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Abstract

Exponential coordinates are widely used in simulation codes for flexible multibody systems based on a Lie group
approach. The accurate and efficient evaluation of the exponential map, the tangent operator and its higher order
derivatives is crucial. This paper presents a systematic derivation process based on the matrix series expansion of
the exponential map and of the tangent operator. This approach is general as it can be applied to any matrix Lie
group. For the Lie groups SO(3) and SE(3), the closed form expression of these operators can also be established
and is summarized in the paper. It is shown that the closed form of the operators is affected by round-off errors for
small rotation amplitudes, whereas the series form is affected by truncation errors at high rotation amplitudes. The
computational efficiency of the two approaches is also discussed. A switching strategy between the closed form and
the series form is then proposed to obtain an adjustable compromise between accuracy and computational cost.
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e Lie group operators for flexible multibody systems are developed

e The exponential map and its derivatives are given in truncated matrix series form
e The ill-conditioning of exponential map derivatives in closed form is analyzed

e Numerical errors and costs are analyzed for the exponential map and derivatives

e A switching strategy between the closed form and the series form is proposed

1 Introduction

Nowadays, Lie group methods are widely used in computational mechanics and, in particular, in multibody dynamics. For
example, they offer a consistent treatment either for rotation variables defined on the special orthogonal group SO(3) or for
roto-translation variables (i.e., rigid transformation variables) defined on the special Euclidean group SE(3). Time and space
discretization methods on Lie group [1-7] are applicable to systems with rigid bodies, kinematic joints, flexible beams, flexible
shells and superelements. The Lie group framework solves a number of numerical difficulties related with the treatment of
singularities of parameterizations. These methods still use a parameterization of the motion but only locally, e.g., to describe the
incremental motion from one time step to the next or to describe relative positions and orientations within a finite element.

An important ingredient of Lie group methods is the algorithm for the computation of the coordinate map and its derivative [3].
The first derivative of the coordinate map is defined at a current point and in a given direction and it can be conveniently
represented by the so-called tangent operator, which is a £ x k matrix where k is the intrinsic dimension of the group. Some
advanced numerical formulations also require some higher order directional derivatives and gradients of the tangent operator
and its inverse. These diverse operators are involved in finite element discretization processes [6], in implicit time integration
procedures [5], in sensitivity analysis [8, 9] and in optimization [10, 11].

Actually, several parameterizations can be selected to define the local coordinates involved in Lie group methods [12-16].
Among these possible choices, exponential coordinates are often considered at first because of their many attractive theoretical
properties, which can be attributed to the fact that the exponential map captures the fundamental solution of ordinary differential
equations on Lie groups. For these reasons, this paper focuses on exponential coordinates and the associated maps. The inverse
of the exponential map is the so-called logarithm map.

In the context of matrix Lie groups, the exponential map takes a matrix of the Lie algebra and computes a matrix on the
group based on an infinite matrix series expansion. As pointed out in [17], there is a variety of alternative numerical methods to
compute the exponential map of an arbitrary matrix. The evaluation of the tangent operator turns out to be more complicated
than the exponential map itself, which calls for dedicated algorithms. The complexity further increases for successive derivatives
of the tangent operator and its inverse.



This paper thus addresses the efficient and accurate evaluation of the exponential map, the logarithm map and the tangent
operator on matrix Lie groups, such as SO(3) and SE(3), as well as the derivatives of the tangent operator and its inverse.
Methods for calculating these operators can be roughly divided into three classes.

The first class relies on the derivative of the analytic or closed form expression of the exponential map, which is available
for the Lie groups SO(3) and SE(3). For SO(3), the closed form expression of the exponential map is known as the Rodrigues
formula. One issue is that the closed formula suffers from a singularity at the origin. This singularity appears when the rotation
is zero and it implies some ill conditioning of the exponential map and its derivatives in the neighborhood of the origin. To
overcome the singularity, the closed form of the exponential map and its derivatives can be replaced by its limit value when the
rotation amplitude is below a threshold, see [18]. The selection of this threshold has a direct impact on the accuracy, which is
rarely investigated in the literature. Instead of using the limit value, a Taylor series expansion with 3 or 4 terms can also be
exploited [19].

The second class relies on a scalar series formulation, which replaces the trigonometric functions involved in the closed form
for SO(3) and SE(3). These expressions have no singularity issue and do not suffer from ill conditioning at the origin. A family
of scalar power series was proposed in [20] to provide compact expressions for the exponential map. A similar approach was
followed by [21] who proposed a single series family for the calculation of first and second derivatives of the exponential map on
S0(3).

These first two classes require some consequent analytical developments for the formulation of each operator, which may
become cumbersome considering the variety of operators needed in general purpose code for flexible multibody systems. In order
to obtain a more generic formulation of all operators on an arbitrary matrix Lie group, this article studies a third class of methods
which is based on truncated matrix series expansions of the exponential map and of the tangent operator [22, 23]. A similar
strategy was exploited by [24] to evaluate the nth order directional derivatives of the Gibbs coordinate map on SO(3). However,
we did not find any detailed study regarding the matrix series expansion of the derivatives of the exponential map for general
matrix Lie group.

Let us remark that a rotation (resp. a rigid body motion) could alternatively be represented as a unit quaternion (resp. as a
unit dual quaternion) which also belong to a Lie group [25]. Exponential coordinates and the associated maps are also available
on the quaternion group and on the dual quaternion group. Such representations have been successfully exploited, e.g., in [26-28].
However, these groups are non-matricial ones and are therefore not considered in the scope of the present paper.

The paper is organized as follows. We first review the matrix Lie group framework; the exponential map is presented in its
series form and the tangent operator is introduced. Secondly, we develop the derivatives of the tangent operator and its inverse
using truncated matrix series. The formulae are rather compact and valid for any matrix Lie group. The derivation procedure
turns out to be quite systematic. Thirdly, the operators on SO(3) and SE(3) are reviewed. Closed form expressions are presented
for the exponential map, the logarithm map, the tangent operator as well as its derivatives. Fourth, the numerical error and the
computational cost is analyzed for the closed form and the truncated series form. Then, numerical experiments are performed
to investigate the accuracy of these formulae in a wide range of rotation and motion amplitudes. Based on these observations,
a switching strategy between the closed form and the series form on SO(3) and SE(3) is proposed in order to obtain the best
compromise between accuracy and computational cost. Finally, some conclusions are given.

2 Matrix Lie group framework

This section presents the fundamental mathematical concepts that are at the core of this paper. We start with the definitions of a
matrix Lie group and its Lie algebra, then we continue with their adjoint representations and finally we introduce the exponential
map, its tangent operator and its inverse. These concepts, which are well-established in the field, are presented in a rather
compact way. The reader may find further information in textbooks or reference papers such as [25, 29-31].

A group (G, o) is a set G of elements g with a group operation o which satisfies the four following axioms:

Closure: If Vq1,g2 € G, then g1 0 g2 = g3 € G;

e Associativity: g1 o (g2 0¢g3) = (q1 © ¢2) © gs;

o Neutral element: There exists an element e € G such that goe =eoqg=g¢;
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o Inverse element: Vg € G there exists an element ¢~ ! € G such that gog ' =¢ 'og=e.

A Lie group is a group G which is a differential manifold and which satisfies the following smoothness requirements for the
group operation and the inverse map:

e Smoothness: The maps (g1,¢2) — q1 0 g2 and ¢ — ¢~ are smooth functions.

In this work, we restrict our considerations to matriz Lie groups for which the elements are invertible n X n matrices Q and
the group operation is the usual matrix product written as Q1Q2 = Q3. As it is also a manifold, a matrix Lie group has an
intrinsic dimension which shall be denoted k and which is generally different from n. The neutral element is (simply) the identity
matrix I. Given an element Y € G, the group operation leads to the definition of the left and right translation maps.

o Left translation map: Lv(Q):G — G, Q+—YQ.

e Right translation map: Ry(Q): G — G, Q+— QY.



Let us differentiate these maps to obtain important relations between the tangent spaces of the group. Consider the curve
Q(a) € G parametrized by a scalar variable a € R and an element Y which does not depend on this variable a. Let d,(e) denotes
the derivative with respect to a. Then d,(Q) belongs to TqQJ, the tangent space at element Q € G, and we have

da(Ly (Q(a))) = da(YQ(a)) = Yda(Q(a)) (1)
da(Ry (Q(a))) = da(Q(a)Y) = da(Q(a))Y (2)
which motivates the definition of the differentiable and invertible maps
Ly.:TqG — Ty, da(Q(a)) = Ly« (da(Q(a))) = Yda(Q(a)) (3)
Ry.:TQG — TqvG, du(Q(a))— Ry« (da(Q(a))) =da(Q(a))Y (4)

Eq. (3) (resp. Eq. (4)) defines a diffeomorphism between Ty G and Ty QG (resp. and TqyG). In the particular case Y = Q™ *,
Egs. (3) and (4) lead to the definition of a;, and agr

aL =Q 'da(Q(a)) &  da(Qa)) = Qar (5)
ar =du(Q(a))Q" & du(Q(a)) = aRQ (6)

where az,ar € 7T1G. The maps Lg-1,:T1TQG — ThG and Rqg-1, : TQG — 11§ are differentiable and invertible maps, which relate
the tangent space at any element Q € G to the tangent space at the identity element I. This tangent space at the identity of a
matrix Lie group is called the Lie algebra, denoted by T1G = g. The Lie algebra has a vector space structure and is isomorphic
to R¥ through the invertible linear map: .
() :R¥ - g, x—x (7)
Let us advance the study by analyzing the derivatives of the right and left translation maps, which will result in the definition
of the Lie bracket [e, o], of the adjoint representation and its derivative. From Egs. (5) and (6), we obtain

ar = QarQ' ®)

so that QarQ ! € g is an element of the Lie algebra. Following the result of Eq. (8), we can define the adjoint representation
of the Lie group Adq such that, for any Q € G,

Adq:g—g, ar— Adq(d)=QaQ ' (9)

Adq can be interpreted as a linear map in the Lie algebra g, which is called the adjoint map. With a slight abuse of notations,
since R¥ is isomorphic to the Lie algebra, the notation Adq is also used to represent the adjoint map from R* to R, i.e.,

Adq :R" - R", a Adga (10)

In this case, Adq is interpreted as a k x k matrix and Adgqa is the usual matrix—vector product.

Let now Q(a,b) € G be parametrized by two scalar variables a,b € R. Following the results of the derivative of the left
translation map in Eq. (5), the derivatives of Q(a,b) with respect to a and b are respectively given by d.(Q) = Qa and dp(Q) =
Qb, where a and b belong to the Lie algebra. The commutativity of the cross derivatives is expressed as do(dy(Q)) = db(da(Q)),
which implies:

d.(Qb) = dy(Qa) < Qab+ Qd.(b) = Qba+ Qdy(a) < dy(a) —da(b) = ab — ba (11)

In general, dy(a) — da(b) # 0, i.c., second derivatives on a Lie group do not commute. These results motivate the definition
of the Lie bracket operator (or matrix commutator):

ada(b)=[e,¢] :gxg—g, a,bw— [ab]=ab—ba (12)
The Lie bracket satisfies the following axioms [32]:
e Bilinearity: [ax + by, z] = a[X,z] + b[y, 2] and [z, aX + by] = a[z,X] + b[z, ] for all scalars a, b and all elements X,y,Z € g;
e Skew-symmetry, [X,y] = —[y,X] for all X,y € g. [e, o] is skew symmetric;
o Alternativity, [x,%] = 0 for all X € g;
e Jacobi identity, [, [y,Z]] + [¥,[2,X]] + 2, [%X,¥]] = O for all X,y,Z € g.

The map ads is the adjoint map or the adjoint representation of the Lie algebra [33]. Although ada(b) is equivalent to [a, b],
the alternative “ ad” notation can be useful. For example, the expression [a, [a, [a, [a, Bm] can be replaced by the more compact
notation adi(b).

Since the commutator is linear with respect to both arguments, with a slight abuse of notations, the Lie bracket can be
written in terms of vectors in R¥:

adab = dp(a) — da(b) (13)

In this case, ada can be interpreted as a k x k matrix and adab is the usual matrix—vector product. For notational convenience,
the “hat” operator (e) is introduced as

a= ada (14)
Since the Lie bracket is bilinear, hat is a linear operator which maps a k x 1 vector a into a k X k matrix a. The following
properties can be observed:



Figure 1: The exponential map.
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e ab = —ba;
e The linear map: g x g — R*** adsb — adab. The useful notation g x g — R*** adZb — ad’b;

o The “check” (\o/) is a linear map such that
a"b=b"a,vVa,b e R", (15)

where the superscript 7' denotes the transpose matrix.

The exponential operator maps any element of the Lie algebra g to an element of the Lie group G
exp:g— G, X Q=-exp(x) (16)

It defines a local diffeomorphism between x € g and Q € G for Q sufficiently close to the identity, as illustrated in 1. The
exponential map is also defined by the infinite series

exp(X) = » %x (17)
i=0
where %x° is the identity element I and %® is the repeated matrix product of % with itself.

Since the Lie algebra is isomorphic to R, the exponential map introduces a local parameterization of the Lie group around
the identity I. The exponential map may be seen as a local parameterization in the sense that the argument of the exponential
map belongs to a linear space g while G is a non-linear space. In practice, it means that standard vector calculus applies to the
argument of the exponential map, such as the multiplication by a scalar or the addition of another k-dimensional vector and that
the result of these operations can afterwards be projected onto the group [31].

Eq. (5) can be seen as a first order differential equation on the Lie group G. For a given constant vector field ar € g, which
does not depend on the parameter ¢t € R, the initial value problem

d:(Q) = Qar, Qo =Q(0) (18)

admits the solution
Q(t) = Qo exp(tar) (19)

The exponential map allows one to construct a local parameterization of G about an arbitrary point Qo € G based on the
formula

Q = Qoexp(%) (20)

This diffeomorphism can be written as a coordinate map R¥ — G :x — Q = Qo exp(X).
The derivative of the exponential map can be established as follows. First, the derivative of Eq. (20)

di(Q) = QoD exp(X) - di (%) (21)

defines a relation between the derivative of the coordinates x and the derivative of the matrix Q. Considering a functional F(y)
and the vectors y and z, the directional derivative of F with respect to y in the direction z is denoted as Dy F(y) -z, the subscript
of D can be omitted. In this expression, D exp(X) - d¢(X) is the directional derivative of the exponential map exp(X) in the
direction of d;(X). Replacing Eq. (18) in Eq. (20) leads to

d:(Q) = Qo exp(X)ar (22)
A comparison of Egs. (21) and (22) leads to a linear relationship between a; and x
aL = (exp(X)) ' Dexp(X) - di (%) (23)
In [30], the left-trivialized differential (tangent) of the exponential map is defined as a function

dexp:gxg—g, Xdi(X)— dexpg (di(X)) (24)



such that
Dexp(%(t)) - diX(t) = exp(X(t)) dexp_z ) (deX(t)) (25)

The matrix dexpy is an analytic function of the matrix adz which satisfies dexpyz = (exp(adx) — I)/adx. The operator dexp_4
can be expressed as a power series in the following manner. Since for a scalar y € R

1—eV 1 1 o 1 3 (-1
—1— —gy+ —9y? - = .
v AV gV gy et oy
similarly one obtains the left-trivialized differential dexp_
dexp_, = L= oxp(zads) _ 3 D ady)’ (26)

ad,'(

where the property ad_x = — adx has been used.
Next, the derivative of the exponential map can be formulated in terms of vectors in R¥. From Eqs. (23) and (25), we obtain
ar = dexp_g(,diX(t) so that

7= Y (' () (21)

or 1

3!

This formula can be expressed as a linear relationship between the vectors ar and di(x) in R* as

BT = (%) — 5[5, d(R)] + [ [ ()] — 5 [ R ) (28)

1.2

1.
ar = Idi(x) — ath(X) + ke di(x) — ¥ de(x)+ - (29)
which can be rewritten as a matrix—vector multiplication
ar = T(x)d:(x) (30)

where T is the tangent operator of the exponential map given by

i

T =Y ((1;1)1_)!&1‘ (31)

=0

Notice that the tangent operator T(x), Egs. (31), is the expression of the left-trivialized differential dexp_s, Egs. (26), in terms
of vectors of R¥. The following relationships also hold

di(x) = T~ (x)ar, (de(x))" =arT ™" (x), arp = di (x)T" (x) (32)
T =y CU B T = 3 CU By =y e @
i=0 : =0 : P !
where B; forms a sequence of rational numbers, called the Bernoulli numbers of the first kind.
The inverse of the exponential map is called the logarithmic map,
log:G =g, Qrx=10g(Q) (34)

and is defined such that exp(log(Q)) = Q. The logarithm map is defined for any Q € G. In some cases, the logarithm map
admits the series expansion

log(@) = -y H= (3)

However, this series expansion only converges in some restricted regions of G. If Q is diagonalizable, the convergence is guaranteed
if additionally all eigenvalues \; of Q satisfy |A; — 1| < 1. If these conditions are not satisfied, the logarithm still exists but there
is no guarantee that the series expansion (35) converges and can be used for its evaluation. Two different matrices X1,%2 € g
with X1 # X2 may have the same exponential exp(X1) = exp(X2). For that reason, the property log(exp(X)) = X is only valid in
a restricted region of g defined by the condition ||X|| < log2 [33].

3 Derivatives

The directional derivatives of the exponential map and of the tangent operator on any matrix Lie group are now developed based
on their series expressions. To the best of our knowledge, the resulting matrix series expressions are novel. This section proposes
a step-by-step derivation of the formulae so that the reader can reproduce our reasoning. The final results that can be used for
a general implementation in a computer code are given in the last 3.3.



3.1 Directional derivative of the tangent operator DT(a)-b

The development of the first directional derivative of the tangent operator T(a) in the direction of b, is based on the product
rule and on a recursive formulation. Starting from Eq. (31), we obtain

2

(=1)°" .
DAl (36)

DT(a)-b= i

=0 (

—

We know that Da - b = b is valid for all matrix Lie groups since (e) is a linear operator, see Eq. (14). The variable Da’ - b can

be evaluated recursively using the initialization
D& - b=DI-b=0 (37)

and the recursive step

=ba'"'+apDa"'-b (38)

Recursive

Since D&’ - b = 0, the series in Eq. (36) could also start at i = 1 and be written as DT(a)-b = >, %Déi -b.

Similarly, the directional derivative of the inverse operator is obtained as
1 = (=1)'B;
DT (a)-b_ZTDa b (39)
i=1

and the derivative of the transposed operator as

T - = (-1)° ~Ti T . S~ (=1)'B; i
DTY (a) b—;(l_i_i)!D(a ) -b,DT (a).b_;TD(a )b (40)
with the recursive expression
D@E"N) -b=b"@") " +a"DE")" b (41)

The second directional derivative of the tangent operator Da(DT(a) - b) - d is obtained as:

Da(DT(a)-b)-d = Z (E_ji;! Da(Da'-b)-d (42)
= Z (Efi;!Da(Bai‘l +aDa"""'-b)-d (43)
_ - (_1)i r At—1 I at—1 a at—1 .
_;(Z_H)!(bpa d+dDa" ' -b+aDa.(Da""'-b)-d) (44)

Recursive

In the above formula, one may observe that the term for ¢ = 1 vanishes and that, in principle, the series could start at i = 2.
Clearly, each differentiation step kills one term in the series. In the next developments, we will keep starting the series of higher
order derivatives at 4 = 1 and will rely on the convention that D(a)" -b = D(a%7)" - b=0if i < 0.

In B.1, various derivatives of &°, such as D,(Da" - b) - d, are provided. Based on this information, the evaluation of the
derivative of T is straightforwardly obtained by summation using Eq. (42).

Similarly, the second directional derivative of the inverse of tangent operator is :

_ = (—1)'B;
Da(DT '(a)-b)-d = %Da(Da -b)-d (45)
i=1
and the second directional derivatives of the transposed operator are:
Da(DT"(a) -b)-d = i (-1 Da(D(a")"-b)-d,Da(DT "(a)-b)-d = i (_li)iBiDa(D(éT)i -b)-d (46)
(i +1)! ’ —

Also, the directional derivatives T, TT and T~7, are easily evaluated from the derivative of &* provided in B.1.

3.2 Gradient of the tangent operator multiplied by a constant vector V, (T(a) c)

The gradient Va(T(a) c) is defined as the operator such that Va(T(a) ¢) b = Da(T(a) c) - b. It represents the directional
derivative of the tangent operator when it is multiplied on the right by a constant vector c, with respect to a in the direction b.
Observing that

D.(T(a)c)-b=

(D'
3 (1+i)!Da(a c)-b (47)

k3



forthwith

D.(a"c)-b=Dg(a)-b(a ' c)+aD.(a "' ¢c)-b
=b(a 'c)+aD.(a" " c) b

a-1c)b+aDa(a ' c)-b (48)

using the property Eq. (14) and isolating b of the Eq. (48), we get

Va(@'c)=—(a""'c)+aVa(a 'c) (49)
——
Recursive
the computation of Va(a’ ¢) can be done recursively with the initialization Va(a° ¢) = 0 and the recursive step. we obtain

oo

Va(T(a) C) = Z (

1=

(l_j)i;!va(ai o) (50)

Similarly,
I g, (a ¢ (51)

Noting that Va(T7 (a) ¢)b = Da(T7(a) c) - b, the same technique applied to the transposed tangent operator gives

Da(T"(a) €) b= ((1;1);)!1)8 ((éT)i c) ‘b (52)

forthwith

al)-b (@) 'e)+a"Da(@a")" ' c)-b

(éT)i—l )+ éTDa((éT)iA ) -b

— (@) )b+ aTDa((a7) ' ¢) - b (53)

using the property Eq. (15) and isolating b of the Eq. (53), we get

Va((@") )= (@")""'e)+a’ Va((d")" " ¢ (54)
| S —
Recursive
Similarly
_ ‘B ATV
Va6 = 30 P L@ o) (55
i=1

The same technique is valid for higher order gradient of the tangent operator, some of which are provided in the B.1. For

example, the gradient of the derivative of the tangent operator multiplied by a constant vector c is given by:

—-1)'B; A
%Va(Da -bc) (56)

. Va(Da' b c), Va(DT '(a)-bc) = :

Va(DT(a)-bc)= , !

NE
=~
+| L
8

1=1

s
Il
-
-
Il

(-1)'Bi
il

Va(DT"(a)-be) = Z : _VB(D(:;\T)i b c), Va(DT T(a)-bc) Va(D(@") -be)  (57)

N
o
I
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@
Il
=
s
I
-

where Va(Da" - b c) and Va(D(aT)* - b c) are provided in the B.1.

3.3 General expression for high order directional derivatives and gradients

The higher order directional derivatives and gradients of the operator T(a) are all expressed in terms of the derivatives and
gradient of 4°. The procedure to obtain these terms turns out to be quite systematic and leads to rather compact and easy
to implement expressions, as it can be seen in B.1 in various cases. From these expressions, a general and original formula for
directional derivatives of order n in the direction of vectors b;, j = 1---n, and gradients of order m of the hat operator multiplied
by constants vector ci, k = 1---m is obtained as

V(0" (3 b1) b)) ) = jilijm (0 ((((F 1) bt} by} B ) o)
3@ (2 (3 ) b)) o) o) )

(1= bm0) (VL (D" (A b1) .. ‘bu)c1) o Cmo1)Cm)

+avm ((D" ((a“ -b1> Abn) c1) ...cm) (58)




where §;; is the Kronecker delta.
Likewise, the higher order directional derivatives and gradients of the transposed operator T7 (a) are obtained as

v ((D” (((éT)i : b1) vbn) c1) ...cm) —gB}Tvm ((D"’l (((((QT)H -b1) .bj_l) -bj+1) -bn) cl) ...cm)
3@ (0 (7w b)) ) o) )

T

+ (L= 8mo) (V™ (D™ (((@")"""b1) ... *bp)c1)...Cm-1)Cm)
+ @)V (0 ((@) 7 br) o b)) em) (59)

In the B.2, we detail a compact algorithm which implements these two general formulae.

4 The SO(3) and SE(3) matrix Lie groups

The formulae obtained in the previous sections are applicable to the Lie groups SO(3) and SE(3) as special cases. For these Lie
groups, closed form expressions for the exponential map and its tangent operator are available and can also be considered for the
development of the higher order derivatives and gradients. These expressions are detailed below.

4.1 The special orthogonal group SO(3)
The set of finite rotation matrices, i.e.,
SO(3) — {R € R¥3 | RTR = Is3, det(R) = +1} (60)

together with the product of a 3 x 3 real matrix as a composition (group) operation, are a matrix Lie group, which is called
the special orthogonal group [34]. It is a group since it satisfies the four axioms. Firstly, the closure axiom is satisfied because
the composition of two rotation matrices yields a rotation matrix too. Secondly, the matrix product is associative. Thirdly,
the neutral element is the 3 x 3 identity matrix. Finally, the inverse of a rotation matrix R always exists and is simply the
transposed RT, which is also a rotation matrix.

The group SO(3) is a matrix Lie group since the product and the inverse of a matrix are smooth operations. At any point
R on the manifold SO(3), the tangent space is noted Tgr SO(3). The Lie algebra so(3) is defined as

s0(3) = {X0 € RV |50 + %07 = 0gxa (61)

50(3) can be identified with R? since the three non-trivial components of a skew-symmetric matrix X,, can be collected in a vector
X, with the following expressions

0 —ZTw3 Tw2 Twl
Xw = Tw3 0 —Zwl|, Xw = |Tw2 (62)
—ZTuw2  Twl 0 Tw3

In this way, the tilde operator (e) maps a vector x,, € R?® into a skew-symmetric matrix X, € s0(3). We also have the relationship
between the tilde operator and the cross product between the vectors a,b € R3: a x b = ab. For SO(3), the hat operator (/o\)
defined in Eq. (14) coincides with the tilde operator (Ao/) Therefore, the check operator (\o/), defined in Eq. (15), is equivalent to
(’:)T in this case.

From Eq. (5), the derivative of an element of SO(3) can be represented as

do(R) = RXS, (63)

where d,(R) : SO(3) — TrSO(3).

The closed form of the exponential map can be obtained by exploiting the property X, = X, (which only holds for SO(3))
and the property of skew-symmetric 3 x 3 matrices X5 = —||%.||*X.. In this last expression, ||x.| = v/x2, + 22, + 22, is the
Euclidean norm. Applying these properties to Eq. (17), we obtain:

~2 2~ 22 4= 42 62— 62
e o X Ixel e fxellPxe” el X fxellTXe”  fxell®Xe[lxelPXe
Xpso@(Xw) =IXe+ Sr - -t e e o et (6
One can then consider the Taylor’s series of sin(f) and cos(f) (see [35], chapter 2.3.3)
) 03 95 07 99 911 013 02 94 06 98 010 912
) =0ty g T m o =yt gty T T (65)

In Eq. (64), assuming ||x,|| # 0, one can multiply some terms by ||x.||/||Xw|| and other terms by ||x.||*/|x. ||

= el Il flxoll” X el lxll? | llxoll® X
eXpSO(S)(xw) =I+ (waH ET + 5 o m +(1-1+ ol Tl + 6l + - TAE
i —~  1- —
sl 1 cos(lx ) .
x|l [l



This new expression of the exponential map has a singularity when ||x|| = 0. This formula, commonly referred to as Ro-
drigues’formula, gives an efficient method for computing expgo(s) (Xw). The inverse deduction of the serial formula from the
Rodrigues formula was presented in/L36, 37]. One can also observe that expgg s, is not injective. Indeed, let a* = (1+2k7/||al|)a,
for all integer k, we have expgq(3)(a®) = expgos)(a)-

The expression of the Rodrigues formula can be adjusted by defining auxiliary quantities:

lIxoll w“

1 — cos([|x])

) 5(Xw):2W7 Y(Xw) = .|

sin(lpel) cor 21 (67)

1%l

a(xy) =

Notice that «(0) = 5(0) = v(0) = 1. The closed form of exponential map on SO(3) is then given by

 Ttamnss + B8 ik > 6
eXPsos) (Xw) = { I 2 otherwise o

where € is a numerical parameter whose value should be chosen small enough. This parameter defines the switch point between
the two equations in the numerical implementation of the exponential map. A more comprehensive analysis will be made later
about the influence of this parameter.

The closed form of the logarithm map on SO(3) is given by

0 ™ .
5oy (R—R") if R # Isxs,

logsos (R) = Xo = 25in(0) ) if R #Isxs .
0 if R = TIsx3

where 6 is the angle of rotation [29]. This angle can be calculated in two ways. Firstly, it can be evaluated as Qacos =
acos(0.5 (trace(R) — 1)), where the trace(e) function is defined to be the sum of elements on the main diagonal. Secondly, it
can be evaluated as €a.sin = asin(||vect(R)]|), where vect(e) denotes the vectorial part of a matrix, i.e., vect(R) = 0.5 [(R32 —
R23) (Riz — R31) (Ra1 — Ri2)]%. Tt is important to note that when R. is close to the identity I, 6 asin gives a better accuracy than
0 acos. This is because the derivative of the cosine is zero when the angle is zero, which induces a singularity in the acos function.
For this reason, it is recommended to first calculate € .cos and use this value when the angle is greater than a certain tolerance
(1Ix 1077), otherwise the angle should be recalculated using 0 .sin. Alternatively, a more straightforward solution can be achieved
by: fatanz = atan2( [[vect(R)]|, 0.5(trace(R) — 1) ). A slightly different formula to calculate loggo ) is presented in [25], chapter
4.4.1.

The closed form of the tangent operator on SO(3) is obtained from Eq. (31) and the property (C.1), following a similar
approach as for the exponential map (Eq. (66)):

Bl 1 alk)

Xew 52X, i x| > €
Tsos) (%) = 2 [ - (70)
I otherwise
The directional derivative of the tangent operator can then be evaluated from:
JoT Twl, Tw2, T oT Twl, Tw2, T JoT Twl, Tw2, T
DTs0s) (%) - Xu = 503) (w1, Tw2, Tws) — 503)(ZTwl, Tw2, Tws) - 503) (w1, Twz ws)xug (1)
0T 0Tu2 0x,3

where 8— is the partial derivative with respect to the variable x.,1, X, = [asul Tu2 .’L‘ug] is a column vector and T g0 (3) (Twi, Tw2, Tw3)
is the closed form (first line of Eq. (70)). Unfortunately, such derivatives in closed form inherit from the singularity at the origin.
Again a threshold e should be considered and the formula for the derivative should be replaced by its limit value if the rotation
amplitude is below € [18]. The first directional derivative SO(3) is obtained as:

S _ la=B)(xx,) (B l1xall® + 6(a = 1)) (x5x.) 2

— Xy — X, Xu | + X, i ||xu|| =€

DT s0() (Xw) - Xu = 2 ENE || wll2 2 || I* (72)

2xu otherwise

The evaluation of the gradient yields
B~ (=B~ 7, 1—a Blxul?+6(@—1) 2 1y

+5e- %2 (exD) + 120 |xc) + 27 (exT) i [xu]l > €

V., (Tso@) (xw)e) = 2 ENE || 2 | ||* (73)
?E otherwise

with a = a(xw) and 8 = B(x.) from Eq. (67), [Xw,Xu] = XoXu + XeXe and |Xw,Xu ] = XuXe — 2X0Xq.
A few higher order directional derivatives and gradients of the tangent operator on SO(3) are further presented in A.1. One
observes that the complexity of the formulae increases significantly at each differentiation step.

4.2 The special Euclidean group SE(3)

The set of Euclidean transformations (or rigid transformations) can be represented as the set of 4 x 4 transformations matrices:

R

O1x3

SE(3) - {H =H(R,x) = { ﬂ ‘R € S0(3), x € R® } (74)



In such a 4 X 4 matrix, x represents a translation and R represents a rotation. SE(3) is a group since, firstly the composition
of two elements yields an element of the group, which reads as follows HiHy = H (R4, x1)H(R2,x2) = H(R1R2,x1 + Rix2).
Secondly, the matrix product is associative. Thirdly, the neutral element is the 4 x 4 identity matrix, Isx4. Finally, the inverse
element of H, denoted by H™', is given by H™' = H(R”, —-R7x). Also, SE(3) is a matrix Lie group since the product and the
inverse of a matrix are smooth operations.

The Lie algebra se(3) is the tangent space of 4 x 4 matrices and is isomorphic to R°.

se(3) im dh=V(ho hy) = | P Bulip o [Be) RSB € s0(3), by € R? (75)
01><3 0 hw
The adjoint representation as defined in Eq. (10) is
R xR
Adup h = h 76
H |:03><3 R} (76)
For SE(3), the hat operator (o/\), defined by Eq. (14), and the check operator (\o/), defined by Eq. (15), are given by:
ho|Pe Buf g |Osxs —ha (77)
Osx3 hw _hu _hw

Notice that, for all h € RS, i = —h.
The closed form expression of the exponential map on SE(3) can be obtained using a similar approach as for SO(3). The
powers of h € se(3) satisfy the property
h* = —||h, |*h? (78)
which can be combined with Eq. (17) to obtain:

2 4 6 ~ 3 5 7 ~
Llhel” 1 Jhe|” 1 fhe _,,,)h2+<lllhwll 1| 1 |he —---)h3 (79)

2 [bol> 4l o[z 6! [he |2 3ol 5t he[]? 7! e |2

eXpSE(S)(H) =1+ h + (

~ 1 ~
=T h+ s (1= cos(fha ) B +

1

ho|® (IIhe || — sin(||he|))) h “

Using the auxiliary quantities a(]|hs||) and S(]|hw||), we get the closed form:

~ I e 1—a)
eXpSE(S)(h) =I+h+ §5h2 + (th||2) b’ (81)
This expression can be developed as
—~ ~2 ~3 ~2
Isxs  03x1 h, h, 1,|h h,h <1—a) h h, h
ex h) = 4= w wlu | 4 w w Ny 82
pSE(S)( ) |:01><3 1 |:01><3 1 26 O1x3 1 Ihe |2 O1x3 1 (82)
—~ —~2 ~ —~ —~ —~2
— IS><3 + hw + %Bhw - hw + ahw (IB><3 + %Bhw + ((1 - OC/HhuJ”Q)hw )hu:| (83)
O1x3 1

where I3x3 +aﬂ; + %ﬁhmuf is equal to expSE<3)(ﬂ:) and Isx3+ %ﬁﬂ; +((1 —oz)/||hw||2)lr1\;2 is equal to the transpose of Tgo(s3) (h.)

in Eq. (70). Finally, the closed form of the exponential map on SE(3) is obtained as:

e [expso@)(hw) T§O(3)(hw) hu] (84)
1

CXPsE(3) (h) = 01xs
X

Similarly, the closed form of the logarithm map on SE(3) is given by

logsom(R)  Tgs (he) hu} (85)
0

lo H(R,h,))=h =
gSE<3)( ( ) { 013

in which the variable h,, is calculated using h, = logso(s)(R). A slightly different formula to calculated loggy s, is presented
in [25] chapter 4.4.2.

The closed form of the tangent operator on SE(3) is obtained from Eq. (31) and C.2, using a similar approach as for the
exponential map (Eq. (80)):

Tsgs)(h) = (86)

Tso)(hw) DTsos)(hy) - hy
03x3 Tso(3)(hw)
The first directional derivative of the tangent operator and the gradient of the tangent operator multiplied by a constant vector

k on SE(3) are obtained as:

DTso()(ho) Yo  Dn (DTso@)(he) hu) -y

. N 87

see)(h) -y 05x3 DTsos)(he) - ye Y
Vh, (Tso@)(hw)ke) Vi, (Tso)(he) ku) + Vi, (DTsos) (he) - hy ke

Vi (Tsp(s)(h) k) = ( 03(><)3 ) (P Vh, gTso@)(}(lw)kw)( ) | o
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where y = [y yI17 and k = [k kZ]7. A few higher order directional derivatives and gradients of the tangent operator on SE(3)

are further presented in A.2.

The above operators on SE(3) could alternatively be formulated using dual number representations and the principle of
transference. Indeed, this principle states that all mathematical formulae for rotations can be extended to rigid body motions by
replacing real variables by their dual counterparts. This idea was for example exploited in [38, 39].

5 Influence of numerical errors

Let us analyze the numerical errors resulting from the sequence in which the aforementioned mathematical operations are
performed and stored in the computer’s memory. These errors have mainly two sources, the round-off and the truncation errors,
which are discussed below.

5.1 Round-off error of the closed form computation

In the floating-point representation of a real number x + M x 2° the mantissa M and the exponent e are represented in binary
format using a limited number of bits. For example, the double-precision floating-point format (float64) relies on 53 bits for the
mantissa, which limits the machine precision to 27°% = 1.11 x 10719, 11 bits for the exponent and 1 bit for the sign.

In order to illustrate the influence of round-off errors in our context, let us consider the evaluation of the trigonometric
expression f(0) = (1 — cosf), which appears in the exponential map, when 6 approaches 0. On the one hand, if the closed form
expression is used, the cosine is first evaluated and then the subtraction is performed and the result will be noted feiosea(6)-
The exact (reference) value of f is found by manipulating the series with an infinite number of terms which leads to fr.s(0) =
6%/2! — 94/4! + - ... For a practical evaluation, this series should be truncated to k terms, however, k can be chosen so that the
omitted terms are maintained in the order of the machine precision of 1071, The relative and absolute errors is then evaluated

as

BrvorRelaosca = | 122l | Brvor Abscises = ftosea = fre (89)
2a shows the relative and absolute errors of feiosea(f). Let us first analyze the error when 6 is close to zero. When evaluating
felosed, we first evaluate cos@ = 1 — 6%/2! + 0* /4! + ---. For 6 less than 1073, the second term of the series 6%/2! is below the

machine precision so that, due to round-off errors, the result in float64 format will be 1. Then the subtraction (1 — cos @) will
give ferosea = 0. Therefore, due to the round-off error, feioseq is affected by a relative error of order 10° = 1. If the value of 6 is
progressively increased from 1078 to 10°, the problem is transferred to the next term of the series and the relative error decreases
with order 2 from 10° to 1071°.

The same analysis can be done for the function 8(f) = 2(1 — cos#)/6>. 2b shows the relative and absolute errors of the

closed form of 3(#). The functions a(8) and v(f) do not suffer from the same problem, however, the problem appears at the

l—a(xw) _ B(xw)) T
ENCE )XwX“

level of the successive derivatives of the tangent operator. For example, the operators Da(X.) - Xu = (

and Dy, v(Xw) - Xu = % — %) x1x, respectively involve the functions (1 — «(6)) = (1 —sin(#)/6) and (1 — v(0)) =
(1 —(6/2)cot(0/2)) that exhibit the same kind of numerical problem. The analysis of the relative error of 5(6) is illustrative
of the behavior of the relative error observed in the closed form evaluation of the exponential map, the tangent operator, its
derivatives and its gradients on SO(3) and SE(3). Let us also mention that alternative expressions of the functions §(6) and
~(0) can be found in the literature [22], for which round-off errors would have a different influence. In this paper, the analysis is
limited to the particular expressions given in Eq. (67).

One possible strategy to avoid these difficulties is to enumerate the set of problematic trigonometric functions which are
involved in these operators and to replace them by their series expansion. This approach was followed by Ritto-Corréa and
Camotim [21] for a limited number of operators on SO(3). The generalization to all operators on SO(3) and SE(3) was not
performed by these authors. Another approach, studied here, is to implement directly all operators in the form of truncated
matricial series.

The exponential map on SO(3) (Eq. (66)) involves B(x.,) multiplied by %52 hence, the slope of its relative error is expected
to be equal to the slope of the relative error on the function § reduced by two. The tangent operator on SO(3) (Eq. (70)) involves
B(x.) multiplied by X.; hence, the slope of its relative error is expected to be equal to the slope of the relative error on the
function S reduced by one. The first derivative or gradient of the tangent operator (Egs. (72) or (73)) involves 3(x.) without
any multiplication by X,; hence, the slope of its relative error is expected to be equal to the slope of the relative error of the
function S. Considering the successive derivatives or gradients of the tangent operator, at each differentiation step, an additional
division by ||x.|| is performed which increases by one the slope of the relative error, i.e., the effect of round-off errors is amplified
at each differentiation step.

The exponential map on SE(3) group (Eq. (81)) also involves 3(h,,) multiplied by h?; hence, the slope of its relative error
is equal to the slope of the relative error of the function 8 reduced by two. The influence of the round-off errors on the tangent
operator on SE(3) and its derivative/gradient follows the same behavior as described for SO(3). In the results section, we will
perform numerical tests to confirm this behavior of the relative error for SO(3) and SE(3).

Based on the above analysis and on the numerical results shown below, we propose the following error estimate which captures
the influence of round-off errors in the closed form expressions:

Errorcosea(||x||, s) = c1 (@) (90)
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Figure 2: Relative and absolute errors of two analytical expressions.
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(a) Tangent operator T. (b) First derivative DT. (c) Second derivative DD'T.

Figure 3: Errors on the tangent operator and its derivatives using the closed form (dashed line), the limit value (solid
green line) and the combined solution with the best threshold determined according to the proposed procedure (red

line).

where ||x]| is ||x.|| for SO(3) or ||| for SE(3), and ¢; = 1.2 x 1077 for the float64 format. The value of the parameter s is 0 for
the exponential map, s = —1 for the tangent operator, and s = —1 — d for the derivative/gradient of the tangent operator where
d is the number of differentiations of the tangent operator. For example, s = —2 for DT and VT, s = —3 for DDT, VDT,
DVT and VVT, and so forth.

When implementing the closed form expression, a threshold on ||x|| should be selected to switch between the closed form and
its limit value at the origin. The best choice of this threshold can be made based on the above formula for the relative error. Let
us evaluate the accuracy of the limit value. As it boils down to a zero-order truncation of the series expansion, the error estimate
for the limit value takes the form ¢z [|x||. In our numerical experiments, we observe that c; = 1 provides a good approximation of
the error for the tangent operator and its derivatives. Then, the optimal threshold € for the variable ||x|| is evaluated by solving

€ S
C1 (*) =C2€
™
For the tangent operator (s = —1), we obtain e = 107%2!. For the first order derivative or gradient (s = —2), the threshold
is € = 107539, For derivatives from order 2 to 6, the thresholds are 107386, 107298 107240 10719 and 1071-%®, respectively.

For all cases, the maximum value of the relative error is equal to cz e. We thus expect rather high inaccuracies for higher order
derivatives. For example, 3a, 3b and 3c show the tangent operator T, its first derivative DT and its second derivative DDT,

(91)

respectively. Any other choice of threshold value would imply a greater relative error.
For the exponential map (s = 0), the closed form is not affected by round-off errors in the same way. We observe that the

relative errors remain at the level of machine precision for ||x|| > 107!, Since the limit value of the exponential map is below

machine precision when ||x|| < 107!, the threshold is selected as e = 107'6.

5.2 Truncation error of the series computation

In order to evaluate a series with an infinite number of terms, the calculation should usually be approximated by truncation to a
finite number of terms. The difference between the approximate solution and the exact solution is called the truncation error, and
this error has the order of the first omitted term. Considering truncated series expansions limited to N terms, the exponential
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Figure 4: Evolution of the relative truncation error on DT as a function |x| when the series is truncated to N =
Na(tol, [|x]|).

map, exp(X) (Eq. (17)), the tangent operator T(x) (Eq. (31)) and its derivative DT(x) (Eq. (36)) are:
~ 1 ~i X
exp(X) = E % +0 (H]\|]|' ) (92)

N—-1 _11 ¥ % N
T(x) = ; (1+1)!X +O((1H+HN)!) (93)

2
N4d—1 P . . s
DT y)eov) = 30 (P DA 3 ya) + Inallvalldyal © (228 (99)

where n4(N) is the number of terms recursively involved in the evaluation of the expression D((XY - y1)... - ya4). A closer look
reveals that nqg(N) = (d + N)!/N! so that an error estimate for the tangent operator and its derivatives can be formulated as
c3 (N —+ d)'

d _ N
Errorgeries (x|, N) = m”xﬂ

C3

= mHXHN (96)

where the constant ¢z should be fixed in an appropriate manner. For the exponential map, the error estimate is slightly different:
Ca N
Errorseries (x|, N) = w7 x|l (97)

where the value of the constant cs is still to be chosen. In order to simplify the procedure, we propose to use the same error
estimator given in Eq. (97) not only for the exponential map but also for the tangent operator and its derivative. Observing that
Ix||N /(NN +d+1)) < |x|V/N!, the error estimate Errorserics(||x||, N) can be made less sharp than Errord,...(|x|, N)
provided a suitable choice of cq4, i.e., this simplified error estimate can always be made more conservative. In this error estimate,
the numerator ||x||"¥ reflects the convergence of the error with a slope defined by N and the denominator N! induces a downward
shift of the curve when N increases. According to Eq. (92), the value c4 = 1 appears as a reasonable choice for the constant ca,
which will be confirmed by numerical experiments. A criterion on the truncation error can then be obtained by comparing this
error estimate with a user-defined tolerance tol

Erro""series(”xHa N) < tol (98)

Based on this criterion, the series can be evaluated according to three different options. In the first and simplest option, a
fixed number of terms N = Ni(tol) is chosen to reach a given tolerance for the whole range of values of ||x|| from 0 to 7. More
precisely, Ni(tol) computes the lowest integer such that the criterion in Eq. (98) is satisfied for all ||x|| in [0, 7[. For the tight
tolerance tol = 2.7 x 107 !%, a number of N = 28 terms should be kept in the series.

In the second option, the number N = Na(tol, ||x||) is defined as the minimum integer such that the error estimate is below
tol for a given ||x||. More precisely, Nz (tol, ||x||) computes the lowest integer such that the criterion in Eq. (98) is satisfied. To
reduce the computational cost, it is recommended to precompute the function N2 before the simulation. For a chosen tolerance,
a look-up table is thus established which provides the values of N2 as a function of ||x||. 4a, 4b and reffig: Error D method 2 tol
15 show in solid red lines the errors of the derivative of the tangent operator using this approach with tolerances of 1078, 10713
and 10715, respectively. The other color lines represent the error estimates for N varying from 1 to 29. Compared to option 1, a
much lower number of terms is needed to satisfy the tolerance using option 2, i.e., Na(tol, ||x||) < Ni(tol).

In the third option, a simplified expression of the function N, is proposed Ns(tol, ||x||) ~ Nz(tol, ||x||). Firstly, the criterion
in Eq. (98) is reformulated as N log,(||x]|) — log;o(IV!) < log,o(tol). Then, the logarithm of the factorial log,,(N!) is replaced
by the linearized form a1 N — ao, leading to ap — log,4(tol) < N (a1 —log,,(||x||)). In order to satisfy this criterion, the function
N3 is then formulated as

L ( ao —logy(tol) )
Ns(tol, ||x]||) = ceil | —————% 99
il ) = et 0= ©9)
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Figure 5: Evolution of the relative truncation error on DT as a function of ||x|| when the series is truncated to
N = Ny(tol, |x]).
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Figure 6: Estimates of the relative error for the tangent operator, its derivatives and gradients for the closed from
(dashed lines) and for the truncated series with N terms (solid lines).

where the coefficients are selected as ap = 4.5 and a1 = 1.1. The function N3(tol, ||x||) allows us to calculate N at a lower
computational cost than in the second option. 5a, 5b, 5¢ show the errors on the truncated series using this third option. As the
simplified equation is only an approximation, N3(tol, ||x||) is sometimes larger than Na(tol,||x||) by one term, which indicates
that the approximation is conservative but that the computational cost of the resulting series is only slightly increased compared
to option 2. This computational cost of the series is always much smaller compared to option 1 because N3(tol, ||x||) < Ni(tol).

6 shows the error estimate of the closed form defined by Eq. (90) and the error estimate of the series form with N terms.
The graph on the left shows five dashed lines representing the error estimate of the closed form with negative slopes s = —1 — d
and five solid lines representing the error estimate of the truncated series with N terms with positive slopes N. The graph on
the right is a zoom including the error estimate of the truncated series with up to 29 terms. In the results section, numerical
tests will be performed to compare these theoretical error estimates to the errors observed in numerical experiments for both the
closed form and the series form.

6 Computational cost

In order to assess the efficiency of the formulations, the execution time and the number of floating-point operations (FLOP)
will be compared in the result section. The execution time cost allows one to estimate the computational cost of a particular
case. The number of FLOP provides an indication of the evolution of the computational cost with the key parameters of the
method. However, we should keep in mind that those performance indicators are only indicative because the performance of a
numerical method is also affected by factors such as the mathematical expression’s coding, the chosen programming language,
the software library, and the computer hardware being utilized. For the series form, these indicators are evaluated for a recursive
implementation of the expressions.

The number of FLOP can also be estimated from the expressions of the operators in the code. The results are presented in
1. For the series form implemented in a recursive manner, a general expression can be obtained for any matrix Lie group. In
this case, the number of FLOP depends on five parameters: N is the number of/_Eerms kept in the series, n is the size of the (o)
matrix, z, is the number of zero elements of the (o) matrix, k is the size of the (o) matrix and zj is the number of zero elements
of the (o/\) matrix. For example, n = z, =k =z, =3 on SO(3) and n =4, z, =4, k = 6 and 2z, = 18 on SE(3). We consider
that (2k% — 221k — k?) FLOP are needed for a sparse matrix-matrix product, (k% — z;) FLOP are needed for the sum of matrices
and for the scalar matrix multiplication, and 3 FLOP are needed to calculate the factorial and change the sign. Furthermore,
the table presents the number of FLOP for the closed form both for SO(3) and SE(3), according to their implementation in our
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Table 1: Number of FLOP needed for the evaluation of the series and closed forms.

Operator FLOP: series form FLOP: closed form
Matrix Lie groups SO(3) SE(3) SO(3) SE(3)
exp(3) (203 — 2z,m — n2) + 2(n? — z,) + 3)N 2N 107N 109 220
T(a) (2K3 — 22k — k2) + 2(k? — 2) + 3)N 42N 219N 112 389
DT(a)-b 3(2k% — 223k — k?) +3(k* — 2z,) +3)N 102N 597N 293 1140
V(T(a) c) 3(2k3 — 224k — k) +4(k*> — z) +3)N 108N 615N 398 1766
D.(DT(a)-b)-d 8(2k — 22k — k?) + 6(k* — ;) + 3| N 255N 1551N 755 3127
Va(DT(a)-b c) 8(2k% — 223k — k?) +8(k* — z1) +3)N 267N 11587N 1167 5729
Da(Da(DT(a)-b)-d)-e (20(2k3 — 22pk — k?) + 14(k* — 2z;) + 3) N 627N 1941
Va(Da(DT(a)-b)-dc) 19(2k3 — 224k — k?) + 17(k* — 2z;,) + 3) N 618N 3184

MATLAB code. This evaluation is based on the code for counting the floating point operations shared by Qian on the MATLAB
Central File Exchange. This code was also used to verify the number of FLOP of the series form. One observes very different
numbers of FLOP for the closed forms on SO(3) and SE(3).

7 Results

The numerical experiments aim at comparing the series form with respect to the closed form of the SO(3) and the SE(3) groups
in terms of numerical accuracy and computational cost for the exponential map, the tangent operator and their derivatives. The
relative error of the series and closed forms is evaluated as a function of the rotation amplitude. The reference solution is obtained
using the series form with enough terms to obtain convergence. It is worth noting that the errors depend on the norm ||x.||
which represents the rotation amplitude, but not on each individual components of the vector x,.

The results were obtained using the following input vectors: x, = [1,1,1]7, y» = [1,1,1]7, z, = [1,1,1]%, ¢ = [1,1,1]7,
y=101,1,1,1,1,1]7, z=[1,1,1,1,1,1]" and k = [1,1,1,1,1,1]”. In our experience, the norm and the direction of these vectors
have a limited influence on the accuracy, as long as they differ from the null vector. In contrast, the norm of the vector x,, has
a direct influence on the accuracy.

7.1 Analysis of operators on the special orthogonal group SO(3)

7a and 7b show the relative error of the exponential map and the tangent operator with respect to ||x.| for the series form
with N terms and the closed form on SO(3). For the series form, N is varying from 1 to 10. For the closed form, according
to the developments in 5.1, the threshold to switch to the limit value is fixed at ||x.|| = 107! for the exponential map and
[|%w]| < 10783 for the tangent operator. 6 has been placed in the background to permit a comparison with the theoretical error
estimates established in 5. Overall, we observe that for both the exponential map and the tangent operator, the numerical results
agree with the theoretical values.

The CPU time is shown in blue in the left axis of 7c and 7d and the number of FLOP is shown in orange in the right axis.
For the series form, both indicators increase with the number of terms N.

For the exponential map, these figures show that the closed form provide very accurate results at low computational cost for
any rotation amplitude. In contrast, the series form is less competitive. Let us also mention that the truncation error of the series
form may imply that the resulting matrix does not exactly satisfy the expected orthonormality property. The truncated series
may not provide a matrix which is not exactly on SO(3), which may induce additional numerical difficulties in the simulation
code. For these reasons, the closed form should be recommended for the evaluation of the exponential map on SO(3).

For the tangent operator, the error of the closed form is larger and shows a maximum value of the order of 10733, The closed
form may only be used if one is ready to accept such error amplitudes. If a more accurate solution is needed, it can be obtained
using the truncated series expansion with an appropriate number of terms.

8a, 8b and 8c show the relative error of the first, second and third derivatives with respect to ||x.||. 8d, 8¢ and 8f show the
relative error of the gradients V(T go(3)(Xw)€), Vi, (DT s50(3)(Xw) - Xu €) and Vi, (Dx, (DT s0(3)(Xw) - Xu) - Yo €). Again, for the
series form N is varying from 1 to 10 and the theoretical error estimates of 6 are placed in the background. Overall, a good
agreement is observed between the theoretical error estimates and the numerical results. This analysis confirms that, for the
closed form, the numerical errors at small rotation amplitudes become more and more influential for higher order derivatives and
gradients.

9a-9f show the CPU time cost and the FLOP of the derivatives and gradients of the tangent operator on SO(3). For the
series form, the CPU time cost follows a very similar trend as the FLOP number. For the closed form, the evolution of the FLOP
and CPU time are still correlated but they do not follow precisely the same trend, which can be attributed to various additional
factors that may affect the CPU time.
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Figure 9: CPU time and number of FLOP of the derivatives and gradients of the tangent operator on SO(3).

7.2 Analysis of operators on the special Euclidean group SF(3)

10a—10f show the relative error of the exponential map, the tangent operator, its derivatives and its gradients on SE(3). The
theoretical error estimates of 6 (5) are again plotted in the background. Overall, we observe that the numerical results are in
agreement with the theoretical error estimates. The errors on the SE(3) operators exhibit a similar behavior as for the SO(3)
operators.

11a to 11f show the CPU time and number of FLOP of the exponential map, the tangent operator, its derivatives and its
gradients on SE(3). As on SO(3), the CPU time and the number of FLOP follow a similar trend for the series form. For the
closed form, a lower correlation is observed. Generally, even though the CPU time of the exponential map for the closed form
is lower than for the series form, it grows faster with the differentiation level. This means that the series form becomes more
attractive than the closed form for the evaluation of higher order derivatives and gradients.

8 Strategic solution to calculate SO(3) and SE(3) with constraints on tol-
erance

After the analysis of the accuracy and computational cost, we propose a strategic solution to calculate derivatives of SO(3) and
SE(3). The method exploits both the closed form and the series form, with a switching criterion based on a threshold on the
rotation amplitude ||x||. This threshold is determined based on a chosen tolerance on the accuracy, i.e., the threshold is obtained
by solving Eq. (90) for ||Errorcoseal| equal to the chosen tolerance. For values of ||x|| above the threshold, the closed form is
used and for values below the threshold, the series form is used. The number of terms N of the series form can be calculated
through either Eq. (97) or Eq. (99), as discussed in 5.2.

12a illustrates the evaluation of the first derivative of the tangent operator in order to reach a chosen tolerance (tol = 107'?)
based on the theoretical error estimates. In this case, the threshold on the rotation amplitude to switch between the closed form
and the series form is defined by log,,(||x||) = —1.5. 12b and 12c show the errors observed on the derivative of the tangent
operator on SO(3) and SE(3) using the strategic solution. These figures illustrate how the compromise between computational
cost and accuracy is established based on a chosen tolerance.

9 Logarithm and inverse tangent operator

In this section, the analysis is extended to the logarithm, log(Q), the inverse tangent operator, T *(x), and its derivatives.

The logarithm map can be expressed both in closed form and series form. However, the series form does not always converge.
Let us refer to the convergence criterion mentioned at the end of 2. On SO(3), since a rotation matrix R is diagonalizable, the
convergence is thus guaranteed if its eigenvalues A; satisfy |[A; — 1| < 1. One can verify that this condition can be expressed in
terms of the rotation amplitude as ||x.|| < /3.

We propose to check the accuracy of the logarithm map by verifying the error on the condition exp(log(Q)) = Q. In that
expression, the exponential map is evaluated accurately either using the closed form or the series expansion with 100 terms. The
errors for the logarithm map on SO(3) and SE(3) are presented in 13a and 13b, respectively. The series form is evaluated with
100 terms, which induces a significant computational cost in comparison to the closed form calculation. It can be observed that,
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for both Lie groups SO(3) and SE(3), the series form is only applicable for amplitudes ||x.|| < /3, as expected, while the closed
form can be used in the wider range [0, 7[.

In the interval [0,7/3[, the series form can be considered as a reference solution provided that a sufficient number of terms
is kept. 14a and 14b show the influence of the number of terms N on the relative error of the logarithm map measured with
respect to this reference solution. The evolution of the error for ||x,,|| approaching 7/3 is irrelevant because the reference solution
becomes invalid. 14c¢ anf 14d show the CPU time cost and the FLOP of the logarithm map. In both cases, the closed form is
more efficient. Based on the results of our analysis, it can be concluded that the closed form is more efficient and offers higher
precision in a wider range compared to the series form for the evaluation of the logarithm map.

Let us consider the evaluation of the inverse tangent operator (Eq. (33)) and its derivatives (Eq. (39)). Following a similar
analysis as in 5.2, an error estimate of the series truncated to N terms is given by

cs Bayn||x[|™

o (100)

E‘rrorrseries;T’1 (||X||7 d7 N) =

where the constant cs can be chosen equal to 10. On the basis of this error estimate, we can follow the same three options as
developed in 5.2. The first option for reaching a given tolerance is by selecting a fixed number of N = Nji(tol) that covers the
entire range of x from 0 to 7. To achieve a tight tolerance tol = 2.7 x 10716, it is recommended to keep a total of N = 52 terms
in the series. For the second option, N is obtained by solving Eq. (100) to find N = N, -1 (tol, ||x||,d). This number is defined
as the minimum integer such that the error estimate is below the tol for a given ||x||. For the third option, a simplified expression
is proposed for the solution of Eq. (100). The simplification is based on a linearization of the term N!/Bsiny ~ a1 N — ap — b1d.
We obtain

(101)

Ny p-1(tol, ||x|]) = ceil (ao +bid - lOglo(t01)> i1

a1 — logyo (IIx|])
with a1 = 0.8, ap = 0.53, and b; = 1.

19



10 Conclusion

This paper presents and analyzes closed forms and series forms of various Lie group operators which are needed for the simulation
of flexible multibody systems. In particular, the algorithms for the exponential map, the tangent operator and its derivatives on
SO(3) and SE(3) are investigated. The analysis reveals that both closed forms and series forms can be combined to guarantee
the numerical accuracy and the computational efficiency of the code.

The closed form, which is quite popular in the literature, relies on an analytic expression of the exponential map and of the
tangent operator but it suffers from a singularity at the origin. Consequently, the evaluation is affected by increasing round-off
errors when the rotation amplitude decreases. In a practical implementation, the analytical formula should be replaced by its
limit value if the rotation or motion amplitude is below a given threshold. In this way, an accurate evaluation of the exponential
map is obtained in the whole range of amplitudes with relative errors of the order of 107'¢. Regarding the tangent operator,
for the particular closed form studied in this paper, the relative error exhibits a maximum value of 10783 at the threshold.
Two difficulties then appear when differentiating the tangent operator. Firstly, the analytical expressions become particularly
complex, making their implementation in a code rather tedious. Secondly, the influence of the round-off errors for low amplitudes
increases significantly at each differentiation step.

The series form relies on a truncated series expansion of the exponential map and tangent operator and does not suffer from
any singularity. Furthermore, exploiting the Lie group theory, the same general expressions can be obtained for any matrix Lie
group such as SO(3) and SE(3). Also, a unique recursive formula can be obtained for the evaluation of the high order derivatives
and gradients of the tangent operator, its transpose, its inverse and its inverse transpose. This formula is one original contribution
of the paper. Its implementation in a code is thereby much simpler than for the closed form. However, the result of the series form
is affected by truncation errors whose influence increases with the rotation or motion amplitude. A criterion has been proposed
to evaluate the number of terms to be kept in order to reach a given tolerance at a given rotation amplitude. This means that
highly accurate expressions can be obtained even for large rotation amplitudes, but at a high computational cost.

An analysis of the number of FLOP and CPU time reveals that the closed form of the exponential map is generally less
expensive than the series form. However, the computational cost of the two methods increases with the differentiation level due
to the increased complexity of the operations in the code. Depending on the differentiated operator under study, the series form
is often cheaper than the closed form if truncated to a small number of terms, but more expensive otherwise. In addition, the
relation between the number of FLOP and the CPU time is rather complex and potentially influenced by many external factors.
Generally, the cost of the operators remains in a similar range for the closed form and the series form.

Based on this analysis, we recommend to use the closed form for the evaluation of the exponential map as it provides a
highly accurate expression for a low computational cost. The tangent operator may also be reasonably evaluated using the closed
form if the tolerance on the numerical error is larger than 10783, If a tighter tolerance is needed, then it will be necessary to
switch to the series expansion whenever the condition in Eq. (90)(tol < ci7/||x||) is not fulfilled. Regarding the derivatives of the
tangent operator, the strategy may depend on the availability of the closed form in the code. If the closed form is available, then
the strategic solution which combines the series form and the closed form can be considered. Otherwise, the series form with a
number of terms evaluated using Eq. (97) or Eq. (99) can always reach a desired accuracy.

A similar analysis can be made for the series form and the closed form of the logarithm map and the inverse of the tangent
operator. For the logarithm map, the convergence of the series is restricted to rotation amplitudes in the interval [0, 7/3[ rad.
In addition, a high number of terms is needed to reach convergence, which implies a high computational cost. In contrast, the
closed form provides an accurate solution in the whole rotation range, [0, 7[, with relative errors of the order of 10715, Therefore,
it is recommended to compute the logarithm map according to the closed form as it provides a highly accurate expression for
a low computational cost. The recommendation regarding the inverse tangent operator and its derivatives is similar to the
recommendation made for the tangent operator and its inverse, even though the error estimate takes a different expression.

This work provides the basis for the accurate linearization of the equations of motion of a flexible multibody system, e.g., for
the linearization of a geometrically exact finite element formulation on Lie group. This accurate linearization may improve the
convergence of the Newton iterations in implicit time integration schemes. It is also essential for the sensitivity analysis and the
gradient-based optimization of flexible multibody systems.
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A DERIVATIVES OF THE TANGENT OPERATOR IN CLOSED FORM

A.1 Closed form of tangent operator on SO(3):

Let us anticipate here the expression of some directional derivatives of terms which shall appear in the tangent operator:
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The directional derivative of the auxiliary quantities is given by:
sin(([x.]]) l-a(xy)  Bxw) .7
a(Xy) = ——— 5, Dy, a(x0) - Xy = — Xy Xu (102)
[l |l [l%w 2 2 “
1 — cos(||x. 2
px.) =2t =colel) Do) 3 = =21 (alx) = Bx)) K, (103)
xoll o lxell Y(xe)A —y(x)) 1Y 7
Y(xw) = B cot( B )s D, v(Xw) - Xu = W 1 XwXu (104)
waa(xw)Q - Xy = 20(Xw) Dx, (Xw) * Xu, waa(xw)3 CXy = ?,oz(xw)2 Dy, a(Xw) - Xu (105)
The tangent operator and its transpose on SO(3):
Xo) — 1 — a(xy) — « 5 B(xw) — 1—a(xy) —
Tso) (Xw) :st:),“—”ﬂ( )2+ (2 )22 and TS0 (Xw) = Isxs“ + BX) o (2 )22 (106)
2 [l |l 2 [l |l
only differ by the sign of one term, (“—" / “+4 7). For the sake of conciseness, only the derivatives of the operator will be

presented. The sign change is indicated in the derivatives of the tangent operator by the symbols + and F, where the upper
sign is the sign of the operator, Tgo(s)(Xw ), and the lower sign is the sign of the transpose, T£O<3)(xw). The auxiliary quantities
a(Xw), B(xw) and y(x.,) will be presented hereafter respectively by «, 8 and +.
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The gradient of the tangent operator on SO(3) when multiplied by a constant vector is obtained from the directional derivative
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after some manipulations.
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|xw, ] b. We get the gradient since Dx,, (Tsos)(Xw)c) - b = Vi, (Tso@) (%) €) b.

ry, l-a Blxul® +6(a—1) —»

e o A (exh) 4 % xuve] + % (exd) (1)
ENE 2]

20 =l

vxw (TSO(S) (xw) C) ==+

Vo (Dx, Tso) (Xw) - Xuc) = F (a=B) (XNw (ext) — (xlxu)E+ X, (cxg))

A

2
88 = Blixul” — 100 +22- 7y (x,xT) —

30 (0= 1) = 20’ 4 TBlal o ry

2 el 2l
10 e S O] (et ] (o) + () L) (112)
Vo (Dec (D o ) ) v0) =+ (v 3% ox) - 5 o)
L (660 —20 x| ~ 485 ;Txi |||>6<w|2 —18) (xixu) (eyw) oy
(888 H;\T x| - 10a +2) <(xgxu)§; (exT) + (xTy) (e xD) + (xTy )55 (exT)

(Bllxw” +6(c — 1))
2% "

+ (30 %u) X (€¥8) + (Yoo Xu)Xe (eX0) — (XoXu) (X5 Ye) 5) +

(fxw,ywHCXf)

+ %0, 3] (€30 + [Xu, Yol (€x0) + (yoxu) [Xu, €] + (xo%u) [ye, €] + (Xfyw)txu,cj>

300 — 20 ||xw|” + 75 |xw* ~ 30 _ _
( I 2||||x HGBII I7=39) ()22 (eyT) + (xLyo )2 (exT)

+ (yoxu) %o (ex5) + (x5%u) [Xu, Yol (€X0) + (x5 ¥w) X, Xu] (€X0) + (X0%u) (X0 ¥w) [Xe, CJ>

n (2100 — 24 a |[xw|* + 57 B|xw[|* = BlIxw " + 2 [xw]|* — 210) (xExu) (xyw) _,

2 ol x.° (ex)) (113)
Notice that when x,, is a zero vector, one has
Ts0(3)(0) = Isxs (B (114)
Di, Ts0(3)(0) - x4 = qc%fcvu [|Ix.|| < 107230 (115)
Dr(Ds Ts0(3)(0) %) Yoo = +5 [ ] ol < 10745 (116)
Dy, (Dx,, (Dx,, Ts03)(0) - Xu) - Yo) - Zw = ile ((nyw)E; + (X0 20)Yw + (yfzw)ffl) %o < 10728 (117)
Vi (Tso(0) ¢) = %1 x| < 10772 (118)
Vieo (D Ts0(3)(0) - xu €) = %Lxu,c | x| < 107378 (119)
Vi (D, (D, Ts0 (0) - x0) -y €) = F 15 (vx0) &~ 35 (exT) — % ey D)) ol <1072 (120)

where ||x.|| < € is the best threshold.
The inverse of the tangent operator and its transpose on SO(3):

—1 « 771~ (1 _7) 2 -T « 771~ (1 —’y) —— 9
TSO(3)(X“) =Isxs® + X + [ENE Xw TSO(3)(XW) =I5x3“ — 5% + TNE X (121)
only differ by the sign of one term, (“+7” / “—"). For the sake of conciseness, only the derivatives of the inverse operator will
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be presented.

_ 1. 1-— 1 —2)(xTxy) —
waTSé(g)(xw) Xy = £-Xa + %(xw,xu] + (/547 z(x x )xwz (122)
2 [l [l |l
_ +2)(y -1 1 1-
Dx., (waTs&s)(Xw) 'Xu) Yo = ((AY )(W“ ) 2> (e [, 3]+ T [V, X
[l |l 4l xw || [l |l
+1/8-2 — 47 £ 129 + ||xw]l? = 32 + 8(8 + @) /B8 (xLxu) (xLyw) —
L 1tL/8=2 HX/H4 (6 yo)%? + (el [y ] ) - B2 e 1] (||6 UEICex)CeYel gz (193)

D (D (Do Ty (6) x0) -y =+ D2 () ) (v P ]+ () [ v

[y

(49" + 47+ [|xu|” — 8)

(OLye) Fus 2] + (L 20) [y, 3] + (v520) [x0,307)

4% |*
492 412y — 32+ ||Ixu || + 8(a + 8)/8° <
- 5 ) () ) + () (¥0) + (v7x) (T ) 522
4 x|l
(879% + 287 + 27 ||xw > + 60y — 192 + 7||xu||* + (32 + 4 ||xu||*) /B + (40 — 8) /8% + 3202/ B7)
+ v v Y w vy w 8 w % a
4 ||l
_ 8% 41292 + 2 ||xu|l® + 129 4 3 ||xu||* — 32
(Xqu)(XSyw)(XZzw)xw2> _{ PRk ) (x4 %u) (X5 yw) [Xw, 2]
+ (xo%u) (X5 2w) [Xw, Yo | + (X0 Yw) (X02w) [Xu, xu1> (124)
_ 1. 1—4 ((’7_1)(’Y+2)+HXWHZ/4) —2 T
Vi, | T L. Xy)C) =F=C+ ——|Xu,c] + X, (ex,, 125
( SO(&)( ) ) 2 HXUJHQL J ||XwH4 ( ) ( )
_ 1— 2y + 1) (47v(1 — ) — [|Ixll?) + 2% ||? -
vxw (waTSé(s)(Xw) X C) _ +( 72) Lxuch + ( Y+ )( ’V( ’V) |(LX H )+ HX H cz(cxf)(xuw:‘f)
[l |l 4% ||
4 2) (v —1 olI? _ 4 __
+ +2) iﬁ ”i L (wa,cJ (xuxs) + (x5%u) [Xw, €] + € (cxy,) — ol ||2Xw2(CXZ;)(XuXZ;)) (126)
Xw Xw

Vo, (wa(waTEé@)(Xw) Xu) Ve c) - +24(’Y+—1/§_2)
[l |
Lot1/B-2)

EAR
(87 + 129 + 2 |Ixu[|® + 12y + 3 ||x||* — 32) T T
- 6 [vaxu—‘ (waw) (cxw)
4 ||xu |l
(472 +4v+ ||Xw||2 — 8)
4% |*
(8% (87" 287" + 27 [Ixwl® =367 + 7|[xw|®) + 8° (4]1xu]” — 64) + 8 (40 — 8) +3207)
* 18 o

w U wJ w w w 4||XwH6 w U wJ w W

(X Xu) (X5 ¥e) X0 (€X)

() yes €] + (705 [xur €] + 3, v ] (o))

(vexu] (ex) + [, %] (e38) + (xhya) [xus )

() [ v (ex0) + %27 (cly) (ext) + (xEx) (e¥D) + (vEx) (exD) ) (127)

Notice that when the x,, is a zero vector, one has

Tbs(0) = Tics ]| < 107150 (128)

D, T5bis)(0) 3 = 25 o) < 10755 (129)

D (D, T3y (0) - X0) s = 75y o] < 10722 (130)

Dic (D (Do T (0) %) - ) - 70 = O Iall < 1077 (131)
Vi (T5be(0) €) = 55 x|l < 1077 (132)

Vi (D T3 (0) - xu €) = 75 [xu, €] o || < 107 (133)

Vi (D (Dx, 565, (0) - Xu) - Yoo €) = O3 x| < 107192 (134)

where ||x.|| < € is the best threshold.

23



A.2 Closed form of tangent operator on SE(3)

The tangent operator and its inverse on SE(3) :

1 1
TSO(s)( w) Dx Tsc)(s)( w) " Xu

03 X3 T§é<3) ( )

Tsoe)(Xw)  Dx,Tsos) (Xw) - Xu

T X) =
si(3) (%) 0sx3 Tso) (%w)

(135)

} and Tgiw(s)(x):

have the same matrix structure, differing only that the tangent operators on SO(3) are the inverse ones in the second case. For

the sake of conciseness, only the derivatives of the operator will be presented. The vectors are x = [x% x1]%, y = [yZ yZI]7,
z = [xL zZ]T and ¢ = [cI cI]7.
Dy, Tsoi)(Xw) Yo  Dx (Dx,Tsos)(Xw) - Xu) -y
T v — " w 136
su(3)(X) -y [ 033 D, Tso(s)(Xw) - Yo ()
Dx, (Dx, Ts0(3)(%w) - Yo) - 2w (Dx (Dx. Tsos) (%) - Xu) - y) -2
Dx DxT x) - Sz = w w w 137
( SE(S)( ) y) |: 033 xw (D TSO(J) ) Yw) cZw ( )
where Dx(Dx, Tso(s) (%) - Xu) - ¥ and Dx (Dx (Dx., Tso() (%) - Xu) - y) - 7 are explicitly given by:
Dx(waTSO(3) (Xw) . Xu) -y :wa (wa TSO(S)(xw) . Xu) ‘Yo + Dxu (wa TSO(3)(xw) . Xu) ‘Yu
:wa (wa TSO(3) (Xw) : xu) Yo + waTSO(3> (X“)) “Yu (138)
Dy (Dx (waTSO(S)(Xw) . Xu) . y) - Z :wa (wa (waTSO(S)(Xw) . Xu) . yu)) ©Zy + wa (DXWTSO(S) (Xw) . yu) *Zyw
+ Dy, (D Tso(s) (%) - Vo) - Za (139)

where the expression Dy, Tgo(3)(Xw) - yu i equal to the expression Dy, Tso(s)(%w) - Xu (Eq. (107)) provided that x,, is replaced
by yu. Similarly, Dy, (Dx,Tso@s)(%w) - Yu) - 2w and Dy, (Dx, Tso@) (Xw) - Yw) - 2o is equal to Dy, (Dx, Tso@) (Xw) - Xu) - Yw
(Eq. (108)) with appropriate replacements.

Higher order directional derivatives of the tangent operator in SE(3) follow the same logic as the derivatives above. The
gradient of the tangent operator on SFE(3) when multiplied by a constant vector is obtained from the directional derivative after
some manipulations.

Dx (TSE(S) (X) C) -b :Dx <

0353 Tso(s) (Xw) Cu

Tsow () De, Tsow (%) 'XU} {C“D . {bu}

_Dx (TSO(S) (Xw) Cu) -b+ Dy (wa TSO(S) (xw) * Xy Cw) -b
Dy (Tso@)(xw)cw) - b

_ wa (TSO(3) (Xw) Cu) -bo + wa (-DXWTSO(3) (Xw) * Xy Cw) by + Dxu (wa TSO(S) (Xw) * Xy Cw) . bu:|

Dy, (Ts0(3)(%w) €w) - bu

_ wa (TSO(3)(XUJ) Cu) bw + wa (waTso(g) (Xw) c X Cw) bw + wa (Tso(g)(xw) Cw) bu (140)
wa (TSO(3)(Xw) Cw) bw

Manipulating Eq.(140), we can write it as a matrix product

Dx (Tsps)(x) ¢) - b= {vx“ (Tso@)(xw) €w)  Vx, (Tsoe (%) eu) + Vi, (Dx, Tsos) (%) - Xu CW)] [b“]

O3x3 V., (TSO(:S)(Xw) Cw)
=Vx(Tsa) (%) c) b (141)

We obtain the gradient from Eq.(141). In the same way, other gradients can be obtained.

Vi (Tso@) (Xw) €w) Vi, (Tso) (Xw) €u) + Vi, (Dx, Tso) (Xw) - Xu €w)
V(T x)c) = ¥ “ “ e 142
(Tsee)(x) ) { 033 Vx., (Tso(s) (%w) Cw) .

Ve (Dx, Tso(3) (Xw) * Yw Cw) *
Vx(DxT X)-yc)= v v 143
( w0y { 0O3x3 Vi (Dxo Ts0()(%w) - Yo €u) ()
where * = vxw (waTSO(S) (Xu.;) “Yu Cw) —+ vxw (waTso(g,) (XUJ) ‘Yo Cu) + VXM (wa (wa TSO(S) (Xw) . Xu) Yo Cw)~
The tangent operator transposed and its inverse on SE(3) :
TZ (%) 033 T (Xw) O3x3

SE(3)( D, T§o<3>(><w)  Xu Tgo(g)(xw) SE(3)( Dy ng(S)( w) Xy Tso(g)( w) (144)

have the same matrix structure, differing only that the transposed tangent operators on SO(3) , T£O<3), are the inverse ones in
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the second case, T§£(3). For the sake of conciseness, only the derivatives of the transposed operator will be presented.

DngE(3)(x) Y= _Dx (gitgé?)((z(();z)) .’ Z:;) 'y Dk, ng(?):;?xw) Yo (145)
T AT st o o O M I B
Vx(TgE(g) (x)c) = _wa (ng;)g(xw) cu) Vi, (Tgo(3>(xw)vcx:) (fgvojj)éz‘ii?%o(s)(XW) Xy cu)} (147)
Va(DxTp(s) (%) -y €) = | Vi (D Tg();(Z?(xw) “YwCu) P (P Tg(i(j o) CU)] e

where *x = Vx| (wa T?;O(S)(xw) “Yu cu) + Vx,, (wa Tgo@)(xw) Ve cw) + Vx, (wa (wa T§O(3>(xw) . Xu) Yo cu).

B DERIVATIVES OF THE TANGENT OPERATOR IN SERIES FORM

—~

B.1 Derivatives of the hat operator (e)

Let us consider the linear operator “hat”, 4, introduced in Section 2. The directional derivative of the matrix product &’ = 4a-- -4

i times
in the direction b is defined as a linear application in b.
Directional derivatives only:
Dad'-b = ba'" ' +aD.a" b (149)
D.(D.a"-b)-d = bDaa" ' -d+dDsa" ' -b+aDa(Daa"" ! -b)-d (150)
Da(Da(Da(a’ -b)-d)-e = bDa(Dad’" ' d)-e+dDa(Dad’ ' -b)-e+eéDa(Daa"" ' -b)-d
4+ aDa(Da(Dad'™ ' -b)-d) - e (151)
Gradient only:
Va(a' c) = —F71\>+ ava(a ! > (152)
Va(Va(a' c) k) = kVa(&' ) (Va(@a™ ! ¢) k) + aVa(Va(a ' ¢) k) (153)
Va(Va(Va(a' ¢) k) q) = kVa(Va(a' " ¢) @) + @Va(Va(d" " ¢) k) = (Va(Va(a' ™" ¢) k) q)
+aVa(Va(Va(@ ' ¢) k) q) (154)
Second order gradient and directional derivative:
Va(Dad' - b c) = BVa(@ ' c) — (Dad ' -be)+aVa(Dad' ' -bec) (155)
Vb(Dad' - b c) = Va(a'c) (156)
D.(Va(a@' c) b = Va.(a@'b) (157)
Ve(Va(a' ¢) k) = DJa' -k (158)
Third order gradient and directional derivative:
Va(Da(Dad" - b) -d c) = bVa(Dad' ' -dc) +dVa(Dad ' -bec)
(Da(Da” 1.b)-dc)+aVa(Da(Dad' " -b)-dc) (159)
Vb(Da(Dad' -b) -d c) = Va(Dad'-dc) (160)
Va(Dp(Dad' -b)-d c) = Va(Dad'-dc) (161)
Va(Da(Dad"-b)-dc) = Va(Dad'-bc) (162)
Va(Dp(Daa' - b) -dc) = Va(d'¢) (163)
Va(Va(Dad' - b c) k) = bVa(Va(d ' ¢) k) +kVa(Dad' " -bc)
- m +aVa(Va(Dad' ™" b c) k) (164)
Vb(Va(Dad' - b c) k) (Va(a' ¢) k) (165)
Ve(Va(Dad' - b c) k) = Da(Dad"-b) -k (166)
Ve(Vb(Dad' - b ) k) = DJa' -k (167)
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Fourth order gradient and directional derivative:

Va(Da(Da(Dad' -b)-d)-ec) = bVa(Da(Dad' ' -d)-ec)+dVa(Da(Dad’ "' -b)-ec)+éVa(Da(Dad' ' -b)-dc)

— (Da(Da(Da&’ ' - b)-d) - ¢) + aVa(Da(Da(Dad'"' -b) -d) - € c) (168)
Va(Va(Da(Dad" -b)-dc)k) = bVa(Va(Dad' ' -dec) k) +dVa(Va(Dad' ' -bc) k) + kVa(Da(Dad’ ' -b)-dc)

— (Va(Da(Dad "' -b) -d ¢) k) + 4Va(Va(Da(Dad' " -b) -d ¢) k) (169)
Va(Va(Va(Dad'-bc) k) q) = bVa(Va(Vad ' dc)k) q) + kVa(Va(Dad' ' -be)q) +qVa(Va(Dad' ' -bc) k)

— (Va(Va(Dad™™" b c) k) q) + aVa(Va(Va(Dad' " - b e) k) q) (170)
Vi (Da(Da(Dad' -b)-d)-ec) = Va(Da(Dad' -d)-ec) (171)
Va(Da(Da(Dad' -b)-d) - e c) Va(Da(Dad" -b) - e c) (172)
Va(Db(Da(Dad" -b) -d) - e c) Va(Da(Dad" -d) -ec) (173)
Va(Db(Da(Dad' -b)-d)-ec) = Va(Dad' ec) (174)
Vb (Va(Da(Dad’ - b) -d c) k) Va(Va(Dad' - d c) k) (175)
Va(Va(Da(Dad' - b) -d c) k) Va(Va(Dad' - d c) k) (176)
Ve(Va(Da(Dad' - b) -d c) k) Da(Da(Dad’ - b) - d) - k) (177)
Va(Vp(Da(Dad' - b) -d c) k) Va(Va(a' ¢) k) (178)
Vb(Va(Va(Dad' -b c) k) q) Va(Va(Va(a' ) k) q) (179)
Ve(Vb(Va(Dad' - b c) k) q) Va(Va(a' k) q) (180)
Vi(Ve(Vb(Dad' - b c) k) q) = Va(a' q) (181)

—

Let us note certain properties of the directional derivative. The commutativity of the derivative of the “hat” operator (e) takes
the form Da(Daéi~b)~d = Da(Daéi-d) -b. The linearity of the derivative with respect to b results in, e.g. Db(Daéi-b) .d = Dya’d.
Also due to the linearity of b, a second derivative with respect to b is equal to zero Dy (Dp(Dad’ -b)-d)-e = 0.

B.2 Algorithm

In the following, we detail an algorithm for computing the series-form with N terms of both the tangent operator T'(a) and the n
order of directional derivative in the direction of the column vectors b1, ba, ... b, and m order of the gradient of tangent operator
multiplied by the column vectors ci, ¢z, ..., Cm, VT ((D"((T(a)-b1)...-bn)c1)...cm). It is worth noting that this tangent operator
of the exponential map is valid in any matrix Lie group. The inputs are: a is a k-by-1 column vector. b = [b,, ... babi] is a
k-by-n matrix. ¢ = [y, ... €2 ¢1] is a k-by-m matrix. N > 1 is the truncation number (5.2). z, is the length of the (/o\) matrix of
the group. @CheckT function is the check operator transposed function. If opInvers == 1, the algorithm computes the inverse
of the tangent operator, otherwise opInvers == 0. If opTransp == 1, the algorithm computes the transposed of the tangent
operator and, in this case, @Hat function is the hat operator transposed function, otherwise (opTransp == 0) @Hat function is
the hat operator function.
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Algorithm [GDT] = Gradient_Derivative _Tangent Operator(a, b, c, N, @Hat, QCheckT, zj, opTransp, opInvers)
bc := [b, ]
nm := columnSize(bc)
GDT := zerosMatrix(zk, zk)
GDa := zerosMatrix(z, zk,2"™)
GDa(:,:,1) := identityMatrix(z, zx)
fact :=1
No:=1
if nm==0
| No:=0
end if
mi =0

if columnSize(c) > 1

‘ mi := columnSize(c) — 1
end if
for i = No to N +nm —1 do
for e =nm to 1 do
forf = (";") to 1 do
v := subSet(nm,e, f)
n:=0
m:=0
for g=1 to e do

if v(g) <= columnSize(b) + mi do

‘ n+=1
else
‘ m+=1
end if
end for

tdx := 1 + sumPower2(nm — v)
GDalf:,:,idz) := Hat(a) x GDaf(:,:, idzx)
for j=1tonand n+2 ton+m do
idz2 := 1 + sumPower2(nm — v([1:j — 1,5 + l:e]))
GDa(:,:,idx) += Hat(bec(:,v(j) ) * GDa(:,:, idx2)
end do
if m>0 do
idz2 := 1 + sumPower2(nm — v([l:in, n + 2:e]))
if opTransp ==1 do
| GDal(:,:,idzx) += CheckT(GDaf(:,:,idz2) = be(:, v(n +1)))
else
‘ GDaf(:,:,idx) —= Hat( GDa(:,:,idz2) * be(:, v(n + 1)) )
end if

end if
end for

end for
GDalf:,:,1) := Hat(a) * GDa(:,:, 1)
if opInvers ==1 do
GDT += (-1)" * GDa(:,:,end) * B(i)/ fact
fact := fact * (i + 1)

else
fact .= fact * (i + 1)
GDT += (-1)" * GDal(:,:,end)/ fact
end if
end for
return GDT

where columnSize(e) function evaluates the column size of the input. The zerosMatrix(i, j, k) function creates an i-by-j-by-k
array of zeros. The identityMatrix(¢) function creates an i-by-i identity matrix. The subSet(n, e, f) generates a vector containing
the f subset of {1,2,...,n} with e terms, for example, all distinct combinations (subsets) of the set {1,2,3}, n = 3, including the
empty set are {{}; {1};{2}; {3};{2,3};{1,3};{1,2};{1,2,3}}, combinations with two terms e = 2 are {{1,2}; {1, 3}; {2, 3}}, the
first combination in this case f =1 is {1, 2}, the second f = 2 is {1,3} and the third f = 3 is {2,3} (e.g. the matlab’s nchoosek
function). The sumPower2(z) function computes the sum of the powers of two of each element of the array z as the exponent.
The binomial distribution (}) = ﬁlk),

kind. It can be calculated using the recursive algorithm: (i + 1)B() = — ZL;B ("1 B(k) where B(0) = 1. We emphasize that

The B(i) is a sequence of rational numbers, called the Bernoulli numbers of the first
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for the computational cost study performed in 7, specifically optimized implementations for each derivative were used.

C

PROPERTIES:

C.1 SO(3) group

. _ i3 1—1~ ep ..
o= ( 1):2 wa|| 2)2 i if 4 is odd, (152)
(1) 72 [|xu|I" % otherwise.
%0 = —|xwl®xs (183)
Xt = = |IPx57 (184)
C.2 SE(3) group
: 1% £ = 0 Xu| .
(1) E %o 7'% +(-1) i (i — D)% |3 (x5 xu) o XO if 7 is odd,
x = i ; 0 <2 (185)
(1) 5 e 2R 4+ (1) 5 (- 2 ) | 5 | otherwise
& = —Jxal?% - 2(x5x.) | = (186)
© 0 o0
4 2.2 T 0 x,°
¢ = PRt 0 187
% = xR <xx>[0 0] -
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