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Abstract: In this paper we introduce the Caltech
Multi-V ehicle Wir eless Testlted (MVWT), a platform
for testing decentralized control methalolagies for mul-
tiple vehicle coordination and formation stabilization.
The testlbed consists of eight mobile vehicles, an over-
head vision system that provides GPS-like state in-
formation and wireless Ethernet for communications.
Each vehicle rests on omni-directional casters and is
powered by two high-performance ducted fans. Thus, a
unique feature of our testked is that the vehicles have
second order dynamics, requiring real-time feedback al-
gorithms to stabilize the system while performing co-
operative tasks. The testked will be useal by various
resarch groups at Caltech and elsewhee to validate
theoretical advanes in multi-vehicle coordination and
control, networked control systems, real-time network-
ing and high con dence distributed computation.

1 Intro duction

Controlling large scale, decerralized and networked
systemsis one of the most important challengesof con-
trol theory and practice today. Unmanned aerial vehi-
cles,automated highway systemsand automated man-
ufacturing processesall involve multiple, interacting,

highly dynamic ertities. Elemerts of these systemsare
usually distributed in spaceand must coordinate with

ead other using sensingand communications networks.
Inaccuraciesin sensingand delays, interruptions and
faults in communications as well as possible node fail-

ures are not amenableto standard control approades,
which often considerthe problem of cortrol asseparate
from communications and other issuesresulting from
decerralization. The large scalenature of these prob-
lems, furthermore, makes a global approac impracti-

cal, while a generalmethodology for ensuringglobal be-
havior from a collection of locally cortrolled elemers
remains elusive.

The Multi-V ehicle Wireless Testbed (MVWT) is atool
for validating theoretical advancesin multiple-v ehicle
coordination and cortrol, networked cortrol systems,
real-time networking and high con dence distributed
computation (Figure 1). A unique feature of our
testbedis that the vehicles(Figure 2) have secondorder
dynamics. Other multi-v ehicle testbeds such as those
usedin robotic soccer [5] feature \kinematic" vehicles
that are able to stop almost instantly in the face of
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Figure 1: A diagram of the Caltech MVWT. Overhead
cameras (A) provide state information to the vehicles (B).

An obstacle (C), dueto an unrelated experiment in the same
spacemust be avoided.

Figure 2: An MVWT vehicle rests on three ball cast-
ers and supports a stripp ed down laptop, batteries and two
ducted fans for propulsion.

possiblecollisions or other emergencies.n cortrast, in
controlling the MVWT vehicles one must accourt for
inertia. Becauseof this di®erence the coordination al-
gorithms we dewelop will rely on advancedcortrol tech-
niquesinstead of Al style planning. Recen progressin
sudh techniques include the application of model pre-
dictive control (MPC) to groups of vehicles[2] and the
Caltech ducted fan experiment [1], as well as graph
theoretic connectionsmade betweenstability of certain
multi-v ehicle dynamical systemsand the structure of
information °ow betweenthe componerts of suc sys-
tems [3].

The inspiration behind the MVWT vehicle design is
the goal of controlling unmannedaerial vehicles(UAVS)



singly and especially in groups [7, 8. We believe we
have captured the essencef what makesthesesystems
dizcult to corntrol while keepingthe complexity of the
testbed low. A similar testbed, under construction at
UIUC [1Q], useshovercratft.

2 The Vehicle

Hardw are. Each MVWT vehicle consists of a
stripped-dovn laptop (with the screen removed)
mounted on a Plexiglas frame with three low-friction,

omni-directional casters. Over this are mounted two
high-performance ducted fans eat capable of produc-
ing up to 4.5N of continuous thrust. Figure 2 depicts
the vehicle completewith two NiMH battery padks and
a fan interface board. Each vehicle is uniquely identi-

“ed by markings ona\hat" placedontop of the vehicle.
These markings are used by the \Lab Positioning Sys-
tem" (LPS) to determine the vehicle's state and iden-
tity. Communication betweenthe LPS, the command
and control computers and the vehiclesis handled by
the laptops via 802.11b wireless cards. Control pro-
grams running on the laptop interface with the fans
via an interface board containing a PIC microproces-
sor. The board connectsthe USB port of the laptop
to the fan motor cortrollers, allowing the speed of the
motors to be controlled from software. The latest de-
sign vehicle measures25.4 cm deep, 35.6 cm wide and
18.1cm high. With the casters,laptop, fans, batteries
and interface board, the vehicle'smassis approximately
5.15kg.

Software. Each MVWT vehicle runs the QNX real-
time operating system, which is easily tailored to new
situations, making it ideal for embedded applications
such asours. Control code for the vehiclesis written us-
ing the RHexLib C++ robot programming suite, orig-
inally deweloped to cortrol the RHex hexapod robot
[9, 4]. RHexLib facilitates a modular programming
style wherein eat basic function of the vehicle is en-
capsulated as a Module, an abstract base class de n-
ing a standard interface to the RHexLib ModuleMan-
ager, which handlesinitializing, activating and updat-
ing modules. Communication among vehiclesand be-
tweenvehiclesand the commandand cortrol computer
is accomplished using a customizable communication
system (called libcomm) which resides over TCP/IP

and 802.11b. For trajectory generationwe usethe Non-
linear Trajectory Generator (NTG) software[6] running
in parallel (as a separatethread) with RHexLib.

3 The Arena

The vehiclesmaneuwer in a 6.71 m £ 7.32 m rectan-
gular arenawith a post in the middle of the °oor (see
Figure 1). The post is part of an unrelated experimen-
tal apparatus, although it does serwe as a \natural"
obstacle, making control and coordination more chal-
lenging. When this modestly sizedspaceis occupied by
eight fast moving MVWT vehicles, the need for coor-
dinated real- time cortrol is readily apparent. A com-
mand PC is located next to the arenaand can be used
for transmission of global information and commands
to the vehiclesin the arena.
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Figure 3: A schematic of an MVWT vehicle.

Mounted on the ceiling over the arenaare four cameras
which, together with a computer dedicated to vision

processing, form the LPS, which determines the po-
sitions, orientations and velocities of the vehiclesand
broadcaststhem over the local wirelessnetwork. The

coreof the LPS is a vision systemwhich consistsof four

monochrome CCD cameras(Pulnix TM-6710) and four

vision processingboards (Matro x Genesisand Genesis
Plus). Each camera covers an area of approximately

4.88x 4.26 m on the °oor and produces640x480-pixel
imagesat 60Hz. The room was designedto facilitate

processingby making the °oor ertirely white and the

vehiclesidenti ed by black patches (blobs). On eat

vehicle hat, blobs and the holesin them are usedto de-
termine position, orientation and vehicle identity. Ve-
hicles can be localized to within 1cm and processinga
typical frame takesunder 20ms.

4 Mo deling and Control

A schematic of a vehicle with coordinate axesshaowing
position (x;y) 2 X £ Y and orientation p is shavn in
Figure 3. Modeling the frictional forcesF; and momert
M; asviscous,the equations of motion are:

mA = x+ (Fs+ Fp)cospy
mA = y+ (Fs+ Fp)sinu (1)
JB = i Ap+ (Fsi Fp)r:

The massm of the vehicleis 5.15kg and the measured
rotational inertia J is 0.050kg-m?. The starboard and
port fan forces are denoted Fs and F,, respectively,
and r (0.124 m) denotesthe (common) momert arm
of the forces where the certer of geometry and mass
of the vehicle are assumedto coincide. The coexcient
of viscousfriction, “, is 5.5 kg/s and the coezxcient of
rotational friction, A, is 0.084kg m?/s.

In the rest of this sectionwe describe our “rst attempts
at cortrolling the vehicles, thereby illuminating their
unigue characteristics.

4.1 LQR Tracking Control

An equilibrium point for the dynamics in equation (1)
is any constart position and orientation with zero ve-
locity. However, the linearized dynamics of equation
(1) are not cortrollable around any equilibria. To
achieve cortrollabilit y, we can consider the error dy-
namics around a constart velocity X,om and heading
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Figure 4: (a) Data from a vehicle tracking a circular ref-
erencetrajectory from rest. (b) The error jj(X; y)i (Xr;VYr)ij
as a function of time for the data in (a).

Mom giving the referencestate

(Xr (to) + tXnom ; Yr(to) + tYnom ; Hnom ; Xnom ; Ynom ; O)T;

whereyYnom = Xnom tan(pnom )- The nominal inputs are
Fs = Fp = (" Xnom )=(2 COShom ). The error dynamics,
denoting the stateswith a subscript e, become

mAe = i " (Xe + Xpom ) + (Fs + Fp) cos(le + Hnom )
mﬁ: i (Ye+ Ynom )+ (Fs+ Fp)sin(e + Pnom )
IR =i A+ (Fsi Fp)r: (2)

The cortrollable equilibria of equation (2) are thus
any constart (Xe; Ye; He; Xe; Ye; He) = (C1; C2; 0; 0; 0; 0) for
c1;¢ 2 R. LQR cornrollers basedon the lineariza-
tion of equation (2) have beenvalidated on the testbed.
Also, the simulations in [2] stabilize a formation of ve-
hicles with theseerror dynamics. We also considerthe
error dynamics around a circular referencewith con-
stant radius and angular velocity, a trajectory more
suitable to the arena dimensions. Figure 4 shaws a
vehicletracking a circular referencetrajectory using an
LQR cortroller.

4.2 Trajectory Generation

Optimization basedapproades, such as model predic-
tive control, are alsobeing investigatedfor coordinated
cortrol of the testbed vehicles[2]. The Nonlinear Tra-
jectory Generation (NTG) software padkage developed
at Caltech [6] is currently being usedto solve (on-line)
optimal control problems for path planning of individ-
ual vehicles.

5 Conclusions and Future Work

Motiv ated by the needfor an experimental platform to
validate theoretical advancesin decerralized cortrol,

we have deweloped a new testbed for studying multi-

vehicle, networked cortrol. The main feature of the
testbed is the useof ducted fansto cortrol the vehicles,
resulting in input-constrained and underactuated sec-
ond order dynamics. We described the Lab Positioning
Systemand the wirelessnetwork, and preliminary con-
troller designe®orts. Many improvemerts are planned.
We are alsobuilding a completesimulation environment
which will allow usto usethe sameRHexLib code that

we run on the actual vehicles on simulated vehicles.
Finally seweral options are being explored, such as a
Bluetooth network, to expand upon and provide alter-
nativesto the wirelessEthernet communications we are
preserily using, thereby providing a rich ervironment
for networking cortrol researd.
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Jin, Melvin Flores, Kelly Klima, Ben Lee, Jonathan
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berg, Laure Sinegre, Cristian Tapus, Abhishek Tiwari,
StephenWaydo and Sam Yeager.
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