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Abstract

The moth-inspired plume-tracing strategies on a single REMUS underwater vehicle successfully tracked a Rhodamine
dye plume over 100 m and declared its source location in near-shore ocean environments that are characterized by tur-
bulence, tides, and waves. This paper expands moth-inspired plume tracing via a single vehicle to multiple vehicles. The
new strategy includes a mechanism determining a leader vehicle to perform moth-inspired plume-tracing maneuvers and
a formation algorithm controlling non-leaders to follow the leader during plume-tracing missions. The Monte Carlo stud-
ies evaluate the strategy in a virtual environment where a simulated plume with significant filament intermittency and
meander is developed. Considering our application, our simulation studies address an autonomous underwater vehicle’s
kinematics and dynamics. The results demonstrate plume-tracing performance achieved by multiple vehicles, which auto-
matically switch their roles superior to the single vehicle.

Keywords
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| Introduction implementing biomimetic strategies on their robot lob-
ster. The studies by Liao and Cowen (2002) and
Weissburg et al. (2002) proposed sensor array-based
strategies and suggested that search strategies based on
following the “edge” of a plume (as opposed to the cen-
terline) are robust. Russell (2001) included robotic
implementation of algorithms that estimate statistics of
the plume such as the plume centroid, and experiments
where the chemical is constrained to a multiple-duct
tunnel system. Ishida, Kagawa, Nakamoto, and
Moriizumi (1996) used an array of sensors to track the
plume by estimating the three-dimensional direction
toward the odor source. Marques, Nunes, and Almeida
(2002) performed plume-tracing tests using mobile
robots in laboratory environments. Lilienthal, Ulmer,
Froehlich, Werner, and Zell (2004) reported test results

Olfactory-based mechanisms have been hypothesized
for biological behaviors, e.g., foraging by lobsters (Basil
& Atema, 1994), foraging by blue crabs (Weissburg &
Zimmer-Faust, 1994), mate secking, and foraging by
moths (Cardé, 1996). A review on insect finding distant,
wind-borne sources of odor can be found in the recent
article by Cardé and Willis (2008). Koehl et al. (2001)
further reported how lobster olfactory antennules
hydro-dynamically alter the spatiotemporal patterns of
concentration in turbulent odor plumes.

Recently there has been interest in developing auton-
omous vehicles capable of chemical plume tracing
(CPT) (Cowen & Ward, 2002). Vergassola, Villermaux,
and Shraiman (2007) generalized the plume-tracing
issue as “infotaxis” as a strategy for searching without
gradients. The work by Belanger and Willis (1998) pre-
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on proximity to a gas source when a laboratory robot

maneuvered in the vicinity of the source location. Two

research groups addressed CPT via multiple robots

through swarm behaviors (Hayes, Martinoli, & o . Vehicle 2., Vehicle 1
Goodman, 2002; Zarzhitsky & Spears, 2005). Recently, Y : — e s
Meng, Yang, Wang, and Zeng (2011) used multi-robots 5 : : e S N

to localize an odor source in airflow environments.

Autonomous underwater vehicles (AUVs) with CPT
capabilities would be valuable in searching for deep-sea
hydrothermal vents, finding unexploded ordnance in
near-shore environments, and monitoring pollutants or
localizing sources of hazardous chemicals in a harbor.
The strategies proposed in the article (Li et al., 2001)
were implemented on a REMUS underwater vehicle
with a single chemical sensor for the in-water test runs
in November and April 2002 at the San Clemente
Island of California and in June 2003 in Duck, North
Carolina (Li, Farrell, Pang, & Arrieta, 2006; Farrell,
Pang, & Li, 2005). The field experiments successfully
demonstrated tracking of chemical plumes over 100 m
and source identification accuracy in the order of tens
of meters in the near-shore, oceanic fluid flow environ-
ments, where plumes were developed under turbulence,
tides and waves. The most recent CPT in-water test run
via an AUV at Dalian Bay in China (Kang, Li, Xu,
Feng, & Li, 2011) also validated effectiveness of the
moth-inspired CPT strategies.

The effective tracking of a chemical plume via multi-
ple AUVs in ocean environments is a very challenging
task. Based on the moth-inspired approaches that suc-
cessfully tracked a chemical plume and declared the
chemical source in the near-shore ocean environments,
however, developing a new strategy for plume tracing
via multiple AUVs allows us to simplify the design
procedure. Effectively coordinating multiple AUVs to
achieve a better CPT performance has become one of
the most important issues. This paper extends moth-
inspired plume tracing via a single vehicle to multiple
vehicles by redefining the Find-Plume, Maintain-
Plume, Reacquire-Plume, and Declare-Source beha-
viors (Li et al., 2006). Under the assumption of com-
munication availability between the vehicles, we
develop a coordination mechanism for selecting a
leader among multiple vehicles, which leads the vehi-
cle fleet to perform moth-inspired plume tracing and
propose a formation algorithm for the control of the
non-leader vehicles to follow the leader during CPT
missions. We evaluate the proposed strategy in a
simulated fluid-advected environment with scales of
100 m. The studies show that, in comparison with a
single vehicle, CPT via a multiple-vehicles system sig-
nificantly reduces the time cost for tracing the plume
toward its source and identifying the source location,
and slightly improves the accuracy of the declared
source locations. Figure 1 shows a scenario of tracing
a plume with a significant meander via multiple
vehicles.
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Figure |. Tracking of a chemical plume with a significant mean-
der via multiple vehicles. The vehicles automatically switch their
roles to effectively trace the plume. A leader is controlled to stay
in the middle between two followers during the chemical plume-
tracing mission.

This paper is organized as follows. Section 2 briefly
reviews the moth-inspired CPT strategy. Section 3 pre-
sents the kinematics model for formation control of
multiple vehicles. Section 4 develops a coordinate
mechanism for multiple vehicles and a control law in
regards to an AUV’s kinematics for keeping multiple
vehicles in a formation shape. Section 5 uses the Monte
Carlo method to evaluate the proposed strategy by con-
sidering the AUV’s dynamics. Section 6 draws some
conclusions about the strategy and the test runs’ results.

2 Moth-inspired plume tracing

The moth-inspired CPT strategies (Li et al., 2001, 2006)
consist of four fundamental behaviors: finding the
plume (Find-Plume), maintaining the plume (Maintain-
Plume), reacquiring the plume (Reacquire-Plume), and
declaring the source location (Declare-Source). The
Find-Plume behavior is designed to dominantly imple-
ment a cross-flow search for the entire operational area
without any assumptions about the location of the
plume source. The commanded heading is defined as
0=wy(t,x,y) +sign(n)A0(z), which is an offset to the
computed flow direction denoted by wy (¢, x, y). The sign
of the variable n will be *1. The variable A6(z) can
only take on one of the two constant values A8(f)yp or
AO(#) gown- How to choose an initial direction to start
the Find-Plume behavior is discussed in Li et al. (2006).
The Maintain-Plume and Reacquire-Plume behaviors
are abstracted from the location of the pheromone-
emitting females by flying male moths (Cardé, 1996;
Elkinton, Schal, Onto, & Cardé, 1987). The Maintain-
Plume behavior is described by
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0=wq(t,x,7) + 180"+ A8 (1) rrack-
{V:::d( )Cy)+ + ()Track InfeTabove (1)

{ 0=wq(t,x,) + 180"+ AB(N) Track—out t € Toelow (2)

V=1V,

where wy(t, x, ) is the flow direction, both AO(#)Track—1n
and AO()1rack—out are the offset angles for Track-In
and Track-Out activities, and Typove and Thelow are
durations for Track-In and Track-Out activities. The
Reacquire-Plume behavior reacquires a contact with
the plume in the situation where the chemical has not
been detected for at least a few seconds. A cloverleaf-
shaped trajectory or its variant (Li et al., 2001, 2006)
was used to implement the Reacquire-Plume behavior
to cast for the lost chemical plume. The Declare-Source
algorithms are derived from the moth-inspired plume-
tracing strategies (Li, 2010). These algorithms use the
last chemical detection points (LCDPs) to construct
source identification zones for source identification. A
chemical detection point at which a vehicle loses con-
tact with the chemical plume for certain seconds is
defined as LCDP. In this paper, we implement the
SIZ_F source identification algorithm based on LCDPs
for CPT missions. The SIZ_F algorithm maintains all
LCDPs in the order of the current up-flow direction
using the priority queue. The SIZ_F algorithm declares
the source location when enough LCDPs, i.e., the num-
ber of LCDPs > Npin, are located in a source identifi-
cation zone with a radius ¢r. We take Npin =6 and ¢p
=6 m as suggested in the article by Li (2010). This
algorithm was validated through our recent in-water
test runs of tracing a Rhodamine dye plume via a single
AUV (Kang et al., 2011).

3 Formation control of multiple vehicles

In contrast to CPT via multiple vehicles (Hayes et al.,
2002; Zarzhitsky & Spears, 2005), we adopt the leader—
follower strategy (Edwards, Bean, Odell, & Anderson,
2004) to perform CPT missions via multiple vehicles.
This strategy suits the control of swarm behaviors of
the entire vehicle fleet and can guarantee the formation
stability, as the leader can be replaced with a follower
when it is defective. A formation approach maintains
control of the multiple vehicles in two levels. Firstly, it
determines a sub-target for the leader according to the
current vehicles’ status, and then generates trajectories
to steer the vehicles toward the target in a formation
shape depending on a control strategy.

Considering our further application of CPT via mul-
tiple AUVs in near-shore ocean environments, we
establish the kinematic equations of the AUV to
describe relative motions of the leader and a follower.
In doing so, we define two types of coordinate systems:
the world system {0} and a body system {i} defined on
a follower vehicle 7, as depicted in Figure 2. Let (v, {5, 0)

{0} =

Zy oz

Figure 2. World coordinate systems {0} and a body coordi-
nate system {i} on vehicle i.

be the vehicle’s status, described in {0}, where v is the
forward velocity in m/s, ¢ is yaw angle in radians, and
0 is pitch angle in radians respectively, assuming the
vehicle’s roll angle ¢ =0.

The general rotation matrix from the world coordi-
nate system {0} to the body coordinate system {i} can
be expressed by

. cosb;cosy; cosH;siny; —sinb;
oR= —siny; cos s, 0 (3)
sinf;cosy; sinB;siny; cosH;

The velocity equations of vehicle i described in 0 can be
found by

X; =v; C0S 0; cosy;
¥;=v; cos 6; sin; (4)
Z;= —v; Sin 6;

Equation (4) can be written as

pi=A0;9)v; (5)

where A(0;, ;) = [cosb,coss; cossinls; — sin®;]". The
position vector p; = [x;, y,-,z,-]T of vehicle i, described in
system {0} can be obtained, by integral of Equation 5.
We use

Ap' ={R(p1 — py) (6)

to  calculate  the  relative  distance  vector
AP/ =[A¥, Ay, AZ]" from a follower f to the leader /,
described in the follower’s body coordinate system {f},
where -GR is the rotation mapping from the world coor-
dinate system {0} to the follower body system {f}.
Note that subscript i indicates that the status of vehicle
i is described in the world coordinate system {0},
whereas superscript f'is described in the follower body
system {f}. Figure 3a shows projections of the leader
relative position on its two followers” body coordinate
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Figure 3. Formation control of three autonomous underwater vehicles (AUVs) in a triangle shape. (a) The leader location is
described in the coordinate systems of the followers. (b) The leader’s trajectory is indicated by the red line (middle) and the followers’
trajectories by the green and blue lines on two sides of the leader’s trajectory.

systems. Figure 3b shows the trajectories of the three
autonomous vehicles under the formation control laws
described in Equation 16. The leader, located in the
middle along the motion direction, is moving on a lin-
ear trajectory indicated by the red trajectory, whereas
both of the two followers follow the leader on both of
its sides and generate the green and blue trajectories.

4 Chemical plume tracing via multiple
vehicles

For CPT missions via multiple autonomous vehicles,
we re-define the Find-Plume, Maintain-Plume,
Reacquire-Plume, and Declare-Source behaviors
below. The Find-Plume behavior controls the multiple
vehicles to search for a plume in the entire operational
area using cross-flow trajectories without any assump-
tions about the location of the chemical plume and its
source. The Reacquire-Plume behavior controls the
multiple vehicles to follow a cloverleaf-shaped trajec-
tory or its variation to cast the lost plume. Obviously,
the Find-Plume or the Reacquire-Plume maneuvers
using multiple AUVs increase the chance of finding or
casting the plume. The multiple vehicles system acti-
vates its Maintain-Plume behavior once one of the
vehicles detects a chemical plume. During Maintain-
Plume maneuvers, the leader vehicle utilizes the Track-
In and Track-Out activities to move up-flow toward
the source location, whereas the non-leader vehicles
server as guarders to follow the leader. For chemical
source declaration via the multiple AUVs, the inputs to
the SIZ_F algorithm are the LCDPs collected by all the
AUVs, instead of a single one. Only the leader AUV
declares the source location. Its pseudo code is given in

Table 1. The AUVs’ roles are assigned at activating the
Maintain-Plume behavior. The source identification
behavior does not change their roles. For the Find-
Plume behavior, we use

A;=rand()

P ._ @)
max =max(4;),i=1, ---,n

to choose the leader, where 4; is the leader competition
coefficient of vehicle 7, rand() generates a random num-
ber between 0 and 1, A,k 1S the maximum among all
competition coefficients, and the vehicle with Apax 1S
the leader. For the Maintain-Plume behavior, we use

{O, C;<d
Ai:
au(C; —8) —Ble ™™ —1), C; > 38 (8)

Amax:max(Ai);iz ]-v e, n

to choose the leader, where & is the threshold defined
for chemical sensor, D; is chemical detected time for
vehicle i, @, B, and k are the positive constants,
u(C; — d) is a unit-step function and its output is 1 when
C; > 8, and C; is the chemical concentration detected
by vehicle i and its model is discussed in the work by Li
et al. (2001). Compared with the time lag of the vehicle
dynamics, the chemical sensor’s response time can be
ignored. In our study, we choose a=8=0.5 and
k=1.0. Equation 8 selects the vehicle that first detects
the chemical plume as the leader to start the Maintain-
Plume behavior during the course of a CPT mission.
When a vehicle is selected as the leader, it should be
controlled to stay in the middle between the two fol-
lowers during CPT missions, whereas the two followers
follow and keep a distance from the leader, as shown in
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Table 1. SIZ_F algorithm for identifying the plume source via an AUV fleet

fleet.

followers.

if ( Naiz 2 Nipi )

L[1,.. N.1i] <« QI[1,..
status < false

while n; 2 Npi,do

Find
(e (m)y

last*Vlast
if Dipax > ep

the LCDP p,...

else

status < true;
if status = true

break

last *Yiast
else

else

ALGORITHM SIZ F(Q:[1,.. Nail, ..
//Identifying the source location by SIZ_F algorithm via an AUV

//n is the vehicle number in the AUV fleet, including the leader and

n
//Input: Priority queue Q[1, ... Naz1]l,where Nuy=> Ny -

i=1
//Output: Status of source identification.

Sort Q in the order of the current up-flow direction
Nai1]

(m)
Calculate the mean value (x;").y;")

with the largest distance D

remove pg.. from Ly ni<—n;-1

return /V,,/Oy as the source location

return no source location identified

return no source location identified

) Qn[lr--- Nall(n)] )

ny < Na.;; // Lisalist

(m)y of all LCDPs in the queue;

max tO

Figure 3b. The Reacquire-Plume behavior keeps the
same leader determined by Equation 8.

The proposed strategy for the plume tracing via
multiple vehicles inherits the demonstrated advantage
of the moth-inspired plume tracing via a single vehi-
cle, i.e., it uses a leader in the multiple vehicles system
to perform the Find-Plume, Maintain-Plume,
Reacquire-Plume, and Declare-Source behaviors.
Being superior to the single vehicle system, the multi-
ple vehicles system determines dynamically its leader
during the course of CPT missions according to the
vehicles’ statuses and environment information so
that each vehicle in the multiple vehicles system
potentially acts as a leader. Through communication
between the vehicles, the leader has to direct the non-
leaders to find the plume, trace the plume, cast the
plume, and declare the plume source location. Figure
4 shows the behavior switching diagram-based

coordination mechanism for a multi-vehicle system,
which is designed by adding a Formation-Keeping
behavior to the diagram for a single vehicle system
(Farrell et al., 2005). The symbol d denotes the beha-
vior switch that is on when chemical is detected, s
denotes the behavior switch that turns on when
source is declared, ¢ denotes the behavior switch that
is on when the vehicle’s role is switched, d denotes the
behavior switch that is on when chemical is not
detected for some time interval, 5 denotes the beha-
vior switch that is on when source is not declared, and
the symbol ¢ denotes the behavior switch that is on
when the vehicle’s role remains unchanged. Once the
leader changes its role, it acts as a follower by switch-
ing its behavior to Formation-Keeping. For the fol-
lowers, their fundamental behavior is Formation-
Keeping. Each follower probably switches its role into
that of a leader when it triggers a Track-In activity, as
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indicated by a dash-dot arrow labeled with dN¢ in
Figure 4, and at the same time the former leader
becomes a follower.

In our application, we use three autonomous vehicles
to perform CPT missions while maintaining a triangu-
lar formation. In order to implement the Formation-
Keeping behavior, we calculate the deviations of the
relative distance vector in Equation 6 and then obtain
the velocity vector

AP =R (1 — pp) +yR(pr — py)

=0R - b1 =R - by + (R (1 — py) (9)
where p;:[x/,y/,z;]T and pf:[Xf,yf,Zf]T are the loca-
tions of the leader and the follower described in the
world coordinate system, and Ap/ is described in
the follower coordinate system {f}, respectively.
Considering the orthogonality of -GR and using

Equations 5 and 6, we have

Ap =R - A v — 4R - A, by +RGR)T A

(10)
and
[ cos b, cosys, cosb;siny, —sin6,
TR-AO,y)=| —sindy, cos s, 0
| sinbycosy, sinb;siny;,  cosby

cos 6, cos s, |
cosO;siny; | =

cos 0; cos 6, cos Ay + sin 6, sin 6,
€0s 0, sin Ays

—sin 6, €0s 0, 8in O, sin Ay — sin 6; cos 0,
(11)
TE e e N
o7 I Y
i v
’ Formati
E GoTo . ormation
’ Keeping
! c T
! A B ‘
i o
' Find chd Reacquire
\ eld C“‘
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. 7
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Figure 4. Behavior switching diagram-based coordination
mechanism for multiple vehicles to trace a chemical plume.

Adaptive Behavior 20(2)
cos by cos, cosbysiny, —sinb;,
IR - A6y, 0)) = = siny cosiy 0
sinfy cosy, sinb,;siny, cosby
cos b, cos i, 1
cos by sind, | =0 (12)
—sin ef 0
rino rizo s
{)R : ({)R)T =|r rn ™
31 T2 T3
cosbycosy, —siny, sinb; cosy,
cosOysiny, cosy, sin6;siny;,
—sin 6, 0 cos 0y
0 iy cos b, —0;
= | = cos b, 0 —i; sin O, (13)
éf li}f sin ef 0
where A=, — 1y and
r11= — 0, sin 6, cos Uy — tiyf cos Oy sin s,
ri2= — 0, sin 6, sin Yy + q}f cos 6y cos Y,
ri3= — 6y cos
ra1= — Yy cos i,
731 =07 COS 07 COS Y, — s, Sin O sin s,
r32 =07 €OS O sin s, + s, sin 6, cos Uy,
r33= — 6/ sin Bf
Plugging the Equations 11-13 into 10, we have
sin 0, sin 6; + cos 6, cos 6, cos Ays
AP = cos 0; sin Ays v
—sin 6, sin6; + cos 6, cos 6; cos Ays
-1 —AY Ay cos 6, vy
+]0 0 —A¥ costy — A sinb, | | O
0 Azf Ayf sin ef LIJ/-
(15)

When the distance of a follower to the leader is
assigned, i.e., Ap/ in Equation 15 is given, we can obtain
the formation control law for a follower (Cui, Xu, Xu,
Yan, & Pan, 2007):

vy = (sin O, sin 6; + cos B cos B; cos Ap)v; + y’x,
0 =z.v1 cos B; cos As /ey + Az sin 6, — ky sin 6y +6,
Ui = viye cos 0, /ky + (ky sin A — z,Ay/ sin 6;) +1;

(16)

where x, and y, represent the formation errors between
the follower’s actual location and the trajectory to be
followed on the axes X and Y, and the control coeffi-
cients vy, k; and k, are positive constants that mainly
affect the forward velocity, the yaw angle and pitch
angle rates of the follower. In our application, we
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Figure 5. Simulation studies on following trajectories under for-
mation control of the non-leader vehicles.

choose y=16, k1 =0.1 and &, =0.01. By considering the
vehicle’s dynamics (Kang, 2010), we simulate different
formation strategies to evaluate the formation perfor-
mance. During the simulation studies, the leader’s velo-
city is set as constant 6 knots, whereas the followers’
velocities are adjusted to between 1 and 8 knots (0.5—
4.0 m/s) to maintain the assigned formation. Figure 5
represents a simulation result on maintaining a triangu-
lar formation. It clearly demonstrates that using the
proposed control law the formation errors are elimi-
nated quickly. For in-water test runs, we use data col-
lected by the Doppler Velocity Log (DVL) to calculate
the actual vehicle’s location (Li et al., 2006; Farrell et
al., 2005; Kang et al., 2011; Tian, Li, Zhang, & Yu,
2011). This localization technique can be directly
applied for each AUV in the multiple AUV system.

5 Simulation evaluation

We evaluate the strategy for moth-inspired CPT via
multiple vehicles in a simulated fluid-advected environ-
ment (Sutton & Li, 2008), which upgrades the version
of Farrell, Murlis, Long, Li, and Cardé (2002) by
expanding the filament-based plume model from two
dimensions to three dimensions. The upgraded version
allows us conveniently to define multiple vehicles and
plume sources, as shown in Figure 6. The plume model
(Farrell et al., 2002) does not specify any type of plume,
but addresses the major characters that challenge CPT
algorithms, such as significant intermittency between
chemical filaments, significant plume meander, noise
and uncertainty of sensors, and magnitude and direc-
tion variation of flow fluid at time and location. The
detailed analysis of this model and the data comparison
between the simulated and real plumes can be found in
Farrell et al. (2002).

The operational area is specified by [0, 100]X
[—50, 50] in meters. The filament release rate is 5 fila-
ments per second, the simulation time step is 0.01 s,

and the mean fluid velocity is 1.0 m/s. The measured
fluid flow is corrupted by additive noise that is a white
normal random process. The plume source is located at
(10, 0) in meters, which is unknown to the vehicles
fleet. The home location is defined as (110, 40) in
meters outside the operational area. The operation time
is limited to Tipax = 1000 s. For each CPT mission, the
vehicle fleet starts around the home location and
returns to the home location when the vehicle fleet
identifies the source location or reaches its maximum
mission time Tinax.

The evaluation studies are to compare the CPT per-
formances via a single vehicle with those via multiple
vehicles. Both strategies run in the same simulated
fluid-advected environment concurrently. The simula-
tion studies keep changing the chemical plume in a fluid
environment over time, and 1000 CPT test runs are per-
formed for our studies. Vehicle speed can be adjusted
between 1 and 8 knots (between 0.5 and 4.0 m/s).
Figure 6 shows a run of the CPT mission, including the
Find-Plume, Maintain-Plume, Reacquire-Plume, and
Declare-Source behavior activities. The vehicle fleet
starts its CPT mission around the home location.
Vehicle 1 is selected as the leader and activates Find-
Plume behavior, and vehicles 2 and 3 follow the leader
to perform a cross-flow search for the chemical plume
in the operational area. Since vehicle 3 first detects the
plume, it becomes the leader, as shown in Figure 6a.
Once vehicle 3 activates Maintain-Plume behavior as
the new leader and uses Track-In and Track-Out activi-
ties toward the chemical source location, while the
other vehicles start to follow the new leader via commu-
nication. For example, vehicle 1 switches its role to a
follower, so it moves to the left side of the leader to
build another triangular formation and maintains this
formation by following the leader, as shown in Figure
6b. When vehicle 3 loses its contact with the chemical
for a certain number of seconds, it activates Reacquire-
Plume behavior to cast for the lost chemical, and vehi-
cles 1 and 2 follow the leader on cloverleaf-shaped tra-
jectories. As vehicle 2 first casts the lost plume during
Reacquire-Plume activity, it switches its role to the
leader and triggers a new Maintain-Plume activity. In
the meantime, vehicle 3 turns its role to that of a fol-
lower and moves to the right side to build a new trian-
gular formation. Vehicle 2 leads the vehicle fleet to
reach the source location, as shown in Figure 6¢. Figure
6d demonstrates Declare-Source activities of the vehicle
fleet to identify the source location. Figure 1 shows the
more difficult tracking of the chemical plume related to
a significant meander via multiple vehicles. Tables 2
and 3 list the result of the evaluation studies in three
aspects: reliability, accuracy, and time cost. The results
show that CPT via the multiple vehicles significantly
reduces the time cost for tracing the plume and declar-
ing the source location, and slightly improves the source
location accuracy.

Downloaded from adb.sagepub.com at SEIR on August 2, 2012


http://adb.sagepub.com/

Adaptive Behavior 20(2)

138

Vehicle 1
(Leadel’)

—t \;ehlcle 2 T
I R 7 L/ P
T AN L / ey IO AT /*
DY I T o ¥ e f"/ s B Y B o f! s
f:\/ s b = ; - 7?/ S -~ Vehicle2 - ;
zy N\~ = .
\_M, [ SR VU R f; f’ - ;Vehicle 3 1_”) b _i«;f zf
L B > .)«-v;"""”"“ g i
Source . . LPume |, L . e - Source . Vehicle3 'j -~ =
Location Location (Leader)
- - - - - d bed - = - T = - - = Ind - r - iy - v
- - - - - - =~ - - nd e = - - -, - - ™ - i i ind
- 25 - . - - . - - - - - s — - - - ~ - [ - [l
T T - 5 -
(a) (b)
3 N L . Al AT ] R IR ,:»‘ A
L A T £ R [//':"f/ D I e A /‘ )}
. J "://‘/' _ Source., . . = = = %/"/
b g j Declaratlon _;r -
= N T VT Vehlcle 2 J - - =~ Vehicle 2
s x g‘ gr Lox” \ R «f 2%
B Y - L W‘ g e TR £
’/:-«w-)-«» oo ﬁﬁwﬁ\ /j s it J\ o
1 R MW T =
Source/ i M o T Source /f’{ M.ﬁ STy Vehicle 3__
location ' . . /% - f i ~ Pume g location _; L= nd i -
Vehicle 3 Vehicle 1 Vehicle 1
RN L S e B S I AL L, SLEENPES S S
P R N B e T T R B T
> E - — —- — > - - d - Ls 3 — - — - - - - ind e
e e e s s s s s - I T
(d)

(©)
Figure 6. A test run of moth-inspired plume tracing via multiple vehicles under formation control. (a) Find-Plume activity: vehicle | is
the leader; and vehicles 2 and 3 follow it to find the plume, but vehicle 3 becomes the leader when it first detects the plume. (b)
Maintain-Plume activity: vehicle 3 is the leader to perform Maintain-Plume behavior, and vehicles | and 2 follow the leader toward to
the source. (c) Reacquire-Plume activity: vehicle 2 first detects the plume during Reacquire-Plume and becomes the new leader, and
vehicles | and 3 follow it toward to the source location. (d) Declare-Source activity: all vehicles run around the source location to

identify the chemical source by alternating the leader and followers’ roles.

Table 2. Time cost for chemical plume tracing (CPT) test runs on single vehicle versus multiple vehicles

Time within Time within Time within Time within Time within  Time greater

CPT strategies  Average
200-250 s 250-300 s 300-350 s 350400 s than 400 s

(1000 runs) time, s 150-200 s

Single vehicle ~ 229.7512  61/1000 (6.1%) 754/1000 (75.4%)
Multiple vehicles 195.1064 645/1000 (64.5%) 329/1000 (32.9%)  21/1000 (2.1%)

164/1000 (16.4%) 16/1000 (1.6%) 5/1000 (0.5%) 0/1000 (0.0%)
2/1000 (0.2%) 2/1000 (0.2%) 1/1000 (0.1%)

6 Conclusions finding the plume, tracing the plume, casting the

plume, and declaring the source location, whereas the
two followers serve as guarders keeping the leader in
the middle when performing CPT missions. Figure 7
displays the trajectories from the home location to the

This paper presents a novel strategy for a moth-
inspired CPT via multiple AUVs under formation con-
trol. The leader in the vehicle fleet is responsible for
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a and to trace the plume toward its source location. The
2 e test run in Figure 6¢c shows that a follower (vehicle 2)
5 & g
> | < 5N detects the chemical plume and takes over the leader
-2 g El gg role when the leader (vehicle 1) activates the Reacquire-
% 5 pe =22 Plume behavior after it loses its contact with the plume
ESIR: g' g N for a certain number of seconds, so that the time cost
@ for casting the plume on cloverleaf-shaped trajectories
° significantly decreases, i.e., the time cost for plume tra-
5 € cing is greatly reduced, as indicated in Table 2. The
2 g g time cost for declaring the source location is also
E >3 reduced because creating LCDPs in parallel by multiple
o . .
o) ,§ = I: vehicles allows the source declaration to be speeded up.
E g ot The tracking of a chemical plume via multiple vehicles
S| o £ g is more robust as oppose to a single vehicle, whereas if
s | £ one vehicle is defective in the vehicle fleet the rest of
s 3 o v
E E 3 vehicles can continue the CPT mission.
a 8 = Compared with the cooperation mode of the previ-
g £ |>”< ‘>”< ous multi-robot CPT strategies (e.g., Hayes et al., 2002;
o | d <4 Meng et al., 2011), the main advantages of the leader—
; follower strategy are addressed below. First, the track-
| e ing of a plume with a significant meander using a non-
§ ,% leader—follower strategy may frequently activate the
S| & Reacquire-Plume behavior to cast the lost plume.
« . .
< E However, the leader—follower strategy can eliminate a
=19 E 0 o number of Reacquire-Plume activities, as one of the
(v} < —_ . . . .
€| 32|82 followers may still keep contact with the intermittent
g|”°%|°° plume when the leader loses the plume. Furthermore,
P the vehicle fleet has an improved ability to maintain
% 8 92 contact with the intermittent plume during the vehicles’
M e > 2 role switch as they maneuver “in the intermittent
rg g 2| < ] plume” in different directions. The two simulation
% = § %41‘—3 examples compare the plume-tracing trajectory created
FloZ|l &6x by the leader—follower strategy shown in Figure 8a and
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Figure 8. Comparison studies on plume tracing using the leader—follower and non-leader—follower strategies.

the one by the non-leader—follower strategy shown in
Figure 8b. Clearly, the leader—follower strategy con-
trols the vehicle fleet to travel a short distance to reach
the source location. The coordination mechanisms of
the non-leader—follower strategy evaluated in this
study is comparable with those of the multi-robot CPT
strategies (e.g., Hayes et al., 2002). Second, the leader—
follower strategy also improves the source identi-
fication performance, whereas the multi-robot CPT
strategies (e.g. Hayes et al., 2002; Marques et al., 2002)
do not address this issue. Finally, the proposed strategy
is evaluated by considering the vehicle dynamics, which
significantly affects CPT performance.

For tracing a plume via multiple AUVs, there always
exists a trade-off of determining AUVs number between
the system cost and CPT performance. This study sug-
gests that it would be enough to use three vehicles to
trace a plume of the Rhodamine dyes developed in a
turbulent, near-shore, oceanic fluid flow, which was
used for in-water test runs, as shown in Figures 9a and
9b. Considering the AUV turning radius, we control
distances of followers to the leader between 10 and
20 m to cover the Rhodamine dye plume with a width
in the order of tens of meters. Adding any new vehicles
into the multi-vehicles system requires that just the fol-
lowing distances of the new followers to the leader need
to determine. Because the communication between
AUVs is still a bottleneck for application of AUVs in
ocean environments, we assume that communication
between AUVs is available for developing the new algo-
rithm. The algorithm suggests that the leader negotiates
with the followers in a distributed way. Each individual
vehicle behaves as a single independent moth-vehicle to

trace the chemical plume when the communication link
between the vehicles is broken.

This paper focuses on simulation evaluation on the
proposed strategy. Differently from plume-tracing tests
via mobile robots in environments with scales of a few
meters, the proposed plume-tracing strategies, which
are evaluated by using the simulated plume in an opera-
tional area with a large scale (over 100 m), address not
only patchy odor concentrations but also significant
plume meander. The significant plume meander is
yielded when the plume is transported over a significant
distance from its source location. The significant plume
meander often causes a vehicle to lose contact with the
plume because the instantaneous fluid flow direction
within the plume with the significant meander is not
always aligned with the plume’s long axis because of
the time lag of forming the plume. Our field tests were
done by a direct transition from the simulated environ-
ment to the near-shore ocean environments.

The successful in-water test runs of tracing the
Rhodamine dye plumes via a moth-inspired vehicle
(Li et al., 2006; Farrell et al., 2005; Kang et al., 2011;
Tian et al., 2011) support our design procedure, i.e., the
moth-inspired CPT algorithms evaluated in the simu-
lated environment are effective for tracing the
Rhodamine dye plumes, as shown in Figures 9a and
9b, which were developed in the ocean environments at
the San Clemente Island of California and at Dalian
Bay in China, respectively. The width range of both
plumes is about tens of meters.

Our further research will be to expand CPT missions
via multiple vehicles from two dimensions to three
dimensions. In particular for locating deep-sea
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(a)

(b)

Figure 9. A single moth-inspired autonomous underwater vehicle (AUV) successfully tracked the Rhodamine dye plumes in
November 2002 at the San Clemente Island of California in USA and October 2010 at Dalian Bay in China. (a)The Rhodamine dye
plume was developed in the ocean environment at the San Clemente Island of California, USA. (b) The Rhodamine dye plume was

developed in the ocean environment at Dalian Bay, China.

hydrothermal vents, we need to systemically evaluate
the tracking of hydrothermal plumes with both buoy-
ant and non-buoyant features.
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