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Abstract— Modular self-assembling systems typically assume
that modules are present to assemble. But in sparsely observed
ocean environments modules of an aquatic modular robotic
system may be separated by distances they do not have the
energy to cross, and the information needed for optimal path
planning is often unavailable. In this work we present a flow-
based rendezvous and docking controller that allows aquatic
robots in gyre-like environments to rendezvous with and dock
to a target by leveraging environmental forces. This approach
does not require complete knowledge of the flow, but suffices
with imperfect knowledge of the flow’s center and shape. We
validate the performance of this control approach in both
simulations and experiments relative to naive rendezvous and
docking strategies and show that energy efficiency improves as
the scale of the gyre increases.

I. INTRODUCTION

Modular, self-reconfigurable robotic systems (MSRRs)
that can function in aquatic environments have the potential
to facilitate detailed oceanographic studies, provide repair
and maintenance to ocean infrastructure, and create landing
platforms or bridges for drones or larger vehicles. But
operating in an ocean environment comes with challenges for
a distributed robotic system: the environments under study
may be several orders of magnitude larger than the individual
robotic modules and just the act of spreading out from or
converging to a single location may be difficult.

Prior work has already considered the significant chal-
lenges for modular systems of determining the proper shape
for a task [1]-[5], finding a feasible assembly order that does
not violate any motion or docking constraints [6]-[10], and
actually executing this assembly order in an efficient manner
[10]-[13]. These works, however, assume that modules are
present and available to assemble. In an oceanographic
setting robots may be sparsely distributed over tens or
hundreds of kilometers such that it is not trivial to command
them to return or converge. For resource constrained robots
with limited actuation and power-budgets, motion control
and path planning strategies that leverage ocean currents
can significantly prolong the operational lifespan of these
platforms.

One approach taken in the literature is to generate time
and energy optimal paths for autonomous marine vehicles
(AMVs) that leverage environmental flows [14]-[23]. But
these approaches require full knowledge of the flow field,
which is particularly difficult to obtain. And while existing
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strategies can account for ocean current forecast uncertainties
in planning [24]-[28], they still need complete knowledge
of the flow. Alternatively, the path planning problem for
converging aquatic modules can be considered as rendezvous
in a flow, but existing work [29]-[31] on such rendezvous
assumes complete knowledge of the flow field, and the results
have mostly been theoretical.

The contribution of this work is the development of flow-
based rendezvous and docking strategies for resource-
constrained robotic modules that (unlike in prior work) do
not have full knowledge of the flow dynamics in gyre-
like flows. These strategies can be used to fuse persistent
monitoring of dynamic environments like the ocean by sparse
robot teams [32] with the flexibility of MSRRs to tackle
unpredictable tasks, and to allow self-assembly over large
distances. These strategies are developed using the Modboat
platform (shown in the inset of Fig. 1), an underactuated
aquatic surface MSRR developed by the authors [33]-[38].
Modboats can dock in a rectangular lattice through passive
magnetic docks [35], can move as a single unit in arbitrary
lattice configurations [36], [37] despite each having only one
motor, and are an ideal resource-constrained test platform.

The rest of the paper is organized as follows: gyre-
like environments are defined and the problem statement
is formalized in Sec. II, Our flow-based rendezvous and
docking (FBRD) controller is presented in Sec. III, and
our experimental setup and results are detailed in Sec. IV.
Experimental and simulation-based validation is discussed
in Sec. V. Conclusions and directions for future work are
presented in Sec. VL.

II. PROBLEM FORMULATION
A. Gyre-Like Flow Fields

A 2D gyre-like flow-field field W C R? has the form
given by (1), where & € W. The dissipative dynamics of the
flow are given by V; : W + R2?, and the non-dissipative
dynamics by V; : W — R2. The solutions or trajectories
of (1) form roughly concentric orbits.

F = V(&) + Va(E), (1)

A more complete and formal list of properties of gyre-like
flow fields is provided in our prior work [32], [38], but we
summarize the most critical properties of V(%) here:

1) Star-shaped: any line outward from the center of the

gyre intersects a trajectory of V(&) only once.

2) Monotonically changing angular velocities: There

exist regions in the flow where the angular velocity
changes monotonically with distance from the center.
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Fig. 1.
two propellers are visible at the top and bottom of the image, and a glass
observation window is present on the right-hand side. Inset: a photo of
one of the Modboat modules used in this work. The Modboat is described
in [33], [38], and the controller used in this work is developed in [32], [34].

An overhead view of the racetrack shaped experimental tank. The

These properties will enable us to synthesize motion control
strategies for robots in gyre-like flows that rely on minimal
and imperfect information about the gyre shape and center.

B. Problem Statement

Consider a system of aquatic modules comprising a mod-
ular self-reconfigurable robotic system (MSRR) in a gyre-
like flow. Some of the modules form a lattice, while others
are scattered throughout the environment performing various
tasks. Individual modules may be tasked to rendezvous with
the lattice and dock to a particular location within it, to
faciliate reconfiguration or to recharge and offload data. In a
sparsely populated ocean environment, the modules may be
kilometers apart, and may not have the resources to make a
journey to the lattice for docking.

Our prior work [32] showed that imperfect knowledge
could be used without a full flow model to generate energy-
efficient orbits. In this work, we argue that similar techniques
can be used for energy efficient rendezvous. As in our prior
work [32], assume that we have a robot that can act as a
pointable thruster on a time-scale much less than the period
of the flow!, and imperfect knowledge of:

o The shape of the gyre orbits.

o The gyre center.

« The robot’s location relative to the gyre center.

Problem: Given a single mobile module and a less mobile
lattice of docked modules, design a controller capable of

1) energy-efficient rendezvous with minimal information

about the flow, and

2) precise docking over short distances to specific loca-

tions in the lattice.

III. METHODOLOGY
The task of docking in a gyre-like flow as considered in
this work and described in Sec. II is split into three stages.

10n realistic ocean timescales, effectively all robots satisfy this property,
and the Modboat specifically is shown to act this way in [34].

Let the characteristic length of a Modboat lattice be given by
diqt, and the distance between the lattice and an incoming
module be given by d,.,. Then flow-based rendezvous and
docking (FBRD) is split into the following stages:

1) Rendezvous: driving dg.p from dgsep > digr to dgep ~
djqt — i.e. bringing the incoming module to the lattice
from some distance away.

2) Following: maintaining dycp, ~ diq: While waiting for
an available dock — i.e. waiting close enough to the
lattice to activate docking when ready, while not being
accidentally captured in the wrong position.

3) Docking: bringing dgs., — 0 — i.e. actually docking
to the desired opening in the lattice.

Stage 1 is particularly important for energy efficiency since
ocean gyres can range from tens of meters to hundreds of
kilometers in size, and the task of rendezvous over such
large distances is likely to be very energy intensive. Reducing
the cost by leveraging the surrounding currents at this stage
would provide significant benefits to modular ocean systems.

A. Rendezvous

The flow-based control strategy in our prior work [32]
showed over 70% energy reduction when orbiting a gyre by
using the flow for orbital motion and thrusting only radially
to adjust the orbital period. We propose to enable energy-
efficient rendezvous by using this strategy to reduce the
difference in phase between the mobile individual module
and the less mobile lattice it is docking to.

As shown in prior work [32], the flow field can be mapped
to a circular orbital model as in (2), where r € Ry, © €
[0,27), using a linear map g : (71, 22)7 € W (r,0)T €

C, such that ©® = arctan (%:ig;) (the angle from the

gyre center ¥, to the robot at ¥ = [r1 x2]T). In 2) v
captures dissipation, while €) represents the orbital dynamics.

- larey) @

Letting the subscript lat indicate the lattice and mod
indicate the incoming module, we can define the angular
error and rendezvous controller as in (3) and (4), where
Keew =1 (—1) if the flow is counterclockwise (clockwise)
and K,,; = 1(—1) if faster flow is further out from (closer
in to) the center. We choose some small phase difference eg
as the desired separation to await the docking maneuver, and
we choose t+eg such as to minimize |eg]|.

€o = chw (@lat - emod £ 6@) (3)
Tdes = Tlat T KpKouteG (4)

,};

C . 9

Eq. (4) has the effect of driving the desired radius to
T4+ at the same time as the phase difference eg = 0, thus
bringing the module to some small distance from the lattice.
In (3), K.cw adjusts the sign of the error such that positive
(negative) error indicates phase lag (lead) regardless of the
direction of flow, while in (4) K,,; ensures that phase lag
is compensated for by moving to faster water, while lead
causes movement to slower water.



The Modboat desaturated thrust direction (DTD) con-
troller [34] is then given a heading as per (5) to track the
desired radius 74.s & €, for some small value of ¢,. Eq. (5)
thrusts either outward or inward (at maximum thrust ,,.;)
from the approximate gyre center to adjust the orbit of the
incoming module.

Tmod < Tdes — €r
Hrmod - rdes” < € (5)
Tmod 2 Tdes T €r

(uma$7 ®mod)
(Oa emod)
(umax; _@mod)

(u,0,) =

B. Following

Once the rendezvous controller in Sec. III-A has brought
dsep ~ diqt, We can now consider the problem of docking.
Since rendezvous uses only the location of the lattice, it is
possible that the module arrives when the lattice is oriented
unfavorably for the desired docking position. If the lattice
is itself large, the module is low on energy, or the flow is
particularly strong, naively swimming to the target dock may
be unfeasible.

Thus we consider the energy efficient methodology of fol-
lowing the lattice — i.e. maintaining some desired separation
distance dg.s ~ dj,; — while waiting for a favorable docking
position. If we define ©,, as the heading from the lattice
to the module, then we can define the following controller
as in (6).

(umawa @sep) dsep < ddes — €sep
(’LL, 97") = (07 @sep) Hdsep - ddes” < €sep 6)
(Umaxa ™= @sep) dsep > dges + €sep

Eq. (6) has the effect of thrusting away from the lattice
when the module comes too close, and towards it when
the module is too far, with €., defining a safe ring within
which the module can drift freely. As long as the flow is
not divergent in the region occupied by the lattice and the
module, we can expect that both will maintain a relatively
constant separation in both radius and phase under this
control law with minimal energy input.

Once the desired docking position is in view (via angle and
distance criteria), the individual module can thrust towards it
using the homing strategy® described in our prior work [35].

C. Lattice Control

Transition from following stage to the docking stage in
Sec. III-B requires that the desired dock location be in view,
but the following controller does not actively pursue moving
towards the desired dock location. Instead, the lattice is
tasked with rotating to bring the desired location into view.

Prior work [36]-[38] has demonstrated that a lattice of
docked Modboats, such as the one shown in Fig. 2, can be
controlled as a single unit without unintentional undocking
maneuvers. This is done by using (7) to map a surge force
fiar and yaw torque 7,4+ applied to the lattice to individual

2Note that the strategy in [35] begins with distancing — i.e. achieving
distance along the perpendicular approach vector. This phase is skipped here
because this distance is already enforced by the following stage.

Fig. 2. Configuration of four docked Modboats in a square lattice; for each
boat, the top body is shown in black, while the bottom body/tail is in blue
and flippers are in gray. ¢ represents the angle of the tail relative to the
front of the module, and intentionally colliding the protruding tails causes
modules to undock [35].

boat forces f The structural matrix P in (8) encodes the
lattice structure (x; represents the lateral distance of module
i from the center of mass), and PT represents the Moore-
Penrose pseudo-inverse of P [36]-[38]. Each module then
achieves this force by modulating its oscillation amplitude
to set the magnitude and choosing a centerline of either 0 or
7 rad to control force direction.

F=P [fiar miat]” )
p_[U 1 1 )
T1 T2 IN-1 TN

Notably, however, when used only for yaw control this
strategy causes uncontrollable sideways drift. This occurs
because precise yaw control requires frequent shifts from
positive to negative thrust, and the resulting large centerline
transitions impart sideways forces to the structure [36]—
[38]. Since the proposed docking method requires precise
alignment, such sideways drift would be highly disruptive,
and pure yaw or yaw-rate control would be desirable.

To alleviate this, we modify the strategy for group yaw
control presented in our prior work [36]-[38] by assigning
each module to either a CW or CCW group. Each can then
maintain its centerline for as long as control is active, and
changing between positive and negative torque is done by
changing which group is thrusting instead of by changing
centerlines. Pure torques can be generated as long as each
group has at least two modules, and no sequence of adding
additional modules can leave either group with fewer than
two members.

To use this control approach, we start with the structural
matrix P as defined in [36], [37], and selectively zero
columns to create P,..,, and P,,, (with (9) as an example for
the lattice in Fig. 2). The appropriate matrix is then chosen
based on the desired torque 74, as in (10).

1 1 0 0 00 1 1
PCC’LU - |:.131 .132 O 0:| Y Pcw - |:0 O $3 x4:| (9)
Pccw a 0
P Tlat = (10)
Pcw Tlat < 0



TABLE I
COEFFICIENT VALUES USED IN (3), (4), AND (11) FOR THE SIMULATION
RESULTS PRESENTED IN TAB. I AND FIG. 3.

I'[m?/s] a[m] Kew Kow Kp[m/rad vmax [m/s]
0.0565  0.05 1 -1 0.75 0.08
TABLE 11

SIMULATED RENDEZVOUS SUCCESS RATE BY INJECTED GAUSSIAN
NOISE STANDARD DEVIATION o APPLIED TO THE FLOW-FIELD.

o [m/s] ‘ 0.000  0.001 0.010 0.100 0.200 0.500
# Successes | 49 49 49 49 48 29
# Tests ‘ 50 50 50 50 50 50

Using this strategy of assigning forces to individual mod-
ules, a simple PID loop (see our prior work [35]), can control
either the yaw or yaw-rate of the lattice without causing
sideways drift, as will be shown in Sec. IV. More detail on
the method described in this section can be found in [38].

IV. RESULTS

Experiments were conducted in a 4.5 m x 3.0 m x 1.2 m
racetrack shaped water tank, shown in Fig. 1, equipped
with an OptiTrack motion capture system providing planar
position, orientation, and velocity data at up to 120 Hz. A
single gyre was created by placing two horizontally mounted
propellers, spinning at 200 rpm, along the straight edges of
the tank as seen in Fig. 1. In this configuration, the flow is
shaped by the walls of the tank and forms a clockwise gyre
with faster flow towards the outside. The maximum observed
fluid velocity at the outer boundary was 0.18 m/s.

A. Simulation

Simulation was used to evaluate the robustness and re-
peatability of the flow-based rendezvous controller when not
constrained by the boundaries of our experimental facility,
as well as to assess its performance at more realistic gyre-
flow scales. In simulation the rendezvous controller (4) is
implemented to calculate the desired orbital radius, and
then the individual module and the lattice are treated as
point particles with velocity inputs and values shown in
Table I. Convergence occurs when the module and lattice
are 7.5 cm apart. We considered a Rankine vortex model
as given in (11), and the maximum velocity at which the
individual module can move v,., = 8.0 cm/s is set to
approximately match the Modboat max velocity under DTD
control of 9.3 ¢cm/s [32].

_L r/a?
27 1/r

r<a

(1)

vo(r) r>a

To evaluate robustness and repeatability, simulations were
run with randomly distributed lattices and modules with
varying levels of zero-mean Gaussian noise to simulate
uncertainty in the flow model. T', as given in Tab. I, was set to
give a maximum velocity of 0.18 m/s (at the interior bound-
ary), which matches the maximum observed experimental

—— Module ::

Fig. 3. Sample results of a rendezvous simulation in a Rankine vortex under
FBRD. The module is marked in blue, and the lattice in green, with both start
locations indicated by a circle marker. The module starts ahead of the lattice,
and so moves quickly to slower water to await the rendezvous. Additional
simulations can be viewed in the accompanying video and in [33].

== FBRD
150 + Naive

Cost [m]

0 20 40 60 80 100 120
Initial Radius [m]

Fig. 4. Cost of FBRD and naive approach as the dimension of the Rankine
vortex grows. FBRD maintains constant cost, while the naive approach cost
grows linearly with gyre dimension. Cost is calculated as distance traveled
due to controller input, since distance traveled due to the gyre flow is free.
50 iterations were run at each dimension for each controller.

velocity (at the outer boundary). Success rates for robustness
to noise are shown in Tab. II, showing high robustness until
the noise level significantly exceeds thrust capacity.

To evaluate the performance of FBRD at more realistic
gyre scales and compare it to the naive approach of con-
stantly swimming towards the lattice target, simulations were
run at varying scales. For varying values of an initial radius
R, the value of T" was adjusted so that vyp(R) = 0.18 m/s,
and the module and lattice were spawned at random locations
within the ring defined by € [R—0.2, R+0.2] m. Cost was
measured as distance traveled due to the controller (distance
traveled due to the flow is free), and cost scaling is shown
in Fig. 4. FBRD becomes significantly more efficient than
the naive approach as the scale becomes more realistic.

B. Experiments

We experimentally evaluated the ability of the lattice
controller described in Sec. III-C to control yaw alone
without causing sideways drift by commanding step changes
in orientation without active flow. As shown in Tab. III and
Fig. 5, modified lattice control significantly reduced lateral
drift observed in prior work [36], [37] while preserving con-



TABLE III
MODIFIED LATTICE YAW CONTROLLER PERFORMANCE, AS 11 & o.

TABLE IV
MODIFIED LATTICE YAW-RATE CONTROLLER PERFORMANCE, AS ¢t £ 0.

| Original [36], [37] Modified wges [rad/s] | —0.1 —0.05 0.0
Lateral drift w/o flow [cm/s] | 2.1+£0.37 0.18 £ 0.060 100weps [rad/s] | —=7.84+1.3 —6.8+£1.7 —38=%1.1
T Statically significant difference over the other strategy. RMS Err [rad/s] 0.022 0.018 0.038
TABLE V
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Fig. 5. Samples of pure yaw correction for (a) a five boat line under prior
collective control [36], [37] and (b) a four boat square under the modified
control presented in Sec. III-C, with individual boats shown as dotted lines.
Starts (ends) indicated with squares (Xs). Prior control in (a) results in large
lateral drift, but modified control in (b) results in minimal lateral drift.

trollability. The modified controller was then evaluated for
its ability to control yaw-rate in the presence of a flow. The
lattice was commanded to track varying rotational velocities
(about its own center of mass), and the performance was
tracked. Results are given in Tab. IV.

Evaluation of the overall flow-based rendezvous and dock-
ing (FBRD) controller was performed by testing the end-to-
end system with coefficients given in Tab. V. We considered
a square lattice composed of four Modboats (see Fig. 2), with
a single Modboat serving as the mobile module. A dock
location was manually selected on the square lattice, and
both the module and the lattice were released from random
positions in the flow and allowed to attempt to dock until
a dock occurred or the test timed out at 4 minutes. The
individual Modboat module was able to rendezvous with,
follow, and dock to the lattice in all cases that did not
encounter the tank boundaries, resulting in thirty successful
tests. A sample rendezvous and docking trajectory is shown
in Fig. 6a, which demonstrates the general behavior of the
controller: swim out to take advantage of faster water, wait
while gaining on the lattice, and then swim back to transition
to following and docking.

We also evaluated docking in a gyre flow using the the
naive docking approach presented in our prior work [35]
integrated with DTD control [34] as a control case. Despite
not being designed with flow in mind, the naive approach
successfully rendezvoused and docked in fourteen out of
fifteen cases’, and a sample trajectory is shown in Fig. 6b,
which demonstrates the general behavior of this approach:
follow a curved trajectory defined by the movement of the
mobile module towards a drifting target before transitioning
to docking. Active lattice control was not used for these tests.

Since the goal of FBRD is energy-efficiency when ren-

3We note that the last case also successfully rendezvoused and docked,
but to the incorrect target location.

COEFFICIENT VALUES USED IN (3), (4), AND (5) FOR THE EXPERIMENTAL
RESULTS PRESENTED IN TAB. VI.

Keew Kout Kp [m/rad} €e [rad] €r [m}
-1 1 0.5 (0.7 m)/rf . 0.05

* The angle is adjusted to track 0.7 m from the lattice at any radius.

dezvousing over large distances, we compared both overall
energy cost and the energy cost per distance traveled for
our flow-based strategy and the naive approach strategy,
and the results are presented in Tab. VI. To ensure a fair
comparison, six iterations were run with an initial (enforced)
phase separation of 7/2 rad, and four iterations with an
initial (enforced) phase separation of 7 rad. Since (5) is
either fully on or off, we use time the controller is on (time
on) as a proxy for energy consumed by the controller.

A primary issue encountered in our experiments, however,
was the impact of testing facility dimensions. The exper-
imental tank is 3.0m wide, but the Modboats are 0.14m
in diameter, so there are ~ 10 body lengths between the
center of the gyre and its edge on the shortest side, or ~ 5
body-lengths for the square lattice of four Modboats. This
means that the Modboats frequently interact with the control
limits, either in the form of the fastest flow at the outer
wall, or the slowest flow on an interior virtual boundary that
prevents interaction with the gyre center. These issues were
not encountered in simulation, where the boundaries were
not present as described in Sec. IV-A.

V. DISCUSSION

The flow-based rendezvous and docking (FBRD) con-
troller) in this work was motivated by the need for improved
energy efficiency when traveling over large distances in gyre-
like flows. Tab. VI shows that our flow-based approach
provides significant efficiency improvement when compared
to naively swimming towards the target, despite limited
knowledge of the flow. This allows resource constrained
modules to travel far on a limited energy supply and ren-
dezvous with other modules or lattices in an efficient way.

The top half of Tab. VI compares the total energy cost
of the two approaches and highlights comparable cost for
FBRD and the naive approach at experimental scales, but our
flow-based approach is expected to be far more economical
in a larger gyre. For a gyre with characteristic length L, the
naive approach has linear cost Cj 4y ~ L, since — in the
worst case — the module must cross the entire gyre. FBRD,
on the other hand, has constant cost* Ctiow ~ 2K,. Tt is

“4In general, the motion of the flow-based rendezvous consists of changing
its radius by K * eg(0), which is constant in L, and then returning to the
original radius, which is also constant in L.
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Fig. 6. Sample trajectory for (a) FBRD and (b) naive approach, with the

tank boundary and gyre center indicated. Start (end) positions are marked
with squares (Xs). Individual lattice modules are shown as dotted lines in
(a). Thicker sections of module plot indicate active control is on, with the
continuous control on region on the left side corresponding to docking mode.

therefore reasonable to expect that our controller may be
less economical at small scales, but far more economical
at realistic ocean scales’. Fig. 4 shows this growth in
cost (measured as the distance traveled as a result of the
controller) as the gyre grows to 128 m in radius, and the
pattern can be expected to continue to more realistic scales.

Simulations also demonstrate that our rendezvous ap-
proach is robust to noise in the flow model, as shown in
Tab. II. The module and lattice successfully converged in
98% of cases even in the presence of noise, with the failure
attributable to timeout, which indicates that our controller
is likely to succeed even in the presence of ocean current
variations. When the noise significantly exceeds the max
robot velocity, however, the success rate drops significantly.
While this likely indicates that more work is needed to
rendezvous in stormy or particularly violent water, part of the
failures can be attributed to the final following and docking
stages, which were not implemented in simulation. Thus in
many cases the module made it to the lattice, but could not
converge completely under the rendezvous law alone.

Part of the economy of FBRD comes from cooperation
with the lattice, which adjusts its orientation to present an

50ur tank has L = 3.0m, while our experimental K, = 0.5. Thus
Chraive ~ 3 and worst case Crioq, ~ 2mKp = 3.14.

TABLE VI
ENERGY COST (MEASURED AS TIME ON) AND EFFICIENCY (TIME ON PER
DISTANCE TRAVELED) BY INITIAL PHASE SEPARATION, AS ¢t £ 0.

eo(0) | =/2 [rad] m [rad] Overall
Time Flow 19 + 3.47 53+ 14 —
on [s] Naive 27+ 74 42+ 16 —
Efficiency Flow | 3.3+0.477 33+1.1f 3.3+0.67f
[s/m] Naive | 6.7+ 1.6 9.6+ 2.6 7.7+£23

T Statically significant difference over the other strategy.

available docking position. The lattice has a natural rotational
velocity when in a gyre, which depends on its shape and
the particular flow. The lattice’s ability to adjust its yaw-
rate (shown in Tab. IV) is poor in terms of accuracy, but —
critically — it can still shift its mean rotational velocity either
down to allow successful docking or up to bring docking
positions into view more quickly. Since the primary goal
— adjusting yaw/yaw-rate without drifting sideways (see
Fig. 5) — is achieved, rendezvous and docking can still occur
despite poor tracking performance.

VI. CONCLUSION

In this work, we have presented a flow-based rendezvous
and docking controller that allows individual aquatic
modules in a modular self-reconfigurable robotic system
(MSRRs) to cover large distances to converge on a lattice
they are assembling, despite resource contraints and limited
knowledge of the gyre-like environments they inhabit. This
is achieved by using imperfect knowledge of the gyre center
and the module’s location relative to it to thrust radially and
adjust the angular velocity with which the gyre flow carries
the module. Once the distance between the module and the
lattice is decreased to a manageable magnitude, our method
uses minimal thrust to maintain separation from the lattice,
while the lattice rotates to present a valid docking position
that the module can then dock to.

We have shown experimentally that this method is suc-
cessful and can be repeatably executed as an end-to-end
system. While equivalent to a naive docking approaches at
small scales, our controller provides increased efficiency of
travel and simulations show that it becomes more economical
at realistic ocean gyre scales, where both time-scales and
distances are large. We have also shown in simulation that
the rendezvous controller is robust to noise in the flow-field
and converges effectively and repeatably, especially when
boundary effects that limit experimentation are removed.

In future work, we hope to experimentally evaluate the
performance of our system in realistic gyre conditions at a
much larger scale, which will avoid boundary conditions and
validate the cost predictions of our simulations. More com-
plex gyre shapes and arrangements will also be considered,
such as the wind-driven double gyre model, as well as the
challenge of learning the needed gyre information from local
measurements. Future work will also consider the effect of
decentralized coordination on the system, in which the lattice
and module communicate with each other directly to achieve
docking, rather than being guided by a centralized system.
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