Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

Enhanced cooperative single-range
underwater navigation based on optimal
trajectories

Santiago Rua*** Naveen Crasta*** Rafael E. Vasquez *
Antonio M. Pascoal ***

* Universidad Pontificia Bolivariana, Circular 1 # 70-01, School of
Engineering, 050031, Medellin, Colombia (e-mail:
rafael.vasquez@Qupb. edu. co
** Undversidad Nacional Abierta y a Distancia, Carrera 45 # 55-19,
Escuela de ciencias bdsicas e ingenieria, Medellin, Colombia (e-mail:
santiago.rua@unad.edu.co
*** Laboratory of Robotics and Systems in Engineering and Science
(LARSyS), IST/University of Lisbon, Av. Rovisco Pais, 1, 1049-001
Lisbon, Portugal (e-mail: {ncrasta,antonio} @Qisr.ist.utl.pt).

Abstract: This work addresses the observability analysis for a cooperative range-based
navigation system based on the optimization of an index. A nonlinear model is first defined in
order to describe the motion of the vehicle and a mobile beacon. Then, the Fisher Information
Matrix is introduced to explain how it is related with the observability problem. A unconstrained
optimization problem is formulated in order to find the best sequence of actions for the beacon
to ensure observability in the system; the unconstrained problem does not take into account
physical limitation of the vehicle and beacon. Then, four different scenarios are solved using
different constraints; we show that, when the beacon is rotating with variable angular velocity
we get a better strategy than rotating with constant velocity, despite that in both scenarios the
system is observable. Finally, we show that increasing the energy provided to rotate the beacon
does not improve further the observability of the system. These results are important from a
theoretical and practical point of view, since they represent a strategy to plan the motion of the
beacon to guarantee observability in the system.
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1. INTRODUCTION

In recent years, cooperative robotics has become an inter-
esting field for the underwater robotics community. Dif-
ferent task can be accomplished through the cooperation
of robotic systems; for instance, manipulation and trans-
portation of underwater objects (Casalino et al., 2015);
underwater mapping (Djapic et al., 2018); environmental
monitoring (Bayat et al., 2017), among others.

Particularly, cooperative robotics in the field of underwa-
ter navigation has managed to generate interest in the
scientific community due to its advantages. For instance,
Rui and Chitre (2010) presented a cooperative positioning
system between two AUVs; the idea was to use one vehicle
to localize, while the other one was executing a lawnmower
path over the survey area. Fallon et al. (2010) developed
an algorithm for cooperative AUV navigation with an
autonomous surface craft; they developed a path plan-
ning algorithm for the surface vehicle, and the AUV was
able to localize itself with respect to the surface vehicle.
Webster et al. (2013) reported a decentralized extended
information filter for single beacon cooperative navigation
between vehicles; they used ranges and state information
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from a single reference, the other vehicles were able to
improve their localization. Parlangeli and Indiveri (2015)
described the single-range observability issues related to
cooperative underactuated underwater vehicles; they de-
scribed all possible unobservable motions for the vehicles
given the initial conditions and the velocity commands.
Tan et al. (2014) explored the use of a single beacon
vehicle for range only localization to support other AUVs;
they developed a cooperative path-planning algorithm for
the beacon based on dynamic programming and Markov
decision formulation. Mandié¢ et al. (2016) developed a
mobile beacon control algorithm that ensures observability
for single range navigation using a cost function based on
the rank condition; the goal of the algorithm was to reduce
this cost as much as possible.

In the work of Rua et al. (2019), a new underwater
navigation system has been proposed and it is based on a
beacon with circular motion installed on board a support
platform (see Fig. 1); it was proved that under certain
conditions the system becomes observable just by rotating
the beacon. Motivated by this work, this paper addresses
the observability problem of the same mechanism based
on the Fisher Information Matrix (FIM). By using the
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Fig. 1. Cooperative underwater system proposed in Rua
et al. (2019)

FIM, we find out the best sequence of actions for the
beacon that improves accuracy on the estimation. All the
analyses carried out in the work of Rua et al. (2019) about
the system observability had been made from a yes or no
point of view. Here, we proved that the accuracy on the
estimation can be improved by rotating the beacon with a
sequence of actions, and those actions are better than just
letting the beacon rotate with constant velocity.

Notation. The Euclidean norm in R" is denoted by
[l Let w(Q) = feos(c) sin(Q)]” and wh(¢) =
[—sin(¢) cos(¢)]" be orthonormal vectors with ¢ € [0, 27).
The expected value of a random vector X € R” is denoted
as E{X}.

2. PROCESS MODELLING AND PROBLEM
FORMULATION

To analyze the motion of the vehicle and the beacon,
two coordinate frames are defined: an Inertial Earth-fixed
frame {Z} (this frame is considered as the North, East,
Down frame NED); attached to a port facility or a sta-
tionary support vessel), where the motion of the vehicle
is described, and a body-fixed frame {B}, which is conve-
niently fixed to the vehicle and moves with it. Additionally,
consider a beacon which is attached or deployed under
the vessel or fixed support platform. The objective of this
beacon is to be active in order to guarantee observability of
the system. Then, the kinematics equations of the vehicle
and beacon are given by

Th(t) = v(t)w (H(8)) + Tvet)
d(t) = r(t)
N
Velt) =0 i , (1)
B(t) = Lntom ()W (x(1))
(1) = w1
a(t) = |[Po(t) - Tp()||

where t € [0,t;) and t; > 0, Ip € R? is the vehicle’s
position, v : [0,t5) — R is the vehicle’s speed, ¢ : [0,t5) —
[0,27) is the course angle of the vehicle, v, € R? is the
velocity of the current, r : [0,¢7) — R is the course rate
of the vehicle, b € R? is the beacon’s position, I,, is the
length of the beacon’s manipulator, wy, : [0,tf) — R is
the angular rate of the beacon, x : [0,t) — [0,27) is the
angular position of the beacon, and d € R is the distance

or range between the vehicle and beacon. For more details
on the system, you can refer to Rua et al. (2019). In
what follows, we assume that the beacon’s positions are
known. The solution of the system (1) at time ¢ with initial
condition (po, o, Vey, Xo0) is given by

In order to avoid collision or entanglement, we assume that
the distance between the vehicle and beacon have a safety
guard given by

I"b(t) = *p(t)l| > R
forallt > 0 and R > 0.

Throughout this work, the speed and rotation of the
vehicle, and the angular velocity of the manipulator are
assumed as inputs to the system. These variables can be
available from an Inertial Measurement Unit (IMU) for
the vehicle’s rotation, a Doppler Velocity Log (DVL) for
the speed, and a Rotary Encoder (for the angular velocity
of the manipulator).

Problem Statement: given the system described by the
set of equations (2), find the best sequence of inputs for
the system that improves the overall observability of the
system.

3. FISHER INFORMATION MATRIX

The observability can be analyzed from a binary point of
view, that is, the system is observable or not. Although,
the above is important to design an observer, it is also im-
portant to find out which are the best trajectories relating
observability in the system. One way to quantify this is
by using the Fisher Information Matrix (FIM). The FIM
give us a quantitative measure of how much information a
random variable X carries about an unknown parameter
6. The problem for the Fisher Information Matrix can be
written as follow: consider the problem of estimating an
unknown parameter @ € R™ from a set of measured data
given by y € R™. Let ¢g(y) : R” — R™ be an unbiased
estimation of 8. Then, the error covariance of an unbiased
estimator is bounded by

E{lg(y) —Ollg(y)—6]"} > FIM(0)"",  (3)
where

FIM(9) = E{(Voln f(yl6)) (Voln f(yl6)) " }. (4)

and f(y|@) is the likelihood function. The result given by
the equation (3) is called the Cramer-Rao bound. This
result establishes a lower bound on the variance of an
unbiased estimator. For our purpose, the objective is to
minimize as much as possible the bound which ultimately
translates in a better performance in the estimation. The
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unknown parameter for the problem at hand is @ :=

[pg . ve,]" and the measured data model is given by
y=z+m, ()

where ¥y = [y0,Y1,...,Ym_1] ' 1S a vector containing m

range measurements, z := [dg,dy,...,dn,_1]' is the real

or actual range measurement given by (2), and n :=
[M1,M2, ., Im—1] | is a vector containing the measurement
noise with n; ~ N(0,02%). Note that the FIM explicitly
depends on the range between the vehicle and beacon,
which in turns implies that is going to depend on the
inputs of the system.

With this in mind, we first derive the F'I M for the problem
under consideration. Then, we solve the problem without
taking into account any constraint (unconstrained opti-
mization problem). Finally, we solve different numerical
scenarios where we put constraints over the motion of
the beacon and the vehicle. Also, we solve the problem
when the vehicle is executing its mission, and the beacon
is helping to improve the observability of the system.

4. UNCONSTRAINED TRAJECTORY
OPTIMIZATION

Consider the system described by the equations (1). Let
m € N and consider a time sequence of length m, such
as 0 = ty) < 1 < < tm-1 = ty, where t; are
sampling instants at which the range measure is acquired.
For simplicity of the analysis, in what follows, we assume
that the speed, course rate of the vehicle, and the angular
velocity of the beacon are bounded piecewise constant
functions of time, that is

’U(t) =10 € [’Eminaqjmax}vt €
’I’(t) =T € [Fminv"jmax]at €

[th, th1),
[th, th1),
and

Wi (t) = Omy, € [Omumins Pmumax)s t € [t tit1)-

Based on this assumption, for all ¢t € [tg,tgy1), the
model (2) can be written as

T 2 [w (0(0) + w ()] + (= 1)V,
Ip(t) = * if 7, £ 0
Tpg + (t — ) (Tew (P1) + Lvey), otherwise,
Y(t) = g + (¢t — te)Tk
ve(t) =
x(t) = xk + (t — tg)@m,,
Tb(t) = lmw (x(t))

(6)

Then, the model at time t;1; and with constant sample
time T = t_1 — tg, is given by

3
Ipi+ —[—wh (Prg1) + w ()] + T veo,
T _ Tk
Phi1 = it 7, £ 0
Tpr + T(vpw (i) + IVCo), otherwise,
Y1 =K +T 7 (7)
Ivck+1 = Vo
Xk+1 = Xk + T Om,,
Ibk+1 =lnw (Xk+1)

Now that the model of the system has been described, it
is possible to derive the particular FIM for the problem at
hand. Recall that the FIM is given by (4) and the measured
data vector is given by (5). Since the model of the
measured data has a normal distribution, the likelihood
function for the measurement vector y with respect to the
unknown parameter 6 := [p], v/ ] is given by

o) = ) PR (5w - 2R - 2))

where R = 021, is the covariance matrix. Now, in order
to obtain the FIM for our problem, we need the gradient
of the logarithm, that is,

Ve ln f(y|0) =

Recall that the range vector d which is formed by stacking
the range measurements, implicitly depends on the initial
conditions of the system. A straightforward computation
shows that the FIM for our problem is given by

(Voz) 'R}y — 2)

FIMy(6) = 07*(Vez)" (Vo2), (8)
where a7 ar
do —togy do
VQZ = .
T T
]

In the above, remember that dj denotes the relative

position vector at time ¢, from the beacon with respect

to the vehicle, that is, dy = by — px and the norm is given

by dir = ||dk||- Additionally, the range vector depends on

the inputs of the system, which makes the FIM dependent

on the inputs. For the sake of simplicity, the following
compact notation is used

dg

do

D= c Rmx2

an

d7n 1

T = diag(to,tl, ...,tmfl) € R"™x™,

Then, the Fisher information matrix is given by
DD DTTD}
T T2 (9)
D'TD D' T*D
Remark 1. The Fisher information for our problem has
the same structure that the one tackled in Crasta et al.
(2016). Nevertheless, it is important to point out that
the constraint in the motion for the beacon is different.
Recall that the motion of the beacon is restricted to a
small area given by the manipulator. At first glance it
can be a disadvantage compared to using another vehicle
as a beacon, since the manipulator will impose a smaller
range operation of the system. However, the dynamics of
the manipulator is much faster than another underwater
vehicle, which allows the system to execute more excited
maneuvers.

FIMy(0) =02 {

Following standard procedures for defining the optimiza-

tion problem, we have
max Indet FIM,(6). (10)

Now, we have written the optimization problem to be
solved.
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Proposition 1. The optimal cost function for the uncon-
strained problem (10) is given by

T4m4 (m2 _ 1)2
N=In|——m——F7— 11
Ju?) =In < 230408 > (11)
A complete proof of this solution can be found in Crasta
et al. (2016).

Remark 2. Notice that the optimal value for the cost
function is directly proportional to the number of range
measurements taken into account in the optimization
problem. Additionally, if the variance of the sensor is to
large, the accuracy of the system is going to decrease.

Remark 3. Although the optimization did not take into
account any of the constraints for the vehicle and beacon,
this value gives us an overview of the maximum value
that we can achieve in our optimization problem with
constraints.

5. CONSTRAINED TRAJECTORY OPTIMIZATION

In the previous section, we tried to solve the problem with-
out taking into account any restriction for the inputs in the
vehicle and the beacon. Basically, equation (11) gives us an
intuition of the maximum value that we can achieve if the
vehicle and beacon can perform any trajectory. Now, with
the constraint on the type of movement for the vehicle and
beacon given by (7) and bounds for the inputs, we try to
solve the problem using numerical optimization methods.
Four different optimization problems are proposed:

e Problem 1: both inputs from vehicle and beacon are
optimization variables. That is u := [0, T, Om,]"

e Problem 2: the vehicle will be executing a particular
mission, while the input of the beacon is the optimiza-
tion variable. That is u := [0, |-

e Problem 3: the vehicle will be executing a particular
mission, and we want to find the optimal constant
angular velocity for the beacon.

e Problem 4: a multi-objective optimization taking
into account an energy cost function.

To solve all these problems, we resort to numerical meth-
ods to maximize the determinant of the FIM using the Ge-
netic Algorithm toolbox from Matlab (MathWorks, 2019).

5.1 Problem 1 - Vehicle and Beacon help to improve
observability

For the first problem, the inputs from the vehicle and the
beacon are going to be used as optimization variables. This
means that, both the vehicle and the beacon will help to
maximize the FIM, which in turns means to improve the
accuracy of the estimation. Additionally, we will impose
upper and lower bounds for the vehicle’s speed and course
rate, as well as bounds for the angular velocity of the
beacon. The optimization problem will be

max Indet FIM,(0)
s.t. Eq.(7)
0 < Ty, < Tup (12)

—Tub < Tk < Tup
- a}mub < a)mk < (D’rnub

where u = [0k, T, @Wm,|', 0 = [pg,v;z]—r, k €
{1,2,...,m} and FIMy(0) is given by equation (9). For
the first problem, the idea is to find the best sequence
of actions for the vehicle and beacon that maximizes
the FIM. We solve the problem for the following initial
conditions: the initial beacon’s position is given by b =
[1.4142,1.4142] 7 m and the initial position and orientation
of the vehicle are pj = [3,4.5]" m and ¥ = 7/3 rad,

respectively. The ocean current is v = [0.3,0.1]7 m/s.
The bounds for the linear speed and angular rate of
the vehicle are given by @y, = 1.5 m/s and 7y =

/9 rad/s. The bound for the angular rate of the beacon
is Wy, = 7 rad/s. The variance of the sensor is 0.1 m, the
sample time T = 1 s, and the number of measurements
taken into account for the optimization problem is m =
12. The unconstrained optimal J,(u*) solution given by
equation (11) is 30.54 and with constrained J,.(u*) is 29.56.
Figure 2, 3, and 4 show the vehicle’s trajectory, beacon’s
trajectory and optimal input for the beacon, respectively.

5.2 Problem 2 - Beacon helps to improve observability

For the second problem, the inputs from the vehicle
are given for a particular mission, which means that
the vehicle is not going to help to maximize the FIM.
Therefore, just the rotation of the beacon is used in the
optimization process. Additionally, we impose upper and
lower bounds for the beacon’s rotation. The optimization
problem is given by (12), where this time u := [@,,].
The unknown parameters @ and k remain the same and
the upper bound for the rotation speed of the beacon is
given by w,,,,, = 7/6. For this particular problem, we solve
the following scenario: the vehicle is moving in straight
line, that is, v(t) = 1.5 m/s and r = 0 rad/s. The initial
position of the beacon is given by by = [1.4142,1.4142] "
[m] and the initial position and orientation of the vehicle
are po = [3,3]" [m] and 3y = Orad, respectively. The
ocean current is v., = [0,0.3]T [m/s]. The sample time
T and the number of samples m were set up to 1s and
10, respectively. For these conditions, the unconstrained
problem reaches its maximum at J, = 29.079, while
the solution of the problem at hand is J. = 24.254.
Although, only the beacon’s rotation was involved in the
optimization process, the optimal value is very close to
the unconstrained solution. Figure 5, 6, and 7 show the

Vehicle's position for P1

8

, p(t) |
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al P I/ A
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7 2 i
o .
=0 > o
S | e,
Z 2
4l
s
,8 /
-5 0 5
East [m]

Fig. 2. Vehicle’s trajectory optimal solution for problem
one and all four scenarios. Even though, the beacon
trajectory is not reflected in the figures, beacon is
rotating around the origin.
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Fig. 3. Beacon’s trajectory optimal solution for the first

problem.
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Fig. 4. Optimal solution for problem one.

vehicle’s trajectory, beacon’s trajectory and optimal input
for the beacon, respectively.

5.8 Problem 3 - Best constant rotation for the beacon

For the third problem, the objective is to find the best
optimal constant rotation of the beacon which maximizes
the FIM. Therefore, just the rotation of the beacon is used
in the optimization problem and it is constant all the time.
This implies that u := @, , with @,,, being constant for
all k € {1,2,...,m}. The unknown parameter 6 remains
the same. The same scenario from the previous problem is
solved with these conditions. The vehicle’s trajectory is the
same as shown in Figure 5. The optimal angular rotation
for the beacon is w, = 0.5 rad/s. The optimal cost
function for this scenario is J. = 21.936. It is important to
highlight at this point, that although it was shown in Rua
et al. (2019) that the system is observable when the beacon
rotates and the vehicle is going in straight line, it had not
been concluded which would be the best rotational speed
for it. Additionally, the observability could be improved if
a sequence of actions for rotational speed was performed.
Finally, since the optimization problem was transformed
to the point of having only one input variable, we can plot

Vehicle's position for P2
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Fig. 5. Vehicle’s trajectory for the second problem. The
vehicle’s trajectory is not generated as result of the
optimization problem.

Beacon's position for P2
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Fig. 6. Beacon’s trajectory optimal solution for the second
problem.
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Fig. 7. Optimal solution for the second problem. Recall
that just @y was used in the optimization process.

the cost function for different values of beacon’s angular
velocity and speed for the vehicle (see Figure 8). Notice,
that even for different vehicle’s speed, the optimal input
for the beacon remains approximately the same.

5.4 Problem 4 - Energy Cost Function

Up to this time, the optimization problem has been based
in one goal: maximizing the Fisher Information Matrix in
order to improve the accuracy on the estimation. We have
found that different inputs achieve good performance in
relation with the maximum optimal cost from the solution
of the unconstrained optimization. This performance was
achieved in most of the cases by accelerating the beacon
from one direction to other (see Figure 6). Now, we are
interested in the inclusion of a second cost function that re-
lates the energy required for the beacon’s movement. The
above implies, that we want to maximize the FIM while
at the same time minimizing the energy consumption of
the beacon. Then, we have a multi-objective optimization
problem that involves two cost functions: the FIM and the
energy consumption.

The energy consumption of the beacon can be related
mostly to the rotational kinetic energy, which is given by
K. = $Iw? (t), where I is the moment of inertia and wy, is
the beacon’s angular velocity. Since the moment of inertia
is constant and is not within the optimization variables,

the energy cost function can be written as

ty
J2:/ wzn(T)dT,
0

and for a piecewise constant input, then

(13)

25

TR

" "

v; = 0.5 [m/s|
vy = 1.0 [m/s]
vy = 1.5 [m/s]

-0.6 -04 -02 0 02 04
Wi,

Fig. 8. Cost Function plot for constant beacon’s angular
velocity and different vehicle’s speed.
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Fig. 9. (a) Pareto front for the multi-objective optimization
problem. (b) Input selection for the beacon move-
ment. Notice that even if we increased more the en-
ergy, the observability is not going to improve further.
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Now, the multiple optimization formulation is given by

(14)

min (Jl, JQ)
u (15)
St — Wy < Wmy, < Wiy,
where J; = —Indet FIMy(0) and J is given by (14).
To solve this problem, we resort to numerical algorithms,
particularly with the Global Optimization Toolbor from
Matlab. For this problem, we tested just the scenario
where the vehicle moves in straight lines like in Figure 5.
The same parameters as in the second problem were set
up for this case. Since we are solving a multi-objective op-
timization problem, Figure 9 shows the Pareto Front and
some of the solution for the beacon’s input. Notice that if
we want to improve the FIM, then, we need to spend more
energy, which means that there is a compromise between
the both of them. Additionally, even if we continuously
increase the energy of the system, we are not going to
improve the navigation system.

6. CONCLUSIONS AND FUTURE WORK

We addressed the observability problem from a different
perspective, instead of the classical yes or no point of view.
We formulated an optimization problem for finding the
best sequence of action for the system that improves the
observability. To achieve this, a cost function using the
Fisher Information Matrix was derived. Next, the problem
was solved from an unconstrained and constrained per-
spective. For the first, an analytical solution was found,
which give us the best FIM that the system can achieve
without taking into account any constraint in the motion
of the vehicle or beacon. For the constrained problem, we
solved four different scenarios, where the motion of the
vehicle and beacon were involved, as well as the energy
consumption.
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