fans. The
motor controllers control the fan speedsproportional to the duty cycle
of the input PWM signals.

5.1. THE MVWT INTERF A CE BO ARD

The MVWT interface board is the latest version of electronics in-
stalled on the vehicles. An 8-bit microcontroller Microchip PIC16C745
with USB 1.1 support is the core of the interface board. In addition to
translating forcecommandsfrom the onboard computer to PWM signals
required by the two motor controllers, the board is also capableof col-
lecting data from onboard sensorsand sendingit back to the computer.
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The force command instruction format that the interface board ex-
pects from the onboard computer is composedof three bytes. The ¯rst
byte is used as a \preamble" recognizedby the microcontroller. The
secondand the third bytes are desiredforce valuesfor the right and the
left fans respectively.

The interfaceboard provides I/O ports and USB socket for the micro-
controller, and also protects the keyboard of the onboard computer. In
addition, the interface board integrates a monitoring circuit for battery
voltage and switching circuits for the batteries.

5.2. SENSOR INTEGRA TION

The interface board is capable of collecting data from the onboard
sensorsand reporting them back to the laptop. In general,for an analog
sensorysignal, the signal ¯rst needsto be ¯ltered and ampli¯ed. We can
useany of the 5 available A/D channelsavailable on the microcontroller
to measurethis signal. As examples,wediscussthis interfacemechanism
as employed for two di®erent sensors.

Gyroscop e. Being an analog device, the gyroscope (gyro) inter-
facesto the microcontroller through an analogto digital (A/D) converter
channel available on the chip. Whenever there is a new value available
at the A/D conversionregister, the microcontroller sendsit to the laptop
through the USB. For more details on the gyro, pleaserefer to Section
4.

Ultrasonic Sensors. In every alternate timer 1 interrupt ser-
vice routine, the microcontroller sendsa ¯ring pulse to the sonic sensor
through the bi-directional I/O PORT A. In response the sonic sensor
sends an ON time pulse back to the external interrupt (INT) pin of
PORT B. A high to low transition on the INT pin triggers the external
interrupt and the width of the ON time pulse is caught by Timer 1. For
the details of the ultrasonic sensor,pleaserefer to Section 4.

Lo cal Feedback Comm unication Proto col. We refer to the
link from the interface board to the laptop as the local feedback com-
munication protocol. The microcontroller sendsdata packagesof length
8 bytes back to the laptop through USB. The ¯rst byte is reserved for
the system. The secondbyte is used for the gyro data. The third and
forth bytes are used for the sonic sensor. The others are free for future
use.
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Figure 1.12. MVWT Electronics Design. The current version of the interface elec-
tronics use the Micro chip PIC microcontroller (enclosed in rectangle) to interface to
the laptop, two onboard sensors,and the motor controllers.

5.3. ELECTR ONICS DESIGN

The primary purpose of the electronics design is to provide an in-
terface betweenthe laptop and the other electrical components, such as
electrical fans, the gyroscope, and ultrasonic sensors.In Figure 1.12, the
big block on the left side is the microcontroller. From top to bottom,
there are four channelsconnecting to the right side. The ¯rst one is the
data °ow between the microcontroller and the laptop. It is a two-way
USB channel. The secondone is the gyro data °ow. It is a one-way
A/D converter channel from the gyro to the microcontroller. The third
one is the ultrasonic sensingchannel, and the microcontroller sendsout
¯ring pulses by PORT A and gets ON time pulses back by PORT B.
The fourth one is the one-way PWM channel which sends the PWM
control signals to motor controllers.
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Figure 1.13. The structure of the MVWT software: Software on the PIC communi-
cates between the laptop and the sensorsand motors via the USB bus. A QNX USB
driv er is managed by the operating system to created a /dev/usbpic interface to the
PIC. The RHexLib Module Manager managesvarious RHexLib modules for control,
reveiving communication from the vision system, logging data, and communicating
with other vehicles and the master controller.

6. SOFTW ARE ENVIR ONMENT

The software environment for the MVWT consists of the operating
system (OS), the low level device drivers, inter-vehicle communications
and a library and API that tie everything together. We discusseach of
these components in turn. Figure 1.13 illustrates the structure of the
software on an MVWT vehicle.

Op erating System. The operating systemrunning on the vehicles
and on the commandand control workstation is QNX, a freely available
real time OS [26]. QNX is a POSIX compliant UNIX-lik e OS that pro-
vides for real-time scheduling and interprocesscommunication. Most of
the software we have written for the MVWT (except the devicedrivers)
is independent of the details of QNX and will run equally well on other
versionsof UNIX. We choseQNX becauseit is highly con¯gurable for
embedded systems (the kernel can, for example, be con¯gured to be
quite lean) and becauseseveral related software enabledcontrol projects
[28, 8, 16] also useQNX, allowing us to easily sharesoftware.
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Hardw are In terface. As we described in Section 5, commu-
nication between the microcontroller on the interface board and the
processor is via a USB bus. We have written a QNX device driver
that managesthis interface. The details of the driver are beyond the
scope of this paper so we only describe its operation here. Starting the
usb-pic driver placesa UNIX-st yle character device in the ¯lesystem
at /dev/usbpic . Integer triples of the form h0x05; L; Ri can be written
to /dev/usbpic and are sent to the microcontroller where they are con-
verted into PWM signalsand sent to the motors. There is an empirically
measuredmap f : f 0; 1; :::; 255g 7! R¸ 0 that maps commandsc into the
steady state force f (c) generated by the fans (see Figure 1.5). Thus
to generate2.5 N on the left fan and 0.1 N on the right fan, the user
writes h05; f ¡ 1(2:5); f ¡ 1(0:1)i to /dev/usbpic . Software may also read
integers from /dev/usbpic that are generatedby sensors(such as the
gyroscope described in Section 4).

RHexLib. Control software on the MVWT vehicles and com-
mand and control station are written in C++ using the RHexLib library
and API [3]. RHexLib is freely available and was originally written for
the RHex robot [24, 18], although it is quite general and can be easily
adapted to new applications. RHexLib programs consist of a collec-
tion of Modules and a static schedule set up by the user for executing
the modules in an interleaved fashion. The schedule is executedby the
RHexLib ModuleManager. RHexLib provides a template for modules
in the form of a C++ abstract base class with the following abstract
methods that must be de¯ned by user modules that inherit from it:
init() , activate() , update() , deactivate() , and uninit() . The
init() and uninit() methodsarecalledwhenthe modulesareaddedto
the ModuleManagerand serve as the constructor and destructor for the
module (for memory and resource(de)allocation). The activate() and
deactivate() methods are called when the Module Manager activates
or deactivates the module. When a module is active, the ModuleMan-
ager calls the module's update method at somefrequency that is an at-
tribute of the module. For example,the most basicsinglevehicleMVWT
program consistsof three modules: VisionModule , ControlModule and
DeviceWriter . The update methods of thesemodules read vehicle po-
sition data from the vision system, compute a state-basedcontrol law
and write the computed forcesto /dev/usbpic respectively.

Sim ulator. Wealsohavea virtual devicethat can replacethe actual
USB devicedriver. It sendsforcecommandswritten to /dev/usbpic to a
numerical simulator. The simulator integrates the forceswith respect to
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the model and broadcastsvehicleposition data just as the vision system
does. Thus, the same RHexLib code that runs on the actual vehicles
may also be tested in simulation without any code being rewritten.

Tra jectory Generation. An auxiliary component of our software
environment is the Nonlinear Trajectory Generation(NTG) package[20].
NTG computes optimal tra jectories given initial, tra jectory, input and
¯nal constraints and can be usedto generatefeasibletra jectories for the
MVWT vehiclesto follow. Becausethe computation of such tra jectories
takestime (0.5 to 1.5 ms), NTG is run as a separatethread so that the
main inner loop control thread can continue to control the vehicle.

7. COMMUNICA TIONS

Communication between the vehicles and with command and con-
trol computers is made possibleby wirelessEthernet using an 802.11b
accesspoint. The computer onboard each vehicle is equipped with an
802.11bPC card, the standard QNX TCP/IP stack, and its own unique
IP address.The wirelessnetwork servesthree purposes.First, the setup
provides for easeof development by allowing us to remotely modify,
compile, and start the control algorithms on the vehicles. Second,coop-
erative control algorithms usethe wirelessnetwork to communicate with
other vehiclesand the master controller. Lastly, the real-time position
and orientation information for each vehicle is broadcast to the vehicles
and master controller using the UDP protocol.

The implementation of software algorithms for cooperative control is
facilitated by a communications software suite of our own designcalled
Libcomm. Lib comm is a library that provides communication primi-
tiv es for real-time control applications and abstracts away the underly-
ing network protocol. It consistsof several parts: A standard C library
providing the communications API; a C++ module for RHexLib that
wraps the API and makes it useful when designingcontrol applications
with RHexLib; and a MATLAB implementation of the API for rapid
protot yping of control algorithms at a high-level. The Lib comm API is
not tied to any particular network implementation and allows additional
network backends to be added to the library with ease. The backend
currently in use by the MVWT project usesthe UDP protocol for all
communications tra±c. UDP is an adequatechoice for unreliable wire-
lessnetworks becauseof its lightweight implementation, which utilizes
datagrams rather than more expensive streams.

With Lib comm, messagepassing between hosts consists of sending
a list of parameters with their corresponding values to a given host or
broadcast to all. In addition, each messagehas a type which identi¯es
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it to the appropriate RHexLib module on the receiving end. Naming of
hosts is achieved in a distributed fashion by the automatic broadcast of
a string identi¯er when Lib comm is initialized. This allows each vehicle
to keeptrack of all other vehicleswithin communications range without
requiring knowledge of the naming method on the underlying network
protocol.

Investigation of coordinated control in ad-hoc networks is a goal of
the MVWT project. Ethernet over 802.11bprovides a managed rather
than ad-hoc wirelessnetwork. In order to study the performanceof ad-
hoc networks further, a Bluetooth backend for Lib comm is currently in
development. SeeSection 9 for more details.

8. MODELING AND CONTR OL

This sectiondetails our initial approachesto controller design. We be-
gin with a discussionof a generalsystemmodel and its features. Wethen
discussthe e®ectsand implications of closed-loop delay on the system,
and describe several controller designsthat have beendemonstrated on
the testbed and/or in simulation.

8.1. SYSTEM MODELING

A signi¯cantly simpli¯ed model of a single MVWT vehicle is given in
Figure 1.7 of Section 2. Although useful for simple, moderately aggres-
sive control, the model neglectsfactors such as closed-loop delay, vision
noiseand disturbances,vehicle disturbancesand actuator dynamics. A
more generalversionof the systemequationsthat includes theseconsid-
erations is given in equations (4) through (7).

_» = ga(»; q(udes )) (4)

u = ha(») (5)

_x = f (x ; u) + d(x) (6)

y = h(x(t ¡ ¿(t))) + n(x) (7)

Equations (4) and (5) represent the actuator dynamics. The forcescom-
puted by the controller are denoted udes 2 U ½ R2, q represents the
fact that these forces are quantized for input into our digital electron-
ics, and u 2 U represents the actual forces that the fans apply to the
vehicle. The input spaceU is de¯ned by the bounds on our actuation
variables. The vector » 2 Rm represents a state-vector of the actuator
system (electronics, motor controller, motor and fans), ga and ha rep-
resent the dynamics of the actuators. For example,we could model our
actuator system as a ¯rst-order lag where u = », in which case» 2 R2.
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More sophisticatedmodelscould augment the state with battery voltage
and ga and ha could include the evolution and e®ectof battery voltage
on the actuators.

Equation 6 represents the vehicle dynamics. The variable x is the
vehicle state vector [x; y; µ; _x; _y; _µ]T 2 R6. The vehicle dynamics are
described by f , and d represents disturbances to the vehicle, such as
bumps in the °oor or wind from other vehicles' fans.

Equation 7 represents the sensordynamics. The vector y 2 R6 is the
full state estimate formed by discrete-time (60 Hz) measurements of x,
y, and µ. The function ¿ : R ! R represents the closed-loop system
latency, not including delay due to actuator dynamics. Note that this
latency may, in general, be time dependent. The function n represents
measurement noise and includes errors in calibration of the map from
pixel coordinates to °oor coordinates.

The function f in (6) consistsof a nonlinear input term and a (gen-
erally nonlinear) friction term. If we assumelinear friction, perfect ac-
tuation (u = udes ), and perfect sensing(y = x), then we recover the
equations presented in Section 2.2. These are repeated here for com-
pleteness:

mÄx = ¡ ¹ _x + F cosµ
mÄy = ¡ ¹ _y + F sinµ
J Äµ = ¡ Ã _µ + Tr f

(8)

where F , FL + FR and T , FR ¡ FL . The force rangesfor FL and FR
are [0; Fmax ], and so the input spacecan be described by (FL ; FR )T 2
U , [0; Fmax ] £ [0; Fmax ]. Note that the model above hashovercraft-lik e
dynamics, particularly becausewe have assumedlinear viscousfriction.

8.2. TIME DELA Y

The closed-loop time delay, not including actuator delay, was deter-
mined experimentally to be 65 ms. This is the averagetime from when
an event occurs on the °oor to when a signal is sent to the actuators
basedon this event. The value was determined by replacing one of the
identi¯cation blobs on the vehicle hat with a bank of LED's. When the
LED's were lit, the identi¯cation blob would be obscured and the vi-
sion systemwould losethe vehicle. A controller was written that would
turn the LED's o® when the vision data indicated that the vehicle was
missingand back on when the vision data indicated that the vehiclewas
visible. The vision data then consistedof a train of squarewaves indi-
cating whether or not the vehicle was visible, and the period of these
waves was twice the closed-loop time delay. Table 1.1 is a break-down
of approximately where the time-delays occur.
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delay Event elapsedtime
(ms) (ms)

0 LED on/o® 0
8 Camera takes picture 8

33 Vision broadcasts data 41
6 Laptop receives data 47
1 Controller receives data 48
6 PIC receives control signal 54

11 LED on/o® 65

Table 1.1 . The closed loop time delay of the system not including actuator delay.
The table shows various factors that contribute to the delay.

8.3. LINEAR CONTR OL TECHNIQUES

In this section, we discusslinearization of the model in equation 8.
Although the model given is uncontrollable around any equilibrium, we
describe a classof simple tra jectories for which the error dynamics asso-
ciated with tracking can be linearized to regain controllabilit y. Results
on stabilization of the error dynamics for a circular tra jectory (described
below) are then given, using both LQR and classicalcontrol techniques.

8.3.1 Linearization. The equilibria for the dynamics in equa-
tion (8) are any constant position and orientation with zero velocity.
However, the linearized dynamics are not controllable around any such
equilibria. To achieve controllabilit y, we can consider, for example, the
error dynamicsaround a constant velocity _xnom and headingµnom , yield-
ing a referencestate

[xr (t0) + t _xnom ; yr (t0) + t _ynom ; µnom ; _xnom ; _ynom ; 0];

where _ynom = _xnom tan(µnom ). The nominal inputs are FL = FR =
Fnom , (´ _xnom )=(2 cosµnom ). The error dynamics, denoting the error
states with a subscript e, become

mÄxe = ¡ ´ ( _xe + _xnom ) + F cos(µe + µnom )

mÄye = ¡ ´ ( _ye + _ynom ) + F sin(µe + µnom )

J Äµe = ¡ Ã _µe + Tr f : (9)

The controllable equilibria of equation9 areany constant [xe; ye; µe; _xe; _ye; _µe]
such that µe = _xe = _ye = _µe = 0. To track the straight line path exactly,
we can specify that (xe; ye) = (0; 0) and uselinear control techniques to
stabilize the error dynamics to this equilibrium (the origin).
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Rather than tracking a straight line, a vehicle motion more suited to
the spatially constrained testbed °oor is to trace a circular path with
a constant radius and constant angular velocity. Such motion is most
easily analyzed when the model in equation (8) is written in polar co-
ordinates. As with tracking the straight line path above, tracking the
circular path becomesa stabilization problem in the (polar) error dy-
namics, for which we design LQR controllers. Experimental results for
this are given in the next section.

8.3.2 LQR Con trol. The error dynamics in equation 9 have
been stabilized using an linear quadratic regulator (LQR) controller in
simulation and on the testbed. An LQR controller has also beenexper-
imentally validated for stabilization along the circular path described
above, namely a tra jectory that moves with constant radius and angu-
lar velocity around the post obstacle in the middle of the testbed °oor.
Figure 1.14 depicts the response of the controller to a step change in
radius in both an xy plot and a time history of the absolute position
error. On the xy plot, the step command was received when the vehicle
was at the position indicated by the inner vehicle on the ¯gure. The
solid line depicts the actual path the vehicle took, and the dashedline is
the reference.On the error time history, the step commandwasreceived
at the beginning of the time span of the plot. The gyro sensorwas used
for angular rate measurement during this experiment.

The optimal LQR gain matrix K for the vehicle before the step re-
sponseis di®erent from the optimal gain matrix after the step. This is
due to the fact that the linearized A and B matrices depend on the ra-
dius (½) and angular velocity ( _») of the circular tra jectory to be tracked.
The above results, therefore, re°ect LQR control that is gain scheduled
between the two tra jectories. The gain schedule we have designed is
scheduled on thirt y values of ½between 0.1 m and 3.0 m, and ten val-
ues of _» between 0.1 rad/s and 1.0 rad/s. Structural symmetry in the
K matrix is exploited to allow negative angular velocities in the same
magnitude range. Bilinear interpolation for each of the elements of K is
usedto allow reasonabletracking of any (½; _») in the given ranges.

This generalgain scheduleddesignallows us to track moregeneraltra-
jectories than indicated above, and can be used, for instance, to change
directions in mid-°igh t operations. This maneuver has beenexperimen-
tally validated on a triangular formation of three vehicles, where each
vehicle usesit's own local copy of the LQR controller described above.

8.3.3 Classical Con trol. Classical lead compensators have
been designed to stabilize the vehicle about a circular reference tra-
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Figure 1.14. LQR step response. Vehicle was commanded to increase radius from
1 m to 2 m while traveling at 0.5 m/s.

jectory. The primary di®erencebetween this approach and the LQR
controller described above is that it is a dynamic compensator rather
than a static set of gains, which helps to smooth out the e®ectsof noisy
vision data. Robustnessto time delay can also be treated explicitly in
controller design. Another signi¯cant di®erencein this controller imple-
mentation as compared to the LQR was that tra jectory center, radius,
and velocity were speci¯ed, but position along the tra jectory was not,
reducing the state dimension to 5. This type of controller would be use-
ful in a situation wherean obstacleavoidancealgorithm speci¯es at each
instant a desiredvelocity rather than position; seefor example [27].

A nested-loop approach was used to design the controllers. First, a
¯rst order lead compensator of the form Cµ = K s+ a

s+ b was designedas an
inner loop to control the orientation of the vehicle with respect to the
dynamics linearized about driving at a constant velocity in a straight
line. A proportional controller was then implemented as an outer loop
to command the referenceorientation to drive the vehicle to the correct
radius. Velocity along the tra jectory was also controlled using a static
proportional gain. Figure 1.15 is the block diagram of this controller.

The primary advantage of the classicaldesign methodology was the
easewith which time delay could be explicitly taken into account to help
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Figure 1.16. Step responsexy plot. Vehicle wascommanded to increaseradius from
1 m to 2 m while traveling at 0.5 m/s.

ensurerobustness.The controllers were designedto have at least 60 de-
greesof phasemargin after taking into account 100msof time delay. The
maximum bandwidth achieved by the inner loop (orientation) controller
was6 rad/s with 65 degreesof phasemargin (after time delay taken into
account) using the parameters a = 2; b = 30; K = 90 in the lead com-
pensator given above. Bandwidth in the outer loop (radius) controller
was 0.45 rad/s with 60 degreesof phasemargin (again with time delay
accounted for) using unit y gain. A proportional gain of 8 was used to
control the speedalong the tra jectory. Note that thesecontrollers were
designedfor early vehicle protot ypesand so theseparameterswould be
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di®erent for maximum performanceon the newer vehicles. Figure 1.16
is an xy plot of the step responsein radius from 1 m to 2 m at 0.5 m/s
velocity. For the step out, 10% overshoot was observed in both simula-
tion and testing. For the opposite case,the step in from 2 m to 1 m,
20% overshoot was observed in both simulation and testing.

8.4. NONLINEAR CONTR OL TECHNIQUES

The linear techniquesabove do not necessarilyrespect the nonlineari-
ties of the model or the input constraints, i.e. that fact that the two fan
forcesFL and FR are uni-directional and bounded by Fmax . An explicit
nonlinear feedback control law that doesrespect the nonlinearities of the
model in equation 9 is currently under construction.

Optimization basedcontrol is a powerful tool in that such nonlinear-
ities and constraints can explicitly be accounted for in the optimization
problem. By optimization basedcontrol, we refer to the generation of
optimal tra jectories for path planning. The tra jectories may be tracked
by an inner-loop control or may implemented in a recedinghorizon fash-
ion. Both numerical and experimental results for singlevehicleoptimiza-
tion basedcontrol have been carried out and are detailed in the work
by Chauvin, Sinµegre and Murray [5]. The optimization itself is carried
out using the Nonlinear Trajectory Generation software package [20].
Speci¯cally, open-loop time optimal tra jectories were generatedon-line
by NTG, for point to point motions of a testbed vehicle. Tracking of the
tra jectorieswasachieved using an LQR-basedinner-loop control and the
experimental results are given in [5]. Simulations for receding horizon
control of single and multiple testbed vehicleare also detailed in [5] and
[7], respectively.

Although the optimal control framework allows you to specify arbi-
trary (well-posed) problems with constraints, the trade-o® of course is
that we are subject to the complexities and reliabilit y issuesrelated to
on-line optimization. Namely, while and LQR controller may go unsta-
ble when the inputs are saturating, an optimization basedcontroller can
go unstable if the computations take too long or fail to give an answer
all together. Theseissuesare discussedin [5].

9. FUTURE DIRECTIONS

The MVWT is in a constant state of °ux due to the variety of needs
various researchersat Caltech and elsewhereplaceupon it. We conclude
our report by describing someof the advanceswe have planned for the
near future that we hope will increasethe usability of the testbed for
new research.
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First, we plan to add to and enhancethe sensorsuite available to the
MVWT control designer by adding new or upgrading old sensorsand
by providing more complete sensorfusion and ¯ltering in the software
environment. In particular, integrating the gyro data and fusing it with
the orientation data from the vision systemwill make available a better
state estimatefor the vehicle. Alternativ ely, accelerometerscanbeadded
to the vehicleso that it is not dependent on the vision systemat all and
therefore usableoutside of our laboratory.

Second,we plan to explore other communications systemsin addition
to wirelessEthernet, such asBluetooth, a standard for short rangewire-
lesscommunication that hasa variable communications rangedependent
on the transmission power. Such communications systemsare useful for
battery-p owered vehicleswherein the power draw of all systemsneeds
to be minimized. In this direction, a backend to our communications
software that utilizes the L2CAP Bluetooth protocol on the QNX op-
erating system is currently under development. We are also exploring
the possibility of simulating bandwidth limited and congestednetworks
in our communications software so that the robustnessof our control
algorithms to such disturbancescan be investigated.

Third, we plan to greatly increasethe °exibilit y of our software sys-
tems on the vehiclesand on the command computers. This will involve
designing monitor software and user interfaces for easily issuing high
level commandsto the vehicles. We also have begun work toward pro-
viding standard interfacesbetweenthe low-level RHexLib software and
other software architectures such as the Open Control Platform [28] and
Ptolemy [4]. Finally, wehavebegunimplementation of a newformal pro-
gramming languagecalled CCL [17] for writing veri¯able control code.

10. CONCLUSION

Our goal with the Multi-V ehicle Wireless Testbed is to explore and
validate new research advances in cooperative control by providing a
challenging and realistic environment for their implementation. Our ex-
pectation is that this document, detailing the MVWT hardware, labora-
tory infrastructure, electronicsdesign,software systemsand basic mod-
eling and control issues,will serve as a practical foundation for future
applied work on the MVWT and in multi-v ehicle systemsin general.
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