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a b s t r a c t

As the concurrent use of multiple autonomous vehicles in ocean missions grows, systematic control for their

coordinated operation is becoming a necessity. Many ocean vehicles, especially those used in longer-range

missions, possess limited operating speeds and are thus sensitive to ocean currents. Yet, the effect of currents

on their trajectories is ignored by many coordination techniques. To address this issue, we first derive a rig-

orous level-set methodology for distance-based coordination of vehicles operating in minimum time within

strong and dynamic ocean currents. The new methodology integrates ocean modeling, time-optimal level-

sets and optimization schemes to predict the ocean currents, the short-term reachability sets, and the optimal

headings for the desired coordination. Schemes are developed for dynamic formation control, where multi-

ple vehicles achieve and maintain a given geometric pattern as they carry out their missions. To do so, a new

score function that is suitable for regular polygon formations is obtained. Secondly, we obtain an efficient,

non-intrusive technique for level-set-based time-optimal path planning in the presence of moving obstacles.

The results are time-optimal path forecasts that rigorously avoid moving obstacles and sustain the desired

coordination. They are exemplified and investigated for a variety of simulated ocean flows. A wind-driven

double-gyre flow is used to study time-optimal dynamic formation control. Currents exiting an idealized

strait or estuary are employed to explore dynamic obstacle avoidance. Finally, results are analyzed for the

complex geometry and multi-scale ocean flows of the Philippine Archipelago.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction and motivation

The simultaneous use of multiple agents enables complex tasks

to be completed in a coordinated and robust manner. In nature, co-

ordination is commonly exhibited by bees, birds, ants, and other

animals when they perform activities such as foraging, navigation

and hunting. Coordination also improves the overall performance of

teams of autonomous robots. Multi-agent systems are then also ver-

satile and effective in completing tasks such as exploring, mapping

and monitoring. To execute such tasks, single agent approaches may

either be much slower or much more sensitive to disruptions and

uncertainties.

Coordination among Autonomous Underwater Vehicles (AUVs)

such as gliders and propelled vehicles (including surface crafts such

as kayaks) is now feasible in various types of ocean sampling and

exploratory missions due to major advances in manufacturing (Yuh,

2000), vehicle reliability (Bahr et al., 2009; Fiorelli et al., 2004),

robotics (Bellingham and Rajan, 2007) and autonomy (Curtin and
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Bellingham, 2009; Curtin et al., 1993; Hagen et al., 2007; Lermusiaux

et al., 2015). Equipped with sensors to observe the pertinent ocean

features, AUV teams can sample the ocean adaptively (Fiorelli et al.,

2004; Leonard et al., 2010; Lermusiaux et al., 2007; Ramp et al., 2009;

Smith et al., 2011; Wang et al., 2009), enabling individual units to ex-

ploit the information gathered by other group members (Bahr et al.,

2009; Paley et al., 2008). To do so, trajectories of underwater vehi-

cles need to be planned, which is challenging. As AUVs are suscep-

tible to ocean currents, their trajectories can be greatly influenced

by the flows they encounter (Lolla et al., 2014a; 2014b). Therefore,

autonomous planning should account for predicted currents, espe-

cially when they are strong and dynamic. Additionally, AUVs often

operate in sea environments with physical obstacles or with ‘forbid-

den’ regions, either of which can be dynamic. As a result, ideal au-

tonomous coordination should integrate ocean modeling with sens-

ing, planning, control, estimation and optimization.

As ocean flows are characterized by numerous spatial and tem-

poral scales, multi-vehicle tasks also encompass a wide range of

scales. In our applications, vehicles scales (meter and second) are as-

sumed shorter and faster than the flow scales of interest. Nonethe-

less, for smaller-scale ocean missions, specific vehicle speeds and pat-

tern formations can be critical. When a group must function as a
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communication network, spatial scales are limited by transmission

losses that increase with range. Small sampling scales are also needed

to characterize sub-mesoscale or turbulent features such as mi-

crostructures, eddies and algae patches. In larger-scale missions, un-

derwater vehicle-to-vehicle communication may be impractical. One

may then be interested in optimizing the endurance of the swarm

(Subramani et al., 2015) or in observing ocean processes such as

mesoscale fronts, coastal upwelling and relaxation events, basin-

scale current systems or coherent structures (Haley et al., 2009;

Michini et al., 2014; Reed and Hover, 2014; 2013; Rudnick et al., 2004;

Schmidt et al., 1996; Schofield et al., 2010). Similarly, for other sam-

pling applications, either slow or fast temporal scales may drive the

mission (Fiorelli et al., 2004; Leonard et al., 2007).

This paper presents a methodology for distance-based coordi-

nation of underwater vehicles operating in minimum-time within

multi-scale ocean flows, combining ocean modeling with a level-set

approach and optimization for coordinated motions. A critical ques-

tion is: can a group of AUVs be controlled to form and maintain

prescribed shapes or patterns while carrying out a mission, regard-

less of the ocean currents?; and if so, how? The goal of formation

control, a specific type of distance-based coordination, is to have a

group of vehicles organize into stable patterns, including geometrical

shapes such as triangles, squares, or lines. Presently, we combine such

coordination with time-optimal path planning. Applications include

transportation, surveillance, exploration, inspection and distributed

sensing (Jouvencel et al., 2010; Lolla, 2012; Mallory et al., 2013).

While single-vehicle missions provide local data on currents, temper-

ature and salinity, multi-vehicle missions coordinated through pat-

tern formation enable the direct estimation of gradients and variabil-

ity, which is fundamental.

A second contribution of this paper is a technique to compute

time-optimal trajectories of AUVs operating in the presence of dy-

namic obstacles and forbidden regions. Obstacles such as islands or

ships block the ocean currents as well as the vehicles. However, for-

bidden regions are open sea regions that the vehicles must avoid.

Examples include fishing zones, polluted or dangerous areas, or re-

gions to stay clear of in order to remain undetected. A simple ex-

ample with stationary forbidden regions was provided in Lolla et al.

(2012). Presently, we consider dynamic forbidden regions in realis-

tic settings and develop the solution technique. Such dynamic time-

optimal problems amount to a coordination among the AUVs and the

variable obstacles.

Pattern formation control (Bendjilali et al., 2009; Swaminathan

and Minai, 2005) has algorithms falling broadly into three categories.

The first consists of behavior-based approaches, in which the de-

sired behaviors (collision avoidance, formation keeping, target seek-

ing etc.) are prescribed to each robot (Arkin and Balch, 1998) and

the final robot control is derived by weighing the relative impor-

tance of each behavior. This method is flexible and can guide the

robots through uncertain environments using only the local sen-

sor information. Virtual-structure approaches constitute the second

category of formation control algorithms, where the entire group is

considered as a virtual rigid structure, so that the whole robotic sys-

tem is analogous to a physical object (Ren et al., 2003). Trajecto-

ries are not assigned to individual robots, but to the entire unit as

a whole. In leader–follower approaches for formation control, some

of the agents are labeled as the leaders and their trajectories are pre-

computed. The remaining vehicles (followers) form and maintain a

desired posture around the leaders. Such methods have been widely

studied, both for holonomic (Bendjilali et al., 2009; Desai, 2002;

Dimarogonas et al., 2009) and non-holonomic (Consolini et al., 2007)

robots operating in stationary environments, also considering noisy

communications among vehicles (Ren and Sorensen, 2008; Sisto and

Gu, 2006). Leader–follower methods are scalable and relatively easy

to implement. However, planning follower trajectories that are ro-

bust to faults in the leaders’ trajectories remains an active challenge.

Graph search (Desai, 2002) and potential field methods (Jouvencel

et al., 2010) are among the different techniques used to compute the

trajectories of the follower vehicles.

Potential field methods for cooperative formation control define

artificial force laws between pairs of robots or robot groups in or-

der to attain a prescribed formation (Jouvencel et al., 2010; Reif and

Wang, 1999; Yang and Zhang, 2010). Different types of potential-,

fluid- and force-fields have been studied (Fierro et al., 2002; Leonard

and Fiorelli, 2001; Pimenta et al., 2013; Sabattini et al., 2011; Zhang

and Leonard, 2007). Other formation control methods use implicit

shape functions (Chaimowicz et al., 2005). In such methods, the de-

sired shape is set as the zero-contour of a suitable function and ve-

hicles are then controlled by a gradient descent technique to achieve

the desired shape. The algorithm may be augmented with artificial

robot-to-robot repulsion to spread the robots uniformly along the

contour. This approach provides flexibility in the formation shape and

is suitable for a range of swarm sizes (Esin et al., 2008; Paley et al.,

2008; Zhang et al., 2007). Convex optimization techniques for forma-

tion control in swarms are discussed in Derenick and Spletzer (2007),

and extended to handle dynamic obstacles in Liu et al. (2011). For

more reviews on pattern formation control, we refer to Lolla (2012).

In most of the above formation control studies, the kinematics

of the vehicles is not affected by the environment. Yet, underwater

vehicles have limited operating speeds, and dynamic ocean currents

should be accounted for. For time-optimal path planning without co-

ordination, we can utilize recent level-set equations that apply to

regular ocean flows (Lolla et al., 2014a; 2014b). However, extending

this approach to coordinated path planning is a major challenge. It

may require a completely different method or a combination with

one of the above-mentioned algorithms. Presently, inspired by fluid

and ocean modeling, our aim is to obtain and employ governing prin-

ciples and equations that lead to coordinated motions under varied

flow regimes. A second challenge is how to deal with physical ob-

stacles and dynamic forbidden regions in such coordinated planning,

without increasing the computational cost. All of these challenges are

addressed next.

In Section 2, we define the notation and briefly review the level-

set equations for time-optimal path planning. In Section 3, we show

how the approach can be augmented to treat dynamic obstacles and

forbidden regions. In Section 4, we extend this approach and obtain

a methodology to plan optimal coordinated paths. These results are

exemplified using realistic multi-scale ocean flows in Section 5. Con-

clusions and future work are given in Section 6.

2. Time-optimal path planning using level-set equations

Our results on time-optimal navigation in dynamic ocean flows

with moving obstacles and time-optimal coordinated formation con-

trol are based on a recent level-set approach (Lolla et al., 2014a;

2014b; 2012). These level-set equations, which can be directly solved

for in ocean models, are now outlined. The presentation is limited to

two dimensions; the extension to higher dimensions is straightfor-

ward.

Let � ⊆ R
2 be an open set. Starting at time ts( ≥ 0), suppose a vehi-

cle (denoted by P) moves in � under the influence of a bounded, Lip-

schitz continuous dynamic flow-field V(x, t) : � × [0, ∞) → R
2. Let

F > 0 be the maximum speed of the vehicle relative to the flow. Let

the start and end points of the vehicle be denoted by ys and yf respec-

tively. The trajectory of the vehicle, denoted by XP(t; ys, ts) is governed

by the kinematic relation

dXP

dt
= FP(t)ĥ(t) + V(XP(t; ys, ts), t), t > ts, (1)

where FP(t) is the instantaneous relative speed of the vehicle that sat-

isfies 0 ≤ FP(t) ≤ F and ĥ(t) is the unit vector in the steering (heading)

direction. Hence, the relative velocity of the vehicle is FP(t)ĥ(t), and
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