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Optimal Maneuver-based Navigation for Cruising AUVs

by

KIM Kangsoo”

Abstract

We propose optimal maneuver-based navigation for a cruising AUV during near-bottom flight. To ensure vehicle safety as well
as high-definition bottom survey, we optimize the reference depths of our waypoints using gradient-based numerical schemes.
To increase the speed of convergence and numerical robustness, the numerical scheme is strengthened by the Broyden-Fletcher-
Goldfarb-Shanno algorithm. By following the waypoints of optimized reference depths, an underactuated cruising AUV can
carry out the waypoint-based optimal maneuver flight while avoiding a bottom collision. While the objective of our
optimization is to minimize the difference between the reference and result trajectory, the reference depths assigned to
waypoints are used as control inputs. In our optimization, along-track bottom bathymetry is incorporated as a constraint, and a
dynamic model of a specific AUV is included as another constraint. Motion responses of the vehicle following the reference
waypoints are derived by solving the dynamic model in the time domain. Our proposed approach has been validated by the

simulations applied to a bathymetry model of actual undersea sites.
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Nomenclature

d;, d, : current, reference vehicle depth [m]

eq, ey : depth, altitude error [m]

ep : pitch error [deg]

G : gradient vector of performance index [m]

H : Hessian matrix of performance index

h : vehicle altitude at an arbitrary position [m]

hi, hy, he @ current, reference, minimum allowable vehicle altitude [m]

J : performance index in optimal maneuver [m?]

Kpa, Kia, Kaa : proportional, integral, differential gain for depth controller
K0, Kio, Kqo : proportional, integral, differential gain for pitch controller
q : pitch rate [deg/s]

V : velocity vector [m/s]

w : heave velocity [m/s]

X0, x; : lower and upper limit of the along-track coordinate within a track [m]
z;, zy : Z-coordinates of target and vehicle trajectory [m]

a : stepsize

y: flight-path angle [deg]

O : elevator input [deg]

& : tolerance parameters for stopping criteria

k : learning-rate parameter

§': control vector [m]
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1. Introduction

The recent advancement of submersible technology has enabled the epoch-making sea bottom survey of high resolution.
Providing far higher resolution bottom survey data than is obtained from surface vessels, AUVs are increasingly being used in
a range of ocean development applications in diverse sectors. In the missions for diverse purposes, an AUV is often required
to follow a bottom maintaining a fixed altitude above it. This navigation is called bottom following, considered as one of the
primary strategies for near-bottom survey>?. It is needless to say that the closer an AUV gets to the bottom, the higher the
resolution of its survey data. At the same time, however, as its altitude from the bottom decreases, an AUV is faced with a
higher risk of bottom collision. That is, while a low-altitude bottom following is highly useful for achieving high-resolution
bottom survey, it takes higher risk of bottom collision. It is easily imagined that the risk of bottom collision gets more serious
as the bottom provides rugged and steep terrain.

In general, AUVs are classified into two categories according to their behavioral character: hovering and cruising®. The most
outstanding difference between cruising AUVs and hovering ones is the underactuated character in vehicle dynamics. While a
hovering AUV can hover and maneuver around an operating point, most cruising AUVs cannot>®. This is because most cruising
AUVs are underactuated, which means have restricted controllability”. Due to this restriction in vehicle motion, a cruising
AUV has difficulty in avoiding impending collision with the obstacles in close proximity, which discourages it from flying over
a steep and rugged terrain.

As a sensor for detecting sea bottom, most AUVs use an active sonar. Single or multi beam echo sounder, ADCP (Acoustic
Doppler Current Profiler), and profiling sonars are examples of sonars used for such purpose. These sonars are often called
bottom-lock sonars, since they emit acoustic rays downwards, locking on a sea bottom. The situation that a bottom-lock sonar
fails in detecting a sea bottom is called loss of bottom lock. Once there happens a loss of bottom lock, an AUV loses its current
altitude above the bottom®. This is such a dangerous state for vehicle safety, since any collision avoidance maneuver cannot be

invoked without accurate information of the distance to surrounding obstacles. In the literatures”®

, it is proved that the loss of
bottom lock is particularly liable to occur when a cruising AUV is flying over a steep and rugged terrain. This feature, together
with the underactuated nature of vehicle dynamics makes near-bottom flight of a cruising AUV over a steep and rugged terrain
difficult, posing far more significant risk of bottom collision.

In this research, we present an optimal maneuver-based navigation for the near-bottom flight of a cruising AUV. The optimal
maneuver is achieved by following optimal waypoints. The optimal waypoints are the waypoints whose reference depths have
been optimized. It is noted that collision avoidance strategy is incorporated into the waypoint optimization in our approach. For
this, an along-track bottom-following trajectory is used as the target trajectory in optimizing reference depths of waypoints.

It is well known that any practical solution procedure of an optimization problem relies on an iterative numerical scheme.
Therefore, when considering onboard implementation of an optimization problem, computation time matters significantly. In
optimizing our waypoints, gradient-based numerical schemes are applied. Towards the onboard implementation of our
approach, we present an advanced numerical scheme based on Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm®!?, By
adopting BFGS algorithm, we have achieved higher robustness, as well as faster convergence. In this research, by comparing

with the results obtained by conventional gradient-based scheme, we show the efficacy of BFGS scheme in our problem.

2. Longitudinal Motion Control

The longitudinal control of a cruising AUV is a motion control exercised for adjusting its motion in vertical plane. In most
cases, it is the depth below the surface or the altitude above the bottom that is used as the controlled variable for the longitudinal
motion control of an AUV?. For a near-bottom flight, in particular, bottom-following navigation is a prevailing approach

applied to many cases of field applications>?.
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2.1 Longitudinal Vehicle Dynamics
In order for a cruising AUV to change its position within a vertical plane, it has to change its attitude beforehand. To take
advantage of the lift force as well as reduce the drag force acting on the fuselage, a cruising AUV gets the nose-up (positive

flight-path angle) during ascent and the nose-down (negative flight-path angle) during descent, as depicted in Fig. 1.
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Fig .1 Typical longitudinal motions of a cruising AUV: ascent and descent.

2.2 Depth and Altitude Control

In the absence of significant disturbance, depth control of a submersible is simple and straightforward. Using current vehicle
depth of great accuracy and reliability offered by a pressure sensor, depth control can be achieved successfully by using a finely-
tuned feedback controller”.

Altitude control works on the basis of the altitude error defined as the difference between the reference and the current altitude
of a vehicle. It is noted that, however, by substituting the altitude error with its depth error counterpart, a depth controller is also
able to exercise the altitude control equivalently. Therefore, it is quite common that a depth controller of an AUV is also in

charge of the altitude control*®. From Fig.1, we can easily understand that if the bottom bathymetry holds
eq=dr—di=hi—h,=-e, 2.1)

where eq is the depth error and e; is the altitude error counterpart of e,. And, d; and d, are current and desired (reference) vehicle

depths, while /4; and 4, are their altitude counterparts, respectively.
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Fig. 2 Depth or altitude control of a cruising AUV.

Once e, or ¢, has been evaluated, it is fed to a feedback control architecture, such as PID (Proportional-Integral-Derivative)
or lead-lag compensator. Figure 3 shows the schematic of the depth (altitude) control implemented employed in this research.
As seen in the figure, our depth control is composed of twofold feedback loops. While depth is controlled in the outer loop, by
referring to the pitch reference proportional to eg, the pitch to elevator control is nested inside. Therefore, in the process of our

depth control, the pitch control is always running implicitly.
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Fig. 3 Depth control schematic of a cruising AUV.

3. Navigation

3.1 Waypoint Navigation

Most of AUVs currently working in the world are operated on the basis of waypoint navigation. A waypoint is a set of 3D
coordinates identifying the navigational points defined as the latitude, longitude, and depth or altitude pairs. Within the
framework of waypoint navigation, a vehicle moves toward a destination passing through the reference waypoints. In our
waypoint-based AUV navigation, the reference depth d,. of n-th waypoint (i.e., wp, shown in Fig. 1) is the desired depth to be
reached by a vehicle during its transit between wp,.; and wp,. Therefore, no sooner has the vehicle arrived at wp,.;, its target
vertical position is updated to the reference depth of wp,.
3.1.1 Bottom-following Navigation

As mentioned previously, bottom-following navigation is preferably applied to a near-bottom flight of an AUV. In
implementing bottom-following navigation, the availability of continuous vehicle altitude of accuracy is indispensable. In our
previous work, however, we showed that the bottom-following navigation over a steep and rugged terrain can be the easiest
trigger to bring about loss of bottom lock®. Once happens, loss of bottom lock makes any bottom-lock sonar observation
unavailable. Figure 4 shows typical behaviors of the vehicle pitch and altitude when a loss of bottom lock occurs. As noticed,

losing the information of current true altitude, an underwater vehicle experiences drastic fluctuation in its pitching motion.
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Fig. 4 Pitch and altitude of a cruising AUV experiencing loss of bottom lock.
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Loss of bottom lock occurs when the received signal-to-noise ratio (SNR) decreases below a machine-specific threshold
value. It is well known that the acoustic intensity of a scattered sound on the bottom, i.e., the bottom strength (BS), is strongly
dependent on the incidence angle of an impinging acoustic ray®'). Having its maximum value at zero incidence angle, BS
decreases rapidly as the incidence angle increases. Therefore, it is easily presumed that over a steep and rugged terrain, a
bottom-lock sonar in operation is susceptible to loss of bottom lock. For the details of the generation mechanism of loss of
bottom lock, refer to 8) and 11).

It is noted that in Fig. 4, the altitude shown is not the true but the indicated altitude, including large measurement errors due
to drastic pitch fluctuation. This means a loss of bottom lock makes a vehicle blind to its true altitude, posing a risk of bottom
collision. If the bottom above which an AUV is flying is steep and rugged, the vehicle is exposed to far greater risk of bottom
collision. As seen above, we notice that bottom-following navigation may lose its adequacy in case being applied to an
underactuated AUV subjected to a near-bottom survey over a steep and rugged bottom.

3.1.2 Navigation by Optimal Maneuver

As an alternative for the bottom-following navigation, we propose an optimal maneuver-based approach for the near-bottom
flight of a cruising AUV. Within the category of the waypoint navigation, our approach optimizes the reference depths of
waypoints. The optimal maneuver is accomplished by following the optimal waypoints. The set-up of the problem includes the
waypoints predefined in horizontal plane with their sequence, i.e., the tracklines, along-track bottom bathymetry, and dynamic
model of a specific AUV. Figure 5 depicts the basic concept of our approach. The waypoint optimization is performed in a
track-wise manner. Within the track between [wp,.;, wp,], for example, the reference depth of terminal waypoint is wp, is
optimized so as to make the result trajectory as close to the target trajectory, as possible. The target trajectory is an envelope of
the along-track bottom section shifted upward by the reference altitude /4,. The value of 4, is arbitrary but should be set to be

larger or equal to /,, the minimum allowable altitude, introduced for exercising collision avoidance to the bottom.

X : control grid

xOv N LV NE- N
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X
X
X
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_______ : result trajectory
__________ . target trajectory
Z Y . min. alt. envelope

along-track bottom section

N

Fig. S Optimal maneuver-based navigation by waypoint optimization.

The problem of abovementioned optimal maneuver-based navigation is formulated as follows. As already mentioned, the
objective of our optimal navigation problem is to derive the waypoint set that minimizes the deviation between the given target

trajectory and the result trajectory obtained as a flight path. Therefore, the performance index of the problem is

z,(x)-z, (x)||2dx 3.1

]x,
J=51,
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where z; and z, are z-coordinates of the target and result trajectory, respectively. From the definition of the minimum allowable

altitude, along-track vehicle altitude /(x) should satisfy following condition.
h(x) >h, for x € [xpxi] (3.2)
Using Taylor series, we can expand J about the current point on the error surface of the control vector. From the definition of

our problem explained above, we notice that the control vector is the z-coordinate of wp,, denoted by z,,;. Therefore, the Taylor

series takes the form as

i
Tz + 22, =Tz ]+ G 22, + S, He,, + o) 3.3)

wpl

where O(&’) denotes third or higher order terms. In (3.3), G is the gradient vector defined by

G- (3.4)
aZV Z,=Z)
Also, H is the local Hessian matrix defined by
2
H- a_j (3.5)
Oz, | _.

In the method of Cauchy's gradient descent search, exemplified by the back-propagation algorithm, the update amount of

control vector is defined by

A =-kG (3.6)

wpl

where «is so called the learning-rate parameter'?.

4. Numerical Solution Procedure

Numerical solution of the control vector is derived by a numerical solution procedure working in an iterative manner. In our
solution procedure, the control vector z,,; is updated at every iteration step by using the update amount (3.5). In evaluating
Azyp1, we must determine a well-suited value of x. In many cases, an appropriately selected constant value of «x is used. The
learning rate x, however, exerts a dominant influence on the accuracy and stability of the solution, as well as the convergence.
Improper selection of x may bring about the divergence at worst, or the unacceptable accuracy and slow convergence, even if
a failure in numerical calculation is avoided. Taking notice of this, we employ an advanced search algorithm called BFGS'®!D,
in deriving the numerical solution of our problem. BFGS is a gradient-based technique, belonging to the family of Variable
Metric Methods (VMM). By carrying forward information from the previous iterations, BFGS assures the property of quadratic

convergence. By applying BFGS algorithm, the optimal control vector is derived as follows.
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At first, we choose a positive definite initial metric 4. Also, we select appropriate values of ¢ and &, the tolerances for

stopping criteria. In BFGS, the search direction is obtained as a solution to

As; =-Gi(¢,) (3.7

where i denotes current iteration step. In (3.7), & represents the control vector at i-th iteration step, that is, z,,; in our problem.
In deriving s;, we perform a line search to obtain an acceptable stepsize «; in s; direction. If the line search is completed
properly, o; satisfies

o;=arg min{G(§ o s)} (3.8)
Then, the control vector is updated as

Gr=G&tasi=g+Ag (3.9)
Defining ¥ such that

Y=G(i)- G(&) (3.10)

And next, we evaluate B and C as

Yy’
B= YA (3.11)
C- G(J;)GT(C,-) G.12)
G (¢;)s;

Using (3.10) and (3.11), A4; is updated as
Ay =Ai+B+C (3.13)

By applying (3.13) into (3.7) and repeating the sequential procedure of (3.8) ~ (3.13), we obtain the optimal value of & In

determining the convergence of & we use one of the following stopping criteria.
G'(¢) GG < & (3.14a)

\J(G) -0 <& (3.14b)
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5. Simulations

We consider a realistic example that validates the efficacy of the optimal maneuver-based navigation. In this example, we
use a bathymetry model of an actual undersea site, located in Northwestern Pacific, near Japan. The terrain of the site includes

very steep slope, the maximum angle of which exceeds 40°.

5.1 AUV NMRI C-AUV #4

The AUV considered in this research is a cruising AUV developed and operated by National Maritime Research Institute
(NMRYI), Japan. Lunched in 2018, NMRI C-AUYV #4 has accomplished several undersea missions of practical purposes. Figure
6 shows overall layout of C-AUV #4.

j‘,“

4 moyable _fins acoustic modem

forward-looking
multi-beam sonar
echo sounder

Fig. 6 Overall layout of NMRI C-AUYV #4.

5.2 Vehicle Dynamics

In this simulation, the vehicle is assumed to translate uniformly with its cruising speed of Uj. And in describing its
longitudinal motion, a pitch dynamics model of the vehicle (3.15) is employed. (3.15) is a pitch to elevator deflection transfer
function, derived by a system identification approach. In (3.15), q is the pitch rate of the vehicle in deg/s, while o, the elevator
deflection in degree.

_ -0.173s (3.15)

49
S, +2.681s° +0.546s+0.048

5.3 Simulation Results

Figure 7 shows the waypoints within horizontal plane with their track interval superimposed on the bathymetric map of the
site. As seen, six waypoints are to be optimized in order to accomplish an optimal maneuver-based flight along the trackline.
Horizontal distribution of waypoints is arbitrary, determined considering the places to be visited for a given mission. In this

example, the trackline covers highly steep ascending terrain, directing southward.
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Fig. 7 Top view of the trackline and waypoints prepared for simulations.
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5.3.1 Results by Gradient Descent Search

In the first case, conventional gradient descent search scheme in solving our optimal navigation problem. With a constant
learning rate parameter, we set the maximum iteration to be 200. It is noted here that in this simulation, the reference altitude is
set to be 80 m, while the minimum allowable altitude 60 m. Therefore, the along-track bottom section shifted upward by 80 m

becomes the reference altitude envelope. Figure 8 shows the results of AUV flight following the optimal waypoints.

150 ¢ v initial wp.
s ] optimal wp. v
200 — e ref. alt. env. T
......... min. alt. env. o
250 —— [light trj.(sim.)

sea bottom

0 100 200 300 400 500 600 700 800 900 1000 1100
along-track distance (m)

Fig. 8 Simulated AUV flight following optimal waypoints: result by conventional gradient descent search.

Following the optimal waypoints, C-AUV #4 flies over the bottom with the minimized deviation from reference altitude
envelope. In Fig.8, blue solid line represents the vehicle flight trajectory following optimal waypoints. On the other hand, red
dotted line represents the minimum allowable altitude envelope, while green dot-dashed line represents that of the reference
altitude. It is noted that while the vehicle follows the optimal waypoints successfully, its flight trajectory remains above the
minimum allowable altitude envelope. This means that avoiding bottom collision is successfully achieved by our optimal
maneuver-based navigation.

The performance indices of first 3 tracks in the trackline is shown in Fig. 9. As seen in the figure, performance indices
decrease monotonically, which means our gradient descent search schemes works properly. It is noted that while 200 iterations

are required in no.3 track, converged solutions are obtained at smaller iterations in no.1 and no.2 tracks.
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Fig. 9 Track-wise performance indices: results by conventional gradient descent search.

5.3.2 Results by BFGS

In the next case, we applied BFGS algorithm in deriving the optimal control vector. As was the case in gradient descent
search, we set the maximum iteration to be 200. The reference altitude and the minimum allowable altitude are set to be the
same values those used in previous example, which are 80m and 60 m, respectively. Figure 10 shows the AUV flight trajectory

obtained by following the optimal waypoints.

150 r v initial wp.
| ] optimal wp. v
200 ———m ref. alt. env. .--?----_- llllll
--------- min. alt. env, o
250 f ——  [light trj.(sim.)

sea bottom

depth (m)
&

0 100 200 300 400 500 600 700 800 900 1000 1100
along-track distance (m)

Fig. 10 Simulated AUV flight following optimal waypoints: result by BFGS.

By comparing Fig. 8 and Fig. 10, we notice that in essence, the flight trajectory obtained by BFGS shows no difference
between the one by conventional gradient descent search. This means both algorithms have worked in a highly analogous
manner, as well as effectively, leading to optimal control vectors in the vicinity of minima, even though it may not be the global
one.

The track-wise performance indices with respect to iterations are given in Fig. 11. While there is no substantial difference
between two flight trajectories, performance indices show obvious differences. As noticeable in Figs. 9 and 11, the final values

of performance indices obtained by BFGS are more or less smaller than those obtained by conventional gradient descent search.
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This implies BFGS leads to the optimal solutions of better convergences, although it hardly has practical meaning. In view of
the computational effort, however, BFGS exhibits clear superiority. While the conventional gradient descent search requires at
least 150 iterations in reaching the convergence, the maximum iteration number in BFGS is below 30. This is a great advantage,
especially when considering an onboard implementation in which only a strictly limited computational power is available, in
general. It needs to be noted here that the numbers of iterations required, as well as the final values of track-wise performance

indices are strongly influenced by the along-track terrain profile of each track.

2500
B — no.ltrack
s [ no.2 track
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2000
1500 5
— ¥
= |
= i
H B .
1000 4
500
0 [ . 1 \ \ 1 | | 1 | . ]
50 ~ 100 150 200
1teration

Fig. 11 Track-wise performance indices: results by BFGS.

6. Conclusions

A systematic approach for achieving optimal maneuver-based navigation has been developed and validated through
simulations. Simulation results have shown that our optimal maneuver lets the vehicle follow the bottom in an approximate
manner, minimizing the deviation between the reference and the optimized flight trajectory. This enables a quasi bottom-
following flight of a cruising AUV, keeping on exploiting the advantages of depth-based navigation, such as the measured
control output of high reliability.

Based on waypoint-based depth control, our approach can easily be implemented on most of AUV systems in operation. In
deriving optimal waypoints, we assessed two gradient-based numerical schemes: the conventional gradient descent search and
the BFGS. Though there is not substantial difference between the converged solutions by two approaches, BFGS has exhibited
faster convergence. Fast and robust convergence is especially important for real-time onboard implementation. Thus, BFGS
can be a viable candidate for future onboard implementation of our scheme. Through the simulations of AUV flight over a steep
terrain located in an actual undersea site, we found that our optimal maneuver successfully prevents from bottom collision.

Consequently, it can be said that our approach accomplishes depth-based optimal maneuver flight, avoiding bottom collision.
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