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The extension from the planar case to three dimensions of the clothoid curve (Euler spiral)
is herein presented, that is, a curve parametrised by arc length, whose curvature and tor-
sion are linear (affine) functions of the arc length. The problem is modelled as a linear time
variant system and its stability is studied with Lyapunov techniques. Closed form solutions
in terms of the standard Fresnel integrals are for the first time presented and they are valid
for a wide family of clothoids; for the remaining cases, numerical methods of order four,
based on Lie algebra, Magnus Expansions and Commutator-Free Expansions are provided.
These geometric integrators have been optimised to be easily implemented with few lines
of code and require only matrix-vector products (avoiding explicit matrix exponentials at
each iteration). The achieved computational efficiency has a dramatic impact for several

Commutator-Free real-time applications, especially for designing trajectories for flying vehicles, as previous
approaches were fully numeric and could not take advantage of the present closed form
solutions, which render the computation of the 3D clothoid as computationally expensive
as its planar companion.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

In this work, the extension to three dimensions of the clothoid curve is presented. A clothoid is a planar curve whose
curvature is a linear (affine) function of the arclength and was studied for the first time by Euler and Bernoulli [1-5]. It
is a transcendent curve, which can be expressed in closed form by means of Fresnel integrals [6,7]. Relying on special
functions, the clothoid is computationally more expensive to evaluate and manipulate than other classic curves used in the
applications [8,9], such as lines and arcs, biarcs, polynomials and splines, rational functions and NURBS. Nevertheless, the
clothoid is being recognised as one of the most suitable primitive curves in a series of applications [2], as it turns out to
be the natural solution of a variety of problems in the applied sciences. It is also appreciated for its appealing shape in
design applications [10], and is referred to as a fair curve. The key features are the simple (and yet effective) expression of
its curvature and the natural parametrisation by arc length, which makes it superior as compared to the family of (rational)
polynomial curves showing irrational curvatures, torsions and lengths [2,7].

The planar clothoid has been thoroughly investigated by several researchers that can be divided into two main cate-
gories: the first one applies clothoids for engineering purposes [11-16]; the second one focuses on providing algorithms
and methods for the former [3,4,17-20]; both list of references are far from being complete. The present paper belongs to
the latter category. The most relevant results established in literature have been provided by the control community, the
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applied mathematics and computer graphics fields. Known results include theoretical aspects [21]: the evaluation of the
curve, the interpolation with various degrees of continuity [6,22], extension to splines of clothoids [4,23], the intersection
of curves [24], and more specifically in control theory, optimisation of smooth speed profiles [5,25] and distance from a
nominal path [26,27]. Most of these contributions and the results of the present work are collected in an open-source C++
library with Matlab interface [28,29].

In the field of mechatronic and control engineering, clothoids are popular as motion primitives for path planning, since
they naturally model the trajectory of a car-like vehicle moving at constant speed [5,30] and they may also extend the
Markov-Dubins curves [31,32]. An important feature related to the linear varying curvature is that the adoption of a clothoid
requires to linearly actuate the steering wheel, which is related to the lateral accelerations experienced by the mechatronic
system and therefore to the overall comfort [33,34].

The extension to three dimensions is important to take advantage of these properties also in flying vehicles, such as
drones, helicopters, UAV, [35,36]. The advantage is to allow linear movements with respect to the horizontal plane, thus
reducing undesired vertical forces. Other applications in science and engineering, other than the historic ones like road and
railway design since the first works of Markov, are the modelling of human locomotion [37,38], of blood vessels [39], or rat
whiskers [40], the design of rollercoaster [41,42]; in this latter case, the forces acting on passengers are maximised, rather
than minimised.

The useful clothoid’s properties have been extended to three dimensions only by means of fully numeric approaches. The
aim of the present study is to illustrate the cases when an explicit and efficient closed form solution is available, as well as
a geometric numeric integrator for the remaining cases.

The paper has the following structure, firstly the fundamental problem of this extension process is discussed, i.e., the
definition of a 3D clothoid, as the planar case does not generalise to higher dimensions in a straightforward (and universally
accepted) manner. To this end, the mathematical background is introduced in Section 2.1, together with the collocation
of the paper in the state-of-the-art (Section 2.2). Section 3 formalises the problem of the 3D clothoid and studies some
of its properties. The solution to the general problem in Lie Groups is presented in Section 4 together with an efficient
numerical method based on the Magnus Expansion. Two particular cases of great interest for generality and computational
efficiency (closed form solutions) are developed in Section 5. Section 6 provides numerical tests that validate the accuracy
and efficiency of the presented methods. Finally, in Section 7, the conclusions are drawn and future research directions
proposed.

2. Background and literature
2.1. Parametric space curves: the Frenet-Serret frame

The first problem faced is how to extend the clothoid from the planar to the spatial case. In particular, the torsion of the
curve must be determined. In the accepted definition of torsion as the second curvature, and in sight of the fundamental
theorem of space curves, the most natural extension in 3D is to assume the torsion linear (affine) with the arc length.

Theorem 1 (Fund. thm. of space curves, [43]). Given two differentiable functions x(s) > 0 and t(s), for s € I, there exists a
regular parametrised curve y : I — R3 such that s is the arc length, « (s) is the curvature and T (s) is the torsion of y. Any other
curve  that satisfies the same conditions differs from y by a linear map ¢ of R3 with positive determinant and by a constant
vector ¢ € R? such that = ¢ o y +¢, or in other words, by a rigid motion.

Therefore, as the curvature and torsion completely define a curve, it seems only natural to extend the request of linearity
also to the torsion. Before discussing other extensions provided in literature, we recall some definitions and properties of
the geometry of space curves in order to compare the present and the other possible approaches. Velocity and acceleration
are associated to a parametric spatial curve y : I =[ty,t;] € R~ R3 given by y (t) = (x(t),y(t), z(t)), where the parameter
t is not necessarily the arc length: v(t) = y (t), a(t) = v(t) = y (t). Related to the curve y are also its speed and arclength:

t
$(t) = [[v(®)|| and s(t):/ts'@)ds. (1)

The widely known Frenet-Serret frame is defined by the unit tangent vector t, the normal vector n and the binormal vector
b, the classic formulas for a general parametrisation of y are:

__r® o _ YOAPE®)
t(t)'_lly(t)ll’ n(t) :=b(t) At(t). b(t)._”y(t)/\y(t)”.

Taking the derivatives of the previous expressions yields the definition of two important quantities, the curvature x and the
torsion 7 of the curve. They are written concisely as:

i(t) 0 Kk (t) 0 t(t)
) | =y ©OIl- | | —«®) 0 T || |n@®|.
b(t) 0 —t(t) 0 b(t)
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where I3 is the identity matrix, ® is the Kronecker product, that ensures the resulting matrix is 9 x 9.

Remark 2. For brevity’s sake, many books of differential geometry neglect the Kronecker product. When the context is non
ambiguous, this notation is followed.

Explicitly, the curvature and the torsion are:
K(t) = [y ©) Ay ®l YO AP@)-¥(1)
yoIF - ly@®Ay©I*

In view of the natural parametrisation of the curve with t =s(t), i.e. by its arclength, the previous general expressions
reduce to simpler relations. Starting from the arc length parametrisation (1), being the curve regular, it is possible to solve
for t =t(s): from s(t) =s(t(s)) it follows that s(t) =s(t)||s(t)|| and thus ||s(t)|| = ||y (t)|| =1 has unitary norm and the
curve has unit speed everywhere. The Frenet-Serret frame takes the simpler form

t's) _ y'e) Y ) Ay ()
eI [y oI y' ) Ay &I

Similarly to the general parameter case, the relation for the derivatives of the frame simplifies to

T(t) =

t(s) :=y'(s), n(s) := b(s) :=t(s) An(s) =

t'(s) 0 K (s) 0 t(s)
) | =| —«(s) 0 (s) || n(s) |, (2)
b (s) 0 —t(s) 0 ||bes)

so that the curvature and the torsion become

')Ay’ (s)-y"(s)
[y’ (s) Ay (s)]|?

or, more compactly, x(s) = ||t’|| and T(s) = —b - n.

k@) =1ly" Ol =)=

2.2. Literature and comparisons

The choice of linear (affine) torsion is not the only possibility to extend to space a planar clothoid. The first paper that
covers the extension to the 3D space of clothoids dates back to 2001 in [42], the torsion is not considered and the extension
is done by iteratively refining a control polygon to match both the arc-length parametrisation as well as a linear distribution
of the binormal vector.

About ten years later, in [44], with a similar approach, the supporting plane of a planar clothoid is rigidly tilted to match
the final point in the 3D space. Despite being simple and intuitive, this approach loses the arclength parametrisation as well
as the linearity of the curvature and of the torsion.

In the same years, [45-48] propose a numerical scheme based on variational principles to extend the clothoid to space,
which is based on the gradient descent method to minimise the energy of the 3D curve. The clothoid is shown to be
the solution of this optimisation problem. The proof of several properties of the space clothoid is also presented, including
invariance to similarity transformation like translation, rotation and scaling; symmetry, i.e., the curve that connects the point
Do to p; with initial and final tangents £y and t; is the same as the curve that joins p; to py with initial and final tangents
—t; and —tg; extensibility; smoothness and roundness. All these properties render the clothoid a fair curve, acknowledged to
be eye-pleasing and therefore suitable for artistic purpose. In fact, the Authors employ it for archaeological reconstruction of
ancient sculptures and objects, such as the curly hair in broken head sculptures or for the ridges of Hellenistic lamps. Their
focus is more on the geometric properties of the curve rather than to the development of a high performance numerical
algorithm. Indeed the computational issues of this minimisation are in the convergence and the low order (one) of the
gradient descent method.

In 2013, [49] presented the concept of super space clothoids in computer graphics with application to dynamic hair
modelling. Although they recognise the Lie group structure of the problem, they do not attempt an analytic solution of it,
stating that, in general, the problem cannot be solved formally. In the present study it is shown how for a wide combination
of curvatures and torsions, a closed form solution exists in terms of the standard Fresnel integrals, hence a 3D clothoid is
not essentially computationally heavier than a standard planar spiral arc. We also give precise conditions on when this is
possible in terms of an easy test on the parameters of curvature and torsion. In [49], a numeric solution of the problem
based on a non trivial power series is given, which takes into account the numerical difficulties of this stiff problem as
numerical cancellation. Since the differential Eq. (2) evolves on a rotation group (this topic is discussed in the next sections),
a polynomial expansion is not the best solution because, in general, the result does not belong to this group. They solve this
issue by a rather involved subdivision method inspired by multiple precision arithmetics. When the closed form is not
possible, we rely, instead, on a Lie group geometric integrator, that by construction evolves on the Lie group and preserves
the orthonormality of the tangent, normal and binormal vectors. For details on numerical methods on Lie groups the reader
is addressed to [50-52] and their references.
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Finally, there is a completely different way of extending the clothoid, using the so-called intrinsic spline, introduced for
planar curves in [53]. This formulation of the problem is very elegant, and the explicit curve equation can be written as:

x(s):[)scosﬁ<s)sin¢<é>ds, y(s):/ossinws)singo(s)ds. z<s>=/05cos¢<s>ds, 3)

where ¥ (£) and ¢(&) are polynomials. These are the integrals of the spherical coordinates, thus the arc-length parametri-
sation and orthonormality of the frame naturally arise. The curvature and torsion, however, are not linear, apart from the
planar case, where the intrinsic spline reduces to the clothoid if ¥ is the usual quadratic polynomial. In the general case,
dropping the dependence of s, we have

B (972 sin® ¢ + 2¢2) cos p — (¥ 9" — V" ¢') sing
@2 +¥2sin’ '

K(s) =92 +02(1—-cos?¢p), T(s)=

Another important issue is that the integrals appearing in (3) are highly oscillatory and their practical evaluation requires
some computational effort because standard quadratures (e.g., Gauss-Legendre formulas) cannot be used. Therefore, this
choice does not seem very promising.

In conclusion, the next sections discuss how to solve the integration of (2) in the case of linear (affine) curvature and
torsion, both in the case when a closed form solution exists, and also when a numerical tool is necessary. The contribution
of the present paper is twofold, we provide the first closed form solution that can be applied to a family of curves, and when
this is not possible, a simple yet effective geometric integrator based on Lie algebra and Magnus Expansion is provided.

3. The clothoid in 3D

To determine the equation of the clothoid, it is necessary to solve the linear system of ordinary differential equations
in (2), with the conditions « (s) = ks + kg and 7(s) = t’s + 7, for real values of k’, kg, T/, Tg. The case of a planar curve
((s) =0) has been presented in [54]. In 3D, the general problem takes the form

V() =A@E)ys).  y0) =y (4)
with matrix A(s) given by

0 K (s) 0
A(s) = | —k(s) 0 T(s) |;
0 —-7(85) 0

finally, y = [t7. n”, b"]T € R® is the vector of the coordinates of the intrinsic frame and ¥, is the initial point.

Remark 3. The matrix A(s) is skew-symmetric, and the space of such matrices forms the Lie Algebra of the orthogonal
group. When discussing existence and convergence, the eigenvalues of ATA are required, they are zero and Q(s) := « (s)2 +
7(5)2.

With the standard notation y’(s) = A(s)y(s), the problem is written as a linear system of ODEs with non constant co-
efficients, also known as linear time variant system (LTV system), originating at y(0) =y,. The existence and uniqueness
of the solution are ensured by the Lipschitz continuity of A(s) and fundamental results of differential equations, e.g. the
Cauchy-Lipschitz theorem. For scalar equations, the solution can be obtained by the classic variation of constants formula;
for higher dimensions, that formula, intended with matrix exponentials instead of the usual, is valid in particular cases only,
that is, if and only if a condition based on the commutator is satisfied. A first property of the LTV system (4) is its stability,
as it is proved in the next proposition.

Proposition 1 (Stability). The autonomous linear time variant system (4) is stable.

Proof. The quadratic function V(y) = ||y||2 (with ||-]| is the Euclidean norm) is a Lyapunov function, since V is defined
everywhere, V(0) = 0 and V(y) > 0 for all y # 0. Now let y(s) be a solution of (4), then, taking the derivative with respect
to s:

V() =yTy+yy =y (A" +Ay =0,
since AT + A =0, being A skew-symmetric. Thus, the LTV system is stable. O

The initial value problem (4) is best studied in a slightly extended framework, in the Lie Groups, where we follow the
works of [50,52]. In order to do this, we consider the matrix linear differential equation

Y'(s) = A(5)Y (), Y(0) =Yo. (5)

In this setting, Y € G, where G is a Lie group, A : Rt — g is a Lipschitz continuous matrix and g is the Lie algebra of G.
Here, a Lie group G is a finite dimensional differentiable real manifold, where the product of elements and its inversion are
smooth. The corresponding Lie algebra g is the tangent space of G, i.e., the set of all possible values that can take y’/(0),

4
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where y(t) € G is a smooth curve, and y (0) = I;, the identity of G. Precisely, for the problem at hand, Y belongs to the
orthogonal group O and the matrix A to the (special) orthogonal Lie algebra so.

The most relevant fact with respect to our problem, is that the Lie algebra is closed under the second operation, the
Lie bracket or commutator: let g; and g, be elements of g, then [g1,8,] := 8182 — £281 € ¢ and it also satisfies the Jacobi
identity. This is important because any combination of operations remains in the group, which means that properties of the
initial point are preserved by any numerical method that acts on the Lie structure.

Wilhelm Magnus, in his seminal paper [55], proposed to write the solution of (5) as an exponential of a series of ma-
trices, called the Magnus Expansion (ME). Other possible choices for similar series expansions are the Dyson series, the Fer
method, the Symmetric Fer method, the Cayley method and the Wilcox expansion. In [50,52] it is shown how to construct
the above methods starting from the ME, hence, in this work, we focus only on the ME. The solution proposed by Magnus
is to write the solution of (5) as

Y(5)=e®0 .Yy, Q) =) Li(s). (6)
i=1
The first two terms of the Magnus expansion are easily produced, [52],
S
2:(5) = [ At dsi,

2,(5) = 5 [ 12160 A1) ds1.

Higher order terms can be computed via recursion relations, but cannot be employed naively because they involve an in-
creasing number of nested commutators and multidimensional integrals (efficient practical numerical schemes are discussed
later).

The bracket in €2, corresponds exactly to the commutator condition stated next, and is contained in all other terms ;;
this shows how the ME reduces to the standard formula of variation of constants whenever the condition is satisfied, as
Q; =0 for i > 2, so that Y(s) = exp (£21(5))Yg.

Definition 1 (Commutator). Let 21(s) = ng(o) do be the integral of the coefficient matrix A of the system y’(s) = A(s)y(s).
The commutator condition is satisfied if [2;,A] = /A — AR =0.

A sufficient test (but not necessary, [55]) for the above commutator condition, is that for any pair of different values of
the independent variable, say s; and s,, the equality A(s1)A(Sy) = A(s2)A(s1) holds. For the problem at hand, the commu-
tator condition is given in the next proposition.

Proposition 2. The commutator condition for y'(s) = A(s)y(s) is equivalent to m := 'ty — T'kg = 0.

Proof. The integral of the curvature and the torsion are %K’s2 + ks and %r’sz + 7pS, respectively. Thus, matrix 2, reads

0 K's?)2 + koS 0
Q) = | —«'s2/2 — ks 0 T's2/2+ 108 |. (7)
0 —7's2/2 — o8 0
The Lie bracket [€21, A] is a simple matrix operation and reads
o0 0 -1
(21.A] = % 00 o]
1 0 O

with m = k’1g — t’kg. Thus, the commutator condition is satisfied if and only if m=0. O

In general, however, the commutator condition is not satisfied, and this requires to consider, at least formally, the com-
plete series of the ME, which poses the additional problems of existence and convergence of the series. The answers to
these fundamental questions are given in the following theorem, that is adapted for the problem at hand from the theorem
of Magnus and its refinements.

Theorem 4 (Magnus Expansion). The differential Eq. (5) has a solution of the form (6), where the exponent lies in the Lie
algebra so and is a continuous differentiable function of A(s). Finally  can be computed with the Magnus expansion (6) for
0 <s <S, with S = max {s >0s.t. fé Q(o)do < n}, where Q(s) = k()% + 7(s)2, as defined in Remark 3.

Proof. The theorem is adapted from [52]. The interval S = max {s >0s.t. /3 [|A(o)]||pdo < n}, gives the convergence of the

series, which can be simplified, thanks to Remark 3, e.g., ||A(c')||> = Q(o'), which is the spectral radius of ATA (||| is the
usual matrix 2-norm). O

The theorem is useful to recognise that the ME is valid only locally, hence in view of designing a numerical method,
the overall integration interval must be divided into steps, so that the ME converges in each sub interval. A limitation of

5
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these geometric integrators that preserve the Lie structure is that they require to evaluate the terms 2;, which in turn need
the computation of a large number of nested commutators and their integration. Then, after the truncated series has been
determined, it must be exponentiated, which is also a difficult task [56]. These methods become attractive if the above
issues could be solved and if the integration step can be made bigger than the one of usual integrators, e.g. Euler or Runge-
Kutta. For the problem at hand, all these issues can be solved in closed form and they are discussed in the following section,
then; in Section 5, closed form solutions are presented for the particular cases in which the commutator condition holds.

4. Geometric integrators for the general clothoid case

In this section we discuss how to overcome the issues presented at the end of the previous section and illustrate a geo-
metric Magnus integrator that gives accurate results at the price of a light computational cost compared to other methods.

The first issue to address is to write the terms £;, reducing the otherwise enormous number of nested commutators.
This problem has been solved by Iserles and Narsett in [50] by means of binary trees, and in [52] exploiting the time
symmetry of the ME. For instance, the fourth order Magnus Geometric integrator (MG4) presented in [52] requires only two
of them. The next step is to evaluate the involved integrals, which for our problem is not difficult do to since the functions
appearing in A are polynomials, so they can be easily integrated in closed form. Indeed, the MG4 presented in [50,52] uses
Gauss-Legendre integration, which is exact for polynomials of low degree and requires only two matrix evaluations and two
commutators, hence it is also possible to skip the explicit integration step, as the two results will coincide. The third step
is the computation of the matrix exponential in (6), which is, in general, the costliest operation of the integration step.
Common methods include scaling and squaring with Pad approximations, the Chebyshev method, computation in Krylov
spaces; there are various splitting methods and also a number of other “dubious” methods, [56]. In our case, the particular
structure of A(s) and of the truncated series for € makes it possible to write the truncated expansion e® in closed form.
Therefore, we have recast each integration-exponentiation step of the numerical method MG4 into a simple matrix-vector
product and two matrix evaluations.

The complexity of the MG4 integrator will be reduced in Section 4.1 by exploiting some closed form expressions that the
present problem offers, but it can be barely extended to higher methods. The two main difficulties are the presence of lots
of nested commutators and the final matrix exponential. Higher order methods can be designed using a commutator-free
approach [57,58], which is discussed and specialised for clothoids in Section 4.2, where the method CF4GL is described.

Before describing the two methods, we point out that problem (4) (respectively problem (5)) gives the solution of the
Frenet-Serret frame, but the curve is obtained with a successive integration of the tangent vector. Although it is possible to
compute t via the ME (6) and then use the obtained points as input to a second integration method that gives the clothoid,
we prefer to insert this integration step directly in (4) (respectively problem (5)), by stacking an identity block below matrix
A(s). Precisely, we define matrix B € R12x12 a5 follows:

0 K (s) 0
—K(S) 0 T(5)
0 —7(5) 0
1 0 0

B(s) = ®Is.

[eNeNoNo)

Clearly, we also extend the vector y € R® to x € R'2 by defining x = [tT, n”, bT,x(s),y(s), z(s)]", where the last components
are the desired parametric equations of the clothoid curve. Although this disrupts the Lie algebra so as it is enlarged to
the general linear group gl, in practice, the orthonormality of the Frenet-Serret frame is preserved, as it discussed in the
following section of numerical tests.

4.1. Truncated ME with order 4 Gaussian points - MG4

The method to solve &' (s) = B(s)x(s) is to employ the truncated Magnus Expansion (6). A method of order 4 is obtained
considering the first two terms of the ME; in general, a method of order 2p, for p > 2, requires terms up to Q2;,_5, [52].
Then, since the Magnus series only converges locally (Theorem 4), it is necessary to split the integration interval [0, S] into n
subintervals of amplitude h = L/n so that the abscissa is s; = ih, for i =0, 1,2, ..., n. The generic step is given by x;,; = eFix;,
where E; := £ + 25, is the truncated ME evaluated at s;, which requires two function evaluations (a;, a,), one commutator
(laz, a;]) and the computation of the exponential of E;, see [52] or [50]. To avoid the integration step, the two points Gauss-
Legendre quadrature is applied [59]:

E~—ﬁ(a ay) @[a a] a, :=B(si+ (1/2 = /3/6)h ay :=B(si+ (1/2 + v/3/6)h (8)
i=5@+m)+—o-la @l a=B(si+(1/2-V3/6)h),  a:=B(si+ (1/2+V3/6)h),

This computation can be reduced to a matrix-vector product at each step by exploiting the particular form of the matrices
involved and by carrying out analytic steps of linear algebra. Matrix E; has the simple form

0 & 5 0
-4 0 & o0

E=1_ & o of
h &4 0 0
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where the coefficients ¢; for j=1,...,4 are:
b=k (i+1/2) +koh,  L:=Th*(i+1/2)+Toh,  t3:=mh®/12,  £4:= -k h>/12. (9)

To compute the matrix exponential of E;, the method of exact eigen decomposition is used here. The matrix cannot be
diagonalized, as the geometric and algebraic multiplicity of the eigenvalues are not the same, thus the Jordan decomposition
must be used: QJQ ™' = E;, where

01 0 0

lo o 0o o0 s

I=10 0 ix o | A=vatio+s (10)
0 0 0 —ir

Q and €Ei are given in terms of the auxiliary quantities

Ay =N+ 63(6s + t3h), AL i=E1L14 + € (€24 + E3h),

)ng =0 (Ezh — 534),
where ¢;; :=¢;¢; for i, j=1,...,4, e.g, £1p = £1£,. The complex valued matrix Q is readily obtained, and is:
2 2. 2 2 p2
0 20 a+e e+6
1 0 —24053 £y3 + 1Ay ly3 — iAl

Q= 242 0 2412 —l1p +iMls  —Lp —iALs

qs a2 qa3 qas

with the coefficients g4, for j=1,..., 4 given by

i .
qa1 = 26520 — £34), Qa2 = —2414, Q43 = t14 — X(h(ﬁf +03) + l2l34), Qag = i81 + £14.

The matrix exponential is then equal to eEi = 1/A2C, where:

(@B +03)c, +6  Ays, — €30, A3Sy + £12Cy 0
—Al1S, — 236 (24620 + 62 MoS;, — 213G, 0

€= x x 2.4 42 2 ’ (11)
—Al3S) + £12Cy, —AlyS) — £13Cy, (@2 -i-(f?’)(,')L +Z1 0
Ca Ca2 €43 A2
= 8185, — €14C), + €2 (€20 — £34),

Cp = §28). + haGy — (3 — €3634),
Ca3 0385 + (Loa + €3 h)C) + (€12h — €4034),

and, finally, s, :=sinA, c; :=cosA, ¢, :=1—cosA.

This analytic construction gives a boosts in the numerical performance, as it requires, at each step s;, only the evaluations
of a; and a, and a matrix-vector multiplication eFix;. This saves many time consuming 12 x 12 matrix routines at each step,
namely the nested commutators to compute matrix E; and the matrix exponential that can be evaluated exactly with the
Jordan factorization of E;, which requires a matrix inversion. Loosing the opportunity of explicitly developing the numerical
method reducing its computational cost to a matrix-vector product for each step, it is possible to design similar geometric
methods of higher order and also implement variable stepsize strategies for error control, but this theme is out of the scope
of the present study.

Algorithm 1 MGA4. Input: n discretisation points, L length, clothoid parameters.
h < L/n;
Yo < yo;
fori=0,1,2,...,ndo
Evaluate C and XA using (11), (10), (9)
Vi = )\172 C®I;-Y; thatis, eEi — gOmega;+0mega;
end for
Output: the solution Y = [tT,nT, b7, x,y, 2]
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4.2. Commutator-Free integrators of order 4 with Gauss-Legendre points - CF4GL

As discussed in the previous section, the Magnus Expansion is a powerful tool for solving linear differential equations,
especially when they have an underlying Lie group structure. However, from a practical point of view, the ME is rather
involved, [57]: a fourth order method requires 7 nested commutators, which can be reduced to two. These numbers quickly
grow, e.g., for a sixth order method 22 commutators needs to be analysed and reduced to 7, and for a method of order
eight they are 70 (reducible to 22). The commutator-free approach is effective because it preserves the Lie group structure
of the equation but it avoids the use of commutators. It approximates the solution of the problem with an expansion of
type eBieBz ... eBx, where each B; = 3", g ,B(sm), that is, a finite linear combination of B(s) at different nodes.

The Commutator-Free method of order 4 with Gauss-Legendre points (CF4GL) is defined by a pair of exponentials
eBieB2:

eBieB: — ph(eai+far) | eh(ﬂa1+aﬂz)’ o= 3 7_13ﬁ’ B = 73 +‘1§«/§,

where h is the integration step, a; and a, are the evaluations of the matrix B(s) at the Gauss-Legendre points (defined
in (8)), « and B are the coefficients g;,, of the linear combination of B(s) used for the quadrature. Explicit closed form
expressions for eB1 and eB2 are now derived, so that the integration step reduces to a matrix product, without the need
of computing expensive matrix exponential, thus keeping the overall computational effort reduced. The matrices B; and B,
can be written as

0 g 0 0 0 d 0 0

_ —C1 0 Cy 0 _ —d1 0 d2 0
B;=h 0 - 0 o By=h 0 -d, 0 o0f

a+B 0 0 O a+pB 0 0 0

with entries (v; =s; + (1/2 — v/3/6)h and v, = s;+ (1/2 + v/3/6)h are the Gauss-Legendre points):

¢t = olhk'vy + ko) + B(he'v, + ko) di = B(h«'vi + ko) + a(hk'vy + ko)
Cy = O[(h‘L'/U] + To) + ﬂ(h‘[/vz + To) d2 = ﬁ(h‘[/l/] + To) =+ O{(h‘[/vz + To) (12)
2 = 2+ a2 = d? +da.

To find the exponetial of B; and B, the Jordan decomposition is used, which yields B; = QJ; Qfl and B, = Qzlegl,
with

0 1 0 0 0 2cc? cc? cc?
|0 0 O 0 1 0 0 ic2cy —ic%c
Ji= 0 0 ich 0o |’ Q= 203 0 2cC16y —cCi16y —CC16y
0 0 0 —ich 2h(a + B)cc2 0 —i(a+B)c2  i(o+ B)c?

and matrices J, and Q, relative to B, have the same structure of J; and Q; but with the corresponding coefficients “d”
instead of “c”.
The final step is to take the exponential of the Jordan form and simplify the terms, which gives:

¢(c3 cos (he) +c3) ¢ ¢y sin (he) ccicz(1 = cos (he)) 0
g 1 —c? ¢y sin (he) 3 cos (hc) % ¢y sin (he) 0 (13)
&=z ccico(1 = cos (he)) —c2 ¢, sin (hc) c(c3 cos (he) + c3) 0|

(a+ B)(hcck +c2sin(he))  (a+ B)cci(1—cos (he)) (@ + B)cica(he —sin (he)) ¢

and eB2 has the same structure of eB1 with coefficients “d” instead of “c”.
The final algorithm can be summarised as:

Algorithm 2 CF4GL. Input: n discretisation points, L length, clothoid parameters.
h < L/n;
Yo < Yo
fori=0,1,2,...,ndo
Evaluate eB1 and eB2 using (13), (12)
Vi = (- eB) @k Y
end for
Output: the solution Y = [tT,nT, b7, x,y, 2]

The design of commutator-free integrators of order higher than 4 requires some care, since the coefficients of the quadra-
ture need to satisfy a positivity condition to be stable, [60].
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5. Clothoids that satisfy the commutator condition

The exposition of the previous section is general and can be applied to any choice of curvature and torsion coefficients.
Indeed, if the commutator condition m = 0 is satisfied, we can derive a closed form solution that involves the standard
Fresnel integrals only. This happens in two cases of interest, when k (s) = «’s and ©(s) = t’s, which we call the canonical
clothoid (curvature and torsion are linear); the second case is when curvature and torsion are affine, which we call general
clothoid (still satisfying m = 0, however).

5.1. Canonical clothoid: k(s) = «'s and T(s) = T’'s

This case represents the classic curve, often referred to as Euler spiral, in which the curvature and the torsion are both
linear, but not affine with the arc length, whereas the affine case is usually called clothoid. Assuming that the commutator
condition is satisfied, it is possible to express the solution in terms of the matrix exponential and to obtain closed form
solutions applying the matrix version of the variation of constants formula.

Proposition 3 (Eigen decomposition of. ) The matrix A of the eigenvalues and the matrix H of the eigenvectors of 21
in (7) for k(s) =«’s and t(s) = t's are

2[0 0 0 T —K —K'

A==|0 ivA 0 |®lh, H=|0 -ivA iJVA|oL,
0 o0 —ivA K T T

where A :=«k"? + 1% and ; = HAH™ .

Proof. It is a classic exercise of linear algebra. O

Proposition 4 (Exponential of. 2;) The matrix exponential of 2 for k(s) = k’s and t(s) = t’s is given by

1 K2C(s)+12% VAK'SG) kKT (1-C())
e = X —VAK'S(s) AC(s) VATS(s) |,
KT (1=C()) —vATS(E) T2C(s) + k2

where C(s) = cos(v/As2/2) and S(s) = sin(~/As?/2).
Proof. From the eigen decomposition of €; of Proposition 3, it follows that H™! is
i 0 K
H'=—_|-«2 iVA2 12|
A . . .
K2 —iVA)2 T2

The matrix exponential of €; is constructed using the relation 2; = HAH™! together with its Taylor’s series
00 Slk 00 HAkal
@ _ Ll _ goApy-1
e _,X:k!_g op— = He*H
k=0 o

In fact, SZI1< —HAH'-..HAH ' = HA*H', the exponential of a diagonal matrix is the exponential of the diagonal elements,
i.e. the eigenvalues. The exponential e? is obtained combining the exponentials with Euler’s relation. O

The explicit relation for the Frenet-Serret frame is obtained multiplying e®1 with the vector of the initial conditions, y, =
[£0. mg. bo]™. In conclusion, the following equation expresses the vectors of the Frenet frame: e®1 .y, = [£(s), n(s), b(s)]T,
where,

ts) = x((K2C6)+T?)to+VAK'S(s)Mg + k't (1—C(s5))bo)
ns) = = (—K'S($)to + V/AC(5)no+7'S(s)bo) (14)
b(s) = x(k'T'(1-C(s))to—vVATS(s)Mo+ (T2C(s) +k?)hy).

From (14) it is possible to give the explicit equations of a 3D canonical clothoid in terms of the Fresnel integrals.

Theorem 5 (3D canonical clothoid). The arc length parametric equations of a 3D canonical clothoid y, starting at the origin
with the initial Frenet-Serret frame [t(T), ng, bg]T, with curvature k (s) = «’s and torsion t(s) = t's, are given by

ys) = (kK2C(s) + T%s)to + «/ZK;S(S)HO +K'T(s— C(s))bo’ (15)

where A = k’% + 1'% and the Fresnel integrals C(s), S(s) are

C(s):/fjscos(g)dé, S(s):/ossin<\/§$2)d$.

9
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Proof. To prove that the given space curve is parametrised by arc length, the condition ||y’|| = 1 must hold. Since ||y’|| =
[|t]|, from (14) it is obtained

16112 = 5 (7€) + 72" + Ak7S()7 +£277(C) - 1)?)

because tg, ng, by are orthonormal vectors. Applying the trigonometric identity C(s)% + S(s)2 = 1 yields

1 (K/Z + .L—IZ)Z
le]]* = p(lc"‘ +2k727% 4 7) = — = 1.
The linearity of the curvature « (s) = ||t’|| = |«’s| must hold:

[It']|? = é(AK"‘SZS(s)Z+AZKQSZC(S)+AK’2I’2525(S)2)

= é(S(S)ZSZK/Z (KA +T?A = A?) + A2 %s?)

_ é(AZK/ZSZ)zl(’ZSZ‘
Since 7(s) = —b -n=1's, the derivative of b is
, 1 L , ,
b = —(k't'sS(s)ty — VATSC(s)g — T2 sS(s)bp),
ﬂ( (5)to () (s)bo)

so that the scalar product b’ - n yields

b -n= %(1'3 sS(s)* + AT'SC(s)* + k2 T'sS(5)*) = %(((K2 +172)S(s)* + AC(5)*)T's) = T’s.

The curve discussed in the theorem naturally blends to a standard planar clothoid if the torsion vanishes and maintains all
the analytic properties such as arc length and linear curvature. O

Remark 6. Interestingly enough, the evaluation of a point on a 3D canonical clothoid (15) has approximately the same
computational cost of a planar clothoid, as it requires only two Fresnel integrals and some elementary operations.

5.2. General clothoid: k(s) =«k’'s + kg and t(s) = t's + 1y

The general case with affine curvature and torsion that respect the commutator condition m = 0 can be obtained re-
peating the computations of the previous section for the canonical clothoid, this time with affine curvature «(s) = «’s + kg
and torsion 7 (s) = t’s + 7g. The proofs are omitted since they are similar to the proofs of the equivalent results shown for
the canonical case, there are only a few more terms. Only the steps needed to build the solution are reported, indeed the
outline is the same.

Proposition 5 (Eigen decomposition of. ;) The matrices A and H of the eigenvalues and eigenvectors of 2, are:

s 0 0 0 T(s)  —K(s) —K(s)
A= 3 0 i/Q(s) ‘ 0 ., H= [ 0 -i/Q(s) i, /Q(s)j|,
0 0 —i,/Q(s) K(s) T(s) T(s)

where Q(s) = K(s)2 + T(s)z, K(s) = k(s) + ko, T(s) = T(s) + 79 and 1 = HAH ..

Proposition 6 (Exponential of. ) The matrix exponential of & for curvature k (s) = k’s + k¢ and torsion T(s) = /s + 1y is
given by (dropping the explicit dependence of s):

. 1 K2Co+T2  \/QKSq  KT(1—-Co)
=3 -/QKSy QCo J/arse |
KT(1-Co) —/QTSq T2Co +K?

with Q(s) = K(5)2 + T(5)% K(5) = k () + ko, T(s) = T(5) + 7o and Cy(s) = cos ( /Q(s)s/Z), So(s) = sin ( /Q(s)s/z).

The explicit relation for the Frenet-Serret frame is obtained multiplying e®1 by the vector y, of the initial conditions:

ts) = é((KZCQ +T2)to + /QKSqno + KT(1 - cQ)bo),
nis) = ﬁ (—KSqto + Cono+TSgho),
bs) = 3 (KT(] — Co)to +v/QTSqmo + (T2Cq + 1<2)b0).

From the above solution, it is possible to give the equations of a 3D clothoid by integrating the tangent vector t.

10
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Lemma 7 (3D clothoid). The arc length parametric equations of a 3D clothoid y, starting with the configuration [t[, n(T), b(T)]T,
with curvature k(s) = k’s + ko and torsion t(s) = t’s+ 1y, whose coefficients satisfy the commutator condition m = k’7g —
T'Kkg = 0, are given by

y(s) = /0 : ﬁ ((1<(s)2cQ(s) +T(5)%)to + v/QEKE)So ()Mo + K(5)T(5)(1 - Cq (s))bo) ds,

with Q(s), K(s) and the other values defined in Proposition 6.

The above equations do not have the inexpensive computational cost of Theorem 5, indeed they involve non standard
special functions as Fresnel integrals with rational parameters, thus they are not well suited for high performance comput-
ing.

In the spirit of Euler’s practice of giving more than one proof of his results, there is a second and more elegant way
to obtain the solution given in Lemma 7, which relies on a geometrical observation. A general clothoid has two inflection
points at s, and s; (see Fig. 2): when either the curvature or the torsion are zero. This happens, respectively, if s =s, =
—kKo/Kk' or s =s; = —1p/7’. A clothoid that satisfies the commutator condition has s, = s;, since m = k’ty — T’k = 0, that
is Ko/’ = 19/T’, because it is assumed that x” # 0, T/ # 0 (otherwise the curve is not a proper 3D clothoid). This means
that the general clothoid that satisfies the commutator condition can be obtained from a canonical clothoid (that has both
curvature and torsion inflection at the origin) by an appropriate shift of the curvilinear abscissa s and by a rigid motion.
To better describe this reduction to canonical case, it is convenient to introduce some notation. Let C be the canonical
clothoid described in Theorem 5, G the general clothoid that satisfies the commutator condition given in Lemma 7 and N
one numeric routine to handle a general clothoid discussed in Section 4. It is convenient to approach the problem from an
algorithmic point of view: suppose that each curve is evaluated at a certain parameter s and it returns the corresponding
point in space p,, the associated Frenet-Serret frame ts, ns and bs. A superscript is introduced to identify the different
curves:

[pf, t¢.nt, bg] = C(S; Py, to, Mo, bo, k', T'),
[Psg, ty.nd, bsg] = G(S; po. to. Mo, by, k', T, ko, To).
[pg", tV, nY, bfsv] = N(s; pg, to. Mo, bo, k', T/, Ko, Tp),
where py is the base point, [£], ng,bE]T is the initial Frenet-Serret frame, x’ and t’ are the coefficients of the derivative of
curvature and torsion, ko and 7y are the initial curvature and torsion. Clearly, if kg = 79 = 0, we have the equality C = G = V;

also, if the commutator condition is satisfied, i.e. m = 0, then G = V. It is now discussed how to write G in terms of C, thus
avoiding the integrals of Lemma 7.

Theorem 8 (Reduction to canonical). Let a general clothoid G satisfy the commutator condition of Lemma 7 origin at pg with
initial Frenet-Serret frame [t9, ng, bg], initial curvature K, initial torsion to, curvature derivative k', torsion derivative t’. Then,
G can be evaluated in terms of the canonical clothoid C by means of the relation

. _ co
G(s: p§. t§, ng, by, k', T, Ko, To) = C(s —5; p — pf. €6, mG, b, ', T),
where the new parameters are computed using (16) and (17) and § = —kg/k’ = —7To/T’ is the abscissa of the inflection point.

Proof. To evaluate the clothoid G in terms of C we start from its general configuration G(s; pg, tg, ng, bl k', T, kg, Tg). Since
the commutator condition holds, the inflection point is at the curvilinear abscissa S. The configuration at § represents the
initial condition for the canonical clothoid C, and is obtained going backwards:

[65. €. n§. bg] = C(~5: 0.¢5, ng. b, —«', —T'). (16)
Finally, the base point of the canonical clothoid C (that starts at the origin) must be shifted to match the initial point of
application of G: this is the space travelled by the curve C with the new parameters obtained in (16), i.e.:
[p5. ] =c(-5:0.t5.n5. bG. . T'). (17)
The new initial point and the shift of the curvilinear abscissa by s yield the result. O

Remark 9. Theorem 8 is a fundamental result that enables to take advantage of the closed form equation in terms of the
standard Fresnel integrals of the canonical clothoid given in Theorem 5. This prompts an efficient and practical use of these
curves in the applications and avoids the need for the demanding numerical integration of the equations of Lemma 7, or
the numerical method based on the Magnus Expansion. The only limitation is the requirement of satisfying the commutator
condition, or, in other words, to have a unique and coincident inflection point for both curvature and torsion.

6. Numerical tests and comparisons

In this section we compare our specialised Magnus integrators with some of the usual integrators, namely the im-
plicit Euler scheme, the explicit Runge-Kutta scheme of order 4, the diagonally implicit three stage Runge-Kutta of order

1
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Fig. 2. A general space clothoid of data p, = [1,1,1]", to = [v/3/2,0,1/2]", ng = [0,1,0]", by = [-1/2,0,+/3/2]", k' =1/6, T =1/10, kg = —-5/2, To = —1,
displayed for s € [0, 20]. The inflection point of the curvature (red dot) is at s, = 15, the inflection of the torsion (blue dot) is at s; = 10. In this case
m = 1/12 # 0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4 [61] (S361) and the Maple implementation of the implicit Runge-Kutta of order 4 with variable step size. They are sorted
in increasing quality. We compare the results in terms of accuracy with respect to the exact solution given by Theorem 5.
We also compare the norm of the tangent, normal and binormal vectors of the Frenet-Serret frame, as well as their or-
thonormality.

The implicit Euler method has step x;,; = X; + hf(si;1, Xi,.1) with f(s,x) := B(s)x and can be made explicit by solving
the sparse linear system with coefficient matrix S :=I— hB at each step. We note in passing, that I — hA is always non
singular, being A skew-symmetric, thus allowing an explicit step of the implicit Euler method. Among the explicit Runge-
Kutta methods of order 4, we choose the classic scheme given by the tableau ([61] S322)

0
12 1)2
12 0 12
1 0 0 1
16 13 13 1/6

For the three stage diagonally implicit Runge-Kutta scheme of order 4, the Butcher tableau [61] (S361) is

1/2 1/2 —x X

1-x 2x 1—4x X
1 3(1-202-1 1
6(1-2x2 3(1—2x)? 6(1-2x2

where x is one of the roots of x3 — 3/2x2 + x/2 — 1/24. The root x* that gives the best results is

X = ﬁ(coslr +cos5—ﬂ> + 1<cosz +c052—ﬂ) + 1

T 12 18 18 4 9 9 2
We tested the algorithms on a 3D clothoid of parameters k’ = 1/2, t/ = —1/2, kg =0 and 1y = 0. These values clearly
satisfy the commutator condition m = 0 so that Theorem 5 can be applied and the numerical results can be compared with

12
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/ ExpRK4

Log(AbsErr)

ImpEuler

MaplelmpRK4

diaglmpRK4

Fig. 3. Logarithm of the absolute error for the considered methods over a grid with n = 6539. The geometric integrators perform better than the standard,

CF4GL is slightly better than MG4.

/ ExpRK4

ImpEuler

diaglmpRK4

MaplelmpRK4

MG4

Fig. 4. Logarithm of the absolute error for the considered methods over a grid with n = 256, where the MG4 and CF4GL methods have the same accuracy
of Maple’s implicit RK4 with error control and variable stepsize.

the exact solution. The initial conditions are given by tq = [v/3/2,0,1/2]T, ng =[0,1,0]7, by = [-1/2,0,+/3/2]", the base
point is the origin, see Fig. 1. The integration interval is s € [0, L] with L = 20.

In the first test, we compare the performance of the various methods in terms of accuracy and of number of function
evaluations. In the case of the Maple implementation of the implicit RK method of order 4 with error control, the default
error tolerance is set to 10, which is achieved with n = 6539 function evaluations. For the other methods, it is possible
to tune the integration step only (respectively the number of steps), thus we compare the methods over a grid of n = 6539
points. The results can be graphically evaluated in Fig. 3.

Since the problem is stiff, the explicit RK4 method has the worst performance; the implicit Euler method, despite its
simple form, yields a reasonably good result and also a comforting stable behaviour; the Maple implementation of the
implicit RK4 is of course flat below the threshold 10-6; the diagonally implicit RK4 has good performance, but is not very

13
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5 diaglmpRK4
53—
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1T ImpEuler
. . . . | . . : . | . . —
0 5 10
k =logyn
Fig. 5. Graph of the estimation of the order for the considered methods, evaluating log, (erry,/err,) for meshes of size n=2% and k=1,..., 14. The

geometric integrators MG4 and CF4GL have the same behaviour.

ImpEuler

diaglmpRK4

MapleImpRK4

Log(AbsErr) - normality

Fig. 6. Logarithm of the absolute error of the norm of the Frenet-Serret frame, ||t|| + ||n|| + ||b|| — 3 with a mesh with n = 256. Here the MG4 performs
better than the CF4GL in preserving the group structure of the solution, indeed both are very close to machine precision.

stable as the integration domain increases. Finally, the present methods MG4 and CF4GL show a flat behaviour around 10-13
and are therefore competitive also from the computational point of view because the time consuming operations (like the
commutators, the integration of the multi-dimensional integrals and matrix exponentiation, to be repeated at each step) are
calculated analytically and just a matrix-vector multiplication is required at each step.

Another comparison has been done with respect to the error threshold: we look at the minimum number of integration
steps (function evaluations) for the MG4 method to satisfy an overall error below 10-6, It turns out this number is around
n = 256, see Fig. 4. It can be noticed that the comments of the other experiment apply also to this case, where MG4 and
CF4AGL perform well.

In the second test, we verify the order of the methods, thus we discretise the integration interval [0, L] with grids of
n = 2k points, for k=1, ..., 14. The integration step is therefore h = L/2*. Figure 5 confirms the orders and also underlines

14
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ImpEuler

diaglmpRK4

MaplelmpRK4

-10

Log(AbsErr) - orthogonality

CF4GL

-15

Fig. 7. Logarithm of the absolute error of the orthogonality of the Frenet-Serret frame, |tb| + |tn| + [nb| with a mesh with n = 256. The orthogonality of
the vectors is well preserved for both MG4 and CF4GL.

the stable behaviour of both MG4 and CF4GL, already for relative coarse meshes with k =4 or 5, whereas the diagonally
implicit RK4 needs a finer mesh to reach order 4.

The third experiment checks the orthonormality of the Frenet-Serret frame obtained with the MG4/CF4AGL integrators,
with the diagonally implicit RK of order 4 and with the Maple implementation of the implicit RK4, over the grid with
n = 256 points. In Fig. 6 it is displayed the logarithm of the discrepancy from 3 of the sum of the norms of the Frenet-
Serret frame, that is logyq |||t|| + ||n|| + ||b]| — 3|. Figure 7 shows the logarithm of the discrepancy from 0 of the sum of the
scalar product of the Frenet-Serret frame, that is log,o(|tb| + |tn| + |nb|). From both figures, it is apparent the performance
of the presented methods, which are capable of keeping the error at machine precision.

Other results that confirm the effectiveness of MG4 as a general purpose integrator, even without the optimisation steps
herein performed, are obtained in [59], where a variety of tests and comparisons are discussed.

7. Conclusions and research perspectives

Thanks to many helpful properties, the clothoid curve is being used in a variety of real-time engineering applications
even though it is computationally more demanding than other simpler solutions. So far, the clothoid computation is confined
to 2D domains only, which are of obvious interest to model planar motions, typically car-like vehicle trajectories. Nowadays,
however, the control of flying vehicle trajectories calls for the development of 3D analytical solutions since an extreme
accuracy of computation is required for safety’s reasons. The closed form solution (15) of Theorem 5 is derived for the
first time in this work and is available when the commutator condition (stated in Proposition 1) is satisfied. When the
condition is not satisfied, no closed form exist and two numeric geometric integrators based on the Magnus Expansion and
on a Commutator-Free approach are provided. The results are validated with different numerical tests and comparisons with
other established numerical methods. This is clearly the first important step towards a practical application of a curve with
a number of relevant properties, but there is still much work for the future, in principle all the existing algorithms for
clothoid manipulation need to be extended to the 3D case.
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