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Abstract

In this paper we describe the design and evaluation
of the prototype vehicle for a new test-bed developed
for multi-vehicle control, navigation and communica-
tion. The vehicle is designed for high reliability and
easy reconfiguration using smart sensor and actuator
interfaces. It is passively stable in pitch and roll and
is actuated by five thrusters. The actuators allow
for full control of the remaining four degrees of free-
dom. We are developing the multi-vehicle test-bed
to test control algorithms that demonstrate coordi-
nated and cooperative behavior of a network of vehi-
cles for adaptive ocean sampling and other applica-
tions. In our design of coordinating control laws, we
are inspired by the remarkable capabilities of school-
ing fish. To illustrate, we describe a multi-vehicle
approach to gradient climbing. The simple control
algorithm that we present allows two vehicles that
observe one another to climb a gradient under the
constraint that each vehicle can only take single point
measurements.

1 Introduction

During the last five years autonomous underwater ve-
hicles (AUVs) have impressively demonstrated their
usefulness to the oceanographic community [14, 15]
and are increasingly used for commercial applications
[9, 10]. Important successes of AUVs include bathy-
metric mapping and seafloor imaging. These mis-
sions are mostly preprogrammed and require only a
limited amount of onboard decision making and data
processing, but they translate into considerable sav-
ings in terms of man-power and ship time. With
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commercialization and an eventual drop in overall
system costs, it is foreseeable that multiple vehicles
will be deployed simultaneously to increase the sen-
sor coverage, to shorten the survey time and for other
advantages associated with economy of scale. How-
ever, there is the potential that multi-vehicle config-
urations can provide an even more significant contri-
bution. With effective control design it is possible
that networks of vehicles can achieve highly efficient
and adaptive group capabilities from simple rules at
the individual vehicle level, much like emergent in-
telligence in schools of fish. This could lead to im-
proved data-processing and decision-making capabil-
ities which could have a major impact on missions
such as adaptive ocean sampling.

Biologists have studied the behavior of animal ag-
gregations such as schools of fish and flocks of birds.
They have observed complex behaviors on the group
level emerging from simple rules apparent on the in-
dividual level [11, 12]. The observed behaviors allow,
for example, for more efficient foraging, effective pro-
tection against predators and in some cases higher
energy efficiency when flying in formation. With the
observations as well as the models put forth by the
biologists as motivation, we are developing decentral-
ized control algorithms that are relatively simple on
the individual vehicle level but can perform challeng-
ing tasks at the group level [7, 13]. Here we describe
a multi-vehicle approach to gradient climbing and il-
lustrate how the knowledge of near neighbor behavior
can play a fundamental role.

In order to test and demonstrate coordinating con-
trol algorithms on real vehicles we are developing a
multi-vehicle test-bed. Our goal is to provide the
means for easily accessible experimentation; accord-
ing, our test-bed will initially be operated in a fresh-
water tank in an indoor laboratory. This we see as
an important step towards full-scale implementation
of coordinating control algorithms at sea. There are
a number of new and exciting challenges associated
with our multi-vehicle test-bed objectives. Here, we



describe our approach to some of these and present
some details on the design of our prototype “grouper”
vehicle.

In Section 2 we describe our multi-vehicle approach
to gradient climbing. A simple gradient climbing con-
trol law is defined where it is assumed that each vehi-
cle can only take a single measurement at a time. We
show that this control law does not in general enable
a single vehicle working along to find the “source” of
the gradient. However, in the two-vehicle case, we
show that the vehicles are able to climb the gradient
and find a source. The results are based on certain
assumptions about the local interaction of the two ve-
hicles that allow us to model the group as a connected
system of two point masses. We present simulation
results for the one and two-vehicle case.

In Section 3 we describe the development of the
experimental test-bed. The requirements for the ex-
perimental setup are described in Section 3.1. In Sec-
tion 3.2 we briefly describe the mechanical layout of
the prototype vehicle. The system architecture with
the outline of the vehicle’s internal communication as
well as the inter-vehicle and vehicle-surface communi-
cation are described in Section 3.3. We include a brief
discussion of possible means of implementing decen-
tralized and centralized control concepts. In Section
3.4 we list the basic sensor suite for the vehicles and
briefly describe an optical sensor that is currently un-
der development. Preliminary experimental results
with closed-loop depth and heading control are dis-
cussed in Section 3.5.

2 Gradient following

In this section we give an example that illustrates the
potential benefit of a multi-vehicle configuration over
a single vehicle. We first describe a biological exam-
ple that has motivated some solutions to the gradient
climbing problem [4, 5]. Next we introduce the as-
sumptions and constraints we impose on the system.
Given these constraints we develop a simple control
algorithm for gradient climbing. We show that if this
algorithm is applied to a single vehicle, the vehicle
does not in general converge on the source. In a next
step we apply the same algorithm to two interacting
vehicles modelled by two connected masses. Due do
to the interaction between the vehicles, the vehicles
are expected to find the source. We present simula-
tions that support this claim.

2.1 Previous work on gradient follow-

ing using F. coli model

One way to address the gradient following problem
with a single vehicle was demonstrated using the Au-
tonomous Benthic Explorer (ABE) to find the deep-
est spot in a lake [4]. This approach can be derived
from the behavior models of flagellated bacteria like
the Escherichia coli[1, 2]. The E. coli bacteria moves
towards or away from certain chemicals; this behav-
ior is referred to as chemotaxis. The mechanism used
to achieve chemotaxis is run and tumble. This means
that while the gradient is rich enough the bacteria
continues for longer stretches in a forward motion
before it tumbles and takes off again in a random di-
rection. If the gradient becomes weaker the bacteria
decreases the distance between the direction changes.
As a net effect of this strategy the bacteria accumu-
lates in areas of richer gradients.

2.2 Assumptions and constraints

For the remainder of this paper we consider only pla-
nar motions of the vehicle(s). A surrounding envi-
ronmental quantity is represented by a time-invariant
scalar field T'(x) € R (e.g., bathymetry). We con-
strain the system to a single sensor per vehicle, such
that we record 7'(x)|x=x,, where x; represents the po-
sition of the vehicle at time ¢ = ¢;. The single point
sensor measurements do not allow for a full 2D gradi-
ent measurement for a given vehicle, but the measure-
ments provide information about the gradient along
the vehicle’s path. We can, therefore, approximate
the successive measurements performed along a ve-
hicle’s path by projecting the spatial gradient of the
scalar field onto the normalized vehicle velocity vec-
tor x. Thus, we assume

o

VIy = VT - (1)

1l
is measured. Note that VT € R. We do not allow
for any direct communication between the vehicles;
however, we assume that each vehicle can observe
the other’s position.

I

2.3 Single-vehicle configuration

Consider a scalar field 7'(x) with maximum value at
x = 0. For example, T'(x) could be of the form

1

T(x) = m

(2)

where p is a scalar constant. Next consider a sim-
ple point mass vehicle with the following equation of



motion
Mg =f— kg% |

(3)

with mass-matrix M, input vector f and linear drag
coefficient ky. Since f can only be a function of the
measurable aualltities such as 7'(x) and VT we im-
plement the following control input a

e

f=kT(x) > VT

(4)

x|l
where k is a constant scalar. To study stability of

the equilibrium x = 0, x = 0, consider the Lyapunov
function

Vis®) = 58" Mi+ KT ()

The time derivative of the above equation can be
written as
Vg% =%" M- kT(x) *VT . (6)

Substituting (1) and (3) into the above equation al-

lows us to rewrite
e ) £ %
Vix,x) = X" kg x+x" kT(x) ° (VT —) =
= [l 11|
~kT(x)>VT-% .
This equation can be further simplified to
V(%) = %" kg x+kT(x) * VT %
“RT()PVT-x (8)
and hence the system is stable since
V(x%) = %" kg x <0 9)

for a positive definite k. However, while the velocity
X is guaranteed to converge to x = 0, we cannot con-
clude that the position converges to x = 0. The ve-
hicle will converge to some position that corresponds
to a local maximum of T" along the line defined by the
vehicle’s initial velocity. Note that the single vehicle
will not turn under this control law.

Figure 3 in Section 2.5 shows the vehicle converg-
ing on the origin for the special case that the vehicle’s
initial direction passes through the origin. In gen-
eral, as shown in Figure 4, it is seen that the vehicle
only converges to the maximum value along its ini-
tial path. Note that these simulations are intended to
demonstrate convergence. It can be seen that further
damping is warranted to attenuate the oscillations.

o |t~
o |t~

Figure 1: Masses connected by infinitely thin and stiff
rod of length L.

2.4 Two-vehicle configuration

In this section we apply the control law developed in
the previous section to the two-vehicle case. In order
to simplify multi-vehicle configurations, we assume
that the vehicles are able to hold their relative, preset
inter-vehicle distance from one another. Control laws
designed to maintain relative vehicle distance given
measurements of relative position of neighbors are de-
scribed in [7]. This simplifying assumption allows us
to model the multi-vehicle problem as an ensemble
of point masses connected by a weightless, stiff link.
Here the two vehicle configuration is approximated
by two linked point masses. Each point mass repre-
sents a vehicle. The equation of motion for vehicle A
is

M . .
5 XA fh— kg XA (10)
where
€A
X4 = | ¥a (11)
0
is the position of vehicle A.

The position of vehicle A in local coordinates with
respect to the origin of a local coordinate frame C
(fixed on the linked-mass system) is denoted by x¢.
Let x. denote the global position of the origin of
frame C'. Then, we can represent the vehicle’s global
position x4 in terms of the local position gfq using a
rotation and translation

x4 = R(9) x5 +x¢ (12)

where R(#) € SO(3) is a rotation matrix. Similarly,
we write for any other (identical) vehicle B

M . . . )
75;{ =fp I‘EKH (13)
and _
xp = R(0) - x§ + xc. (14)

In the case of a simple two-mass system we choose the
local position vector of the point masses to be x§



Xor

XB

Figure 2: Coordinate systems for connected mass sys-
tem.
_ L
9
and x5 = | 0
0

coordinate systems for the connected mass system are
shown in Figure 2.

The absolute velocities of masses A and B can be
written as

as shown in Figure 1. The

o owl~

X4 = R(O)(wxxG)+x% (15)
kg = R(H)-(wxx5)+ % (16)
with
0
w= 10
%

The equations of motion for the two-mass system be-
come

Mxo = fy—kgxy+fp
kg Xp
lw

= (x4 —x¢) x (£4 — kg X4)
+
where I is the system inertia. If we now implement

the control law (4) from the single-vehicle case, such
that

B

fo = kT(xa) ™ VIg, 2
fy = kT(w) * Vg, 2p (1)

then we obtain the following controlled system equa-
tions:

2 VTX XA

=4 [1Xall

MXo = kT(xa)

: Tie V-2 o, X
—kg x4+ kT (xp) Vlj_cH”}-{—i“

—kg X

Iv = (KA 5(,‘) X (k T(EA) 2 VTX %’4
AIxall
_kxXA)
+(xp — x0) % (kT(xp) 2VTy B
2o |xg|
—kx Xp)- (18)

2.5 Simulations

In this section we show simulation results for both
the single as well as the dual-vehicle case. The simu-
lations were performed using a scalar field 7'(x) with

1

X (19)

Figure 3 shows a simulation of a single vehicle
starting on the y-axis with an initial velocity in the di-
rection of the origin. The figure on the left hand-side
shows a view of the x-y plane with the vehicle’s po-
sition (red-circle) at different instances in time. The
right hand side shows the y-coordinate of the vehicle
converging to the origin. This represents a special
case, where the vehicle was already on an intersect-
ing path with the origin. Figure 4 shows simulation
results for a single vehicle starting off in a direction
not intersecting with the origin. The left hand side
shows the vehicle’s position in the x-y plane. Since
the vehicle starts off in a different direction than one
that passes through the origin, it does not converge to
the origin. The right figure shows a graph displaying
the magnitude of the scalar field along the vehicle’s
path. The vehicle converges to the maximum of the
magnitude along its path.

Next we implemented the control algorithm as de-
scribed in Section 2.4. Figure 5 shows the results of
the simulation. The red solid line indicates the po-
sition of the centroid of the two masses. Vehicles A
and B are symbolized by a red and a green filled cir-
cle, connected by a blue line. The plot shows the
position of the point masses in the x-y plane at dif-
ferent instances in time. The simulation shows that
in the two-vehicle case the vehicles climb the gradient
despite an initial direction that doesn’t intersect the
origin. This is not possible for a single vehicle unless
it started off in the right direction.

3 Experimental test-bed

In this section we describe the development of an ex-
perimental test-bed to conduct multi-vehicle exper-
iments in a laboratory environment. In particular,
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Simulation results for a single vehicle climbing the gradient with initial velocity vector not inter-

secting with the origin.
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Figure 5: Simulation results using two vehicles climb-
ing the gradient.

we present details on the prototype “grouper” vehi-
cle design.

3.1 System requirements

The multi-vehicle experimental system is being de-
signed for an indoor laboratory so that we can op-
erate in a filtered, high visibility, freshwater environ-
ment. Measurements that are critical for performing
closed-loop decentralized vehicle network control ex-
periments include

e global position and orientation of each vehicle

e relative position and orientation of each vehicle’s
nearest neighbors.

The relative position and orientation measurements
are fundamental to group coordination strategies.
The global position and orientation measurements
will be useful for missions such as sampling, gradi-
ent climbing, etc.

The maximum design depth was set to be 10m and
the vehicles are expected to be able to sustain a mean
forward velocity of 0.252. In order to operate multi-
ple vehicles in our free standing cylindrical tank (di-
ameter 21ft, depth 8ft), the vehicles have to be com-
pact and robust. In designing the vehicles special at-
tention was given to the reliability of the components
and expandability and evolution of the overall system
in order to be able to accommodate new sensors and
actuators without major redesign. In order to easily
accommodate a variety of controllers to be tested, we
have emphasized user friendliness of the higher level
control interface. In the following we describe how

Figure 6: Picture of prototype vehicle.

we addressed or are planning to address these design
challenges.

3.2 Mechanical layout

The design of the prototype “grouper” vehicle was
chosen to provide good stability in pitch and roll.
This choice simplifies the instrumentation and en-
ables us to focus on the control of the remaining
four degrees of freedom (4 DOF). The configuration
is a variation of previous underwater vehicles such as
EAVE' designed by the Autonomous Undersea Sys-
tems Institute (AUSI) and ABE? designed by Woods
Hole Oceanographic Institution (WHOI). Figure 6
shows a picture of the prototype vehicle. The ve-
hicle is 60c¢m long and its three pressure housings are
arranged in a equilateral triangle with a side-length
of 45¢m. The main bodies of the pressure housings
consist of standard PVC piping with acrylic O-ring
sealed end-caps. The connecting structure is made
out of airfoil shaped extruded aluminum. The fair-
ings of the pressure housings are hemispherical and
made out of PVC.

3.3 System architecture

The main goal of the project to examine decentralized
control of multi-vehicle configurations penetrates into
the entire system design. On our prototype vehicle,
we have implemented a distributed control system us-
ing a single RS-485 communication bus operating at
115.2kbaud with a standard communication protocol,
IEEE 997-1985, also known as the SAIL standard [3].
This choice provides the flexibility of adding devices
that implement the same standard with minimal or

!Experimental Autonomous VEhicles
2 Autonomous Benthic Explorer



no changes in software and hardware. Due to the
minimal requirements for the implementation of the
protocol, all sensors and actuators are equipped with
a low-power PIC16F873% 8-bit flash microcontroller
for direct addressing, data communication and basic
signal processing. The bus master is currently the
surface station that sends and requests information
to and from the appropriate nodes of the network.
In a next step this bus master will be implemented
using a single board computer (SBC) in the vehicle
itself. Figure 7 illustrates this next step for imple-
menting the vehicle network using a vehicle SBC and
low bandwidth RF link. The RF-modem operating at
49MHz with a baudrate of up to 9600baud is planned
to replace the communication tether.

Using the communication channel the control sys-
tem can be implemented in different ways. One
possible scenario is a strictly hierarchical structure
where the surface computer issues direct commands
to each individual vehicle and the SBC vehicle com-
puter would just relay the communication to the sen-
sors and actuators. This approach is severely limited
by the available communication bandwidth and seems
only feasible using a fixed tether, which excludes full
3D-multi-vehicle operations.

By moving more control authority into the vehicle,
e.g., by just sending new setpoint information for the
individual vehicle through the communication chan-
nel, we can accommodate more vehicles than in the
previous case. In this scenario the surface computer
would act as a supervisory controller for each indi-
vidual controller while the on-board SBC would take
the role of closing the loop by directly communicating
with the sensors and actuators.

A third possible scenario could be one in which the
vehicle only obtains information about other, e.g.,
neighboring vehicles, such as location and orienta-
tion with the appropriate formation and task specific
control laws implemented on the vehicle level. This
latter scenario would make the surface computer a
mere observer of the group and would shift all control
authority to the vehicle level. This approach would
make it possible to use the available communication
channel for inter-vehicle communication in order to
enhance group coordination.

3.4 Sensors and actuators

In this section we discuss the sensors and actuators
that are already on or are planned to be used on the
vehicle or in the tank.

The vehicle is actuated using geared DC-brushed

3Microchip Technology Inc., Chandler, AZ, USA
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Figure 7: Computer network and communication.

Figure 8: Photo of a thruster motor.

motors? with 9in twin bladed propellers as shown
in Figure 8 Each individual thruster can provide
up to 12N of thrust under bollard-pull conditions.
The motor-controller uses a full-bridge PWM motor
driver chip® interfaced to the PIC processor. The
motors are equipped with magnetic encoders that
provide position feedback into a PIC microcontroller
with a resolution of 896%2“. The thrusters can be
operated in velocity as well as torque mode.

For depth information the vehicle is equipped with
a 5psi pressure depth sensor that interfaces to a 10bit
AD converter on a PIC. A magnetic compass® pro-

4Series 2342, MicroMo Electronics, Inc.
5A3958SB Allegro MicroSystems,Inc.
SVector 2X, PNI Corp., Santa Rosa, CA



vides magnetic heading information. However, while
the vehicle is deployed in the steel tank the useful-
ness of the sensor as a heading reference is limited.
In order to provide a more reliable heading reference
we are installing a fiber optic gyro”.

In parallel with the gyro and compass implemen-
tation, we have developed a prototype for an optical
heading module. The optical heading module uses a
2D-position sensitive device (PSD) on the vehicle and
an array of sequenced blinking LEDs on the bottom
of the tank, not unlike the running lights on a run-
way. The system works well in air at a distance of
up to 2m and preliminary tests in water are promis-
ing. The prototype system provided sensor readings
up to 1.5m. The same system is planned to be used
for near neighbor position sensing [6].

In order to obtain global position information we
are currently considering two different systems: a
40kHz acoustic long baseline system® and a varia-
tion of the above described optical heading module.
The acoustic system was made available for testing
by the manufacturer. We used the standard system
with a transducer and a single transponder to obtain
range information in our free standing steel tank. The
update-rate was at 1Hz. The free-standing tank en-
vironment represents the worst-case scenario for the
acoustic system. The walls represent a good reflector
for the acoustic waves and the operating frequency of
40kHz does not significantly decay over the length-
scale of the tank. The transponder was mounted
0.5m from the edge of the tank and the receiver close
to the center of the tank. The ranges were recorded
using the Desert Star tracking software. The system
performed within the manufacturer’s specifications of
a 0.15m standard deviation.

As an alternative to the acoustic system we are
exploring the possibility of using the above described
optical system for absolute position information. The
fast response time of the PSD has the potential for a
high position update rate and a higher accuracy but
has a limited range that makes it unusable in open
water application.

3.5 Preliminary experimental data

In order to evaluate the existing system we did
some preliminary testing of the control system. We
implemented a depth servo controlling the vertical
thruster. The servo read the pressure sensor from
the surface computer (PC 166 MHz) via the communi-
cation tether using the standard Matlab? serial com-

"E-core 1000, KVH Industries, Inc., Middletown, RI
SDesert Star Systems LLC., Marina, CA
9T'he MathWorks, Inc., Natick, MA
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Figure 9: Acoustic navigation scheme.

munication interface at 115.2kbaud with no real-time
extension or acceleration option. The software con-
trol loop consists of four parts:

1. read depth sensor (one serial write and read pro-
cess)

2. read motor rpm (one serial write and read pro-
cess)

3. calculate motor command (PID controller)

4. send motor command (one serial write process).

Figure 10 shows the results of one of the experiments
with a desired depth of 1.73m. The vehicle is slightly
heavy. It started off from the bottom and reached the
setpoint after 60s with disturbances due to the tether.
One of the objectives of this test was to determine the
update rate this basic setup could provide as a future
benchmark. Figure 11 shows the time between two
update cycles of the servo-loop at an average of 0.28s.
By implementing the control loop on a 1GHz Pentium
111 we have observed an increase in speed by a factor
of 5. With the current setup we are able to perform
closed-loop depth control at a sufficiently high update
rate but for additional tasks such as auto-heading
or position control this setup is inadequate. As a
solution to this problem we consider the option of
implementing the basic controllers, such as the depth
and heading controllers either on the vehicle’s SBC
or directly on the actuator and sensor level of the
vehicle.
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Figure 10: Vehicle depth in meters versus time using
a closed loop PID controller implemented using the
standard Matlab 6.0 serial interface.
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Figure 11: Update rate in seconds of the PID depth
control loop.

4 Conclusions and future work

In the first part of the paper we showed a potential
benefit of a multi-vehicle configuration in the context
of gradient climbing. We designed a stable contin-
uous controller for a single vehicle that allowed the
vehicle to find a maximum along its initial direction
of motion. The same controller was then tested in
a two -vehicle simulation, under the assumption of a
strong interaction between the vehicles. We showed
in simulation that the two vehicles climb the gradi-
ent deviating from their initial direction of motion
towards the maximum. In a next step we will look
into stability properties of the two-vehicle controller.
The question of scalability also arises, and we plan to
investigate controller performance with a larger num-
ber of vehicles. We also plan to explore a larger vari-
ety of scalar fields and to address how best to man-
age undesirable local maxima. Before the controller
can be implemented and tested on the actual system,
some assumptions have to be reviewed, i.e. the inter-
action between the vehicles has to be represented by
a more realistic model. In particular, control terms
need to be included to guarantee a constant range be-
tween neighboring vehicles. This problem has been
addressed in [7] and we plan to incorporate the ap-
proach into a multi-vehicle controller. The develop-
ments on orientation alignment of multiple underwa-
ter vehicles in [13] may also prove useful.

In the second part of this paper we gave an
overview of the experimental setup with the exist-
ing infrastructure and gave a brief example of a PID-
depth controller. We are continuing the implemen-
tation of a variety of additional off-the-shelf sensors,
such as the fiber optic gyro, a long baseline acoustic
navigation system and a acoustic doppler velocity-
meter (ADV). Besides these off-the-shelf components,
we are continuing to work on the optical heading
module with its possible variations. In parallel with
the upgrading of the prototype, we are planning to
build 2-3 more vehicles this year. Other plans include
incorporating our laboratory-scale underwater glider
into grouping control designs and experiments [8].
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