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Abstract

We propose a new paradigm for scattered data fitting with adaptive spline constructions based on the
key interplay between parameterization and adaptivity. Specifically, we introduce two novel adaptive
fitting schemes that combine moving parameterizations with adaptive spline refinement, for highly ac-
curate CAD models reconstruction from real-world scattered point clouds. The first scheme alternates
surface fitting and data parameter optimization. The second scheme jointly optimizes the parameters
and the surface control points. To combine the proposed fitting methods with adaptive spline con-
structions, we present a key treatment of boundary points. Industrial examples show that updating
the parameterization, within an adaptive spline approximation framework, significantly reduces the
number of degrees of freedom needed for a certain accuracy, especially if spline adaptivity is driven by
suitably graded hierarchical meshes. The numerical experiments employ THB-splines, thus exploiting
the existing CAD integration within the considered industrial setting, nevertheless, any adaptive spline
construction can be chosen.

Keywords: Adaptive surface fitting, Parameter correction, L-BFGS, THB-splines

1. Introduction

We consider the reverse engineering problem of reconstructing highly accurate Computer-Aided
Design (CAD) models, mostly of aircraft engine components. Note that the considered data, due to
the acquisition process, i.e. through optical scans, are scattered and affected by noise. Nevertheless,
the reconstructed geometric models are required to capture meaningful geometric features of the engine
parts while being smooth and compact. In a parametric surface fitting algorithm we have two groups
of unknowns that may be adjusted when constructing a surface: the spline control points and the
point parameters. In this work we propose non-linear approximation schemes for each of these two
groups of unknowns, enhanced with local control point refinement and iterative parameter updating
by means of hierarchical splines. The ultimate goal of this article consists of developing automatic,
highly-accurate, and efficient methods for the representations of the 3D input discrete data via an
adaptive spline surface model.

Splines are piecewise polynomial functions that feature a certain global regularity. The spline repre-
sentation most commonly used in CAD software libraries relies on B-splines [12] and their non-uniform
rational extension, i.e. NURBS [44]. Until recently, the multivariate case for standard CAD spline rep-
resentations relied on the tensor-product structure. This construction poses several limitations when
one wants to properly include local properties in the geometric model. In particular, tensor-product
constructions allow only global refinement. Hence, unnecessary degrees of freedom may be added in
regions far away from the one of interest. The need to overcome their limits and achieve enhanced flexi-
bility and efficient computation of high-quality approximations led to the development of new adaptive
spline spaces defined on T-meshes, which are generalizations of tensor-product constructions allowing
T-junctions and hence enabling local refinement. Spline adaptivity in this setting can be achieved with
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different approaches, and several proposals can be found in the literature. Among others, we mention:
T-splines [51, 50], and related modified versions, see e.g., [33, 55]; PHT-splines [13]; LR B-splines [14].
LR B-splines have also been employed for GIS terrain and bathymetry data surface reconstruction
[28]. Finally, Hierarchical B-splines (HB-splines) [17, 22, 30] are multilevel B-spline extensions that
preserve the tensor-product structure at any level of the hierarchy. Their truncated formulation, i.e.
Truncated Hierarchical B-splines (THB-splines) [21], is based on HB-splines and relies on the defini-
tion of a certain truncation operator. THB-splines are a more flexible tool than HB-splines since they
reproduce some characteristic properties of tensor-product B-splines, such as non-negativity and par-
tition of unity. Moreover, smaller supports reduce basis function overlapping and improve numerical
conditioning, see, e.g., [21, 20] and influence also admissible mesh grading, see [7].

The main focus of this paper is to analyze the interplay between (scattered) data parameterization
and spline adaptivity. In particular, we consider THB-spline constructions, which represent a desirable
tool for building flexible geometric models, because of their local tensor-product structure, their key
properties, and their ease of implementation, see again [21, 20, 7]. Moreover, THB-splines are also
the mathematical tools used to perform the CAD integration into Parasolid [1] within the industrial
environment of this paper. We refer to [29] for a detailed discussion of this software interface in
the considered industrial setting. Nevertheless, we remark that any other different adaptive spline
construction might also have been chosen in the framework of our enhanced data fitting schemes.

The THB-spline fitting problem can be stated as follows. Given a scattered data set of the form

P={p;eRP|i=1,...,m}, (1)

and an error tolerance € > 0, find a THB-spline s : @ € RY — RP and the parameter values
u;€ Q1 =1,...,m, so that

dist (s(u;),p;) <€ foreachi=1,...,m. (2)
Solving (2) implies the solution of two essential problems:

(a) Find the data parameterization, i.e. assign a parameter value u; € Q@ C RY to each point
pi € RP fori=1,...,m, and define the set

U={u, e QC R |i=1,...,m}. (3)

(b) Construct the THB-spline approximant in a suitable hierarchical spline space.

The straightforward approach consists of first generating the parameter values, i.e. solving (a),
and then constructing the spline approximant in (b) for those fized values. In a more sophisticated
approach, the point parameters may be considered as variables that can be adjusted to optimize the
surface. This leads to a non-linear optimization problem. In particular, such approaches can be
naturally grouped into two categories: alternating and joint-optimization methods.

In this article, we propose different solutions to problem (2) for scattered data of industrial complex-
ity by developing novel adaptive THB-spline approximation schemes that address the parameterization
problem (a) and the fitting scheme (b), either separately or simultaneously. More specifically, we ex-
tend the alternating and joint optimization methods developed for B-spline curves and tensor-product
B-spline surfaces to the THB-spline setting. Furthermore, we exploit the potential of involving ad-
missible locally refined meshes [9] for fitting problems. To the best of our knowledge, adaptive spline
approaches for these schemes are not fully addressed in the literature, and, moreover, beyond commonly
used least squares fitting, surprisingly few publications [4, 26] treat the B-spline surface reconstruction
problem, using classical tensor-product B-splines.

The current paper builds on top of the work presented in [18], where the potential of constructing
an alternating adaptive method with THB-splines has been demonstrated using point distance min-
imization. In this paper, we extend this approach in different directions considering more effective
error metrics, such as tangent [3, Chapter 6.2] and hybrid [4] distance minimization. In addition, we
propose an adaptive joint optimization method, which was previously considered only in the B-spline
curve [58] and tensor-product B-spline surface [26] cases. A selection of real-data examples shows that
the update of the parameterization, within an adaptive spline approximation framework, can lead to
a significant reduction of the number of degrees of freedom needed to obtain a certain accuracy. This



(a) initial tensor-product grid (b) marked elements (c) tensor-product refinement (d) hierarchical refinement

Figure 1: Given an initial tensor-product grid (a) and a set of elements marked for refinement (b), the refined tensor-
product grid (c) propagates the refinement beyond the marked areas, while the hierarchical model enables local refinement
capabilities (d).

advantage can be even more pronounced if hierarchical spline adaptivity driven by suitably graded
hierarchical meshes is considered. Finally, to properly combine the alternating and joint distance min-
imization methods with THB-spline constructions, we present a key treatment of boundary points,
while simultaneously addressing the interplay of moving parameterization and THB-spline refinement.
It should be noted that the proposed fitting schemes with moving parameterization can be naturally
exploited also in combination with different (adaptive) spline constructions such as T-splines or LR
B-splines.

The structure of the paper is the following. Section 2 introduces some preliminary notions on THB-
spline constructions. The adaptive THB-spline fitting loop is then presented in Section 3 in its general
framework. The novel adaptive alternating and joint optimization methods are detailed in Section 4
and 5, respectively. Finally, a selection of numerical examples related to industrial applications is
presented in Section 6 and Section 7 concludes the paper with some final remarks.

2. Preliminaries

Tensor-product B-splines and their rational extensions have been largely adopted for geometric
modeling applications because of their properties and the simplicity of their construction, see e.g.,
[15, 44]. The main limitation of the tensor-product model arises when a local refinement strategy
has to be considered, since any knot insertion in one parametric direction propagates the refinement
over the other directions to generate the refined tensor-product grid. Consequently, strictly localized
refinement is precluded in this setting and additional degrees of freedom may be inserted even far away
from the area marked for refinement, as shown in Figure 1 (a—c). Hierarchical spline refinement can be
considered to address this issue by localizing the refinement area, as in Figure 1 (d). In this Section,
we provide a brief introduction to the hierarchical spline model with a focus on truncated hierarchical
B-splines [21].

2.1. Hierarchical B-splines

Local spline refinement enables the possibility of achieving flexible and accurate models by strongly
reducing the total number of control points if compared with standard tensor-product B-spline repre-
sentations. Hierarchical B-splines (HB-splines) [17] naturally support this kind of local mesh refine-
ment by introducing tensor-product B-splines on several hierarchical levels. Specifically, a selection
mechanism to identify a suitable basis was presented in [30]. We now briefly recall this construction.

Let Q be a hypercube of RV and d = (di,...,dn), k = (k1,...,ky) € NV be the polynomial
multi-degree and -order, respectively, and

Vvl c ... cvE! (4)

be a nested sequence of L tensor-product B-spline spaces defined on Q C RY. More precisely, for each
level £ =0,...,L—1, let F‘,; be the set of indices for the tensor-product B-spline basis of level ¢, hence

Blz{ﬁﬂjelﬁ}, and VZ:span{BﬂjeFf;}. (5)

Furthermore, let G* be the tensor-product mesh associated to each V¥, and let ¢ be their non-empty
quadrilateral elements, commonly addressed as mesh elements of level ¢, for each £ =0,...,L — 1. In



addition to the tensor-product spline spaces V¢ and the corresponding tensor-product B-spline bases
B¢, consider a nested sequence of closed subsets of €, i.e.

Q=0 > ... >0 =, (6)

where each Qf is the union of a selection of elements ¢ of the tensor-product mesh G¢. Thus, each
domain boundary 99 is aligned with the knot-lines of V¥, for each £ = 0,..., L — 1. Define

G'={qeG"|qc "\ Q)

to be the set of active elements of level £ =0, ..., L — 1. Consequently, the hierarchical mesh is defined

as
M:={qeG" |t=0,...,L—1}.

Finally, given a function f defined on 2, we address with supp (f) the intersection of the support of f
with Q.

Given a sequence of tensor-product B-spline spaces and bases as in (4) and (5), as well as a sequence
of closed subsets as in (6), the HB-spline basis can be recursively defined by replacing any B-spline of
level ¢ with support completely contained in Q¢! by B-splines at successively finer levels. Specifically,
define

A}, = {j €T} | supp (8Y) € Qf Asupp (BY) ¢ Q'

the set of indices of active functions at level £. Then the HB-spline basis and space are respectively
Hi (M) = {ﬁf |j€ AL, £=0,....,L—1}, and V := span {Hy} . (7)

Note that, the elements of the HB-basis are non-negative, have local support, but they do not form
a partition of unity. Moreover, the HB-basis is characterized by several overlaps of coarse and fine
B-spline supports.

2.2. Truncated hierarchical B-splines

Truncated hierarchical B-splines (THB-splines) were introduced in [21] to construct an alternative
basis for the hierarchical spline space V' in (7) with enhanced properties, i. e. smaller supports, reduced
interaction between basis functions at different levels and partition of unity. The construction of THB-
splines is based on the so-called truncation mechanism. In particular, let s € V¢ ¢ V¢! be represented
in terms of the tensor-product B-spline basis B!, i.e.

s(w)= Y t(s)B (u), foru e, (8)
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with suitable coefficients cﬁ“(s) for each j € Ffjl. The truncation of s € V¢ at level £+ 1 is defined as
the sum of the terms in (8), related to the basis functions whose supports are not contained in Q¢*!,
namely,
1 (Y . o+1 041
trunc**! (s) == Z cj+ (s) Bj+ .
jerytt
supp(8f )z

In addition, the cumulative truncation with respect to all finer levels is defined as
Trunc ™ (s) = trunc® ! (trunc®—2 (... (trunc®™' (s))...)), with Trunch(s) = s, for s € VL1,

The THB-spline basis can be then defined as
Te(M) = {Tf = Trunc‘*! (ﬁf) |je AL, ¢=0,...,L— 1} ,

where the B-spline ﬁf is the mother B-spline of the truncated Tf . Note that THB-splines are non-
negative, have local supports, and form a partition of unity. Moreover, the truncation mechanism
ensures that the THB-splines have the same or smaller support than HB-splines, as can be noticed
in Figure 2. More precisely, by considering the hierarchical grid of Figure 1 (d), the coarser HB-
basis functions with bi-degree d = (2,2) that overlap the refinement interface are shown in Figure 2
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Figure 2: The HB-basis functions with bi-degree d = (2,2) of level 0 overlapping the refinement interface (top) and
their truncated version (bottom); the underlying hierarchical grid with 2 levels is also shown.

(top), and their truncation across 1 level is illustrated in Figure 2 (bottom). According to [21], the
THB-splines form an alternative basis for the hierarchical spline space, namely

V = span {Hi} = span {7} .

THB-splines have been proven to be a valuable tool both for geometric modeling and isogeometric
analysis, see e. g., [20, 6], among others.

We may consider a suitable global index mapping for the THB-basis, (j,¢)—J, with j € Ai,
{=0,...,L—1and J=0,...,M. Therefore, a general THB-spline model takes the form

M
s(u) = ZCJTJ(U), u € Q, 9)
J=0

with ¢; € RP for J =0,...,M. If N =1 a planar (D = 2) or spatial (D = 3) THB-spline curve can
be specified, whereas if N = 2 and D = 3 a THB-spline surface can be assembled. In this paper, we
address industrial applications in the case N =2 and D = 3. Moreover, we choose Q = [0,1]%. In the
remainder of the paper we restrict our discussion to this setting.

2.3. Admissible hierarchical refinement

In the theory of adaptive methods based on (truncated) hierarchical splines, suitably graded mesh
configurations with a bounded number of non-zero basis functions on any mesh element need to be
considered. A family of admissible meshes with this property was introduced in [9] to prove the
convergence of adaptive isogeometric methods with THB-splines.

A hierarchical mesh M is admissible of class p if the non-zero truncated functions in 7 (M) over
any mesh element ¢ € M belong to at most p successive levels. To guarantee this, with every element
marked for refinement a certain sets of (coarser) additional elements has to be refined as well. For
example, when an element q of level ¢ has to be split into refined elements of level /41, any THB-spline
of level £ — p + 1 acting on ¢ (i.e. with ¢ in its support) has to be zero on these refined elements. A
refinement algorithm that enables the construction of this kind of admissible meshes for THB-splines
was introduced in [9]. An example of hierarchical refinement and admissible hierarchical refinement
for bi-degree d = (2,2) and p = 2 is shown in Figure 3.

3. Adaptive THB-spline surface fitting with moving parameters

The core problem of this work is the fitting problem presented in Section 1. The adaptive fitting
problem with THB-splines consists of finding a parametric THB-spline surface s : [0, 1]?> — R3 as in (9),
that “best” approximates the point cloud P, according to (2), by iteratively updating the THB-spline
geometry s and enriching the THB-spline basis and space. More specifically, the adaptive approxi-
mation procedure is characterized by four main steps that are successively repeated after selecting an
initial parameter and mesh configuration.
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Figure 3: Given a hierarchical grid with 2 refinement levels (a), a set of elements marked for further refinement (b), the
refined hierarchical grid with 3 levels obtained by dyadic splitting of the marked elements (c), and the refined hierarchical
grid with 3 levels obtained by imposing admissibility, that propagates the refinement also in a suitable set of neighboring
elements (d).

1. Solve. This step computes an approximating surface on the current mesh. In particular, by col-
lecting the control points of s in a set

C={ey;|J=0,...,M},
and the parametric values associated with the points P in
U= {u; = (u;,v;) €[0,1* [ i=1,...,m}, (10)

we define a general objective function that we aim to minimize as

Zdlst — i)+ AE(s). (11)

The term F is a regularization function, whose influence is tuned by a weight A > 0. Energy functionals
are commonly considered in spline geometric modeling problems, in particular when reconstructing
a spline geometry from scattered or sparse data. They are usually introduced to compensate for
robustness issues, such as oscillations of the fitted surface or the conditioning of the fitting matrix. In
our case, we define E as the thin-plate energy functional, expressed as

E(s) = / (H@u@u
[0,1)2

In particular we adopt the thin-plate energy (12) consistently with [29]. Moreover, we control its
influence with a suitably chosen constant value for A that is kept fixed during the entire fitting process.
This choice allows for a subsequent fair comparison with existing adaptive scattered data THB-spline
fitting schemes.

In addition to the thin-plate energy, other smoothing terms could be considered, such as the
exact thin plate energy based on the principle curvatures of each parametric direction [23], or the
data dependent thin plate energy defined in [41], which involves the second order derivative of the
(re-)constructed surface by mean of the trace of the corresponding hessian. Finally, non-constant reg-
ularization weight functions for data fitting via least-squares tensor-product splines have been recently
proposed in [40, 31], see also the references therein, e.g., [11, 53, 24].

Note that the minimization problem in (11) is non-linear and addresses the update of the surface
approximation by computing the new control points C as well as the parameter values U associated with
the input points. Therefore, the adaptive model construction deals with a moving parameterization
and this choice enables the definition of adaptive THB-spline fitting with moving parameters.

2 0%s
5 Ovdv

0%s
Oudv

) dudwv. (12)
2

2. FEstimate. This step estimates the approximation error. The THB-spline approximant resulting
from the first step is evaluated at the parameter values U, also obtained in the first step. The Euclidean
point-wise error ||s(u;) — p;||, for i =1,...,m, is computed.

8. Mark. In this step we mark the regions of the parametric domain, where more degrees of freedom
are desirable to satisfy the prescribed accuracy. This is done by marking any elements containing a
parameter u; € U such that ||s(u;) — pil|, > €.



4. Refine. Finally, we refine the marked elements, potentially together with some of their neigh-
bors, which enriches the approximation space for the next iteration. We restrict ourselves to dyadic
refinement and consider the following two extension choices, illustrated in Figure 4.

4.a We refine the collected elements together with a certain number of surrounding rings of elements
in the hierarchical mesh.

4.b We refine the collected elements together with coarse mesh elements in their neighborhood to
enforce the admissibility of the successively refined mesh.

After the refinement step above, a new iteration of the adaptive loop begins.

More precisely, when strategy 4.a takes place, for any marked element of level ¢, ¢ =0,...,L —1,
we consider a certain number of surrounding rings of neighboring elements (whose value depends on
the choice of an extension parameter) with respect to the grid of level £+ 1 and mark for refinement all
elements of coarser levels which intersect this region. Figure 4 (a—d) shows an example for bi-degree
d = (2,2) with the extension parameter equals to two. This choice, also considered in the numerical
examples, guarantees that for any marked element one or more B-splines of level £ + 1 is activated on
the resulting refined mesh up to bi-degree d = (5,5). This strategy is inspired by [29].

Strategy 4.b, instead generates admissible meshes of class p by recursively refining all the elements
in a certain neighborhood of any marked element. Given an element ¢ of level ¢ its neighborhood with
respect to the chosen class of admissibility p is defined as

Nig,p) :={q € G" "¢ NS(qg.t—pn+2)#0},

where the multilevel support extension of ¢ with respect to level k is given by
S(g, k) := U {suppﬂ’C : 8% € B* and ¢ N supp gF # 0}.

The neighborhood collects the set of active elements of level £ — ;141 (in the current hierarchical mesh)
that intersect the multilevel support extension of ¢ with respect to level £ — pu+ 2. The choice of level
k = £—pu—+2 for the support extension yields the smallest value that is needed for preserving the class of
admissibility of the mesh when subdividing any marked element. Note, however, that depending on the
current hierarchical mesh configuration, THB-splines could also be truncated at different intermediate
levels. Figure 4 (a, e—g) shows an example for bi-degree d = (2,2) and u = 2. The admissible
refinement strategy naturally encapsulates a certain structure in the hierarchical mesh configuration,
leveraging the support of hierarchical B-splines to limit the interaction of basis functions introduced
at different hierarchical levels. This key property, obtained by iteratively marking the elements in the
neighborhood of an initial set of marked elements until this neighborhood set is empty, is missing in
strategy 4.a. For additional details on admissible refinement and related algorithms, we refer to [9].

Figure 5 illustrates these two refinement strategies when the diagonal element of the current hierar-
chical mesh, together with the neighboring elements on the upper and lower diagonal are successively
marked for refinement. We start with an initial 4 x 4 tensor-product mesh and consider bi-degree
d = (2,2). The hierarchical meshes obtained by applying the refinement strategies 4.a and 4.b are
shown on top and bottom of Figure 5, respectively, after 1,...,5 refinement steps (from left to right).

In the following, we employ this general procedure and we explicit each step in the process, with
special focus on the first step. In particular, we propose novel adaptive fitting schemes with THB-
splines based on different error metrics and compare the behavior of different optimization problems
for the critical task of the control points and parameters.

Non-linear methods require an initial fitting surface and point parameterization to begin with. In
several works such as [4, 58], the initial guess is a simple predicate that is chosen manually. The key
influence of a good initial approximation for adaptive surface fitting with moving parameters has been
analyzed in [18]. Similarly, the critical role of a good initial parameterization for adaptive surface
fitting has been investigated in [19].

Throughout the rest of this work, we will make a further assumption concerning the input point
cloud. More precisely, given a scattered point-cloud as in (1), we assume P to be the disjoint union
between interior and boundary points, i.e.

P = PrUPg, (13)

with
Pr={p;eR3i=1,....,n}, and Pp:={p;cR®|i=n+1,...,m}.
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Figure 4: Refinement strategies 4.a (top) and 4.b (bottom). We consider bi-degree d = (2, 2), open knot vectors in both
directions and internal knots with multiplicity one. For the light gray elements of level ¢ (a) marked for refinement, we
plot in light pink the part of the domain considered in the refinement strategies 4.a and 4.b, respectively (b,e). We plot
in dark pink the additional marked elements, after alignment with the grid lines of the corresponding levels (c,f). The
final refined meshes are shown in (d) and (g).
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Figure 5: Hierarchical meshes obtained by refinement strategy 4.a (top) and 4.b (bottom) after 1,...,5 refinement
steps (from left to right) with bi-degree d = (2,2). For this illustration we give every time as marked elements to the
refinement routine all elements touching the diagonal of the domain.

4. Adaptive alternating fitting schemes

Typical Computer-Aided Geometric Design methods usually decouple the non-linear problem in
(11) into two smaller sub-problems, treated separately, i.e. the computation of the parameters U and
the computation of the control points C. The idea of adapting the parameterization to the fitted
geometry was introduced in [25], in the context of B-spline curve approximation. Specifically, starting
from a certain geometric approximation, the so-called parameter correction (PC) method is an iterative
procedure consisting of projecting the fitted points P onto the current geometry and considering the
projected foot-points as the corrected parameter values. The control points of the B-spline geometry are
subsequently re-computed with the new parameter values. Usually, each re-fit will significantly improve
the reconstructed geometric model, hence only a few PC steps are enough to improve the accuracy of
the final approximation. The core of the PC method relies on efficient foot-point projection, which
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Figure 6: Left: Foot-point projection. Right: comparison of MSE evolution through 30 PC steps for A-PDM and A-
HDM, with the weights of [38], for fitting a ship hull point cloud model (with 9384 points) using tensor-product B-splines
of bi-degree d = (2,2) on a 5 x 2 tensor-product mesh and initial standard meshless parameterization.

can be reduced to a non-linear minimization problem. The iterative approach of [25] for finding the
foot-point has been revisited in [49], where a Newton-like method is proposed for the problem.

For a fixed spline space, given an initial parameterization and an initial geometric approximation,
the alternating methods iterate over between the following two steps:

1. foot-point projection and consequent parameter update;
2. control points computation.

We refer to the accomplishment of both 1. and 2. as performing one step of PC.

4.1. Foot-point projection and parameter update

Foot-point projection is the process of finding for each data point the closest point on the surface
and its parameter. It can be computed, e.g., using an iterative non-linear solver. More precisely,
given a point cloud P, its parameterization U, and a surface s : [0,1]2 — R3, the surface closest point
problem consists in solving the following minimization problem,

1 2 .
Uiren[g)r’ll]2 = |Is(u;) —pill;, foreachi=1,...,m. (14)

This two-dimensional non-linear problem can be explicitly formulated as
(s (u;) — p;)" Vs (u;) =0, foreach i =1,...,m, (15)

where Vs indicates the gradient of the surface s, and solved by employing a suitable optimizer. In
view of (15), the vector connecting the data point p; to the surface point s(u;) has to be orthogonal
to the tangent plane of the surface, and s (u;) is then usually called the foot-point of p; over s for each
i = 1,...,m. The updated parameterization u; is defined as the solution of (15), for i = 1,...,m.
Figure 6 (left) illustrates the projection of a point p; and its foot-point over a surface s. The connection
between the data point and the surface point is represented by a dotted line, whereas the connection
between the data point and its foot-point over the surface is represented by a dashed line. Finally, the
updated parameter u; to be associated with p; is highlighted in red.

We refer to [18] for a more comprehensive study of the interaction between foot-point projection
and adaptive spline configurations, as well as the influence and importance of the optimizer used.



4.2. Control point computation

Depending on the strategy employed to compute the control points, different methods have been
developed. In this work, we compare methods characterized by the solution of a minimization problem
for the computation of the control points of the spline geometry. However, there are no constraints on
the control-point update scheme to be used for their definition. E.g., in [18] for the second step of the
alternating scheme a two-stage quasi-interpolation problem is also considered.

4.2.1. Alternating Point Distance Minimization
Minimizing at each adaptive iteration the sum of the point-wise squared distance between each
data point and the corresponding point on the spline model, i.e.

) 1 m
ming 2

with respect to the coefficients C leads to the formulation of the alternating point distance minimization

(A-PDM) method, introduced for the first time in [25]. This method is widely used because of its

simplicity; as observed in [2], from an optimization viewpoint, A-PDM exhibits linear convergence.
The linear system of normal equations to solve at each step of A-PDM is

2

+AE(C), (16)
2

M
Z cyts(ui) — pi
J=0

(BTB+)\G)c=B'p, (17)
where B is the collocation matrix
To(wy) ... Tam(ur)
B= : : € RmX(M+1) (18)
To(Um) .o Tar(um)

G is the matrix representing the contribution of the functional F, i.e.

2 2 2 2 2 2
GI,JZ/ (aTIaTJ—I—QaTIaTJ—i-aTIaTJ)dudv7 (19)
(0,1

Oudu Oudu Oudv Oudv ~ Ovdv dvdv

for I,J = 0,...,M, p € R™*3 is the matrix containing the points of P, and ¢ € RIM+1X3 ig the
matrix containing the unknown control points.

We now introduce a different arrangement of the linear system of equations in (17), which will be
useful for the following discussions, as it enables expressing A-PDM in the same format as the methods
from Sections 4.2.2 and 4.2.3. Let B € R3¥"*3(M+1) 1o the matrix, where the main-diagonal blocks B
consist of the collocation matrix (18), and similarly, let G € R3(M+1)x3(M+1) he the matrix, where the
main-diagonal blocks correspond to the matrix G as in (19), representing the functional E. Hence,

(B 0 0 (G 0 0
B=|o0o B o, G=[0 ¢ o). (20)
0 0 B 0 0 G

Finally, let p € R®™ be the reshaped vector containing the data points ordered as follows,

p= (ot ,pﬁi))T : (21)
Hence, the problem in (17) can be rewritten as
(Apdm + Aé) ¢ = by, (22)
where gpdm € RIMH13(MHD) and bpgp € R3MFD 5o that
Zpdm = B'B, bpam = §T~7

and ¢ € R3M+1D s the vector of unknowns, i.e.

-
c= (cél),...705\2),082),...,cg\i),c(()3),...7c§€})> . (23)

10



4.2.2. Alternating Tangent Distance Minimization

The Alternating Tangent Distance Minimization (A-TDM) method, introduced in [3, Chapter 6.2]
for B-spline template curve fitting, and further developed in [54, 36] for B-spline curve fitting to
scattered data, minimizes the squared distance from a point to the tangent plane at its foot-point on
the current fitting spline model. More precisely, it is characterized by the following update rule for the
control points,

T
1 m
mln (Z cyy(u;) ,) -n;| +AE(C), (24)

where -
n; = (nl(-l),n(?),n(-g)) € R3

K2 K2

is the unit normal vector at the surface point s(u;), for each ¢ = 1,...,m. In particular, the term
2

(an(w)—m) ni| = [(s(w) = p) il
J=0

defines the squared distance between the data point p; and the tangent plane at s(u;), for each
t1=1,...,m
Remark 1. Note that the problem in (24) is quadratic in C under the assumption that n; does not
depend on C, since we assume n; = n;(U) fori =1,...,m.

We now turn to the derivation of the linear system of equations to be solved at each step of the
A-TDM method. For each physical direction k& = 1,2,3, let N € R™*™ be the diagonal matrix
containing the normal components at each point along direction k, i.e.

ngk) o ... 0

o o .. o0
Np=| . . |

0o 0 ... aP

and let N € R3*™ be a block matrix with blocks corresponding to N, i.e.

Ny
N =[N, | e R3>xm,

The problem (24) can be rewritten in matrix form as

1T/~ AT <1/~ AT~]7 =~
min§ [(Bc —p) N] [(Bc —p) N} + MG,
C
with E, é, p and c defined as in (20), (21) and (23), respectively. Therefore, the normal equations
with respect to the unknowns c are

(ﬁtdm n Aé) ¢ = buam, (25)

where Agqy, € RIM+DX3M+1) and by, € RIM+D oo that
Atam = BTNNTB, bm =B NN'p.

It has been observed that A-TDM does not show stable performance near high curvature regions,
see, e.g., [54]. Moreover, A-TDM has been proven to be equivalent to Gauss-Newton minimization
without a step-size control, see again [54], thus a regularization term needs to be added to improve
stability. In particular, it is common to apply the Levenberg—Marquardt regularization, see [54, 58],
by modifying (25) as

(Atdm AT+ Aé) ¢ = begm, (26)

by adding the term ~I, where I is the 3(M + 1) x 3(M + 1) identity matrix and v € R,y > 0. This
A-TDM variant is usually addressed in the literature as A-TDMLM, see e.g., [4, 58].
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4.2.3. Alternating Hybrid Distance Minimization

The alternating hybrid distance minimization method (A-HDM) can be defined by combining the
A-PDM and A-TDM methods, see, e.g., [38, 4]. In this case, the distance metric at a sample s (u;)
for each ¢ = 1,...,m takes into account both A-PDM and A-TDM metrics, i.e.

2
2 T
Yills (w) = pill3 + 8 [ (s (w) =p) T (27)
with the weights v;,d; > 0 satisfying v; + §; = 1. The objective function to be minimized over the
control points is in this case

2

M T
+ 6; (Z CJTJ(ui) —pi> N, + \E (C)
J=0

2

1 m
mcm§z; Vi
1=

M
Z cyry(ui) — pi
J=0

2

Remark 2. If vy = 1 and 0; = 0 for each ¢ = 1,..., m, we recover the A-PDM method. Similarly, if
~v; = 0 and d; = 1, then we obtain the A-TDM method.

The authors in [38] suggest the following choice of the blending weights,
d;

Vi = —————— and 612(1_71)7 fOTi:17.~.,m7
2man=1,...,m 7

for which (27) results to be a weighted combination of the A-PDM and A-TDM error terms, depending
on the point-wise distance

di = |[s (ui) = pill, -

To exploit the curvature information from the point cloud P, the authors in [4] propose as blending
weights

hi di(-iijpi and ;= (1 =) = dijfpi7
with,
B 1
7 max{feial s Jeial)”
where ¢; 1, ¢; 2 are the principal curvature values at every data point p; € P, for ¢ = 1,...,m. Hence,

(27) becomes a weighted combination of the A-PDM and A-TDM error terms, with weights depending
on the surface discrete curvature as well.
Independently of the specific choice of the blending weights, the linear system of equations to be
solved at each iteration of the A-HDM method has the following form,
</~1pdm + /Nltdm + )\@) c= (bpdm + btdm) , (28)

where the matrices and right-hand sides defined in (17) and (25) include the blending weight matrices

T
I = diag{y1,...,Ym} € R™*™, r=|o
0

o Ho

0
0| eR¥*3™ D = diag{6y,...,d,,} € R™*™,
r

(29)
so that

Apam = B'TB,  Awm=B'NDN'B,  byam=B'Tp,  bum=B NDN'p.

For completeness, we recall that the A-HDM method is a variant of the Alternating Squared
Distance Minimization (A-SDM) method, based on a suitable local quadratic approximant of the
squared distance function of a surface to a point. A-SDM has been developed in [46, 45] for active
contour models to fit a surface to a target shape, subsequently adjusted in [54] for the problem of
B-spline curve fitting to point clouds, and in [35] for the problem of surface fitting and registration.

Finally, note that A-HDM can be considered a regularized version of A-TDM. While for A-TDMLM
the regularization term is a diagonal matrix I as in (26), in this case, the role of regularization is
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played by the matrix flpdm as in (28). Moreover, from all the numerical results of [4], we can infer
that A-HDM with curvature-based weights and A-TDMLM can achieve the same accuracy. We also
experienced that, independently of the choice of the weights, the A-HDM system matrix behaves more
numerically stable than the A-TDMLM and hence is better suited for numerical computations, in
particular for complex, e.g., adaptive, constructions. For this reason, we choose A-HDM over A-
TDMLM to conduct the analysis developed in the following sections. Note, however, that A-PDM
is nevertheless the method whose system matrix has lower condition number, being numerically even
more stable than A-HDM.

4.3. Influence of the number of PC steps

A key choice for our adaptive alternating fitting schemes resides in the number of PC iterations to
perform before proceeding with the next adaptive loop. Specifically, it is fundamental to find a value
that provides a suitable trade-off between the approximation accuracy and computational costs.

As a preliminary study, we investigate and compare in a tensor-product B-spline framework the
accuracy trend of the A-PDM and A-HDM methods up to 30 PC iterations. Specifically, we consider
a point cloud sampled from a ship hull geometry, consisting of 9384 scattered data with initial stan-
dard shape preserving meshless parameterization [16]. We then set a tensor-product B-spline space,
characterized by bi-degree d = (2,2), and a 5 x 2 tensor-product mesh. The comparison of the mean
squared error (MSE) between A-PDM and A-HDM with the weights of [38], both with a penalization
weight A = le — 7, for 30 PC iterations is illustrated in Figure 6 (right). We can observe that the
biggest accuracy gain, i.e. more than 1 order of magnitude, is obtained in the range between 5 and
10 PC steps. This result is in line with the observation in [4]. As we proceed with the number of
PC iterations, both methods tend to plateau and the difference between the MSE diminishes. This
motivates us to work with 5 to 10 PC steps in adaptive frameworks. This observation will be further
validated on data of industrial complexity in Section 6.

4.4. Boundary constraints for (adaptive) alternating fitting schemes

In this section we detail the boundary treatment for (adaptive) alternating fitting schemes. Specif-
ically, we analyze the instability that might arise on the boundary of the approximation, due to
parameter correction as well as the evaluation of the tangent distance at the boundary points, and
provide a solution to these issues. Note that, in the literature concerning alternating fitting schemes,
these kind of boundary effects were also present in the final approximation, see e. g., [4], while they do
not appear if closed geometries were considered, see e. g., [58].

We assume the point cloud P to be a disjoint union of interior and boundary points, i.e. P =
P;UPg, consequently the parameterization U, defined in (10), is the disjoint union of interior and
boundary parameters, i.e. U = U;UUp. Specifically, to ensure a suitable boundary approximation
when moving the parameter values, we constrain the boundary parameters Up to lay only on the
boundary curve they belong to, hence we decouple the problem in (14) accordingly.

In particular, if p; € Py, i.e. for interior points, we solve the problem in (14). On the other hand,
if if p; € Pp, i.e. for boundary points, we solve

1 2 b

uié%hr)l,lP 3 s (w;) — pill3, foreachi=n+1,...,m,

where 9]0, 1)? indicates the boundary of the parametric domain [0,1]2. Moreover, if the boundary of

the domain is composed of more than one curve, we need to further decouple the optimization problem
by constraining each boundary point to be projected only on the boundary curve it belongs to.

In Figure 7, we report an illustrative comparison for the reconstruction of a point cloud sampled
from a ship hull geometry, consisting of 9384 scattered data with initial shape preserving meshless
parameterization [16]. We consider a tensor-product B-spline space, characterized by bi-degree d =
(2,2), and a 5 x 2 tensor-product mesh, and iterate 30 times the A-PDM method without and with
boundary constraints. The final parameter values, together with the tensor-product mesh, and the
geometric approximations, together with the input point cloud, are shown respectively in Figure 7
(a—b), and Figure 7 (c—d). In addition, U; are represented in black, whereas Pp and Up are divided
into 4 different boundaries and colored in red (south), orange (east), green (north) and blue (west),
respectively. In particular, Figure 7 (a—b) shows that not constraining the boundary parameters and
performing 30 PC steps affects the quality of the boundary curves and, consequently, of the one of the
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Figure 7: Tensor-product approximation of a ship hull point cloud consisting of 9384 scattered data initially parame-
terized with standard meshless parameterization methods. By performing the joint optimization fitting scheme without
boundary constraints (a—b) the boundary values might move in the interior part of the parametric domain (a) and the
boundary curves of the final approximations are affected (b). By imposing the boundary constraints (c—d) the parameter
values are properly distributed over the parametric domain (c) and lead to suitable geometric approximation (d).

approximation. Moreover, the boundary curves are not well represented even with additional steps
of refinement, therefore post-processing of the reconstructed geometry is necessary to recover a good
approximation, e. g., via trimming. Alternatively, constraining the boundary parametric values enables
us to produce boundary fitted models, as shown in Figure 7 (¢-d), which can be employed in the next
step of the adaptive loop.

In addition, when dealing with the boundaries of geometries given by a point cloud P = P;UPg,
instability might arise from the evaluation of the tangent distance at the boundary points Pg. When
the A-TDM method is unstable, its contribution to the A-HDM is not effective. To reduce this unstable
behavior, we modify the A-TDM method by decoupling the computation of the unknowns related to the
interior of the surface from the computation of the unknowns for the boundary curves. In particular,
c = c; U cp, where ¢y is the solution of (28) built on the interior parameters U; and points Py, whereas
cp is the solution of a different more stable problem, e.g., (17), built on the boundary parameters Up
and points Pg. As an illustrative example, we consider the approximation of a sequence of 100 points,
parameterized with chord-length method, with an open B-spline curve of degree d = 3, clamped knots
and 5 interior uniform knots. Thus, we compare the two different scenarios for the computation of the
control points when performing 1 step of the alternating methods. Specifically, we impose end-point-
interpolation condition to handle the extremity of the reconstructed curve. Despite the simplicity of
this instance, in Figure 8 (left) we can observe that A-TDM without any boundary treatment (blue)
has heavy artefacts in correspondence to the extremity of the data sequence; meanwhile A-TDM with
boundary constraints (red) suitably approximates the data. Moreover, A-TDM contributes to the
definition of A-HDM, see (27), however, as shown in Figure 8 (right), if we consider A-TDM with
no boundary treatment, also A-HDM is affected by artefacts towards the extremity of the geometry
(blue), whereas if we suitably handle the boundary, then A-HDM results in a good approximation
of the input points (red). Finally, both A-TDM and A-HDM with no boundary treatment are not
suitable for more complex problem, i.e. the surface approximation of scattered data.

5. Adaptive fitting with joint-optimization

Moving parameterization methods treat the point parameters as variables that might be adjusted
during the fitting process in order to optimize the final geometry. The optimization problem proper
of the alternating methods discussed in Section 4 is linear with respect to the control points C of the
spline surface s and non-linear with respect to the point parameters Y. Going one step further, we
propose in this section a Joint Optimization approach to solve simultaneously the parameterization and
fitting problems for a fixed spline space, i. e. to minimize the objective function (11). The simultaneous
optimization of parameters and control points for B-spline curve approximation was proposed in [52],
by exploiting the Levenberg-Marquardt (LM) optimization method [32, 39]. Subsequently, a faster
version of this method for B-spline curve approximation was proposed in [58], where the L-BFGS
optimization method [42, 10] is proposed to speed up the computational time. Finally, the extension
of the joint optimization for tensor-product B-spline surface approximation was developed in [26] with
different BFGS variants.
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data - data
—— A-TDM —— A-HDM
—— A-TDM + b.c. —— A-HDM + b.c.

Figure 8: Left: A-TDM B-spline curve approximation without (blue) and with (red) boundary conditions. Right: A-
HDM B-spline curve approximation built on A-TDM with no boundary condition (blue) and built on A-TDM with
boundary condition (red). The data to be approximated are also displayed.

We extend this surface fitting optimization method to the adaptive spline framework. More pre-
cisely, we address the parameterization problem within the first step (1. Solve) of the adaptive loop
by jointly, i.e. simultaneously, computing the optimal parameter sites U for P and control points C
for s. Therefore, with this method, we avoid solving a linear system of equations and performing PC
routines at every adaptive iteration. We refer to this method as Joint Point Distance Minimization
(J-PDM). The spline fitting problem is here addressed as a non-linear minimization problem, whose
Jacobian can be explicitly computed by exploiting the properties of the (TH)B-spline basis functions.

In particular, the explicit computation of the Jacobian matrix enables the use of numerical op-
timization techniques. Specifically, since the explicit calculation of the Hessian matrix is costly, the
BFGS optimization algorithm [8] approximates the Hessian matrix by constructing a sequence of ma-
trices based only on Jacobian evaluations. On the other hand, for large dimensional problems, the
storage of these matrices is computationally very expensive both in time and memory.

Therefore, we consider an optimization framework based on the L-BFGS optimizer [42, 10], which
exploits the BFGS for the Hessian corrections, with the difference that these corrections are stored
separately and, when the available storage is complete, the oldest correction is deleted to make space
for the new one. The benefits of exploiting L-BFGS-based methods can be particularly appreciated to
solve problems in which the Hessian matrices are large, unstructured, dense, or unavailable.

5.1. Limited memory BFGS optimization

In the following, we provide some background knowledge on the L-BFGS method, used in our
fitting method to minimize (11). Let f : R™ — R be a non-linear function, and let g : R™ — R™ be its
known gradient. The L-BFGS method is a quasi-Newton algorithm for solving large, i.e. n > 50 [10],
non-linear optimization problems of the form

mmin fx), (30)

with respect to & € R™. The L-BFGS method approximates the inverse of the Hessian matrix of the
objective function Hy, by a sequence of gradient vectors from previous iterations. The user specifies
the number v of BFGS corrections that are to be kept and provides an initial sparse symmetric and
positive definite matrix HJ, which approximates the inverse of the Hessian of f. During the first
v iterations, the L-BFGS method is identical to the BFGS method. For k > v, Hj is obtained by
applying v BFGS updates to H,g using information from the v previous iterations. More precisely, at
each iteration k, the current iterate xy, the function value fy, the gradient gi, and the approximation
of the Hessian Hy, are given; therefore, this allows us to compute

1 Sp_1Yk-1
Sk =Thsl — Tk, Yo =Gki1 — Gk P = ———, Mp=1—puys), Hj="21"—T

Y Sk y];rf1yk71
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and, consequently,

Hy=(M_y...M_,,)) H) (Myg_m ... My_1)
+ Pk—m (M];lll . M];lerl) sk,ms;lm (Mk7m+1 . M}Cfl)

T Pk—m+1 (Ml;rfl s MI;rferZ) Sk7m+13;—7m+1 (Mk7m+2 s Mkrfl)

T
+ Pk—18Kk—18;_1-

Subsequently, at the end of the k-th iteration of L-BFGS the variables are updated by
dy = —Hyg, Tp+1 = T + Yk di,

where 7y, is a scalar variable controlling the step-size, which satisfies the Wolfe conditions [56, 57], i.e.

f(zi +di) < f(zk) + 179, d, g (@ +edy) " di > cagl dy,

with 0 < ¢; < ¢ < 1. Finally, the L-BFGS algorithm terminates when the gradient of the objective
function is smaller than a specified input tolerance, i.e. ||V f|| < 1 or a maximum number of iterations
Kohax is reached.

Remark 3. The L-BFGS algorithm uses a sequence of v gradient vectors to approximate the inverse
of the Hessian matrix. Thus, a large value of v can potentially lead to a more accurate guess while
simultaneously increasing the computational costs. According to the literature, the default suggested
value to be used is v = 20 [43, 58|.

5.2. Adaptive spline fitting with L-BFGS

We employ the L-BFGS algorithm to address the problem of spline surface fitting. In particular,
given a point cloud P, so that P = P;UPg, i.e. disjoint union between interior points and boundary
points, for a fixed THB-spline space V = span{ry,...,7as} of dimension M + 1, our goal consists in
finding a spline model s € V' and suitable parameter values U, which minimize

M 2

+AE(C), (31)
2

Feuw=5>
i=1

CJTJ(ui) —Pi
J=0

where E (C) is the functional defined in (12). The outline of the proposed optimization approach
consists in the following three steps:

1. define an initial parameterization U;
2. define the initial control points, hence the initial spline geometry sg € V;
3. run the L-BFGS optimizer until convergence.

Note that there are no requirements concerning the initial guesses in steps 1 and 2. Nevertheless,
both the chosen parameterization and spline geometry need to be good enough to guarantee fast
convergence to a more accurate solution. As detailed in Section 5.1, the convergence of the L-BFGS
algorithm in step 3 means that either the gradient of the objective function is smaller than a specified
input tolerance, or a maximum number of iterations is reached.

The unknowns of this problem are both the coefficients C of the THB-spline model and the para-
metric sites U associated with the data points. We then arrange them in the matrices

ce RMHADX3  and € R™*2,

respectively. Moreover, we consider the collocation matrix B = B (U) as in (18), and we obtain the
matrix form of the objective function (31), i.e.

fle,u) = | Be = plf} + \E (¢) = trace { [Be — p [Be — p] "} + AE (), (32)

where || - || represents the Frobenius norm, p € R™*3 is a matrix containing the data points P, and
E (c) represents the contribution of the smoothing term. In order to exploit the L-BFGS optimizer, we
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need to provide the gradient of the objective function (32), namely to compute the (partial) derivative
of our fitting spline object with respect to each coefficient as well as with respect to each parametric
site. More precisely,

V(e u)=
of of _of of _Of of of of 9Of of
86(()1)7"'7865\2)76682)7"'7665\3)786(()3))"'7665\3))aula"'73um731}17"'7avm7

hence, by letting G as in (19), and u = (u,v) = (uM,u?) € [0, 1]?,
Vef(c,u)=(B'B+AG)ec—B'p
V.o f (e;w) = 5V, trace ((Be — p) (Be —p) ) (34)
= diag ((Bc - p) (8u<k)Bc)T) , k=12

The advantage of the proposed fitting method consists in avoiding the computation of the foot-point
projections and solving a very large linear system of equations at every time step.

In the following, we extend the joint optimization fitting method to the adaptive THB-spline
framework. In this way, we provide a new strategy to embed the moving parameterization within
adaptive spline fitting schemes. Given a point cloud P = P;UPpg, a suitable parameterization U, and
a THB-spline geometry s € V as in (9), belonging to a hierarchical spline space V, at the beginning of
each adaptive routine (1. Solve), we perform the joint optimization fitting algorithm for the current
fixed spline space V, using as initial guesses the parameter and the control points coming from the
previous adaptive loop. Subsequently, the output of the L-BFGS optimizer defines the new control
points ¢y € R3, for J = 0,..., M, of the spline geometry s € V and the new parametric sites I/ of the
data points, which are not kept fixed over the adaptive fitting scheme, but updated at each iteration.
The remaining three adaptive steps are similar to the ones implemented for the adaptive alternating
methods and detailed in Section 3.

Remark 4. After refinement, the hierarchical space has been updated by the insertion of a new hi-
erarchical level, and a new iteration of the adaptive loop can potentially begin. Note that, in order
to initialize the L-BFGS optimizer on the enlarged hierarchical spline space, we need to project the
solution from the previous iteration to the new spline space.

5.8. Boundary constraints for (adaptive) fitting with joint optimization

Similarly to Section 4.4, we are again dealing with the disjoint union of interior and boundary
points and, consequently, with interior and boundary parameters, i.e. i = U;UlUg. As before, we need
to preserve this distinction when moving te parametric values U, hence to constrain the boundary
parameters Up to live only on the boundary curve they belong to. This can be achieved by discarding
from the optimization variables, and (33), the parametric directions ugk), for j=n+1,...,m and the
coordinate (k = 1 or 2) which is perpendicular to the boundary side. Figure 9 illustrates the boundary
constraints for the parametric domain [0,1]? with 4 boundary edges. More precisely, the parametric
site u; = (u;,v;) belongs to the west edge of the domain; hence, the only component of u; that plays a
role in the minimization of (31) is v;, whereas u; is kept fixed to 0. Similarly, w; belongs to the south
edge of the domain; hence, we optimize u; while we set v; = 0. Finally, also the domain corners, if
any, are fixed.

In addition, we consider as a test case the reconstruction of a ship hull point cloud consisting
of 9384 scattered data, initially parameterized with with shape preserving meshless parameterization
method [16]. We perform the joint-optimization fitting scheme on an initial 5 x 2 tensor-product mesh,
with bi-degree d = (2,2), and iterate the adaptive fitting with joint optimization method up to 4
hierarchical levels. If we do not constrain the boundary parameters, the boundary parametric values
are moved towards the interior of the domain, see Figure 10 (a), subsequently the boundary curves
of the approximation surface are affected and the quality final geometry is ruined, see Figure 10 (b).
Moreover, the adaptive refinement routine does not contribute to recover a good parameterization and
approximation of the boundary curves, as shown in Figure 9 (e-f). On the other hand, imposing the
boundary constraints, see Figure 10 (c), allows for a reasonable tensor-product approximation, see
Figure 10 (d), that can be refined to further improve the final accuracy, see see Figure 10 (g—h).
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Figure 9: Two parametric sites u; and u; respectively constrained to the west and the south boundary edge of the
rectangular domain [0, 1]2. The only possible directions are highlighted by blue arrows for u; and red arrows for u;. In

addition, not acceptable directions are represented by dashed arrows, marked by a cross symbol.
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Figure 10: Tensor-product approximation of a ship hull point cloud consisting of 9384 scattered data initially parame-
terized with standard meshless parameterization methods. By performing the joint optimization fitting scheme without
boundary constraints the boundary values might move in the interior part of the parametric domain (a—e) and the
boundary curves of the final approximations are affected (b—f). By imposing the boundary constraints the parameter
values are properly distributed over the parametric domain (c—g) and lead to suitable geometric approximation (d-h).

6. Numerical results

In this Section, we apply the adaptive fitting schemes with moving parameterization presented
in this work for the reconstruction of aircraft engine components from scanned data of industrial
complexity, parameterized with standard methods, e.g., [16], whereas the initial approximation is
defined in terms of a least squares tensor-product B-spline computed on such parameterization.

We present a comparison between the adaptive A-PDM, A-HDM, and the adaptive J-PDM. Fur-
thermore, we analyze the role of admissible hierarchical meshes within the fitting framework.

We evaluate the goodness of the final reconstructed geometric model by measuring the accuracy
of the final approximation at each parameter site, in terms of absolute errors. Furthermore, it is also
fundamentally important that the final geometric model is free from artifacts or oscillations, which
might arise from overfitting noisy data. Therefore, we require the point-wise error to be below an
input tolerance only for a certain percentage of points. This procedure is widespread when dealing
with scattered and noisy data such as real-world datasets for industrial applications.

The algorithms related to the adaptive fitting schemes with THB-splines have been implemented
in C++ with the open-source G+Smo library [37]. As regards the alternating methods, we re-wrote
and greatly improved the parameter projection routine for making it more robust in order to suitably
tackle the industrial models addressed in this paper. As concerns the implementation of the L-BFGS
optimization method, we exploit the HLBFGS C++ library [34], which provides the L-BFGS method,
the preconditioned L-BFGS method [27], and the preconditioned conjugate gradient method [48, 47].
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6.1. Blade: influence of the number of PC steps

In this example, we study the influence of the number of PC steps between refinements for the
adaptive A-PDM and A-HDM with error-based weights proposed in [38]. To this aim, we examine the
reconstruction of a blade geometry with the length of about 5 - 1072m. In particular, we consider the
same physical part as in [18, Example 4.2]; however, in this example, we use a 3D scan with higher
sampling consisting of 104138, instead of 27191, scattered data points. Again, we start with a bi-cubic
basis, i.e. d = (3, 3), defined on an 8 x 8 tensor-product mesh and work with the smoothing coefficient
A = le — 8. In addition, we aim for 99% of data points within the tolerance ¢ = le — bm.

We compare the two adaptive fitting methods with refinement strategy 4.a and varying number
of PC steps, from 0 to 5, between refinements. More specifically, A-PDM requires 5, 4, 4, 4, 4, and
4 adaptive refinements for 0 to 5 PC steps, respectively, to reach the tolerance; the A-HDM requires
5,4, 4, 4, 3, and 3 refinements, for 0 to 5 PC steps, respectively, to reach the tolerance. Note that
for 5 PC steps, A-HDM performs 3 adaptive refinements, i.e. one less than A-PDM. This results in
a natural reduction of degrees of freedom (DOF) in the final reconstructed geometry. In particular,
A-HDM final reconstruction needs 2254 DOF, i.e. about 41% less DOF needed by A-PDM, to satisfy
the accuracy requirements.

Figure 11 shows the resulting surfaces for A-PDM (left column) and A-HDM (right column), with
1 PC (top), 3 PC (middle), and 5 PC (bottom) steps. Furthermore, Figure 12 (left) depicts the mean
square error (MSE) against the number of DOF needed to satisfy the accuracy requirements. Figure 12
(right) shows the percentage of points satisfying the input tolerance at each adaptive iteration. In
particular, we plot the results obtained with A-PDM (blue) and A-HDM (green) with 0, 1, 3, and 5
PC steps.

We can see that, for both A-PDM and A-HDM, increasing the number of PC steps enables reaching
a comparable error with fewer degrees of freedom, to the extent that fewer refinement iterations can
be required. Aligned with the theory from [54], the improvements in A-HDM are stronger than in
A-PDM. In addition, in line with the findings in [18], the first parameter correction step yields the
biggest improvement, whereas, for a higher number of adaptive iterations, this influence decreases. On
the other hand, 0 PC step implies that for A-HDM the unit normals are not necessarily computed at
the foot-point projections of the data onto the surface, as the original definition of the A-HDM method
requires.

6.2. Blade: influence of the fitting method

In this example, we compare the adaptive alternating fitting methods A-PDM and A-HDM with
error-based weights proposed in [38], with the adaptive J-PDM method. Moreover, we employ refine-
ment strategy 4.a. In particular, we consider the same blade dataset of Section 6.1, we consider the
same initial approximation space and ask for the same geometric model accuracy, i.e. ¢ = le — bm for
99% of the data points.

Based on the analysis conducted in Section 6.1, we perform 5 PC steps for A-PDM and A-HDM.
As concerns J-PDM, we consider a varying maximum number of L-BFGS optimizer iterations, i.e.
Knax = 100,200, 500,1000. Moreover, we set the error tolerance on the gradient of the objective
function to 7 = le — 9 < em, i. e. sufficiently smaller than the input threshold, so that we have control
over the exact number of L-BFGS iterations performed.

Figure 13 illustrates the final reconstructed geometries for A-PDM (top left) and A-HDM (top
right) with 5 PC steps and for J-PDM with 100 (middle left), 200 (middle right), 500 (bottom left),
and 1000 (bottom right) L-BFGS iterations. Figure 14 (left) depicts the MSE trend against the DOF
of the final geometry. Figure 14 (right) illustrates the percentage of points below the input tolerance e
with respect to the DOF, for each considered method. Note that the A-PDM and A-HDM geometries
are the same as Figure 11 (bottom) from Section 6.1; similarly their MSE error trends are the same as
Figure 12 from Section 6.1. We plot these results again in Figure 13 and Figure 14 for a better global
overview and a direct comparison between all the considered methods.

From both the qualitative and quantitative analysis, we note that J-PDM results improve with
an increasing number of L-BFGS iterations, in the sense that fewer DOF are required to meet the
input prescribed accuracy. More specifically, stopping the L-BFGS optimizer after 100 or 200 L-BFGS
iterations results in parametric geometries that are still too far away from their optimal configurations.
Therefore, to meet the accuracy requirements, several DOF need to be added at each refinement step.
By letting the L-BFGS run for 500 iterations, almost the behavior of A-PDM is obtained. Finally,
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(a) A-PDM, 1 PC, DOF = 5098 (b) A-HDM, 1 PC, DOF = 6096

(c) A-PDM, 3 PC, DOF = 3994 (d) A-HDM, 3 PC, DOF = 4093

(e) A-PDM, 5 PC, DOF = 3851 (f) A-HDM, 5 PC, DOF = 2254

Figure 11: Blade geometry reconstruction from Section 6.1 for a varying number of PC steps (increasing from top to
bottom) for A-PDM (left column) and A-HDM with error-based weights suggested in [38] (right column). The dimension
of each geometric model (DOF) is also reported.

running L-BFGS for 1000 iterations enables terminating the adaptive loop already after 3 refinements,
i.e. 1 refinement earlier than A-PDM and after the same number of refinements as A-HDM, yet
achieving smaller approximation error values.

In this example, we can observe that the adaptive J-PDM fitting scheme has an approximation
power higher than adaptive A-PDM and A-HDM. Nevertheless, we recall that the adaptive J-PDM
method is more computationally expensive since it necessitates solving a non-linear optimization prob-
lem of dimension 3(M + 1) + 2m at each adaptive loop. On the other hand, the adaptive alternating
methods solve at each adaptive loop m non-linear problems of dimension 2 that are all independent
from each other and a linear problem of dimension 3M.
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Figure 12: Blade geometry reconstruction from Section 6.1. MSE trend with respect to DOF for A-PDM (blue) and
A-HDM with error-based weights suggested in [38| (green) with 0 (dotted), 1 (dashed), 3 (dashdotted), and 5 (solid) PC
steps.

6.3. Airfoil: influence of the fitting methods

In this example, we compare the adaptive fitting schemes with moving parameters presented in
this work, with refinement strategy 4.a, for the reconstruction of an airfoil geometry. This aircraft
component is the same considered in [5, Example 3.4]; however the initial parameterization has been
modified. More precisely, the initial parameterization is shifted by 0.25 to the spot where the mesh
was cut open during the parameterization step, and the stitch vertices are now duplicated, once with
u = 0 and once with v = 1. This results in a new point cloud with 20034 instead of 19669 data points.

We then start with a bi-cubic tensor-product basis, i.e. d = (3,3), on an 8 x 1 tensor-product
mesh. We use stiffness A = le — 6 and terminate the approximation when 95% of data points are
within the tolerance ¢ = 5e — bm. From this initial configuration, we fit the input scattered point
cloud with adaptive A-PDM, and adaptive A-HDM with error-based weights [38], performing 5 PC
steps for both alternating methods. Moreover, we reconstruct the THB-spline geometry by running
the adaptive J-PDM fitting algorithm with K., = 100,200, 500, 1000 number of L-BFGS iterations.
As in the previous examples, the gradient threshold for the optimizer is = le —9, namely low enough
not to contribute to the optimizer stopping criterion.

The qualitative results are reported in Figure 15, whereas the quantitative analysis is illustrated in
Figure 16. Specifically, Figure 15 shows the resulting THB-spline geometries obtained with adaptive
A-PDM and 5 PC steps (top left), A-HDM and 5 PC steps (top right), and J-PDM with 100 (middle
left), 200 (middle right), 500 (bottom left) and 1000 (bottom right) L-BFGS iterations. Figure 16 plots
the corresponding MSE (left) and percentage of points within the input tolerance (right) evolution
over the geometric model DOF. From these results, we can see that the approximation power of the
adaptive J-PDM fitting scheme with a sufficient number of L-BFGS iterations, is higher than that of
the adaptive A-PDM and A-HDM. In essence, the adaptive J-PDM fitting scheme needs fewer DOF
to meet the required input accuracy. Similar to the previous example, adaptive J-PDM with 100
or 200 L-BFGS iterations produce parametric geometries that are still too far away from potential
optimal configurations, hence several DOF are added at each refinement step. Adaptive J-PDM with
500 iterations shows an MSE behavior especially aligned with adaptive A-HDM with 5 PC steps,
yet with a higher number of points below the input tolerance for each adaptive iteration. These
considerations can be inferred by comparing the magenta dash-dotted line (adaptive J-PDM with
500 L-BFGS iterations), with the green solid line (adaptive A-HDM with 5 PC steps) in Figure 16
(left) for the MSE and in Figure 16 (right) for the percentages. Finally, adaptive J-PDM with 1000
L-BFGS iterations achieves the accuracy requirements with the lowest number of DOF. Note that, for
coarser meshes, the MSE is reduced by more than one order of magnitude compared to the adaptive
alternating methods. The same remark from Figure 6.2, concerning the computational costs of the
developed method, holds.
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(a) A-PDM, 5 PC, DOF = 3841 (b) A-HDM, 5 PC, DOF = 2254

(c) J-PDM, 100 it, DOF = 9038 (d) J-PDM, 200 it, DOF = 6172

(e) J-PDM, 500 it, DOF = 3913 (f) J-PDM, 1000 it, DOF = 2137

Figure 13: Blade geometry reconstructions from Section 6.2 with A-PDM and 5 PC (top left), A-HDM with the error-
based weights [38] and 5 PC (top right), and J-PDM with 100 (middle left), 200 (middle right), 500 (bottom left) and
1000 (bottom right) L-BFGS iterations. The dimension of each geometric model (DOF) is also reported.

6.4. Blade and airfoil geometry reconstruction with admissible meshes

In this example, we show that if spline adaptivity is driven by suitably graded hierarchical meshes,
i.e. admissible refined meshes, the final THB-spline reconstruction can be further improved in terms
of the trade-off between accuracy and final geometric model dimension. In particular, we revisit the
examples of Section 6.2 and Section 6.3 by exploiting the refinement strategy 4.b, considering u = 2,
so that the meshes remain admissible through their adaptive design.

Blade. We start by considering the reconstruction of the blade geometry presented in Section 6.2
and compare those results with the new ones obtained via admissible refinement. Figure 17 (left)
shows some of the resulting geometries from Section 6.2 with their admissible counterparts (right). In
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Figure 14: Blade geometry reconstruction from Section 6.2. Trends of the MSE (left) and the percentage of points below
the tolerance (right) with respect to the number of DOF, for A-PDM (solid blue), A-HDM with the error-based weights
[38] (solid green), both with 5 PC steps, and J-PDM (magenta) with 100 (dotted), 200 (dashed), 500 (dash-dotted) and
1000 (solid) L-BFGS iterations.

particular, we report the geometries fitted with the adaptive A-PDM with 5 PC steps (top), adaptive
A-HDM with the error-based weight of [38] and 5 PC steps (middle), and the adaptive J-PDM with
1000 LBDFS iterations (bottom). In Figure 18 we show the MSE — (left) and the percentage of points
within the tolerance (right) for all the above-mentioned fitting methods with standard refinement
(solid lines) and with admissible refinement routines (dashed lines). From the quantitative results, we
can see that enabling the admissible refinement strategy saves DOF for all the considered adaptive
fitting methods while attaining similar accuracy. Nevertheless, the behavior of the fitting methods
relative to each other remains analogous. In addition, from the qualitative results, we can see that
admissibility also preserves the quality of the resulting geometries, i. e. no artifacts or oscillations arise.
The best results in terms of a trade-off between accuracy and geometric model complexity are achieved
by J-PDM with 1000 L-BFGS iterations and admissible mesh configuration, followed by A-HDM with
error-based weights [38], 5 PC steps and admissible mesh refinement, J-PDM with 1000 L-BFGS
iterations and standard refinement, A-HDM with error-based weights [38], 5 PC steps and standard
refinement, and finally A-PDM 5 PC steps with admissible and then standard meshes. Therefore, we
can conclude that involving suitably graded hierarchical meshes pronounces the quality of the final
geometric model.

Airfoil. We now revisit the example in Section 6.3, by exploiting admissible mesh refinement strategy.
In particular, we consider the adaptive A-PDM with 5 PC steps and the adaptive J-PDM with 200
and 1000 L-BFGS iterations fitting schemes and compare the final geometries reconstructed with stan-
dard and admissible refinement. Specifically, Figure 19 shows the reconstructed geometries, whereas
Figure 20 plots the MSE (left) and the percentage of points below the input tolerance in relation
to the number of DOF (right). Admissibility improves the final reconstructed geometric models, for
all the considered fitting schemes, by saving DOF while reaching equivalent approximation accuracy.
Notably, the admissible refinement strategy helps to improve the performance of adaptive J-PDM
with 200 L-BFGS iterations, by reducing the final number of DOF from 599 to 369 and aligning its
approximation power to adaptive A-PDM with 5 PC steps and admissible mesh configurations, see
also Figure 19 (b—d). Finally, we remark that adaptive J-PDM with 1000 L-BFGS iterations achieves
the best approximation results among all the considered fitting schemes, and its approximation power
is further enhanced by working with suitably graded meshes.

7. Closure

We proposed a novel paradigm for adaptive fitting methods, where both the (scattered) data
parameterization and the spline local refinement are addressed within the same fitting scheme. In
particular, the key interplay between parameterization and spline adaptivity is proposed in the context
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(e) J-PDM, 500 it, DOF = 245 (f) J-PDM, 1000 it, DOF = 230

Figure 15: Airfoil geometry reconstructions from Section 6.3 with A-PDM and 5 PC (top left), A-HDM with the error-
based weights [38] and 5 PC (top right), and J-PDM with 100 (middle left), 200 (middle right), 500 (bottom left) and
1000 (bottom right) L-BFGS iterations. The dimension of each geometric model (DOF) is also reported.
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Figure 16: Airfoil geometry reconstruction from Section 6.3. Trends of the MSE (left) and the percentage of points below
the tolerance (right) with respect to the number of DOF, for A-PDM (solid blue), A-HDM with the error-based weights
[38] (solid green), both with 5 PC steps, and J-PDM (magenta) with 100 (dotted), 200 (dashed), 500 (dash-dotted) and
1000 (solid) L-BFGS iterations.

of a novel adaptive surface fitting methods with THB-splines based on alternating tangent and hybrid
distance minimization. While A-TDM suffers from numerical instability, we showed that A-HDM with
THB-splines strongly improves the results recently obtained in [18], where only A-PDM was considered.
Nevertheless, adding a few parameter correction steps at each iteration increases the computational
costs. A joint method, based on limited memory BFGS optimization to update parameter values
and control points simultaneously, is then proposed to avoid the need for iteratively computing foot-
point projections. The performance of J-PDM can outperform A-HDM if sufficiently many iterations
are considered. Note however that increasing the number of L-BFGS iterations also increases the
computational costs of the overall procedure. A suitable trade-off between the desired accuracy and
the computational resources needs to be identified for challenging applications of industrial complexity,
such as the ones considered in this paper. Finally, in the last example, we also showed that, when
suitably graded THB-spline refinement is considered, a further reduction in the number of degrees of
freedom needed to obtain a certain accuracy can be achieved both for the alternating (A-PDM, A-
HDM) and the joint (J-PDM) schemes. An interesting future research direction could be the study of
more general joint optimization schemes such as a J-TDM approach, possibly also including different
kinds of constraints in the adaptive THB-spline fitting scheme.
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(a) A-PDM, 5 PC, DOF = 3841 (b) A-PDM, 5 PC, adm., DOF = 2785

(c) A-HDM, 5 PC, DOF = 2254 (d) A-HDM, 5 PC, adm., DOF = 1841

(e) J-PDM, 1000 it, DOF = 2137 (f) J-PDM, 1000 it, adm., DOF = 1586

Figure 17: Blade geometry reconstructions from Section 6.4. Left column: standard results; right column: admissible
meshes (adm.). First row: A-PDM with 5 PC steps; second row: A-HDM with error-based weights [38] and 5 PC steps;
third row: J-PDM with 1000 L-BFGS iterations. The dimension of each geometric model (DOF) is also reported.
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Figure 18: Blade geometry reconstructions from Section 6.4. Trends of the MSE (left) and the percentage of points
below the tolerance (right) with respect to the number of DOF and different adaptive fitting schemes and standard (solid
lines) and admissible (dashed lines) refinement strategies. A-PDM (blue) with 5 PC steps combined with standard (solid
blue) and admissible (dashed blue) refinement routine; A-HDM (green) with error-based weights [38] and 5 PC steps
combined with standard (solid green) and admissible (dashed green) refinement routine; J-PDM (magenta) with 1000
L-BFGS iterations combined with standard (solid magenta) and admissible (dashed magenta) refinement routine.
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