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ABSTRACT. We study the role of symmetries in control systems by means
of geometric algebra approach. We discuss two specific control problems on
Carnot group of step 2 invariant with respect to the action of SO(3). We
understand geodesics as curves in suitable geometric algebras which allows us
to asses an efficient algorithm for local control.

1. INTRODUCTION

Geometric control theory uses geometric methods to control various mechanical
systems, [12, 5]. We use methods of sub—Riemannian geometry and Hamiltonian
concept, [2, 1]. As a reasonable starting point, we consider mechanisms moving in
the plane, typically wheeled mechanisms like cars, cars with trailers, robotic snakes,
etc., see e.g. [7, 10]. The movement of planar mechanisms is always invariant
with respect to the action of the Euclidean group SFE(2). As prototypes of planar
mechanisms we choose those consisting of a body in the shape of a triangle and
three legs connected to the vertices of the body by joints which can be of various
types and combinations. Although such mechanisms have almost the same shape,
the configuration spaces may be very different. In particular, possible motions of
the mechanism induce a specific filtration in the configuration space. We present
two examples that carry the filtration (3,6) and (4, 7), respectively, [10, 9].

To control mechanisms locally we consider the nilpotent approximations of the
original control systems, [4]. Although the appropriate configuration spaces have
the same filtration, they are endowed with more symmetries in general, [14]. We
always have symmetries generated by Lie algebra of right—invariant vector fields and
some additional symmetries that act non—trivially on the distribution. In nilpotent
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FIGURE 1. Generalized trident snakes

approximations of our control problems, there is a subgroup of symmetries which
is isomorphic to the Lie group SO(3), [11, 9]. This leads us to the idea of local
control in geometric algebra approach.

We reformulate the control problems in geometric algebras G and Gy, [16, 17,
19]. We use the natural SO(3) invariant operation in geometric algebra to reduce
the set of geodesics to a simpler set of curves in geometric algebra, []. Namely, each
geodesic is a linear combination of orthogonal vectors, and SO(3) acts on geodesics
by the action on the appropriate orthonormal system of vectors. So it is sufficient
to study geodesics for one fixed orthonormal basis, i.e. we can study just geodesics
in the moduli space over the action of SO(3).

We present local control algorithm for finding geodesics through the origin and
arbitrary point in its neighbourhood. The algorithm is based on a problem how to
use rotors in order to compare two orthogonal bases. We provide an efficient method
to such comparison using geometric algebras. We demonstrate our algorithm on
two specific examples.

2. NILPOTENT CONTROL PROBLEMS

We focus on two control problems such that their symmetry groups contain
SO(3) as subgroups. The first system has the growth vector (3,6) and the other
one has the growth vector (4,7), [14, 9].

2.1. Control problems on a Carnot group of step 2. By nilpotent control
problems we mean invariant control problems on Carnot groups, particularly we
consider a Carnot group G of step 2 with filtration (m,n), [1, Section 13] or [15,
13]. If we denote local coordinates by (z,z) € R™ @ R"™™, we can model the
corresponding Lie algebra ¢ of vector fields

177,77774 m
Xi =0z — = Z Zcéjxj(?zl, 17=1...,m
(1) 2 1=1 j=1
Xontj = 0z, j=1...,m—n,

where c;?l are the structure constants of Lie algebra g and the symbol 0 stands for
partial derivative. We discuss the related optimal control problem

(2) 4(t) = wm X1+ + un X
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for t > 0 and ¢ in G and the control u = (uy(t), ..., un(t)) € R™ with the boundary
condition ¢(0) = ¢1, ¢(T) = g2 for fixed points ¢1,q2 € G, where we minimize
the cost functional foT(u% + -+ +u2,))dt. Solutions ¢(t) then correspond to sub—
Riemannian geodesics, i.e. admissible curves parametrized by constant speed whose
sufficiently small arcs are length minimizers.

We use Hamiltonian approach to this control problem and we follow [1, Sections
7 and 13]. Let us note that there are no strict abnormal extremals for step 2

Carnot groups, [1, Section 13]. Left—invariant vector fields X;, ¢ = 1,...,m form
a basis of TG and determine left—invariant coordinates on G. Then we define the
corresponding left—invariant coordinates h;, ¢ =1,...,mand w;, i =1,...,n—m

on the fibres of T*G by h;(A) = AMX;) and w;(A) = A(Xm44), for an arbitrary
1-form A on G. Thus we can use (z;,w;) as global coordinates on T*G.

It turns out that the geodesics are exactly the projections of normal Pontryagin
extremals, i.e. integral curves of left—invariant normal Hamiltonian

| —

(3) H=_(hi+h3+---+h2),

~ DN

on G. Assume that A(t) = (a;(¢
Then the controls u; to the syst
the base space is of the form

,2i(t), hi(t), w;(t)) in T*G is a normal extremal.
m (2) satisfy u;(t) = h;(A(t)) and the system on

@]

LUZ:h“ ’i:l,...,m

4 1< .
) Zj:_izcgkhﬂk’ j=1,....,n—m

i=1

for ¢ = (4, 2). Using u;j(t) = h;(A(t)) and the equation A(t) = H(A(t)) for normal
extremals, we can write the system on fibres as

(5) e

where cﬁj are the structure constants of the Lie algebra g for the basis X;. We see

immediately that the solutions w;, i = 1,...,n — m are constants which we denote
by

(6) wi =K1, o W = K.

If Ky == Kp_pm =0 then h(t) = h(0) is constant and the geodesic (z;(¢), z;(t))

is a line in G such that z;(t) = 0. If at least one of K; is non-zero, the first part of
the fibre system (5) forms a homogeneous system of ODEs h = —Qh with constant
coefficients for h := (hy,...,h;,)T and the system matrix Q. Its solution is given
by h(t) = e **h(0), where h(0) is the initial value of vector h at the origin.

2.2. Left—invariant control problem with the growth vector (3,6). In com-
pliance with the notation of (1), we consider three vector fields given on R® with
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local coordinates (x1, 2, x3, 21, 22, 23) in the form

T T

Xl - 3.151 + ?3822 - ?Qaz;;v
X X

(7) &:%+§%—§%,
X X

&:%+§%—§%.

The only non—trivial Lie brackets are
(8)  Xy=[X1,X5] =0, X5=[X1,X3]=-0.,, Xe¢=[X2,X3]=0.,.

Together, these six fields determine a step 2 nilpotent Lie algebra m with multipli-
cation given by Table 1.

L X [ X [ X[ Xy | X5 [ X
Xi 0 | X4 [X]0]0]0
X, [=Xa| 0 [X6| 000
Xs [ =Xs | —X¢| 0] 0] 00
X, 0 [ 0 [0]0][0]0
X;| 0 [0 [0]0][0]0
Xs| 0 | 0 [0]0]0]0

TABLE 1. Lie algebra m

Then there is a Carnot group M such that the fields X;, i = 1...,6 are left—
invariant for the corresponding group structure. When identified with R6 = R3®R3,
the group structure on M reads that

1
(9) (w,z).(;zc’,z'):(m+x',z+z’+§xxm’)

for x = (x1,22,23) and 2 = (21, 22, 23), where x stands for the vector product on R?.
In particular, M = (X1, Xo, X3) forms a 3-dimensional left-invariant distribution
on M. We define the left-invariant sub-Riemannian metric gps on M by declaring
X1, X5, X3 orthonormal.

The geodesics of the control problem are solutions to the control system (4),(5),
with (m,n) = (3,6) and the structure constants can be read off Table 1. Hence,
the fibre system is given by wy = Ki,ws = Ko, w3 = K3 and h = —Qh, where
K1, Ks, K3 are constants, h := (hy, ha, h3)T and

0 Ki K

(10) Q:<—K1 0 K3>.

—K —Ks 0
Its solution is given by the exponential h(t) = e *?h(0), where h(0) is the initial
value of vector h at the origin. We write an explicit formula for the general solu-
tion in terms of eigenvectors of (10). If at least one of constants K; is non-zero,
the kernel of €, i.e. zero eigenspace, is one-dimensional, generated by vector
(K3, Ko, K1)T. Tts orthogonal complement corresponds to the sum of eigenspaces
appropriate to the eigenvalues +iK, where we denote K := \/K? + K5 + K2, and
is generated by vectors (— K1 K3, —K1 Ko, K3 + K3) £i(K2, —Ks3,0). Thus solution
to the fibre system can be written as

(11)  h(t) = (C1cos(Kt) — Cosin(Kt))vy + (Cy sin(Kt) + Cy cos(Kt))ve + Cyvs,
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where v1,v9,v3 is an eigenspace—adapted real orthonormal basis given by

1 7K1K3 1 K2 1 KS
v =—Fm—— | KKy | o= —F—F—= | K3 |.,u3=— [ K2
KK+ K3 \ g2 4 K2 VE+ K3\ KA\ Ky

and Cy,C5,C3 are constants that satisfy the level set condition H = 1/2, i.e.
|h(t)|| = 1, that reads C? + C3 + C% = 1. Let us note that the choice C; = Cy =0
leads to constant solutions that are irrelevant as control functions.

Let us emphasize that the base system (4) can be written in terms of vector
product as follows

T =h,
12 1

for vectors & = (w1, 72, 23)7 and z = (21, 20, 23)T. Its general solution is obtained
by substituting (11) for h and by consequent direct integration. We are interested
in solutions passing through the origin, i.e. we impose the initial condition

(13) 2:(0) =0,2(0)=0, i=1,23.

However, finding a geodesic towards a given point, leads to a problem of solving
non—trivial algebraic equations. Here we exploit intrinsic symmetries of the system
and geometric algebra approach, see Section 4.

2.3. Left—invariant control problem with growth vector (4,7). Let us con-
sider four vector fields given on R” with local coordinates (z,¢1, f2, {3, y1, Y2, y3) in
the form

2 Uy U3
(14) 0=0 =50 = 5%~ 5%
X X x
Y1 :841+§8y1, Y2:a£2+§8y2, }/;3:8%"‘58&3,

The only non—trivial Lie brackets are
(15) Yy = [YO?Yl] = ayl? Ys = [YO’}/?] - ayza Ys = [Y07YE’>] = 8113-

These fields then determine a step 2 nilpotent Lie algebra n with multiplication
given by Table 2.

L [ Yo [ Y2 [Yo [Ys[Va[V5[Ys]
Yol 0 [Yi|Ys|Ys]0]0]O0
Vil—valolo]o|o0[0]o0
Yol Y5/ 0]0]0][0]0]0
Vs —Ysl0l0]0]0][0]0
il o lolojo|o[o0]o0
Vs 0 Jolojo|O0[0]O
Yo 0O lOlO]O|O0[0]O

TABLE 2. Lie algebra n

There is a Carnot group N such that the fields Y;, i = 1,...,7 are left—-invariant
for the corresponding group structure. The group structure on N, when identified
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with R7 = R @ R3 @ R3, yields

/ ! ! !/ ! !/ 1 !/
(16) (z,6,y)- (', 0, y) = (x+2" L+l y+y +§(€><15))-

In particular, N' = (Y, Y7, Y2, Y3) forms a 4-dimensional left-invariant distribu-
tion on N. Moreover, there is a natural decomposition

(17) N = (Yo) ® (¥, Ya, Vi)

of N into 1-dimensional distribution and 3-dimensional involutive distribution,
both left-invariant. We define the left—invariant sub—Riemannian metric gy on N
by declaring Yy, Y1, Ya, Y3 orthonormal.

We apply the same method as in previous section to discuss the control problem.
The geodesics of the control problem are solutions to the control system (4),(5),
with (m,n) = (4,7) and the structure constants can be read off Table 2.3. Hence,
the first part of the fibre system (5) is given by wy = K1, ws = Ka, w3 = K3, where
K, Ky, K3 are constants. Second part of the fibre system is in this case of the
explicit matrix form h = —Qh, where h := (ho, h1,ha, h3)T and

0 K; Ky Ks
(18) 9=<‘§;8 0 )

—K3 0 0 O

Its solution is given by h(t) = e~**h(0), where h(0) is the initial value of vector h
at the origin and we write its explicit form in terms of the eigenvectors of (18). If
Ky, = Ky = K3 =0 then h(t) = h(0) is constant and the geodesic (x(t), ¢;(t), yi(t))
is a line in NV such that y; = 0. If at least one of the constants K; is non—zero,
the kernel of §2,, that corresponds to the eigenspace for the eigenvalue 0 is two—
dimensional and is generated by vectors (0, —K3,0, K1)” and (0, —K», K1,0)7. Its
orthogonal complement corresponds to the sum of eigenspaces appropriate to the
eigenvalues +iK, where we denote K := /K7 + K2 + K2, and is generated by
the eigenvectors (0, K1, K», K3)T 4+i(1,0,0,0)7. Thus the solution to the vertical
system for non—zero K is in this case of the form

ho = C1 cos(Kt) — Cysin(Kt)

19 -
(19) h = (Cysin(Kt) + Cy cos(Kt))r, + Cre

where h = (hy, ha, h3)T and 71,75 are orthogonal unit vectors given by

1 K, 1 —K3 — Ky
Sk (E) () e (d)
" K(K3> "2 C(3K1 +4Igl
with C4,Cs,C3,Cy being real constants and with the normalization factor C' =
V(C3K3 + C4K»)2 + K3(C3 + C3). The level set condition ||h(t)|| = 1 reads CF +
C2 + C32 = 1. Let us note that the choice C; = Cy = 0 leads to constant solutions
that are irrelevant as control functions. Thus we assume that at least one of the

constants C7, Cy is non—zero. Let us emphasize that vectors r1, ro are orthonormal.
The base system (4) takes the explicit form of

T = ho,

>

(20) t=

§ = =(xh — hol).

DN | =
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As discussed above, we are interested in solutions passing through the origin, i.e.
we impose the initial condition

By substitution of (19), the system (20) can be directly integrated. In section 4 we
show how to use symmetries of the system and geometric algebra approach to find
a geodesic towards a given point.

2.4. Symmetries of the control systems. Symmetries of the control systems
(2) coincide with symmetries of the corresponding left—invariant sub—Riemannian
structure (M, M, gpr) and (N, N, gn), respectively. These are precisely automor-
phisms on groups preserving distributions and sub-Riemannian metrics. The group
SO(3) acts on R? and preserves vector product which implies the following state-
ment.

Proposition 1. For each R € SO(3), the map

(22) (z,2) — (Rxz, Rz2)

maps geodesics of the system from Section 2.2 starting at the origin to geodesics
starting at the origin. For each R € SO(3) the map

(23) (z,4,y) — (z,Rl, Ry)

maps geodesics of the system from Section 2.3 starting at the origin to geodesics
starting at the origin.

Proof. Follows from invariance of (12) and (20) with respect to the action of R €
SO(3). O

3. GEOMETRIC ALGEBRAS G,,

Construction of the universal real geometric algebra is well-known, for details
see e.g. books [16, 17, 19] or paper [8]. We provide only a brief description in a
special case which we are going to use later. In general, geometric algebras are
based on symmetric bilinear form of arbitrary signature. Here, we deal with real
vector space R™ endowed with a positive definite symmetric bilinear form B only.

3.1. Geometric product. For an associated orthonormal basis (eq, ..., e, ) of R®
we use

1 ifi=j

B(ei7 6]) = e - J

0 ifi#j

Let us recall that the Grassmann algebra is an associative algebra with the anti-
symmetric outer product A defined by the rule

where 1 <4, < m.

e;Nej+ejANe;=0 for 1 <45 <m.

The Grassmann blade of grade r is e4 = e;, A--- A e;., where the multi-index A
is a set of indices ordered in the natural way 1 < i; < .- < 4. < m, and we put
ep = 1. Blades of grades 0 < r < m form the basis of the graded Grassmann algebra
A(R™). Next, we introduce the inner product

€€ = B(eiaej), 1 S Z»] S m,
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leading to the so-called geometric product in the Clifford algebra
eie; =€;-e; +e; Nej, 1<, <m.

The respective definitions of inner, outer and geometric products are then extended
to blades of the grade r as follows. For inner product we put
I
€jeq =¢€;- (ei; N Ney ) = Z(—l)kB(ej, eik)eA\{ik}v
k=1
where e 4\ g;,} is the blade of grade r — 1 created by deleting e;, from es. This
product is also called the left contraction in literature. For outer product we have

ejNei, N Nej ifj¢ A
ejhea=14 7" o ]¢
0 ifjeA
and for geometric product we define
ejeqs =¢€j-eq+€e;Ney.

Finally, these definitions are linearly extended to the whole vector space A(R™).
Thus we get an associative algebra over this vector space, the so-called real Clifford
algebra, denoted by G,,. Note that this algebra is naturally graded; the grade zero
and grade one elements are identified with R and R™, respectively.

3.2. Geometric algebra G,,. Euclidean geometric algebra G,, is generated by m
Fuclidean basis vectors ey, es, ..., e, by

e7 = Blej,e;) =1foralli=1,...,m.

The vectors in R™ with coordinates (z1,...,x,) are given by x = z1e1 +- - -+ zpep,
and the square with respect to geometric product 22 = 22 + - - - + 22 € R coincides
with the square of the Euclidean norm of z. Vector x represents a one-dimensional
subspace (line) p in R™ defined by scalar multiples of # which in G,, is expressed
by formula v € p < uAx = 0. In the same way, a plane w generated by two vectors
x and y is represented by x Ay in the sense u € 1 & uAx Ay = 0. In general, any
r-dimensional subspace V. C R™ is represented by a blade A, of grade r such that

(24) V. =NO(A,) ={zeR™:zNA, =0}

holds. Such a representation is called the outer product null space (OPNS) repre-
sentation in literature. In particular, the whole space R™ is represented by a blade
of maximal grade, so called pseudoscalar. Similarly one defines the inner product
null space (IPNS) representation A _,. of V. as a blade of grade m — r such that
x- A, _,. =0if and only if z € V.. The OPNS and IPNS representations are mutu-
ally dual with respect to duality on G,, defined by multiplication by pseudoscalar,
namely

A* = Al

where A is a blade and I is a pseudoscalar. Indeed, one can show that (z A A)I =
x - (AI) for each vector z € R™, in particular z A A = 0 if and only if x - A* = 0.

Remark 3.3. OPNS representations of Gz are summarized in Table 3. For exam-
ple in Gz, a plane generated by vectors u, v has OPNS representation u A v. Its
IPNS representation (uAv)* is vector perpendicular to the plane. More specifically
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for pseudoscalar I = ey A ex N\ es = erezez we receive the usual vector product in
geometric algebra form as

(25) uxv=—(uAv)l.
grade name blades dimension objects
0 scalars 1 1 numbers
1 vectors e1, €, €3 3 lines
2 bivectors e1 Neag, e1 Nes, ea Aes 3 planes
3 pseudoscalars e1 Nes Aes 1 volume forms

TABLE 3. Blades of geometric algebra Gg

3.4. Transformations in G,,. Let us have two vectors z,n € A'R™ C G,,, such
that n-n = n2 = 1. The action of n on = by conjugation nzn is a reflection
with respect to the plane orthogonal to n, which can be proved by straightforward
computation
netn=nmAz)n=—(z An)n = —ztnn = —at,

where z = z!l + 2+ is the orthogonal decomposition with respect to n and with
the fact that nzlln = z!l. Conjugation preserves grades of blades and is an out-
ermorphism n(uy A --- Aup)n = (nun) A --- A (nyn) for any vectors uy, ..., uy.
Composition of two reflections is a rotation, so in G,, a rotation is represented by
conjugation with respect to geometric multiplication of two vectors. To find a rotor
between vectors x and y we have a nice formula at hand.

Lemma 1. Let z and y be unit vectors in G, i.e. x,y € A'G,,, then the formula

where the bar symbol stands for normalization @ = u/\/u - u, defines rotation in the
plane x Ay which maps vector x to y and acts trivially on (z Ay)*.

Proof. Multiplication of two vectors x,y € A'R™ C G,,, such that 22 = y? = 1,
defines a multivector
zy = cos(f) — sin(0)(z A y),

where 6 is the angle between x and y. It is easy to see that (xy)(xy)* = zyyx = 1.
The classical property of this geometric algebra is that the conjugation by such
multivector zy represents rotation in the plane x A y with respect to angle 26, see
Lemma 4.2 in [17] for more details.

Using standard trigonometric formulas we can verify this by straightforward
calculation
1+ cos(0) + (z Ay) sin(&) 1+ cos(0) + (z A y) sin(d)

\/(1 + cos(0))?2 + sin?(0 24 2cos(6)

)
1+ cos(6) 1 — cos?(0) 1+ cos(6) 1 — cos(6)
2 +@Ay) \/ 2(1 +cos(0)) 2 +@ny) 2

= cos(g) + (zAy) sin(g).

Ryy=1+yx =
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Finally (zx Ay)* -2 =2z Ay Az =0and (x Ay)* -y =0 hold, so we compute
zy(x Ay)'yr = zyyz(z Ay)* = (x Ay)"

which proves the statement. ([
3.5. Rotor construction. Let (z1,...,z,) and (y1,...,Yyn) be a pair of bases such
that the scalar products x; - z; = y; - y; are the same for all 4,7 = 1,...,n and these

bases have the same orientation, i.e. x1 A+ - Az, = y1 A--- Ayy. In the sequel, we
show how to find the explicit rotation R such that Rx; R* =y; foralli=1,...n.

First, we define a complete flag {V} as an increasing sequence of subspaces of
vector space R™:

{0fcvicV,C---CVp=R",
such that dim(V;) = i. We consider a complete flags {V} and {W} by setting
Vi=(x1,...,2;) = NO(xy A--- Aa;) and W; = (y1,...,y:) = NO(y1 A -+ Ayi),
respectively.

Consequently, we map the complete flag {V} to the complete flag {W} in n
steps. In particular step j, we suppose V; = W; for ¢ > j and we find rotations R;
such that R;V;R; = W, for ¢ > j — 1. The algorithm ends after n steps which is
formulated in the following lemma.

Lemma 2. Let (z1,...,2,) and (y1,...,Yn) be a pair of bases such that z; - x; =
yi-y; foralli,j=1,...,nandx1 A---Nxp =11 A Ayn. If {V} and {W} are
the corresponding complete flags, respectively, and if V; = W; for alli =1,...,n,
then x; =vy; foralli=1,...,n.

Proof. If Vi = W7 and vy - v1 = wy - wy then v1 = wy. If vo € Wy and wy; = v1 and
vy - w1 = wy - wy and the orientation is the same (rotations preserve orientation)
then wy = vy ete. O

Each particular step is correctly defined because of the following lemma.

Lemma 3. Let us have two complete flags {V'} and {W}, such that V; = W, for
7 > 1. The rotor R; between the hyperplanes V; & Vzil and W; & Wf_;l constructed
by equation (26) maps V; to W;.

Proof. By definition V; C Vii1, so Vii; C Vi& and V; @ Vi, is an orthogonal
decomposition of the hyperplane. Any rotation preserves orthogonal decomposition,

so it maps V; to W; because it acts as an identity on V;;; = W;;; and thus
V;il = th- 0

All these properties can be used to formulate the following theorem with the
constructive proof.

Theorem 3.6. Let (x1,...,xy,) and (Y1,...,Yn) be a pair of bases such that x;-x; =
yi-yj foralli,j=1,...,nandx1 A---ANxyy =y1 A+~ Ayp. Then we can construct
a rotor R such that Rx; R* = y; for all j,i=1,...n.

Proof. Let {V} and {W} be a pair of corresponding complete flags, respectively,
soV; = NO(xz1 A--- ANx;) and W; = NO(y1 A--- Ay;). We construct a rotor
R = Ry -+ R,, which maps the complete flag {V} to complete flag {WW} so that
Vi =W, for all i = 1,...n and the result follows by Lemma 2.

We define R,, as identity. As the next step, we find the rotation R, _; between
hyperplanes V,,_1 A VnJ- = V,_1 and W,,_1 A W,f- =~ W, _1 which maps complete



GA AND CONTROL PROBLEMS WITH SO(3) - SYMMETRIES 11

flag {V} to complete flag {RVR*} in such a way that W,,_y = RV,,_1R, where
R=R,_1R,.

As an induction step, we consider the rotor R = R; - - - R,, such that RV;R* = W;
for all indices 7 > j. According to Lemma 3 the rotation R;_; between hyperplanes
(RV;_1R*) A (RV;R*)* and W;_y A W;- maps complete flag { RV R*} to complete
flag {R; RV R*R}} in such a way that W; = R; RV;R* R} for all i > j — 1.

After n steps the rotor R = R; - - - R,, maps the complete flag {V'} to the complete
flag {WW} in such a way that V; = W; for alli =1,...,n and so Rz;R* = y; for all
j4,i=1,...,n because of Lemma 2. (Il

The explicit construction in the proof of the theorem gives us the following
algorithm.

Algorithm 1. Calculate rotor R=R1... R,

Require: z;-z; =y;-y; and 21 A - Az =y1 A Ay
Ensure: y; = Rx; R*

Vie—zi AN ANz

Wiy A Ny

R+ Id

for n >1i>0do
V; « RV;R*
Hy < Vi N\Wi
Hw<—Wi/\ {:_1
R < 1+ H{Hyy
R+ R;R

end for

end

4. NILPOTENT CONTROL PROBLEMS IN GA APPROACH

In this section, we are using symmetries from SO(3) to define an equivalence
relation on the set of geodesics passing through the origin, see Proposition 1. We
find a convenient representative of any equivalence class and describe the moduli
space in the language of GA.

4.1. Geodesics of (3,6). Since the vector product = x h coincides with the dual

of wedge product x A h according to (25), the horizontal system (12) can be written

in the form
z=h,

(27) 1

= —xAh

i=gu

where £ € A'R? represents a line and z € A?R? represents a plane in R3. In this

way we see geodesics as curves in geometric algebra Gs.

Proposition 2. Fach sub-Riemannian geodesic satisfying the initial condition
2;(0) = 0,2;(0) =0, i = 1,2,3 is equivalent to a curve in M = NR3 @ A2R3 C G3
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and, up to the action of suitable R € SO(3), it is of the form
q(t) = z(t) + 2(t) = D(1 — cos(Kt))er + Dsin(Kt)es + C3Ktes
(28) + D?(Kt —sin(Kt))e; A ey — C3D(Kt — 2sin(Kt) + Kt cos(Kt))e; Aes
— C3D(2 — Ktsin(Kt) — 2cos(Kt))ea A es,
where K > 0 and D, Cs satisfy the level set equation D? + C3 = 1.

Proof. The solution to the vertical system (11) can be rewritten as
(29) h(t) = Dsin(Kt)v; + D cos(Kt)vg + Csvs,

where we denote D = /C? + C3, and 01,02 form an orthonormal basis of the
kernel complement obtained by rotation of orthonormal vectors vy, vy, namely

1 1

v 7(—01'1)1 + CQ'UQ), 772 = W(CQ’U:[ + C]’Ug).

1 =
VCE+C3
The vectors ¥y, U2, v3 are orthonormal with respect to the Euclidean metric on R3
by definition. So, there is an orthogonal matrix R € SO(3) that aligns vectors
U1, U2, v3 with the standard basis of R3. Thus we get

U1 = Rey, 72 = Rea, vz = Res,

where e1,es and es are elements of standard Euclidean basis of R3. According to
(22), rotor R defines a representative of geodesic class (RTx(t), RT z(t)) which is a
solution to (27) for h(t) = Dsin(Kt)e; + D cos(Kt)es + Czes. The solution (28)
then follows by direct integration when the initial condition is applied. Equation
for the level set follows from the definition of D. O

The action of SO(3) on M = RS given by equation (22) defines a moduli space
M/SO(3). We see M as a subset of Gz and the group SO(3) is represented by
rotors instead of matrices, which act on M by conjugation. The action preserves
vector and bivector parts, scalar product, norm and dualisation. We can see the
elements of M as pairs consisting of lines and planes. The natural invariants are the
norms of lines’ directional vectors, norms of the planes’ normal vectors and angles
between these pairs of vectors. Square norm of the normal vector of the plane z*-z*
is —z - z. Scalar product between the directional vector of the line x and normal
vector of the plane z can be rewritten as (x A z)* because (x - 2*)* = z A z and
x-2* = (z A z)*. Altogether, we consider three invariants

e square of the the norm of the vector z, i.e. x - x,
e square of the the norm of the bivector z, i.e. z- 2,
e clement (z A 2)*,

where - coincides with the inner product on Gs. In particular, these invariant
elements form a coordinate system on the moduli space M/SO(3).

Proposition 3. Fach geodesic starting at the origin defines a curve in the moduli
space M /SO(3), which is determined by invariants in the following way

z-x=—2D%*cos(Kt) — 1) + CZK*t?
22 =— D*(=D?*(cos(Kt))? + (2K*t* — 8)C2 cos(Kt)
— 2Kt(4C2 + D?)sin(Kt) + (2K2t? + 8)C2 + D*(K*t* + 1))
(z A 2)* = D*C3(K*t* + K sin(Kt)t — 4 + 4 cos(Kt))

(30)
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Proof. Follows directly from (28). O

4.2. Geodesics of (4,7). The base system (20) can be seen as a system in geo-
metric algebra G,

i+0=ho+h,

(31) ) _
y=axANh+ LA hg,

where we assume that z and hg are collinear with e; and ¢, h lie in the subspace
generated by es, e3, e4. The form of the second equation implies that y is given by
the wedge product of e; and a vector from this subspace. Hence the solution y(t)
can be viewed as a curve of planes in Gy.

Proposition 4. Fach sub—Riemannian geodesic on Carnot group N satisfying the
initial condition (13) is equivalent to a curve in N = AR* @ A2R* € Gy and, up
to the action of suitable R € SO(3), it is of the form

q(t) = x(t) + £(t) + y(t) = (C1 cos(Kt) + Cosin(Kt) — Cy)ey
+ (Cysin(Kt) — Cycos(Kt) + Ca)ex + Ces
(32) 2 o . C :
— (C7 + C5(tK —sin(Kt))ey N ey — ?((201 — C3Kt)sin(Kt)
— (Cth + 202) COS(Kt) +2C5 — tClK)el N es,
where K > 0 and constants Cy, Ca, C satisfying the level condition C3+C3+C? = 1.

Proof. According to the vertical system (19), the vector h(t) lies in the subspace
generated by vectors rq,ry for any ¢. Since the vectors r; and ry are orthonormal,
there is an orthogonal matrix R € SO(3) that aligns these vectors with the second
and third vector of the standard basis of R3, i.e

7
T1 :Reg, T2=R€3.

Due to the symmetry of this system, see (23), this rotor defines a representative
of the geodesic class (z(t), RT4(t), RTy(t)) which is the solution to the horizontal
system (20) for

h(t) = (Cy sin(Kt) + Ca cos(Kt))e; + Cey
or, equivalently, a curve in R* @ A’R* € G, given by the solution of (31). By
direct integration of this equation and by imposing the initial conditions, we get
the formula (32) for the solution. O

The action of SO(3) on N =2 R” given by (23), defines a moduli space N/SO(3).
We see N as a subset of G4 and the group SO(3) is represented by rotors instead of
matrices, which act on N by conjugation. The action preserves vector and bivector
part, the split x+/¢, scalar product, norm and dualisation. The orbits of this actions
are determined by natural invariants. For the same reason as in the case of (3,6)
and due to the invariant split, we have three invariants as follows

e value of the coordinate =z,

e square of the norm of the vector ¢, i.e. £- 4,

e square of the norm of the bivector y, i.e. y - y.
We need one more invariant for dimensional reasons but the element (¢ Ay)* is not
scalar but vector. On the other hand, ¢ A y is a multiple of blade ejeses, so the
value of (¢ A y)ejezes is scalar. As the last invariant we consider
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e value of (¢ Ay)ejeses.
These form the coordinate system on the moduli space N/SO(3).

Proposition 5. Fach geodesic starting at the origin defines a curve in the moduli
space N/SO(3), which is determined by invariants in the following way

(33)
x = Cq(cos(Kt) — 1) + Cysin(Kt),

(- =C*?— C1%(cos(Kt))? — 2C,Cy sin(Kt) cos(Kt) + Cy%(cos(Kt))?
+2C5C sin(Kt) — 2052 cos(Kt) + C12 + Co?

yoy= %((—0%2022 —(C12 + Co*)HK? +4C?%C1Co Kt — 4C%C,?) (sin(Kt))?

+ (=2C%(C1 Kt + 205) (KtCy — 2C1) cos(Kt)

—2t(—(C12 + Cu%)2K® + C2K?tC1Cy — 202 (tCy% + C1%)K + 4C?C1Cy)) sin(Kt)

— C?(C1 Kt + 2C3)*(cos(Kt))? — 2C*H(KCy — 203)(C1 Kt + 2C5) cos(Kt)
—12((C12 4+ O3 K* 4+ C? K20, %2 — ACP K C1Cy + 402047,

1
(EAy)" = 2 ((-2C2KtC + 2012 — 2C5%)(cos(Kt))*+

(tKCy% — tKCo? 4 4C1Cy) sin(Kt) 4+ 2Co2 (t + 1)) cos(Kt) — 201 Cy(t 4 1) sin(Kt)

+ (12K?% — 2)Cy?% + 20, KtC) + (P K? — 2)C1%)Ced
Proof. Follows directly from (32). O

5. EXAMPLES

In the sequel, we present two examples of controls based on symmetries in geo-
metric algebra approach. We have the following scheme based on Algorithm 1.
(1) For the target point ¢; compute invariants of the chosen particular control
system (2).
(2) Solve the system of non-linear equations (30) or (33) in the moduli space.
(3) Find the family of curves (28) or (32) going from the origin to the same
point gy that belongs to the same SO(3) orbit of g¢.
(4) Find R € SO(3), such that R(qs) = q;.
(5) Apply R on the set of curves (28) or (32) to get a family of curves going
from the origin to the target point g;.
The explicit calculations were acquired using a CAS system Maple similarly to the
paper [6].

5.1. Example in (3,6). Our goal is to find the geodesic going from the origin to
the target point

G = (x4,2¢) = —e1 + €2 —2e3 —eg Aeg —bBey Aeg + dep Aes
using invariants (30) in the target point. We have
x-x=6, z-2=-53, (xANz)"=-16

and together with the level set condition we get the system with invariants at g;.
We solve the system numerically in Maple and present the solution with rounding
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up to four decimal digits
(34) C5 =0.3646, D = 1.1205, K = 0.8487
(35) t = 5.0410

Using the constants (34), we get the geodesic in the moduli space from the origin
to the point gy in the form
q = (x,z) = —1.120(cos(0.8487t) — 1)e; + 1.120 sin(0.8487t)es + 0.3094¢ e3

— 1.066 (—t 4 1.178 sin(0.8487t))e; A ey

+ 0.3467 (—t + 2.357 sin(0.8487) — t cos(0.8487t))e; A e3

+0.3467 (t sin(0.8487t) + 2.357 cos(0.8487t) — 0.8170)ex A e3
and at the time t = 5.0410 we reach the point

qr = (xy,25) = 1.560e3 — 1.017ey + 1.592¢1

(36) 4+ 6.5102e1 A ey — 1.7536e1 A ez — 2.7461e5 A e3.

We are looking for the rotor which maps the multivector ¢; on multivector qr. We
consider complete flags

{0} € NO(x;) € NO(x; A zf) C NO(2 A 2)) 2R3,

{0} C NO(&Cf) C NO(xf N Z;) C NO(Zf A Z}k) ~ R3.
We set R, = R3 = id and map the plane z; A z; to the plane x5 A z% by rotor
R, —1 = Rs according to the formula (26). Explicitly,
Ry :=0.7402 4 0.54863e1 A eg + 0.20912e1 A ez + 0.3276es A eg

and we can map the multivector ¢; on multivector ¢; = (2, 2z5) = RaqiRe™ in such
a way that x, and z lie in the plane zy A z}. Explicitly,

qs = —0.9736e1 +0.6217e5 — 2.1599e3 — 4.7859¢e1 A es +2.9524e1 Neg +4.6235¢e2 Aes.
Finally, we map the plane x5 A (x5 A z5)* to the plane x¢ A (xf A zf)* by rotor
R, 2 = Ry =0.1934 — 0.8268¢e;1 A e3 + 0.52803e2 A e3.

Altogether, we found rotor R = RjRoR3 and, when applied on (28), we got a
geodesic going from origin to the point ¢; in the form

¢ = (z,2) = (1.075 cos(0.8487¢) + 0.07650¢ — 1.075 — 0.1554 sin(0.8487))es
(0.5879 sin(0.8487t) 4+ 0.2598 ¢ + 0.1575 — 0.1575 cos(0.84871))es
(—0.1496  + 0.2758 cos(0.8487t) + 0.9411 sin(0.8487£) — 0.2758)es

4 (—0.2011 cos(0.8487¢) + 0.2912 cos(0.8487 £)¢ — 0.08533 sin(0.8487 )t
£0.2011 — 0.2242¢ — 0.07897 sin(0.8487))er A e

4 (—0.1149 cos(0.8487 1) — 1.077t — 0.04875 sin(0.8487 )¢ + 0.1149
+1.483 sin(0.8487¢) — 0.1819 cos(0.8487 t)t)ey A e3

— 0.04807 (1.0t + 16.30) cos(0.8487 ) + (4.101 + 6.917¢) sin(0.8487 t)
—4.481t — 16.30)es A e3.

+ o+

In Figure 2 we present trajectories (x1,x2,x3) and (z1, 22, 23), respectively.
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FIGURE 2. Trajectories (x1,x2,23) and (21, 22, 23)

5.2. Example in (4,7). Our goal is to find the geodesic going from the origin to
the target point

Gt = (x4, le,yr) = 261 — 3ea + e3 + 3eg +4deg Aeg + 2e1 Aes +2e1 Aey
using invariants (33) at the target point. We have
=2, 0-£=19, y-y=-24, ((LAy)"-(LANy)" =440
and together with the level set condition we get the system with invariants at ¢;. We

solve the system numerically in Maple and we present the solution with constants
rounded up to four decimal digits as follows

(37) C = 0.7370,C; = —1.063, Cy = —0.0937, K = 0.6334,
(38) t = 5.887.

Using the constants (37) we get a geodesic in the moduli space from the origin to
the point g in the form

39
. q=(x,4,y) = 2e; + (—1.063 sin(0.6334¢t) + 0.09371 cos(0.6334¢) — 0.0937)eq
+0.737est + (—0.7835 cos(0.6334t)t — 0.2181 cos(0.6334t) — 0.0690 sin(0.6334¢)¢
+2.4737sin(0.6334¢) — 0.5654¢)eq A e3 + (1.139sin(0.6334¢) — 0.7214t)ey A e
and at the time ¢t = 5.887 we reach the point
(40) qy = (xf, Ly, y5) = 2e1 + 4.339e3 + 0.4173e3 — 0.4527e1 A e3 — 4.878e1 A e3.

We are looking for the rotor which maps the multivector ¢; on multivector g¢. We
consider complete flags

{0} C NO(gf) C NO(ff A (ﬁf A yf)*) C NO(Ef /\y}i) C NO(yf N y;?) ~ R4,
First, we map the hyperplane ¢; Ay; to the hyperplane £y Ay¥, but these to coincide
with hyperplane orthogonal to e, so Ry = id. The next step is to map hyperplane
(€e N (6 Nye)*)) ANeq to the hyperplane (€4 A (€ Ays)*)) Aer by rotor Ry according
to the formula (26). Explicitly,

Ry :=0.4167 + 0.6291e5 A e3 + 0.6532e5 A eg — 0.06282¢e3 A e4.
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As the last step, we map the hyperplane perpendicular to £; to hyperplane perpen-
dicular to £ by the rotor

R3 =0.2179 — 0.5337¢e5 A e3 + 0.4483e5 A eg — 0.6831e3 A ey

Altogether, we found the rotor R = R3RsR; and, when applied on (39), we have
got a geodesic going from origin to the point ¢; in the form

q=(z,0,y) = —0.9(—1.181 + 1.181 cos(0.6334¢) + 0.1041 sin(0.6334t)) e
+ (0.07147 4 0.8107 sin(0.6334¢) — 0.07147 cos(0.6334¢) — 0.4555¢)e,
+ (0.4627 sin(0.6334t) + 0.04079 — 0.04079 cos(0.6334t) + 0.2007¢)es
— 0.1000(—5.086 sin(0.6334¢) — 5.435¢ + 0.4484 cos(0.6334¢) — 0.4484)e,
+0.1(0.4268 sin(0.6334¢)t + 4.843 cos(0.6334¢)¢ + 1.348 cos(0.6334¢)
+ 8.996t — 23.98 5in(0.6334t))e1 A es.

In Figure 3 we present trajectories (x, €2, 3, ¢4) and (y1,y2,ys3), respectively.

FIGURE 3. Trajectories (z,¢3,¥3,¢4) and (y1, Y2, y3)

6. CONCLUSION

We demonstrated the use of geometric algebra for controlling systems invariant
with respect to orthogonal transformations. The main contribution of GA lies
in a construction of a rotor between two bases of a vector space. We assessed
an algorithm and demonstrated its use on two particular examples with filtration
(3,6) corresponding to a trident snake robot control, and (4,7) corresponding to
a trident snake with flexible leg. All calculations were acquired using a Maple
packages Clifford, [18] and Differential Geometry, [3].
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