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A coverage motion planning approach for UVMS-based propeller
cleaning in obstacle-occluded environments
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Abstract— This work addresses the problem of underwater
propeller cleaning in environments containing obstacles using
an Underwater Vehicle Manipulator System (UVMS). Prior
propeller-cleaning approaches plan coverage tool paths with-
out explicitly considering the connectivity of the associated
Surface-Constrained Configuration Space (SCCS), leading to
unnecessary lift-offs in obstacle-occluded settings. In contrast,
we formulate the coverage problem in the disconnected SCCS
as a Generalized Traveling Salesman Problem (GTSP) within
a hierarchical framework, accounting for obstacles and at-
tempting to minimize the number of tool lift-offs. We consider
explicitly the tool lift-off paths in the GTSP cost formulation,
utilizing the hierarchical framework to guide the search without
exhaustively evaluating all possible paths. To achieve smoother
tool paths with fewer turns, we introduce a cost that promotes
alignment with desired coverage curves. Finally, we time-
parameterize the coverage path into a whole-body UVMS tra-
jectory by minimizing the duration of the cleaning task, while
respecting the robot hardware limitations. The effectiveness of
the proposed method is demonstrated in a realistic simulation
scenario.

I. INTRODUCTION

Maintaining the propeller of marine vessels clean from
marine biofouling [1] is essential for increasing its life-
time [2] as well as the overall efficiency of the vessel [3],
while reducing its ecological footprint. The constraints as-
sociated with a human-diver-based cleaning operation, i.e.,
high cost, limited diving times, and safety risks, promote the
adoption of automated solutions.

Hull-crawling robots [4] are already used for replacing
divers in cleaning the relatively flat surfaces of marine
vessels [5], [6]. However, the highly curved geometry of the
propeller, as well as its confined surroundings that usually
consist of the propeller shaft, ship rudder, and ship hull,
dictate increased dexterity. Robot manipulators equipped
with cleaning tools such as polishing disks and brushes [7]
can carry out such a dexterous task [8], [9]. However,
their fixed base limits their effectiveness. To tackle this
issue, [10] employs an Underwater Vehicle Manipulator
System (UVMS) for cleaning the propeller of a deployed
vessel, taking advantage of both the mobile base mobility
and the robotic arm dexterity. As for the considered coverage
method, [8], [9], [10] primarily address the coverage problem
of a single propeller blade and plan tool paths directly in
the task space without reasoning about the connectivity of
the robot Surface-Constrained Configuration Space (SCCS).
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Fig. 1. The figure illustrates the scenario of a UVMS cleaning a marine
propeller obstructed by an obstacle (rudder).

Consequently, when multiple surfaces (e.g., the three blades)
or the presence of obstacles fragment the SCCS into discon-
nected components, the resulting paths may involve unnec-
essary tool lift-offs.

This work considers the problem of propeller cleaning
using a UVMS equipped with a cleaning tool on its end-
effector. Unlike the previous approaches [8], [9], [10], here
we aim to program the cleaning of all the propeller blades,
considering not only the individual blade-covering phase but
also the robot transition between the individual blades. To
make the scenario as realistic as possible, we consider the
case in which the access to the propeller blades is interrupted
by obstacles such as the vessel’s rudder (see Figure 1). Both
the presence of the obstacle, which may create discontinuities
on the SCCS of the robot, and the fact that the area to be
cleaned is not continuous, will force the robot to lift the
cleaning tool and reattach it to the surface multiple times.
Since establishing contact with the propeller may result to a
poor surface quality or even damage the surface, minimizing
the number of lift-offs is crucial and should be accounted
for in the overall motion planning approach.

In the literature, there exist works that consider the prob-
lem of surface coverage when the robot SCCS is discon-
nected. In [11], [12], [13], [14], the singularity-free compo-
nents of the disconnected SCCS are projected on the surface
of interest. For each resulting area, a coverage planning
algorithm is used for determining a tool path. In the case
of overlapping projections, graph optimization approaches
that minimize the tool lift-offs are employed, determining the
portion of the disputed projected area that will correspond
to each distinct SCCS component. These approaches rely
on the assumption that for each surface point, there exist a
finite number of Inverse Kinematic (IK) solutions to create
the surface patches, and do not consider configuration space
costs such as joint movement. Finally, these approaches do
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not plan for the transition paths between surface parts and
their entry and exit points.

An alternative approach is followed in [15], [16], [17],
[18]. In its basic form [15], Joint Generalized Traveling
Salesman Problem (JTSP), the surface coverage problem
is treated as a Generalized Traveling Salesman Problem
(GTSP) in the robot’s SCCS, with nodes being the distinct
robot configurations and groups of nodes formed by the
configurations that correspond to the same surface point.
The edges between the nodes of two different groups are
weighted according to the transition cost from one con-
figuration to the other. However, to mitigate the inherent
combinatorial complexity of this method, one may resort
to a sparser surface and SCCS sampling. To reduce the
computational cost, [18] presents a hierarchically accelerated
version of this method named hierarchically accelerated joint
GTSP (H-JTSP). In particular, a higher-level GTSP (HL-
GTSP) is solved in SCCS using only a reduced number
of representative surface points and thus a reduced num-
ber of robot configurations in SCCS. Using the resulting
connectivity to reduce the number of nodes in SCCS, a
lower-level GTSP (LL-GTSP) is solved, considering all the
surface points and the remaining nodes in the SCCS, leading
eventually to the resulting coverage path. The above method
can plan surface coverage paths as well as decide on the start
and end configurations of the robot reconfiguration motion
if required. However, this choice aims only to minimize
the number of reconfigurations, disregarding the quality
of the motion required for these reconfigurations. In the
context of UVMS-based propeller cleaning, the starting and
end configurations of the robot reconfiguration phase may
significantly affect the length and thus the duration of the
robot motion, mainly due to the robot’s mobile base. As a
result, this motion needs to be taken into account during the
decision process. Furthermore, both JTSP and H-JTSP tend
to generate tool paths with frequent sharp corners, which
may lead to poor surface quality [19]. In the case of a
marine propeller, the surface quality affects its performance
[20]. Inspired by [21], where the isolines of various “slice”
functions are used to generate desired coverage patterns, we
design such a function to promote smoother patterns with few
turns, similar to those suggested in [20] for marine propellers.

In this work, we extend the H-JTSP framework to UVMS-
based propeller cleaning in obstacle-occluded environments.
Compared to H-JTSP for fixed-base manipulators with no
collision avoidance constraints, we: (7) add collision check-
ing during IK solution sampling and GTSP edge cost design
to generate a collision-free path. (i7) attempt piecewise-linear
surface-constrained connections, instead of only relying on
linear (in SCCS) segments for designing GTSP edge costs
and paths; for disconnected surface components, we invoke
a path planner for the reconfiguration motion and use the
resulting path lengths in the GTSP cost design. In contrast,
in H-JTSP, all reconfiguration GTSP edges are treated as
equal with a constant large weight; (i:¢) reduce reconfigura-
tion path planner computations in LL-GTSP by considering
paths only between clusters chosen to be connected by

vehicle

Fig. 2. The considered UVMS with a cleaning tool attached to its end-
effector. Red, green, and blue arrows respectively denote the z, y, and z
axes of the illustrated reference frames.

a reconfiguration planner path in the HL-GTSP solution;
(7v) promote coverage patterns with fewer sharp turns by
sampling along equidistant geodesic isolines on blades and
adding an isoline-alignment cost in LL-GTSP; and (v) con-
vert the selected configuration-space path into an executable
whole-body UVMS trajectory via spline smoothing and time
minimization under velocity and acceleration constraints.

The rest of this paper is structured as follows: in Section II,
we provide preliminary concepts and the formulation of
our problem. In Section III, we describe our methodology.
In Section IV, we demonstrate the effectiveness of our
approach in realistic simulations. Finally, concluding remarks
are offered in Section V.

II. PRELIMINARIES

Figure 2 illustrates the considered UVMS consisting of a
fully actuated mobile base and two robotic arms. For this
work, only one of the robotic arms will be used, while
the other will maintain its home configuration. We denote
by F, and F, the inertial and vehicle-attached reference
frames, resjpectively. We define the vehicle pose as . =
[71;7; 7]3;] € RS, where n, € R3 is the position vector
of the F, origin with respect to F,, and , € R? the vector
representing the orientation of frame F,, with respect to F,.
As for the configuration of the robotic arm, it is defined as
q = [91 Hm]T € R™, where 6, is the angle of its
i-th joint and m is the number of arm joints. By g € R™
we denote its time derivaTtive. Finally, we define the UVMS
state by x = [gT gTJ where £ = [n” qT]T € R” is
the overall UVMS configuration with n = 6 + m.

The UVMS is equipped with a cleaning tool attached to
its end-effector (see Figure 2). The considered cleaning tool
has a rotating head with a circular cleaning surface (i.e., the
part of the rotating head that comes into contact with the
surface to be cleaned) of radius r; > 0. We denote by JF;
the tool frame whose origin is placed at the intersection of
the cleaning surface and the axis of the tool rotation, while
its x-axis is aligned with the axis of rotation pointing toward
the surface to be cleaned. The position vector of the origin
of F; with respect to F,, is denoted by p, € R? while
its x-axis unit vector by n; € R3. Both vectors are related
to the UVMS configuration by the forward kinematic maps
p, = ki(€) and n; = o4(¢). Let also n, = o,(¢) € R3
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be the vehicle’s z-axis (surge) unit vector and the associated
forward kinematic map.

Let us consider a point cloud PC. C R? of the robot
operational space acquired by an onboard underwater laser
scanner. Let us also assume that the propeller does not
move with respect to the world frame. In tuple Mo =
{Mo,,Mo,, ..., Mo, } we collect the meshes of the N,
individual objects (including the propeller) extracted by
processing the point cloud. By My = {M;, Ma,.... My}
we define a tuple containing the meshes of the /N, individual
surfaces that the robot is called to clean.

A. Problem Statement

The problem consists in generating a whole-body UVMS
motion that:

R1: covers the surfaces collected in M, with the tool,
minimizing the number of tool lift-offs;

R2: respects the UVMS kinematics as well as its hardware
limitations (i.e., joint limits, velocity limits, and accel-
eration limits);

R3: avoids collisions with the environment;

R4: regulates the total time of the motion.

Note that requirements R2 and R3 are hard requirements
since they are associated with robot safety, and thus they need
to be enforced even at the expense of R1 and R4, which are
related to the quality of the result and operation efficiency.

III. METHODOLOGY

Our approach is inspired by H-JTSP [18] in the sense
that it follows a similar hierarchical structure illustrated in
Figure 3:

1) Points sampled appropriately on the surfaces of M
along with the associated surface normals are or-
ganized into N¢ clusters based on their Euclidean
distance and normal alignment.

2) At the representative point of each cluster (exemplar),
a set of IK solutions is sampled. Each solution is then
tested for its ability to propagate to each cluster point
using an optimization-based IK solver. The clusters
are subdivided until each exemplar has an adequate
number of such IK solutions.

3) A HL-GTSP is formulated on the set of IK solutions at
the exemplars Z¢ (i.e., the considered groups of nodes
correspond to the IK solutions of each exemplar) in
order to determine an optimal sequence of IK solutions
at the exemplars called guide path;

4) A LL-GTSP is formulated on the set = containing
the IK solutions in the guide path and their correspond-
ing propagated IK solutions at the rest of their cluster
points. This determines a final coverage path.

Our approach builds upon the aforementioned structure to
address the problem of mobile-base manipulator coverage in
obstacle-occluded environments for the underwater propeller
cleaning task in the following ways:

a) Coverage pattern promotion: We promote structured
coverage paths by sampling surface points on the isolines of
a distance field associated with a desired coverage pattern
and shaping the LL-GTSP costs between two points based
on their isoline value difference.

b) Collision-aware design: We check for collisions
using the precomputed signed distance field (SDF) of the
obstacles during the IK sampling and propagation step, as
well as when designing the HL- and LL-GTSP weights.

c) GTSP weight design: We modify the function that
checks for linear GTSP weights (i.e., for linear connections
in B¢ and Ey for the HL- and LL-GTSP, respectively) by
including collision checking and UVMS-related constraints.
Furthermore, we have added a function that checks for
piecewise-linear connections in ZE¢ and Ejp by checking for
linear connections of IK solutions on the linear interpolation
of two surface points. Finally, GTSP edges spanning discon-
nected surfaces are costed with RRT-Connect. At HL-GTSP,
we compute a single representative path for each pair of
nearby exemplars from different surface components; at LL-
GTSP, we compute paths for all point pairs between clusters
chosen by the guide path as requiring reconfiguration.

d) Time parametrization: We concatenate the linear,
piecewise-linear, and RRT-Connect paths chosen by the LL-
GTSP into the final coverage path and parametrize it through
cubic spline interpolation. Finally, we solve a Non-Linear
Program (NLP) that minimizes the task duration to find a
UVMS state trajectory satisfying velocity and acceleration
limits.

In the rest of this section, we give the details of the
aforementioned steps: subsection III-A presents the sam-
pling and clustering step, subsection III-B describes the
IK sampling and propagation procedure, subsections III-C
and II-D detail the HL and LL-GTSP design, and finally,
subsection III-E involves the generation of the final coverage
path and UVMS state trajectory.

A. Sampling surface points and clustering

We sample points on each surface M; in M, with
resolution set by the tool radius r;.

a) Point sampling: For each blade surface M;, let
¢i(p) be the geodesic distance field from the blade root curve
Proot,i C M, computed via the heat method [22]. We sample
along the isolines {¢; = jri}, 5 = 0,1,....|®imax/7t]
(Where @; max = maxpem, ¢:i(p)), placing points at 7
spacing along each isoline.

Let the total set of N, sampled points, and the set of
corresponding surface normal vectors be

’Pc:{pc,lv'-- Nc:{nc,h'-

and define position vector-normal vector pairs T.; =
(Dec,isMe,i). Also define the isoline values at each point
Pei € Mj as ¢ ; where ¢ = ¢;(Pei)-

b) Point connectivity: We reconstruct a surface from
‘P. using the Ball Pivoting Algorithm [23] and form the
adjacency set &, C {1,..., N.} x {1,..., N.} by connecting
indices whose points share a mesh edge.

?pC-,Nc}’ "nchC}
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Step 1: Sampling/
clustering surface points

Step 2: IK solution
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Fig. 3. Pipeline: (1) Sample and cluster surface points (circles) along isolines (dashed—dotted). Different colors illustrate clusters; (2) compute IK solutions
(colored dots) at exemplars and propagate to non-exemplars (arrows), retain only fully propagated solutions and remove points with no IK solutions (marked
by “x”); (3) solve the HL-GTSP to obtain a guide path (dashed line: the green part is surface-constrained and red part corresponds to tool lift-offs); (4)
solve the LL-GTSP on the IKs retained by the guide path to produce the final coverage path.

c) Clustering into exemplars: We cluster the surface
points into N¢ sets C = {Cy,...,Cn.} where C; := {j €
{1,...,N.} : p.,; belongs in the i-th cluster} using affinity
propagation [24] with a similarity metric that combines
Euclidean distance (|| - ||2) and normal alignment via a
weighting parameter w, > 0 which takes the form:

_Hpc,i — DPc,j H2 — Wg arCCOS(nc,i . nc,j)> { 7’é 7,

N percentile_({s; » : k # i}), =7,
1
where the diagonal term (7 = 7) is set via the 7-th percentile
to control the number of exemplars (increasing 7 yields more
exemplars) [24]. For the ¢-th cluster, let pc,, n¢, and x¢,
denote its exemplar point, normal, and pair, and let N¢, be
the cluster size. We define exemplar connectivity using &,

by defining the set
e ={(i,j): Tk eC;and £ € C; with (k,¢) € &}

Let Neonn be the number of connected components of
the graph G. = {{1,..., Nc}, &} representing the surface
connectivity and let  : {1,..., N¢} — {1,..., Neonn} map
each exemplar index to its component label.

B. Sampling IK solutions at exemplars and propagation to
non-exemplar points

Let E¢, denote the set of IK solutions at exemplar p¢, and
E.,; the set of IK solutions at surface point p. ;; let Mc, be
the size of E¢,. The k-th IK solution at exemplar ¢ is 51&,
and the /-th IK solution at point j is £ ;.

a) IK solver via optimization and collision checking:
Given a point-normal pair , = {p,,n,} and an objective
function J(&), we obtain an IK solution by solving:

msin J(§) (2a)
s.t. k(&) = pa, (2b)
oi(§) n.=—1, (2¢)
£min S £ S gmaxa (Zd)
Uv(ﬁ) : (kt(é) - ’I’]p) > dsafe, (2e)

where (2b), (2c¢) are the tool position and orientation con-
straints respectively, &min, Emax are the configuration limits,
and (2e) enforces vehicle-arm clearance for the UVMS by

limiting the z-axis component of the tool position in F, to
a safe distance dgp > 0'. Collision checking is performed
as follows:

We precompute a signed distance field (SDF) fspg
R?® — R for the obstacle set O = [JN° Mo, in the
considered workspace of the robot that contains O. For a
point with position vector p in this workspace, the signed
distance value is defined as:

p ¢ int(0),

—mingeo [[p—yll2, p € int(0),

mingeo [|p — yll2,

Jspe(P) = 3)

where int(-) denotes interior in R3. We define dp(&) =
mingep, (¢) fspr(p) where Pgr(€) is the set containing the
representative points of the robot considered for collision
checking. A configuration is collision-free if do (&) > 0. De-
note with fix(J(€),x,) the function generating a collision-
free solution of (2) for a given function J(£) and pair x,, by
solving (2) and checking that the solution is collision-free.

b) Exemplar IK sampling: Sample Mj,, arm configu-
rations Qs,,m Within joint limits. For each exemplar ¢, popu-
late E¢, by solving fik(||g—gsam||2, Zc;) for all gsam € Qsam-
If no valid solution is found at the exemplar, we iterate over
the cluster’s pairs x. ; and promote the first point with valid
IK solutions to exemplar otherwise, we remove the cluster
points and update P, N.,C, E., Ec accordingly.

¢) Propagation to non-exemplar points: For each clus-
ter © = 1,...,N¢ and for every non-exemplar point j €
C;, we try to propagate exemplar IK solutions by solving
fik(]|1€ — £§i||A,acc7j) for kK = 1,...,Mc, and inserting
the results into = ;. We denote [|€||4 = /€T A€ and A
constant positive-definite n x n diagonal weight matrix. To
ensure propagation to every cluster point, we require that,
at each exemplar, at least a fraction a of the exemplar IK
solutions propagate to all points in the cluster. If this fails, we
iteratively remove points from the cluster until the previous
condition holds. If the points removed from the cluster admit
valid IK solutions, we promote them to new exemplars (i.e.,
new clusters are added) and update C; otherwise, we remove
them completely and update P.,N.,C,E., E: accordingly.

IThis constraint, in combination with the joint limits, enforces self-
collision avoidance for our UVMS in Figure 2
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Finally, at each cluster, we keep only those exemplar IK
solutions (and their propagated counterparts) that propagated
to all points and appropriately update the sets. Each IK
solution at an exemplar corresponds to a single IK solution at
each point in the same cluster. Thus, we can arrange the IK
solutions at every cluster such that the i-th solution at the
exemplar corresponds to the i-th solution in every cluster
point.

C. HL-GTSP setup

We solve a high-level GTSP whose groups are the sets
Zc,. Since the GTSP output is a four (i.e., a cyclic se-
quence of nodes), we add a dummy node connected with
zero weights to all the other nodes and remove it from
the final solution to get a path. To define edge costs,
we test three forms of connections between two IK so-
lutions &,, &, associated with pairs x, = (ps,n,) and
xp = (pp, p): 1) surface-constrained linear connections, 2)
surface-constrained piecewise linear connections, 3) surface-
unconstrained connections:

a) Surface-constrained linear connections: Two IK so-
lutions are surface-constrained linearly connected if Ny,
sampled intermediate configurations on their linear interpola-
tion satisfy the tool pose, clearance, and collision constraints:

flin(gavgb) = True iff Hkt(glierp) - plierpHg < Tp» (4a)
‘Ut (glierp) . nferp + 1’ < To, (4b)

Tv (glierp) : (kt (élierp) - nferp,p) > daafe
(40)

do(&l.p) > 0. (4d)

for i = 1,..., Ny, with Elep = lerp(&,, &b, 1), Plep =
lerp(pa, Py, ), and Ny = lerp(n,, ny, i) where lerp(-, -, )
returns the i-th of Ny, equally spaced points on the linear
interpolation between the inputs. For normal vectors and
orientations, we use spherical linear interpolation (SLERP).
b) Surface-constrained piecewise-linear connections:
We define a piecewise variant of the previous function by
solving IK at Ny, interpolated point-normal pairs :clierp =
(Plerp» THerp) between @, and a;, and checking that they are
linearly connected. We consider two IK solutions as surface-
constrained piecewise-linearly connected if:

fS(gaa gb) = True iff flin(€a7 ET) ARRRNA flin(é}k\hma Sb)a )]
E;k = fIK(”€ - £llerp||A’ mlzerp)a
The length of the associated piecewise-linear path is denoted
as ls(&a,&p)-

c) Surface-unconstrained connections: For this type of
connection, we do not require the tool to satisfy the position
and orientation constraints of (2b)—(2c), (4a)—(4b). Instead,
we consider tool lift-off reconfigurations, for which we
employ the RRT-Connect planner [25], including fspg(-) for
collision checking, vehicle-arm clearance constraint (2e), and
configuration limits. RRT-Connect is effective and efficient
for path planning in high-dimensional configuration spaces

such as that of the UVMS. The length of a path found by
RRT-Connect is denoted by frrr(&q, &p)-

d) HL edge costs: Considering two IK solutions
S’éifé at the clusters i,j (i # j) respectively, the corre-
spondiflg HL-GTSP edge cost is computed as follows:

168, — &¢Il 4» (A)
Buw +6s(€6,,€6,), (B
Bur2 + lrrr(€c,, &c;),  (C
B3 (

Wi (€6, €¢,) = i (6)

).

-

Cases:
(A) fin(€6,,8¢,) A (i,7) € Ee,
(B) = fiin (€5, €6,) N fs(&6.,€¢,) A (i 4) € &,
(C) (ﬁflin (gla,géj) A ﬁfS (glél’géJ) A (L]) € 5C)v

(k(i) # £(J) A ||lPe, — P, ||, < 70,
(D) otherwise.

Case (A) corresponds to linearly connected edges between
neighboring points. In case (B), we check for a piecewise-
linear connection between neighbors using fs(+, ). Case (C)
corresponds to tool lift-off reconfigurations: either no lin-
ear or piecewise-linear surface-constrained connection exists
between neighboring IK solutions, or a transition between
different surface components is required (x(7) # x(j)) when
the exemplar distance is below a threshold 7¢. To assign
a cost to such edges without planning over all M, x M,
pairs, we approximate the cost by a single RRT-Connect path
between representative IK solutions &c, and &c,, where

M,
3 : 1 k
Go, = s gnin [l6 —ic 3t
The resulting path length frgr (éci,écj) is used as a rep-
resentative for all IK solution pairs between exemplars ¢, j
under case (C). This approximation is acceptable because
the HL-GTSP solution serves only to guide which inter-
cluster connections are considered later in the LL-GTSP,
where tool lift-off paths are refined using exact RRT-Connect
paths. Case (D) collects the remaining undesirable tool lift-
off reconfigurations: (i) pairs of non-neighboring exemplars
within the same surface component (x(i) = x(j)), and (ii)
pairs from different components whose exemplars are farther
apart than 7¢. The former are connected through intermediate
neighbors in the HL-GTSP solution, while the latter entail
excessive path length and computation time, making them
undesirable reconfigurations. To prioritize the choice of N¢
optimal solution edges in the following order: case (A) - case
(B) - case (C) - case (D), we set By = N¢ max(WéA))—f—s,
BHL,Z = Nc max(W}(If)) +e, BHL,3 = N(; max(WIgij) + e,
where WI(;)L,Z = {A, B,C} the weights of each case and
€ > 0 an arbitrarily chosen small positive constant. This
prioritizes choosing surface-constrained transitions over tool
lift-offs.
Solving the HL-GTSP yields a guide path
g:{gl,... jz{jl,

7ch}a a.ch}v
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where g, is the cluster index and jj the selected IK solution
at the k-th exemplar in the guide-path. The IK solutions that
pass to the LL-GTSP are collected in the set:

Jii€Cy,, k=1,...,Nc}.

We define guide-path tool lift-off reconfiguration edges
(€2 €/ ) by defining the index sets
9k Ik+1

B ={

Krrr = {k : WHL(

The guide-path induced LL tool lift-off reconfiguration can-
didate pairs are

ERRT = U

k€ Krrr

fjk“ ) > BHL,2}~

gkl

( {gzkz i € Cgk} 2 { ikjl B

-/ € C9k+1 }> .

Thus, only points whose exemplar had a tool lift-off
reconfiguration in the guide path will be examined for such
a reconfiguration.

D. LL-GTSP setup

At the LL-GTSP, we connect all surface points using only
the IK solutions in Zyr.. For &), &L € B with i # j, we

define
R P (E)
W, , £\ — LL,1 S c7. c,j )
LL( c,i C,j) BLL,Q +€RRT(£c,i7££,j)’ (G)
B3 (H).
(7
Cases:
(B) flm( ICCH cg) (Z j)egcﬂ
(F) _‘flm( ¢, Se, ) /\fS( ¢, ﬁ,j) A (Zaj) € 807

(G) ( ) _'(F) A ( ’5717 ﬁ,g) € ERRT7
(H) otherwise.

where Ag; ; = B|oc,i — ¢c ;| is a weighted cost with weight
B > 0 that promotes alignment with the isolines of the
geodesic distance field calculated at each blade in III-A.
Cases (E), (F) define the linearly connected and piecewise-
linearly connected surface-constrained neighbor edges in the
LL-GTSP. Case (G) corresponds to edges whose clusters
were connected with a tool lift-off reconfiguration in HL-
GTSP. This focuses planner calls exactly where HL indicates
a lift-off is necessary, avoids exploding the number of RRT-
Connect calls with all tool lift-off combinations at LL, and
preserves the HL reconfiguration structure while allowing LL
to refine the exact cluster entry/exit points. Case (H) contains
the remaining tool lift-off reconfigurations. As in HL-GTSP,
to prioritize edges in the following order: case (E) case F)
- case (G) - case (H), we set ByL; = N.max( L )+ e,
B, = N, max(W]ff)) + ¢, BiLs = Ne.max(W, IZ )+ e,
where WSL),Z = {E, F,G} the weights of each case. This
prioritizes surface-constrained transitions over tool lift-offs.

When calculating Wy (-, -), we store the paths in Case (F)
and Case (G) so we can include them in the final coverage
path if the GTSP solver selects their corresponding edges.
If an edge in case (H) is selected, we use our RRT-Connect

planner to calculate a path. Concatenating the selected linear,
piecewise-linear, and RRT-Connect paths from the output
LL-GTSP solution yields the C-space path with N configu-
rations, 2 = {&1,..., &N}

E. Time parametrization

Given the path, our goal is to turn it into a trajectory
that satisfies joint velocity and acceleration limits dictated by
our robot hardware limitations, Emm < g < £max, 5mm <
E < Emax, while minimizing the total time required for the
task. Using arclength [ along =, we fit a cubic spline to

{(l, 51)} ¥, and evaluate its first and second denvatlves, %
and ‘3125 respectively, at [;. To find the velocity state & =
{€;}N|, we solve the following NLP with decision variables
the time duration between consecutive points, the first and
second derivatives of [; w.r.t. time A7 = {Ati}f\:ll, L=

{l }1 1 L= {ll}fil

N-1
min At; 8a)

AT LL ; (
s.t. émin < — l'i < émam 1=1 -7N7 (8b)

di |,
. .d2e| o, .
o < = - < £

£m1n — dl l + dl2 l — £maX7 (8C)
li+1=li+%(ii+li+1)Ai, i=1,...,N—1,
(3d)
liy1 =L+ LA, i=1,...,N—1, (8e)
At; >0, i=1,....,N—1,l; =Ix=0. (8

Set t; = 0 and t;

1—1 s .
= >_i_) Aty; velocities at every time
instance are §; = %hli’ i=1,...,
k2

N. The resulting UVMS
whole-body trajectory is {t;,&;, & }V,.

IV. SIMULATIONS

In this section, we demonstrate the effectiveness of the
proposed approach. We consider the underwater vehicle
VideoRay Defender equipped with two Reach Alpha 5
robotic manipulators (only one of the manipulators is used).
The dimensions of the vehicle are 71 x 39 x 23 cm, while links
0 to 4 (see Figure 2) have lengths: {p = 12 cm, [; = 2 cm,
lo =14 cm, I3 = 2 cm and l4 = 20 cm (including the tool)
respectively. The cleaning tool diameter is 2r; = 10 cm.
The UVMS is assigned the task to clean the blades of a
typical propeller (B-series) with a total diameter of 0.8 m.
The access to the propeller is interrupted by the vessel’s
rudder as illustrated in Figure 6 with dimensions 1.3x0.82 m
and 0.2 m minimum distance from the propeller. Although
the rest of the vessel does not appear in the simulation
environment, we assume that the robot cannot access the area
behind the propeller and over a certain height above the edge
of the rudder, constraints that are considered in our motion
planning method. The rudder can rotate around its axis from
+30°. We set Mgm = 100, dyee = 0.5 m, A = Ixn,
Nin = 2, 7, = 0.5 cm, 7, = 0.2 and 7¢ = 1. For solving
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t = 3780s t = 38965

t=4104s

t = 5060s

Fig. 4. Snapshots of the robot executing the generated trajectory. Snapshots (2),(3) correspond to the robot transition from Blade 1 to Blade 2, snapshots
(6), (7) and (8) correspond to the transition between the two disconnected surfaces of Blade 2, while (9) to the transition between Blade 2 to Blade 3.

Fig. 5. Tool path with isoline alignment costs (left) and without (right).

The blue dot and blue “x” represent the start and the end point of each path.

TABLE I
PERFORMANCE METRICS

Metric Test 1a Test 1b Test 2
Tool path length [m] 7.6+1.1 8.5+25 27.1+27
Min. dist. to obstacles [cm] 0.5+ 0.1 0.5£0.1 0.4+0.1

# of sharp turns (> 30°) 31+3 167 £ 4 312+ 7
Trajectory time [s] 867 £ 11 1710 £ 17 6601 + 25
# of covered/total points 129 £ 7/148 196 + 15/227 364 4+ 21/442
Computation time [s] 602 + 15 996 + 16 4311 + 40

the HL and LL-GTSP, we used the GLKH solver [26].
The function fik(-,-) and the NLP were implemented using
CasADi [27]. We use the RRT-Connect algorithm provided
by OMPL [28]. The simulations were conducted using the
ROS-based simulator, Stonefish [29], and an Intel Core i9
CPU at 3.2 GHz with 64 GB of RAM. A PID controller was
used for tracking the generated whole-body UVMS motion
for demonstration purposes.

We evaluated our approach in two tests and summarized
the results in Table I, averaged for 10 equally spaced rud-
der angles within £30°. Test 1 contrasts (a) isoline-based
sampling with isoline-alignment costs (3 = 10) against (b)
uniform sampling of comparable density with no alignment
cost (8 = 0) strategy followed in [15],[18]. As illustrated
in Figure 5, isoline guidance yields visibly smoother paths
with far fewer sharp turns (i.e., tool path turns > 30°)
(31 vs. 167) while keeping total path length comparable
(7.6m vs. 8.5m). The reduction in high-curvature segments
allows for faster motion, thus cutting execution time nearly
in half (867s vs. 1710s). In Test 2, the robot is tasked
to cover all three blades and to plan tool lift—offs between
disconnected surface components. The resulting tool path is
27.1 m long, with minimum obstacle clearance 4 mm and 312
sharp turns. The time-parameterized trajectory produced by

View 2

tool guide path

Blade 2 View 1

Blade 3

rudder

Blade 1

Fig. 6. The resulting tool coverage path from multiple views. With green
color, we represent the tool path when it touches the propeller, while with
red, the path when the tool is detached from the surface in order for the robot
to perform a tool lift-off reconfiguration. The tool guide path connecting the
exemplars, as obtained from the HL-GTSP solution, is also provided.

the NLP lasts 6601 s. The total computation time of 4311s
is acceptable for off-line planning. Due to collisions near the
rudder, one blade splits into two components after removing
points with no valid IK solutions (Section III-B), yielding
four surface components with 364 out of 442 accessible
points overall, which requires at least three tool lift-offs. The
HL guide path (see Figure 6) identifies the minimum number
of inter—component tool lift—off reconfigurations (three) and
the entry/exit clusters where they should occur, while the
LL stage refines the exact entry/exit points and computes the
corresponding RRT—connect segments (red in Figure 6). The
overall tool lift-off paths are short. The robot motion during
the propeller cleaning is provided in the accompanying video,
while snapshots of this motion are offered in Figure 4. The
robot starts the cleaning operation from the lower blade as
illustrated in both figures 4 and 6. After covering the blade,
the robot lifts the cleaning tool to attach it to the second
blade, performing the collision-free motion planned by the
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RRT-connect algorithm (see snapshots 2-4). The robot covers
the part of the second blade that can be covered from the
right side of the rudder. At snapshots 6-8, we observe the
reconfiguration motion that the robot performs to approach
the rest of the second blade, avoiding collision with the
rudder. Finally, the robot performs a last reconfiguration to
bring the tool from the second blade to the third, covering
eventually the accessible surfaces of the propeller blades.

V. CONCLUSION

In this work, we developed a coverage motion planning
method for the task of UVMS-based propeller cleaning in
the presence of obstacles. The proposed approach, consisting
of a two-level generalized traveling salesman problem, is
able to deal with scenarios in which multiple targeted sur-
faces and/or the presence of obstacles fragment the surface-
constrained configuration space of the robot. The resulting
whole-body collision-free path not only minimizes the re-
configuration motions dictated by the fragmented SCCS but
also explicitly includes the associated reconfiguration paths.
Moreover, by incorporating an isoline-alignment term into
the GTSP weights, we bias the solution toward pattern-
aligned tool paths, with few sharp turns, which may improve
surface quality. Finally, the adopted time-parametrization
approach converts the path into a whole-body trajectory that
respects the robot hardware limitations while minimizing the
total execution time. The proposed approach was validated
in a realistic simulation scenario, showing its effectiveness.

Future work aims at considering the full robot dynamics
and tool-surface dynamics for the motion planning process,
as well as the experimental validation of our method.
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