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Abstract

For intelligent ocean exploration and sustainable ocean utilization, the need for smart
autonomous underwater vehicles (AUVs), surface craft, and small aircraft is rapidly
increasing. The challenge of creating time-optimal navigation routes for these vehicles
has many applications, including ocean data collection, transportation and distribu-
tion of goods, naval operations, search and rescue, detecting marine pollution, ocean
cleanup, conservation, and solar-wind-wave energy harvesting, among others. In this
thesis, we employ the Massachusetts Institute of Technology - Multidisciplinary Simu-
lation, Estimation, and Assimilation Systems (MIT-MSEAS) time-optimal path plan-
ning theory and schemes based on exact Hamilton–Jacobi partial differential equation
(PDE) and Level Set methods to predict and study the sensitivity of reachable sets
and time-optimal trajectories in the Portugal–Azores–Madeira region of the Northern
Atlantic, for several types of missions and autonomous ocean vehicles. Specifically,
using the MIT-MSEAS multi-resolution ocean modeling and data assimilation system
to provide four-dimensional ocean currents in the region, we compute time-reachable
sets and time-optimal paths for several missions, and examine the sensitivity to vari-
ations in vehicle type, speed, start time, voyage direction, and operating depths.
Our real-data-driven multi-resolution simulation study illustrates how navigational
paths vary with these parameters, and how ocean dynamics and variability in the
Portuguese ocean regions affect the time optimization, as compared to direct voyages
in the absence of any ocean currents. We also highlight effects of the Azores and
Madeira archipelagos, differences between surface and bottom path planning, inter-
ception routes between vehicles of different speeds, and the utilization of arrival time
fields in planning. Results showcase how principled path planning, integrating data-
driven multi-resolution ocean modeling with exact reachability theory and numerical
schemes, can assess the capabilities of ocean vehicles in the Portugal–Azores–Madeira
ocean region, by predicting the fastest travel time, expected range, and optimal head-
ings, for varied types of ocean missions.
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Chapter 1

Introduction

For intelligent ocean exploration and sustainable ocean utilization, the need for smart

autonomous underwater vehicles, surface craft, and small aircrafts is rapidly increas-

ing. Applications include scienti�c studies, solar-wind-wave energy harvesting, trans-

portation and distribution of goods, naval operations, security, acoustic surveillance,

communication, search and rescue, detecting marine pollution, ocean cleanup, conser-

vation, �sheries, aquaculture, mining, and monitoring and forecasting [52]. Designing

optimal paths leads to cost savings, longer operational time, and environmental pro-

tection [68, 51, 54, 7, 83, 22]. Autonomous vehicles and unmanned sea surface craft

(such as propelled underwater vehicles, AUVs, ocean gliders, solar-vehicles, wave-

gliders, �oats, etc.) operate with minimal human interaction, as there is little to

no human supervision, which makes path planning critical to their function. Widely

applicable in long-term mission scenarios that use exploitation and/or exploration

with sensing such as the ones previously mentioned, these autonomous underwater

and ocean surface vehicles can increase their range and decrease their energy need

by following time-optimal paths. The goal of this thesis is to apply optimal plan-

ning theory and methodology to simulate and study the time-optimality of surface

craft and underwater vehicles operating in the Portugal-Azores-Madeira ocean re-

gion. Speci�cally, we combine realistic data-assimilative ocean modeling [30, 28] with

the partial-di�erential-equations (PDEs) for exact reachability and path planning

[66, 60, 21].
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Since the need for AUV use is increasing, this research is important to de�ne and

exercise the path planning piece of the AUV operation puzzle. In marine operations,

ocean and weather sensing and forecasting should be used as inputs to autonomous

missions. For long-term missions, long endurance and low energy cost are crucial

requirements. Speci�cally, there is a need to increase the capability of vehicles to

operate for long periods at sea, by planning e�cient time-optimal routes, which leads

to conserving fuel by designing e�cient paths that lead to cost savings, longer oper-

ational time, and environmental protection [54].

A speci�c objective of this thesis is to investigate the sensitivity of quantitative

time-optimal planning to the type of mission and the properties of vehicles that

operate in realistic ocean environments. It applies the fundamental partial di�erential

equation (PDE) path planning theory to data-driven ocean applications relevant to

Portugal [74], for a scope of planning cases and vehicle parameters.

Traditionally, path planning has been developed for robots in static environments.

However, the ocean contains dynamic currents, waves, and winds that signi�cantly

a�ect the motion of many vehicles. Traditional algorithms then provide incorrect

solutions or are too expensive for real-time use. In the past years, our Multidisci-

plinary Simulation, Estimation, and Assimilation Systems (MSEAS) lab has derived

and applied new theory and level-set methods that solve for the time-optimal paths

in such dynamic environments exactly and e�ciently [66, 60, 55, 96, 67]. The main

method is based on Hamilton-Jacobi equations that govern the reachability front for

vehicles in strong dynamic �ows [21]. From this reachability front, we backtrack to

calculate the �nal time-optimal path solution. This thesis will discuss how the use of

time-optimal path planning methodology is implemented in the Portugal region for a

scope of planning cases and vehicle parameters.
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Chapter 2

Purpose

The purpose of this thesis is to explore the sensitivity of time-optimal path planning

in the Portugal ocean region, for a range of mission types, vehicle types, vehicle

operating parameters, and local dynamics and geography of the region. There are

many applications for autonomous marine vehicles in the Portugal region, with a

myriad of islands used for scienti�c, economic, and cultural exchange [19, 84, 15, 4].

Designing time-optimal paths leads to cost savings, longer operational time, and

environmental protection. It also increases the ability of these autonomous ocean

vehicles to successfully complete long endurance operations and missions within their

time, range, and power budgets. In the longer term, the motivation of this work is

to develop and apply our optimal planning theory and methodology to increase the

e�ciency of surface craft and underwater vehicles operating in the dynamic conditions

in the region.

This thesis is part of two research programs sponsored by MIT Portugal, a seed

project and the K2D project. For the present thesis, we emphasize the following

speci�c objectives, as part of these two projects:

1. Further develop and apply the MSEAS exact PDE-based path planning theory

and data-driven ocean modeling methodology to optimize the e�ciency and

endurance of ocean autonomous vehicles.

2. Set-up and validate multi-resolution 4D ocean modeling and forecasting in the
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domain of the Portuguese Eastern North Atlantic, which encompasses the Por-

tugal coast and the Madeira and Azores archipelago islands.

3. Implement our rigorous theory and schemes for time-optimal path planning and

risk minimization under realistic ocean conditions, apply schemes for surface and

bottom craft autonomous vehicles, and compare results based on vehicle speed,

travel direction, and start time.

4. Study the dynamic ocean �ow-�eld e�ects on di�erent vehicle journeys, to in-

clude travel from individual point-to-point, multiple start points and a common

end point, and multiple end points and a common start point, as well as com-

paring these paths to the direct, zero �ow-�eld path trajectory.

5. Predict interception courses and minimum arrival times for all surface points in

a dynamic �ow-�eld containing land masses.

In what follows, we will review the known ocean dynamics and circulation fea-

tures of the region, the utilization of AUVs and other ocean platforms in the region,

and a description of our MSEAS multi-resolution ocean modeling. We then review

existing path planning theories, and our theory and methodology for time-optimal

path planning using level set methods. We then apply our methodology for di�erent

missions and vehicles in the Portugal-Azores-Madeira region.
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Chapter 3

Background

This chapter discusses the ocean conditions of the region, the importance of AUVs

for many key areas and their use in Portugal, and the ocean modelling system that

we employed to model the ocean circulation and currents in the region.

3.1 Environment

We now describe the geography, physical features, and processes occurring in the

Portugal-Azores-Madeira region, as well as the properties of our ocean modeling sys-

tem. We emphasize the features of the ocean domain that are key areas for path

planning.

3.1.1 Ocean region and domains for modeling and planning

This research focuses on the Eastern Northeastern Atlantic Ocean region o� the

coast of Portugal, which contains the archipelago islands of Madeira and Azores. The

domain area is 2,700 km x 1,600 km, ranging in latitude from 28.88� N to 43.39� N,

and in longitude from 6.00� W to 35.93� W. Figure 3-1 shows a chart of the domain,

and Figure 3-2 shows a map with the main locations of interest that will be used for

creating optimal paths.

Table 3.1 shows all of the important locations that will be used as start and
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Figure 3-1: Portugal-Azores-Madeira Ocean Region [76]

destinations points for path planning. The locations of these points, also shown in

Figure 3-2, are important because they are directly o�shore from major destinations

within the Portugal ocean region, to include the major islands of Madeira and Azores,

the main ports of Lisbon and Porto, and a mid-domain point in the ocean to capture

far o�shore activity. These speci�c points would be practical for long range AUV and

other ocean platforms operating between major ports, as well as coastal sampling or

monitoring close to shore where a research vessel could launch, monitor, and collect

the AUVs.

Point Location

Lisbon 38:0� N 10:0� W

Porto 41:0� N 9:0� W

Azores 37:5� N 24:0� W

Madeira 33:5� N 17:0� W

Ocean (mid-domain) 40:0� N 18:0� W

Table 3.1: Locations of interest
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Figure 3-2: Locations of interest within domain (Google MyMaps)

3.1.2 Ocean Conditions of Portugal

The major ocean currents in this domain come from a weak current system con-

vergence in the Northeastern Atlantic Ocean [10]. The Gulf Stream feeds into the

Northern Atlantic subtropical gyre, which splits o� in its eastern reach into currents

called the Canary and Azores currents. These currents travel west to east, as well

as thePortugal Current System, which travels along the Atlantic coast of the Iberian

Peninsula, which contains Spain and Portugal. The Canary current is fed by the

Azores current, as they both branch o� from the clockwise Northern Atlantic gyre

[4]. Figure 3-3 shows the circulation of these currents.

The Portugal Current System contains both the Portugal Current and the Por-

tugal Coastal Countercurrent. The Portugal Current travels south from continental

Portugal towards the Azores archipelago. The Portugal Coastal Countercurrent trav-

els poleward along the west and north coasts of the Iberian Peninsula [70].

The western coast of the Iberian Peninsula experiences upwelling that a�ects

these currents seasonally. Seasonal upwelling cools the coastal waters between the
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Figure 3-3: General near-surface circulation of the Northern Atlantic Ocean [4]

late spring and early fall [6]. During this time, the northeast trade winds �ow over

the subtropical eastern boundary currents, creating Ekman transport in the o�shore

surface layer, and creating alongshore upwelling. This upwelling also leads to equator-

ward �ow that dominates the continental shelf and slope along the Iberian Peninsula

[4]. This upwelling creates the poleward subsurface �ow that makes up the Portugal

Coastal Countercurrent. In Figure 3-4, the red arrows show the Portugal Current

System along the Iberian Peninsula Coast during the spring, when upwelling begins

[4].

In this upwelling region within the continental shelf and the coast, the under-

current has a vertical extent of several hundred meters, where current meters have

indicated that most of the water column indeed �ows poleward [13]. Interaction of
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this poleward current with the coastal topography also leads to �ow separation and

eddy shedding along the coast [81]. Mediterranean water will also �ow north from

the Strait of Gibraltar along the continental slope to form part of this undercurrent,

extending from 1,500 m to the ocean bottom of the surface mixed layer [13].

Figure 3-4: Portugal Current System [9]

These seasonal changes in the currents from upwelling are caused by changes in

wind patterns throughout the year. The Azores High, a semi-permanent subtropical

high-pressure system, migrates seasonally and will have a 1 mbar di�erence from

mainland Portugal in the winter, and an 8 mbar di�erence in the summer. In the
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summer, this creates dominant north and northwesterly winds, which compound with

the upwelling of colder, deep ocean water along the continental shelf. In the winter,

the north/northwesterly wind weakens and can even reverse, leading to a reversal of

the surface �ow [13].

3.2 Multi-Resolution Ocean Modeling

We now describe the ocean modeling system and simulations used to characterize

the dynamic ocean circulations that we employed in our time-optimal path planning

study.

3.2.1 Modelling Set Up

To model the dynamic ocean environment, we employ the MIT Multidisciplinary

Simulation Estimation and Assimilation System (MSEAS) Primitive-Equation model

[30, 50, 28]. This is an advanced ocean dynamics and real-time modeling and pre-

diction software system. It solves the nonlinear free-surface hydrostatic primitive-

equations (PE) and provides a multi-scale �ow, temperature, and salinity �elds to

study and quantify tidal-to-mesoscale processes in any regional ocean domains [30, 28].

Its modelling capabilities include telescoping domains interconnected by implicit two-

way nesting for hydrostatic PE dynamics, second order structured �nite volumes, and

a high-order �nite element code on unstructured grids for non-hydrostatic processes

[30, 79, 103, 104].

This MSEAS software has been used and validated for fundamental research and

for realistic simulations in varied regions throughout the ocean [56, 77, 36, 27, 26,

85, 14, 95], and has been adapted in individual present work to include initialization

schemes [28], fast-marching coastal objective analysis [1], advanced data assimilation

[90, 44, 45, 88, 91, 49, 48, 5, 89, 47, 29, 92, 93, 63, 62], nested data-assimilative tidal

prediction and inversion [57], and subgrid-scale models [46].

This modelling system software was set up for time-optimal path planning in the

Portugal ocean region. The ocean �elds covered the ocean region spanning 2700 km
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Ö 1600 km, aligned to contain the coastline of Portugal, the Azores and Madeira

archipelagos, the northwestern coast of Africa, and the Mediterranean out�ow at the

Strait of Gibraltar, as shown in Figure 3-1. The simulated �elds were time-dependent,

and spanned a 34-day hindcast from 1200 UTC 17 March 2019 to 1200 UTC April 20

2019. The MSEAS PE model provides a realistic tidal-to-mesoscale multiresolution

simulation with complex geometries and varied interactions, which can be used to

predict the multiscale ocean �ow dynamics of the domain [60, 30, 28, 36].

We set up and developed implicit two-way nested ocean simulations, with an

overall horizontal grid resolution of 4.5 km for the larger domain, and smaller nested

domains of horizontal resolution 1.5 km for the areas of interest, and a half kilometer

domain on the coast between the cities of Porto and Lisbon, as shown in Figure 3-5 be-

low. These telescoping modelling domains employ high-resolution vertical bathymetry

and a vertical resolution of 100 optimized vertical levels. The barotropic tides are

based on the TPXO8-Atlas tidal forcing [24], and adjusted for our higher resolution

bathymetry, as well as Rayleigh bottom and coastal friction [57]. Tidal forcing is also

adjusted for speci�c quadratic bottom drag, where the drag coe�cient depends on

the thickness of the bottom level, which is a function of topography [34, 31]. Temper-

ature and salinity based feature models were utilized to model the continental shelf

and Mediterranean out�ow [45, 26]. Atmospheric forcing was applied at the free sur-

face and was obtained from the 1/5� NCEP Climate Forecast System atmospheric

�uxes [75]. The initial and open boundary conditions for the 4.5 km domain were

scaled from the 1/12� HYbrid Coordinate Ocean Model (HYCOM) data [16], and

data assimilation used for optimization for higher resolution bathymetry and coast-

lines [28]. The boundary conditions for the smaller 1.5 and 0.5 km nested domains

were derived from the 4.5 km domain.

From our high-resolution MIT-MSEAS simulations, we provide 4-dimensional

(longitude, latitude, depth, time) ocean �elds that include currents, temperature,

salinity, and biogeochemical �eld simulations incorporating the higher resolution do-

main around the Portuguese coast.
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Figure 3-5: Bathymetry (m) of Portugal-Azores-Madeira modeling domain

3.2.2 Comparison and Forecast Skill

The MSEAS ocean simulations were hindcast simulations, that is, forecast simulations

completed for past dates. These simulations were compared to ocean observations,

and validated by comparing against independent pro�le-based data sets from ARGO

�oats, BioGeoARGO �oats, and glider data, the locations of which are shown in Fig-

ure 3-6 below. This allowed us to evaluate the predictive skill of our multi-resolution

ocean model system set-up.

Figure 3-6: Locations of independent pro�le-based data of opportunity by type in modeling
domain.
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In Figure 3-7, we compare persistence forecast (the imaginary forecast that keeps

the initial conditions constant to forecast out) to our MSEAS-PE modeling system

predictions. Temperature (top row) and salinity (bottom row) hindcast �elds and

the original HYCOM model �elds are compared to independent pro�le data. The

results show a 20% improvement for a 7-day forecast, and an 8% improvement for a

14-day forecast. Since this forecast was completed for past dates using our MSEAS-

PE modeling system, it is a hindcast. The results highlight that our MIT-MSEAS

simulations beat persistence for these two weeks in the open ocean without data

assimilation. Similar skill was seen for other variables.

Our MIT-MSEAS multi-resolution 34 day ocean hindcast simulation in the two-

way nested 4.5 km resolution domain and 1.5 km resolution domains will be used

to represent the ocean environment that vehicles operates in. In what follows, we

illustrate these �elds, in the upper layers, in the 3D volume, at depth, and near the

seabed.

Figure 3-7: MSEAS Predictive Skill: red lines represent data observations, and the black
lines represent the model forecasts. The MSEAS-PE model consistently beats persistence for
2 weeks.
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