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BOUNDS ON THE ORDER OF GENERATION
OF SO(n,R) BY ONE-PARAMETER SUBGROUPS

F. SILVA LEITE

ABSTRACT. A Lie group G is said to be uniformly finitely
generated by one-parameter subgroups exp(tX;),i=1,...,n,
if there exists a positive integer k£ such that every element of
G may be expressed as a product of at most k£ elements chosen
alternatively from these one-parameter subgroups.

In this paper we construct sets of left invariant vector fields
on SO(n), in particular, pairs {A, B}, whose one-parameter
subgroups uniformly finitely generate SO(n) and find an up-
per bound on the order of generation of SO(n,R) by these
subgroups. We give special attention to the case n = 3.

0. Introduction. If the Lie algebra of a connected Lie group G is
generated by the elements X, ..., X, then every element of G may be
expressed as a finite product of elements of the form exp(tX;), where
t is real and i =1,...,n (Jurdjevic and Sussmann [6]). However,
the number of elements required for ¢ € G may not be uniformly
bounded as g ranges through G. If, in addition, G is compact and
exp(tX;), i =1,...,n are also compact, then it follows from Theorem
1.1 that there exists a positive integer k such that every element of G
may be expressed as a product of at most k elements from exp(tX;),
1=1,...,n. That is, G is uniformly finitely generated by these one-
parameter subgroups with order of generation k.

For two and three-dimensional Lie groups, the problem has been com-
pletely solved by Koch and Lowenthal. In [1], Crouch and the present
author take the initial steps in the problem of uniform finite generation
of SO(n,R) (the real n(n — 1)/2-dimensional special orthogonal group
with Lie algebra so(n)) and concentrate on finding pairs of generators
for so(n), orthogonal with respect to the killing form (-,-) and whose
one-parameter subgroups uniformly finitely generate SO(n).

This paper is still devoted to the uniform generation problem of
SO(n). Section 1 is introductory. Sections 2 and 3 are concerned with
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the main problem. The basic idea is to use a decomposition theory for
semisimple Lie groups based on the theory of symmetric spaces and
briefly discussed in Section 2. The resultant decomposition of SO(n)
into a product of a finite number of one-parameter subgroups involves
a certain set {Xi,...,X,} of elements of so(n), the corresponding
generating set of so(n). An upper bound is found for the uniform
finite generation of SO(n) by exp(tX;),i=1,...,r,t € R.

Special attention is, however, given to pairs {A, B} of generators of
so(n) which are known to exist for every semisimple Lie algebra [10].
In Section 3, pairs {A, B} of generators of so(n) nonorthogonal with
respect to (-,-) are constructed. Each of these pairs is such that every
element belonging to exp(tX;), i=1,...,7, t € R ({X1,..., X} is
a generating set obtained in Section 2) may be expressed as a finite
product involving only elements from the one-parameter subgroups
generated by A and B. This result is combined with one obtained in
Section 2 to find an upper bound on the order of generation of SO(n)
by exp(tA) and exp(tB). The results obtained from Sections 1, 2 and 3
can be improved if n = 3. We treat this special case in the Appendix.

1. Uniform finite generation of Lie groups and its order of
generation.

Definition 1.1. A connected Lie Group G is said to be uniformly
finitely generated by one-parameter subgroups exp(tXy),...,exp(tX,)
if there is a positive integer k such that every element of G can be
written as a product of at most k elements chosen from these subgroups.
The least such k is called the order of generation of G.

Although the order of generation of G depends on the one-parameter
subgroups, it must be greater than or equal to the dimension of G
(Sard’s theorem [18]).

The following theorem, whose proof is included here just for the sake
of completeness, was proved by Lowenthal [13] for a pair of generators,
and it gives a sufficient condition for the uniform finite generation of a
connected and compact Lie group.
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Theorem 1.1. Let G be a connected and compact Lie Group,
X1, ..., Xy generators of the Lie algebra L(G) and exp(tX;),i=1,...,
n, compact. Then G is uniformly finitely generated by exp(tX;),
1=1,...,n.

Proof. Let G, be the set of all products of m elements exp(tX;),

i=1,...,n. As exp(tX;) is compact for every ¢, then G,, is also
compact. G is connected and {X1,..., X, }.a. = L(G), that is, L(G)
is the smallest Lie algebra that contains X;,..., X,. Hence, there is

an integer [ such that g is a product of [ elements of the form exp(tX;),
i=1,...,n,t € R (Jurdjevic and Sussmann [5]). Then Vg € G, g € G,
and G = U2, G;. G is complete since, being connected and compact, it
is metrizable (Riemannian metric); so, by the Baire category theorem,
G is of second category and Gy, for some [, contains an open set U.
Hence G = UgzeqgU; since Vg € G, gU is open, this is an open cover
for G and clearly it contains a finite subcover, i.e., there are g1, ..., g,
such that G = U]_,¢;U. But each g;, i =1,...,r, is a finite product of
elements of exp(tX;),i =1,...,n,and U C G| so the proof is complete.
O

The uniform finite generation problem has been completely solved
by Lowenthal and Koch for two and three-dimensional Lie groups;
[7—9, 12—15]. In particular, in [13] Lowenthal calculates the order
of generation of SO(3) by any two one-parameter subgroups exp(tA),
exp(tB), ([A,B] # 0) and shows that it is a function of the angle
between the axes of the two generators. (Note that so(3) is generated
by any two noncommutative elements and that the corresponding one-
parameter subgroups are compact.)

Now a canonical basis of so(n) is defined, namely the skew symmetric
matrices A;j, 1 <14 < j < n, where

. dikdji, 1<k<I<n
[Aijlk = —ube, 1<I<k<n,

([A]x; stands for the kl-th component of a matrix A) with commutation
relations ([A, B] = AB — BA)

[Aij, Art] = 0k Air + 0uAjr — 6 Aji — 051 Auk.
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Although there are Lie groups that can be uniformly finitely gener-
ated by one-parameter subgroups that are not compact (for instance
T = SO(2) x SO(2) is generated by exp(tA;2) and exp(t(Aio++v/2434))
and the order of generation is 2), only compact one-parameter sub-
groups of SO(n) will be considered in order to be able to use Theorem
1.1.

2. Decomposition of Lie groups based on symmetric spaces
and corresponding generating sets of SO(n). The first part of
this section contains general ideas concerning Riemannian symmetric
manifolds (R.S. manifolds). We have decided to include here these ideas
for the sake of completeness.

A Riemannian manifold M is called symmetric if each point p € M
is an isolated fixed point of an involutive isometry s, of M.

Let M be an R.S. manifold. The set I(M) of all the isometries of
M acts transitively on M. This action gives M the structure of a
homogeneous space G/K where G = [j(M) and K is the (compact)
isotropy subgroup of G at a point zy. The mapping ¢ : G — G defined
by o(x) = Syz,%Ss, is an involutive automorphism of G and K = {z €
G : o(z) = z}. If G and T denote the Lie algebras of G and K,
respectively, (do). is an involutive automorphism of G and G admits a
direct sum decomposition G =T @®P with T = {X € G: (do).X = X}
and P ={X € G: (do).X = —X}. Since (do). is an automorphism,
it follows that

(2.1) [7,7)Cc7, [T,P]CP and [P,P]CT.

T is a subalgebra of G, and P is a vector space.

If 7= denotes the natural mapping of G into M defined by = — x - xg,
(dm)e is a linear mapping of G onto Ty, M (the tangent space of M
at xg) with kernel 7 that maps P isomorphically onto T,,M. Now if
P = expP, m maps one-parameter subgroups contained in P into the
geodesics emanating from xq, exp(tX) — exptX - zg.

A Lie algebra G which admits a direct sum decomposition, G = 7 ®P,
into the +1 eigenspaces of an involutive automorphism s satisfying (2.1)
and such that the group of inner automorphisms of G generated by 7
is compact, is said to be an orthogonal symmetric Lie algebra (G, s).
A pair (G, K), where G is a connected Lie group with Lie algebra G
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and K is a Lie subgroup of G with Lie algebra 7, is said to be the pair
associated with the orthogonal symmetric Lie algebra (G, s), and K is
called the symmetric subgroup.

A Cartan subalgebra of (G, s) is a maximal abelian subalgebra of G
contained in P. All Cartan subalgebras of (G, s) are conjugate under
Adg K, the adjoint representation of K.

Lemma 2.1. If M is an R.S. manifold G/K, then G = KAK where
A = exp A for any Cartan subalgebra A of the orthogonal symmetric
Lie algebra associated with (G, K).

The proof can be found in Crouch and Silva Leite [1].

To decompose a Lie group one simply identifies an involutive auto-
morphism of G and corresponding symmetric subgroup K; and forms
the decomposition G = K;A;K;. Since each involutive isometry of
M = G/K; gives rise to an involutive automorphism of G, to decom-
pose a Lie group one must find first an R.S. manifold of the form G/ K.
It is clear that R.S. manifolds play an important part in decompositions
of Lie groups.

After having decomposed G = K;A;K;, K; can be decomposed
similarly to obtain G = KyAsKsA1KoAsK,. If this procedure is
continued until an abelian group K, is encountered, GG becomes a
product of abelian subgroups K;, A;, A;_1,..., Ay, namely,

G =K AKA 1 KAKA o KA KA KAK;---

(2.2)
A KGAKGA  KGAK.

At each stage, different choices of involutive automorphisms may
exist, each of which gives a different decomposition of the symmetric
subgroup K, and consequently of G.

After decomposing G as a product of abelian subgroups, the decom-
position of G as a product of one-parameter subgroups is a trivial mat-
ter.

Involutive automorphisms o for the classical matrix groups always
exist. Full details can be found in Helgason [3].

Throughout this paper we only consider R.S. manifolds M =
SO(n)/K and associated orthogonal symmetric Lie algebras (so(n), o)
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given by

{( X, X, ) - Xy €s0(p), Xz € 80((1)}
-X5X3 )" X, arbitrary
I

_ _Ip 0
p,q — 0 [q
X 0
T = {( 01 X3) ; X1 € so(p), X3 € so(q)},

_ 0 X .
P = {(—Xﬁ 0 ) , Xo arbltrary}

K = 50(p) x SO(q).

G=s0(p+q) =
p=zq=>1
(%) o(X) = Iy X1

p,q>

A Cartan subalgebra of (G,0) is A = >7_| RA; ,4; with dimension
q.

When p + ¢ is even there are other choices for o and K (see Chapter
X of Helgason [3]). However, only the symmetric space structure (x)
(which is unique up to conjugacy when p+ ¢ is odd) will be considered
in this article.

As a consequence of the decompositions of SO(n) outlined in the
beginning of this section and in (%) above, into r one-parameter sub-
groups of the form exp(tA;;), one can associate with each such decom-
position a generating set of SO(n), the corresponding generating set
and a number, the number r of one-parameter subgroups that such a
decomposition yields. Although in some cases this number coincides
with the order of generation of SO(n) by the one-parameter subgroups
belonging to the corresponding generating set, in general it only is an
upper bound on the order of generation. We shall refer to this as the
number of generation relative to the given decomposition.

Whereas the order of generation only depends on the generating set,
the number of generation is also a function of the decomposition chosen
and the relation to each other.

Lemma 2.2. The number of generation of SO(n) corresponding
to a decomposition of SO(n) by one-parameter subgroups of the form
exp(tA;j) increases with p being minimal (equal to the dim of SO(n))
when SO(m), Vm € [3,n]NZ, is decomposed according to the symmetric
space structure in (%), withp=q orp=q+1 (p+qg=m).
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The proof can be found in [1, Section 3.

Lemma 2.3. The cardinality of the generating set of SO(n) (or
so(n)) corresponding to a decomposition of SO(n) decreases when p
increases, being minimal (equal to n—1) when SO(m), Vm € [3,n]NZ,
is decomposed according to the symmetric space structure in (x), with
p=m-—1,q=1.

Proof. f, Vi =0,1,...,n— 3, SO(n — i) is decomposed according to
the symmetric space structure (x) with p=n —i—1, ¢ = 1, the result
is the decomposition

SO(”) = Kn—QAn—ZKn—QAn—lKn—ZAn—QKn—Q te Kn—2An—2K7L—2A1
Kn—2An—2Kn—2 o Kn—ZAn—ZKn—2An—1Kn—2An—2Kn—2;

where K, 9, A, _2,...,As, A1 are distinct one-parameter subgroups of
the form exp(tA;;). So, the generating set of so(n) contains n — 1
elements and is clearly a minimal generating set.

To prove that # (generating set) increases when p decreases, it is
sufficient to show that if, for a certain ¢, SO(n — i) is decomposed
as in (%) with p < n — 4 — 1 then #(generating set) is greater than
n — 1. Without loss of generality ¢ can be taken equal to zero. Now
SO(n) = KAK where K = SO(p) xSO(n—p),p<n—1and Aisn—p
dimensional. Then, #(generating set) > (p—1)+(n—p—1)+n—p=
2n—2—-p>n—-—1(p—-1and n—p—1 being the cardinal number
of minimal generating sets of SO(p) and SO(n — p — 1), respectively).
Clearly 2n — 2 — p increases when p decreases and the lemma follows.
O

Remark . Tt is clear from Lemma 2.2 that when SO(m), Ym € [3,n]N
Z, is decomposed as in (x) with p = qor p = g+1 (p+g = m), SO(n) is
uniformly finitely generated by the one-parameter subgroups belonging
to the corresponding generating set with order of generation equal to
n(n — 1)/2. However, this generating set contains more elements than
the generating set corresponding to any other decomposition based on
() (Lemma 2.3).
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In the next section only generating sets of SO(n) with n elements
will be considered. The reason for that choice will become clear later.

Lemma 2.4. The generating set corresponding to a decomposition
of SO(n) by one-parameter subgroups resulting from decompositions
of SO(n) and subsequent symmetric subgroups as in (x) contains n
elements if and only if for some my € [4,n|NZ, SO(my) is decomposed
with p = my — 2, ¢ = 2 and SO(m), Ym € [3,n] N (Z\{m1}) is
decomposed withp=m —1, g = 1.

Proof. Without loss of generality, we can take m; = n. Then,
SO(n) = KAK with K = SO(n —2) x SO(2) and A two-dimensional.
Now if, Vi € [2,n — 3] NZ, SO(n — i) is decomposed as SO(n — i) =
KA K; with K; = SO(n—(i+1)) and A; one-dimensional, by Lemma
2.3 the corresponding generating set of SO(n — 2) contains n — 3
elements. Therefore, the generating set of SO(n) corresponding to
the decomposition above contains (n — 3) + 1+ 2 = n elements. Now
the lemma follows as a consequence of Lemma 2.3. O

Theorem 2.1. SO(n) is uniformly finitely generated by the n one-
parameter subgroups corresponding to the decomposition outlined in
Lemma 2.4 with mi1 = n, and the number of generation is 272 + 2.

Proof. The first part is a consequence of the last lemma. Now,
if the decomposition mentioned in Lemma 2.4 is applied to SO(n),
we have SO(n) = SO(n — 2) x SO(2)ASO(n — 2) x SO(2), with
A a two-dimensional abelian subgroup and hence SO(n — 2) =
K;, Aj, A1, ..., A1 one-parameter subgroups. In this decomposition
of SO(n —2), K; occurs 2¢ times and A;, 1 < j < occurs 277! times.
Thus SO(n—2) is a product of 2"_4+Z;:f 271 = Z?:_SL 2) =231
one-parameter subgroups. Therefore, SO(n) can be decomposed as a
product of 2(2"73 — 1+ 1) + 2 = 2772 4 2 one-parameter subgroups.
O
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Remark . It is easy to conclude that in particular {exp(tA;;i1);
i=1,....,n—1;t € R} U{exp(tA1,)} is a generating set of SO(n)
satisfying Theorem 2.1.

3. The use of permutation matrices in constructing nonor-
thogonal pairs {A, B} of vector fields that generate so(n) and
the uniform generation of so(n) by exp (tA) and exp (7B). In
this section, pairs of generators of so(n), nonorthogonal with respect
to the killing form, will be constructed and the uniform generation
problem of SO(n) partially solved for these pairs. As in the method
used by Crouch and Silva Leite [1] to construct orthogonal pairs,
permutation matrices play an important role here.

The diagram below, showing the canonical basis elements of so(n),
provides a good visualization of some of the results obtained here and
will be often referred to throughout this section.

A A1z A Ais ... Aipaa A
Azs Aoy Aos ... Aspa Ao,
Asy Ass ... Azp Asy,

Ass .. Aspa A

An—2,n—1 An—Q,n
Anfl,n

DIAGRAM 3.1.

Lemma 3.1. If Pf is a real permutation matriz defined by Pfe; =
agerpy, 1=1,...,n, a? = 1, 11 a permutation on n letters, then

Vi,je{l,...,n},

P Ai;(P§)™" = aiaj Angy ).

The proof only involves a few calculations.

Given a permutation matrix Pj € SO(n), the existence of A% €
so(n) such that exp(Ag) = P is a consequence of the exponential map
being surjective (see Helgason [3, p. 135]). Conditions on the entries
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of A} may be found using the fact that if Py has the eigenvector z
corresponding to the eigenvalue A then A has the same eigenvector
corresponding to the eigenvalue $, = logy A, for some 6.

Let P be the permutation matrix defined by Pe; = e;41, ¢ =
1,....,n — 1, Pe, = (=1)""e;, and let A € so(n) be such that
exp(A4) = P. If n is odd, A has the following form:

0 a1 a9 Qp—1 : Qn—1 e ) — o]
I
—a 0 oy | Q1 — a2
1 2
I
. | .
— Qg — a1 0 " a9 !
I
I
aq : a2 —Qn—1
1 2
—Qn—1 —ay  —op 0 Lo o Qn—1
P ' P
__________________________________ 2
I
Qp—1 —Qp—1 — Qg —aq : 0 aq ag
2
I
I
—ag 1 —aq 0 ag
I
I
ag : — ag 0 aq
I
aq g QAp—1 — Q1 1 .. — ag — a1 0
2 2 !
where oy, ..., q,—1)/2 satisfy the system of (n —1)/2 equations,
(n—1)/2

— Z 2&[ sin(l&l) = 91 + 27'(]{}1
=1
(n—1)/2
- Z 2041 sm(2191) = 291 + 271']{32
=1

w2
— > 2oqsin(57101) = (n— 1)01/2 4 21k —1) /2
=1

for some ki,...,km—1)/2 € Z, 01 = 2m/n. And if n is even, A has the
form
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0 (a5 a9 Ap—2 : an Oy —2 “se a9 aq
= 2 =
— o1 0 aq : Ap—2 a9
! pl
— a9 — a1 0 ag i :
ol : ag An—_2
! pl
Xy —2 — a9 — 1 0 : aq an
% lll______ .. .
—an —Qp_2 — ag — a1 | 0 aq ag ap_2
2 X 2
—Qn_2 i — o 0 o1 :
2 |
: — Qa9 — Q1 0 a9
—a i a1
— 1 — 9 — -2 —Qan :—anfz — Qa9 — 1 0
= 2 =
with a1, ..., a9 satisfying the following set of n/2 equations,
(n—2)/2
— > 20gsin(l0y) — ay o = 01 + 27k
=1
(n—=2)/2
— > 20ysin(3l01) + oy o = 301 + 27ks
=1
(n—2)/2
— > 2sin((n— 1)I61) + (1) 20, 5 = (n — 1)0; + 27k,
=1

for some ki, ka, ..., ky0 €Z, 01 =7/n.

As a consequence of the definition of P together with Lemma 3.1, the
canonical basis B = {A4;;;4,7 =1,...,n,i < j} of so(n) can be divided
into [n/2] equivalence classes. The equivalence class of a certain element
A;; is the set of canonical basis elements that belong to the orbit of
exp(t Ad A), t € R, that passes through A;;.

Let [ay], ¢ = 1,...,[n/2] denote the equivalence classes. (This
notation is used to agree with the structure of A.) Note that for a
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certain i, [a;] is the set of canonical basis elements with coefficients
+q; in the expression of A. Clearly,

] = {Am €B:l—k=i}U{AueB:l—k=n—1}

Vi =1,...,[n/2]. If 8; and B,—_; denote {Ay, € B:1l—k = i} and
{Ag € B:1l—k =n—i}, respectively, [a;] = B;UBp—i, i =1,...,[n/2].
Hence, Vj = 1,...,n — 1, #8; = n — j and (3; can be seen as the
set of elements along the j-th diagonal (counted from left to right) in
Diagram 3.1.

B1 is a generating set of so(n) and it is minimal in the sense that
no subset of 3; generates so(n). In fact, if SO(m), m = 3,...,n, is
decomposed according to the symmetric space structure () in Section
2, with p = m — 1, ¢ = 1, the corresponding canonical decomposition
of so(n) is as follows:

so(n) = Tr_y @ (%;Bj 791-),

P; :Spa’n{Aij7j :7;+17...,TL}7 %—2 :RA'IL—IWI'

Since A; ;41 € Pi, Vi=1,...,n—2 A, ;41 can be chosen to generate
A; = exp(A;) and it follows that {A4;;41;¢ =1,...,n—1} = 1 is a
generating set of so(n). That it is minimal is due to the fact that any
minimal generating set of so(n) whose elements belong to the canonical
basis B has cardinality n — 1. In fact, if X = {X;,..., X, 2} C Bis
a minimal generating set of so(n), there exists i € {1,...,n — 1} such
that A;; ¢ X, j=2,...,n, j >i. We can assume, without any loss of
generality, that ¢« = 1. Then, using the commutation relations in Section
1 we see that A1; ¢ {X1,..., Xn—2}r.a., that is, {X1,..., X2} does
not generate so(n). Clearly, [o1] is a generating set since it contains
01, and B;, 1 # 1 is not a generating set.

Theorem 3.1. Forn > 3, let A € so(n) satisfy exp(A) = P,
P the permutation matriz defined by Phe; = eqy, i = 1,...,n— 1,
Pre, = (—1)”+16H(n), IT the cyclic permutation on n letters and
B e {exp(tad A)- A,_1n, t € R} C so(n). Then SO(n) is uniformly
generated by exp(tA) and exp(sB) with number of generation 2"~ +5
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and {A, B}r.a. = so(n). If B also belongs to B, then the number of
generation is 2"~ + 3 and (A, B) is not zero in general.

Proof. Let SO(n) be decomposed as in Lemma 2.4 with m; =
n and so(n) decomposed according to the corresponding canonical
decomposition, i.e., so(n) = T3 @ P1, 71 = so(n — 2) ® so(2) =
so(n—2) ®RA9, Py =span({A1;,j =3,...,n}U{As;,j =3,...,n})
and T3 = so(n—2) = %_2@(@?;32’%), P; =span{A;;,j =i+1,...,n}.
Since A; is a two-dimensional abelian subalgebra contained in Py, and
A; is a one-dimensional abelian subalgebra of P; Vi = 3,...,n — 2,
take Al = RAln + RA23, Az = RAi1i+1, i = 3,..‘,TL — 2 and
Tn—2 = RA,_1,,. Then SO(n) is uniformly generated by the n one-
parameter subgroups generated by [a;] with number of generation
27=2 4+ 2 (Theorem 2.1). That is,

SO(TL) = Kn72An72Kn72An73 T Kn72An72Kn72An73Kn72An72

*

Kp 9 Ay 3K, 2A, 9K, sexp(tAiz)Aiexp(sAiz) K,_2A,_o

Ky 2An 3 Ky 9An oKy 2A3K, 2A, oK, o Ay 3K, o

An72Kn73
—_—

t,seR, K, a=exptld,_1,, A =LA), i=3,...,n—2.

By construction of A and B there exist real numbers tq,...,%, such
that exp(t; ad A)-B = A4, ,41,i=1,...,n—1, exp(t, ad A)- B = Ay,,.
The use of the Baker—Campbell-Hausdorff formula allows every one
of the 2"~2 4+ 2 one-parameter subgroups that appear in (3.1) to be
expressed as a product of three one-parameter subgroups generated by
A and B. Hence, taking into account the composition of terms with the
same generator a total number of 3(2"7242) — (2" 2 +1)=2""1 45
subgroups generated by A and B is obtained.

If B= A,,_1n, then the product * in (3.1) contains 2"~2 —3 elements,
the first and the last of which is exp(¢B) and, after reducing the terms
with the same generator in exp(tA12)A; exp(s4i2), a total number of
2(2"72 — 3) + 9 = 2! + 3 one-parameter subgroups is obtained. The
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result when B is another element of [o1] is a consequence of taking a
decomposition of SO(n) that is conjugate to the one considered above.
(For instance, if B = A,_2,_1, the automorphism of so(n) defined by
X — e 4 Xe? maps Ap_1p into A,_2 1. Under this automorphism
the direct sum decomposition of so(n) above,

n—2

so(n) =T, 2@ (@ Pi) ©RA @ Py,

i=3
gives rise to a direct sum decomposition

n—2

so(n) =T} , @ (@ 7911) @ RA1, @ Py,
i=3

where 7,1 5, = RA, 2,1, P} =span{e 4 A;et,j=i+1,...,n},i=
3,...,n—2and P{ = span(e ™ Ay;e?,j =3,...,n} Uspan{e 4 Ay e,
j = 2,...,n}. Thus, taking 47 = exp(tA,_1,)exp(sdi2), 4; =
exp(tA;_1:), 4 =3,...,n—2 and K, _9 = exp(tA,_2n_1) the result
follows.) Now, to each vector x = (z1,...,2Zy), m =n(n—1)/2 of R™
we associate an element X € so(n) defined by

0 T T2 T4 Lo Ty —n41
I
I
—x1 0 T3 1T5
I
I
I
X=| __zZ®____T®m 0 _ume___________ .
[
— x4 —x5 —xg 1 0
I
I
I
| : Tm
I
—Tm—n+1 : —Tm 0

A simple calculation shows that VX, Y € so(n), trace (XY) = —2(z,y)
((+,-) is the inner product). Then, since (4, B) = trace (ad A - ad B) =
(n — 2)trace (AB) (Helgason [3, p. 189)), (A, B) = —2(n — 2)(a, b) and
by construction A and B can be chosen nonorthogonal. O

Clearly, A and B can be replaced by UAU ! and UBU ! for some
permutation matrix U without changing the result.

It is not clear whether or not canonical basis elements other than
those already considered (belonging to [a;]) may satisfy our require-
ments; that is, maybe candidates for an element B such that exp(tB)
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and exp(tA) (A defined as in the theorem above) uniformly finitely
generate SO(n). From earlier results it is known that if B belongs
to the orbit of exp(t ad A) that passes through [ay] for some k, then
VA;; € [ag], 3ti; € R such that exp(¢;jad A) - B = A;;. Thus, if [oy]
is a generating set of so(n), exp(tA) and exp(tB) uniformly generate
SO(n). The next step is to prove that [ay] generates so(n) if and only
if n and k are coprime numbers.

Let 3;, j =1,...,n —1 be defined as before. We use the notation
_[ﬂivﬁj] = {Asr eB: Ars € [Bzvﬂ]}}

The next lemma can be easily proved by using the structure formulas
of so(n) with respect to the canonical basis

Lemma 3.2. (1) Vi # 1, UpenBmi belongs to a proper subalgebra
of so(n).
(3) Vi,j, Bj+i C [Bi, Bl

Lemma 3.3. If both n and k have a common divisor m # 1, [ay] is
not a generating set of so(n).

Proof. This is an immediate consequence of Lemma 3.2 (1) since if
both n and k& have a common divisor m, both n and n — k also have the
same divisor m and both §; and (3, belong to a proper subalgebra
of so(n). Bm is a generating set of this subalgebra. 0O

Next we prove that if n and k are coprime numbers, then [ay] is a
generating set of so(n). If every element of 3; can be obtained by Lie
brackets of elements of 3;, and ,_j, obviously [ag]L.a. = so(n).

Assume that n and k are coprime numbers. Then n = k; modk,
ie, n = jok + ky for some k; € {1,...,k — 1}, jo € N. Consider the
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class Cj, = {Bn—k,Bn—2ks- -3 Bn—jok = Br,} Whose elements satisfy
the following jo — 1 relations.

(1) Brn—2k C —[Br> Br—i]

(2) ﬂnka C _[ﬂkaﬁnfﬂc]
(3.2)

(Jo—1)  Bry, = Bn—jok C — Bk, Bn—(jo—1)k)-

(See Lemma 3.2(2).) From (1), VZy € [B,_ak there exist Xy € [y

and X1 € 6n—k such that Z2 = —[XQ,Xl]. From (2), VZ;; S 6n—3k
there exist X5 € O and Y7 € B, ok such that Z3 = —[X3,Y7]. But
Y1 € Bnax; thus, Y1 = —[Xy, Xy] for some Xy € B, X1 € B k.

So Z3 = [X3,[X2, X1]], for some X7, Xs and X3 belonging to [ag].
The same argument used throughout the relations (3),...,(j0 — 1)
clearly leads to the following. VZ;, € Bn—jor = Bk, there exist
Xl,XQ, .. .,on € [Ozk} such that

(33)  Zjy = (1) X, (X1, [ [X, [Xo, X))

Note that n — jok = ky < k and n — (jo — i)k = ky + ik > k, Vi > 1.
Therefore, if 8} is viewed as the j-th diagonal in Diagram 3.1 (rigorously
the set of elements along the j-th diagonal), C;, is a set of diagonals,
Bk, being the only diagonal in this set situated below [.

If k&1 = 1, then every element of 3; can be obtained by Lie brackets
of elements of [ay] and [ay] is a generating set of so(n). If k; # 1, then
k = komodky, i.e., k = j1k1 + ko for some ko € {1,...,k; —1}, j1 € N.
Ci, = {Bk:Br—kys- -+ Br—juky = Br,} and its elements satisfy the j;
relations,

(1) Br—ky C =Bk Br)
(2) Br—2k1 C —[Brys Br—ti)

(3.4)
(71)  Bra = Br—jiks C —[Bky> Bre—(jr—1)ks |-

It is easy to conclude, just using the same arguments as above, that
VZ} € Br—jiky = Bk,, there exist X € B and X3, X3,..., X} | € By,
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such that Z; = (=1)71[X} ,\, [X],[... [X5, [X5, X{]]...]]]. Hence,
(3.3) can be applied to every element of (B, and the result is that
every element of (B, can be obtained by Lie brackets of elements of
[k ):

k—j1k1:k2<k1, k—(jl—i)k1:k2+ik1>k1, Vi > 1.

So, Bk, is the only diagonal of C;, situated below 3, (in Diagram 3.1)
and also no elements of C;, are situated above .

If ky = 1, the process ends here and [ay] is a generating set of
so(n). If ky # 1, then ky = ksmod ko, i.e., k1 = joko + k3 for some
ks € {1,..., ks — 1}, j5 € N. Once again one proceeds as previously.

The system of equations

n = jok + k1 (0<k‘1<ki)

k=j1k1 + ko (0<k‘2<k1)

ki, = jgkg + k3 (O < ks < k2)
kn_o = jn—1kn—1 + kN (0<ky <kn_1)

kn_1=jnkn,

known as Euclid’s algorithm is used in elementary arithmetic to deter-
mine the greatest common divisor ky of n and k. Since it has been
assumed that n and k are coprime, this process will end up with the
equation ky_os = jy_1kn—1 + kn, with ky = 1, and some integer
N. Cjyy = {BrnorBino—kn_1s-Bin_o—jn_1kn_1 = B1} with ele-

ments satisfying the jy_1 relations,

ﬁkN—Q*kN—l C _[ﬁkN—l ) ﬁkz\uz]

6kN—2*2kN—1 C _[6161\1_1 ) 6kN_2*kN—1}
(3.5)

61 = 6/@\/ C _[/Bk‘Nfl’/BkN72_(jN71_1)k7N71]'

Clearly, every element of 3; may be written as brackets of elements
from [ay].

Therefore, one can formulate the lemma that has just been proved.
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Lemma 3.4. Ifn and k are coprime numbers, then [ak|n.a. = so(n).
Lemmas 3.3 and 3.4 can be put together in the following theorem.

Theorem 3.2. Let g = so(n,R), [ax] as defined in the beginning
of this section. Then, [ax|L.a. = g if and only if n and k are coprime
numbers.

Now, if we use the fact that any two noncommutative elements of
B generate a subalgebra of so(n) that is isomorphic to so(3), the
procedure used above to show that [ax]|r A, = so(n) when n and k are
coprime numbers also shows that VX belonging to any of the following
sets: Bn—ik; 1 = 2, cen ,.]'07 ﬁk—ikm 1 = 1, cen ,jl, ce 76]9N—2_ik?N—1’
i = 1,...,jn-1, satisfying the relations (3.2), (3.4)... and (3.5),
respectively, exp(tX), t € R may be written as a product of one-
parameter subgroups exp(6A) and exp(rB) where A is defined as in
the beginning of the section and B belongs to the orbit of exp(t ad A)
that passes through [a]. That is, if we consider the set

B} U{Bn—ir,i=1,.... 50y U{Br—ir, i =1,...,J1}
U {ﬁklfilm/i = 17"‘7j2} U---u {ﬁl}

whose elements are clearly identified with those diagonals in Diagram
3.1 which are obtained by successive use of Lie brackets of the elements
in [ag] then, to each element §; in (3.6) a number N; (the number of
generation of exp(tf;) by exp(tA) and exp(tB)) is associated. Clearly,

(3.6)

(3.7) N < Np_ir < N;gl < Nk:—jkrl < N;CQ < Nkrl—st < Nk3 <L e
Vi=1,2,...,50—1, j=1,...,51—1, s=1,...,5o—1,....

The set (3.6) is totally ordered by means of a relation < defined as
follows: B; < (; if and only if 8; = 3; or §; is situated below (3; in
Diagram 3.1. From comments made during the proof of Lemma 3.4 it
is easily seen that
(3.8)

B =<y = By < Bry—sky < Bry < Bk—jky < Bk = Pr—ik < Bn—k,

Vi=2,....50—1,j=1,...;51—1, s=1,...,j2 — L
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FIGURE 3.1.

Now, if SO(m), 3 < m < n, is decomposed as in (x) Section 2 with
p =m—1, ¢ = 1, the result is a decomposition of SO(n) by one-
parameter subgroups A4;,i=1,...,n—2 and K,,_» that can be chosen
to be generated by n —1 canonical basis elements A;;,, i =1,...,n—1.
As a consequence of (3.7) and (3.8) it is clear that, if these elements
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A;j, are selected by

{Aiivr,i=1,...,n—k} C B,
{Aiipr,i=n—k+1,...,n—ki} C B,

(39) {Ai7i+k2,i:n—k1—|—1,...,n—k2}Cﬂkz,...,
{Ai,i-‘rl)i :n_kN—l + 1,,n—2} C ﬁkN :/61’
{Anflfﬂ} C /617

we obtain far better results (in the sense that the number of generation
of SO(n) by exp(tA) and exp(tB) is as small as possible) than if they
belong to any other diagonal of the set (3.6). Figure 3.1 shows the
position of the elements (3.9) in Diagram 3.1. Hence, in order to
improve the final result, a decomposition of SO(n) (isomorphic to the
one above) should be chosen in such a way that the greater the word
length in terms of exp(tA) and exp(tB) a subgroup of SO(n) is, the
fewer times it appears in the decomposition of SO(n).

Many things would then have to be taken into consideration and
the final answer does not appear to be very easy. However, all the
difficulties in trying to solve this problem are overcome as a consequence
of the next result.

It will be proved that if [o] generates so(n) there exists a decompo-
sition of SO(n) such that the corresponding generating set of so(n) is
[ ] itself. This has been seen to be true when k =1 (see the proof of
Theorem 3.1).

Theorem 3.3. Forn > 3, let A € so(n) satisfy exp(A) = P, Pn
the permutation matriz defined by Pne; = eng), 1 = 1,...,n — 1,
Pre, = (—1)”+16H(n), IT the cyclic permutation on n letters and
B e {exp(t ad A) - X, X € [ag], t € R} C so(n), n and k coprime
numbers. Then SO(n) is uniformly generated by exp(tA) and exp(tB)
with number of generation 2"~1 +5 and {A, B} . = so(n). If B also
belongs to (o], then the number of generation is 2"~ ! + 3.

Proof. Let

M — 1 2 ... n—k n—k+1 ... n
o\ k+1 ke ... n 1 ok
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be a permutation on n letters. II; = IT* where II is defined above.
A standard result is that, since n and k are coprime, II* is conjugate
to II, that is, there exists a permutation Ilo s.t. l_ICHH(j1 = I* 1o
is defined by Ig(i) = (( — Dk +1if i — 1Dk +1 < n, Ue(i) = j
if (i — 1)k +1 = jmodn. Clearly, if P, is a permutation matrix
satisfying Proe; = oieng(ys [lj-q @ = 1 (respectively, —1), if n
is odd (respectively, even), the automorphism of so(n) defined by
X = P, X Pﬁcl also defines a one-to-one map from [a;] into a subset
S of +[ay] where S is such that, if A;; € S, then A;; ¢ S. Now,
instead of the decomposition of SO(n) as in the proof of Theorem 3.1,
one takes

A = R(PHCAlnPﬁ;) + R(PHCA23P1{;)7
Ai:R(PHCAi’i+1Pﬁ;), Z.:?),..‘,TL,
’Tn—Q = R(PHcAn—l,nPrIcl,)v

T = 50(2) = R(Puo APy},

and so SO(n) becomes written as a product of 2”72 + 2 one-parameter
subgroups generated by the elements of [ag]. The result follows in a
similar way to the proof of Theorem 3.1. O

Example 3.1. g = so(5), k = 2.
[ao] = {A13, A2q, A5} U {A14, Aos} generates so(5).
_ (12345
llg = (1 352 4)7

s0(5) = s0(3) @ so(2) &Py, [az]
T

A12 A13 A14 A15

Aog Aoy Ags

P1 = span{Aia, A4, A15, Aa3, Azs, Ass },
Azy  Aszs
Aus

A1 =RA14+RAs35,

T, = span{ A3, Aas, Aos, Ass}, s0(2) = RA3,
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s0(3) = span{Aas, Ass, Ass} = T3 & P3, P3 = span{Aas, Ass},

T3 = RAss, A3 = RAyy,

SO(5) = K3A3K350(2)A1S0(2)K3A3K3, K3 = exp(73),

Az = exp(A3z), A1 = exp(A1), SO(2) = exp(tAi3), i.e.,

SO(5) = exp(t1 Aas) exp(ta Aayg) exp(tsAas) exp(tsAis) exp(ts A1g)

exp(t6A35) exp(t7A13) exp(t8A25) exp(t9A24) GXp(t10A25).

If A, B are defined as in Theorem 3.3, SO(5) becomes generated by
exp(tA) and exp(tB) with order of generation 21 (19 if B € [ay]).

The present work has been devoted to reducing the upper bound on
the order of generation of SO(n,R) (by one-parameter subgroups) to
its minimum.

The following example shows that for SO(7) the upper bound given
by the Theorem 3.3 is not the minimum achievable.

Example. Let G = SO(7), {A, B} a pair of generators of so(7)
defined by exp(A) = P, P a permutation matrix satisfying Pe; =
ei+1, ¢ = 1,...,6, Pey = e; and B = Asy. Since B € [aq],
X € {exp(t ad A) - B,t € R}, VX € [o;]. Only two decompositions
of SO(7) as in (x), Section 2 having corresponding generating sets
contained in [a1] and giving different numbers of generation exist. By
choosing the decomposition that gives the least number of generation
and taking into account that VX € [aq] and Vt € R, exp(tX) =
exp(0A) exp(tB) exp(—0A), for some 6 depending on X, it follows from
Theorem 3.1 and Theorem 4.2 that {A, B} is uniformly completely
controllable in at most 26 4+ 2 = 66 switches. (See the Appendix for
terminology.) However, if SO(7) is decomposed as a product of one-
parameter subgroups as in Lemma 2.2, although the corresponding
generating set is not contained in [ay], its elements can be obtained
by brackets of elements in [a]. Using Lemma 3.2 one can reduce the
number of switches found previously. The diagram below illustrates the
decomposition of so(7) corresponding to the chosen symmetric space
decomposition of SO(7) and also shows which canonical basis elements
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have been selected as a generating set. ndbrace.tex

udis | Az | Ain Ais A uAir

uAos | Ul  Ags Az Aoy

A34 UA35 A36 A37

uAys | ulae  Agr

Ase  uAsy
uAgr

For the Lie group, one has SO(7) = K1A;1 K3, K1 = SO(4) x SO(3)
(= K{ x K?%) is the Lie group of

71 = Span{AIQa A137 A23} U Span{A1]7Z < .77 Za.] = 4a 5) 67 7}7
Ay = exp(Ay), Ay = span{Ayy, Ass, A17}.

K =80(4) = K3A3Ks, Ky = SO(2) x SO(2) is the Lie group of

T, = span{Ays, Aer}, Ay = exp(Aa),
Az = span{Ayg, As7} - K7 = SO(3) = K3A3Ks,
K3 = 50(2) = eXp(TAlg), Ag = eXp(tAgg).

So, in the decomposition
SO(?) = K2A2K2K3A3K3A1K3A3K3KQAQKQ,

since Ky, K3, A1, Ay and As are all abelian subgroups, SO(7) may be
decomposed as a product of one-parameter subgroups generated by the
elements selected from the diagram above. Hence, exp(tX) appears
once, twice or four times in the decomposition depending on whether
X belongs to {1424,1435,1417}7 {A467A57} or {Alg,A23,A45,A67}, re-
spectively. 1\IOW7 [A34, Agg] = —A24 and [A34, A45] = A35, SO
Vt € R, exp(tAss) and exp(tAss) may be written as a product
of five elements from exp(7A) and exp(6B) ({4, B} as above) and
[A45,A56] = A46, [A56, A67] = A57. SO7 seven elements from eXp(TA)
and exp(6B) are required for exp(tAys) and exp(tAsy). All the other
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one-parameter subgroups in the decomposition may be written as
exp(tA) exp(6B) exp(—tA), and the final result after composition of
terms with the same generator is that SO(7) is uniformly finitely gen-
erated by exp(tA4) and exp(7B) with number of generations 65. So
{4, B} is uniformly controllable with at most 64 switches.

To determine the order of generation of SO(n) with respect to a set
of one-parameter subgroups that generate SO(n), one has to find out
how generators and decompositions relate to each other.

The first task to solve the uniform finite generation problem of G is
to characterize all the generators of the Lie algebra L£(G) of a given
Lie Group G. Although several important results have already been
obtained (see Jurdjevic and Kupka [4], Jurdjevic and Sussmann [5],
Kuranishi [10] and also Theorem 3.2, Chapter I in Silva Leite [17]), a
complete characterization is far from being accomplished even when G
is a semisimple Lie group of matrices and the generators are restricted
to pairs {A, B}, which are known to exist. When G is noncompact and
its Lie algebra is generated by a set of compact elements (X € L(G)
is called compact if the one-parameter subgroup it generates, exp(tX),
t € R is compact), the order of generation of G corresponding to these
generators is infinite.

Decompositions of G based on symmetric spaces may be used to
determine the order of generation of G by one-parameter subgroups
generated by elements of £(G). For the classical matrix Lie groups,
involutive automorphisms always exist and such decompositions are
always possible. When G is connected and compact, the exponential
map is onto and a prior knowledge of a set of generators of the Lie
algebra £(G) is not necessary since the decomposition itself provides a
corresponding generating set {exp(tX;),i = 1,...,k,t € R} of G and
consequently a set {X;,i=1,...,k} of generators of L(G).

For the noncompact case decompositions other than the Cartan
decomposition may be used with success. For instance, the Iwasawa
and the Bruhat decompositions can both be considered for noncompact
Lie groups.

The SO(n) case appears to be the easiest one among all the classical
groups of matrices due to the compactness of SO(n), the very simple
structure of the canonical basis of so(n) and the existence of permu-
tation matrices in SO(n), which have been an important tool in the
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present work. As a consequence, a complete solution for SO(n) may
yield solutions to the same problem for other groups such as SOq(p, q)
or SL(n,R) (note that SO(p) x SO(q) and SO(n) are the maximal
compact subgroups of SOy (p, ¢) and SL(n,R), respectively). This and
the important role that generators of so(n) play in constructing uni-
formly completely controllable vector fields on any paracompact and
connected C*-manifold (see Levitt and Sussmann [11]) are, in the au-
thor’s opinion, good reasons for looking primarily to the order of gen-
eration problem of the special orthogonal group.

APPENDIX
ON THE UNIFORM GENERATION OF SO(3, R)

In 1971, F. Lowenthal [13] proved that the order of generation of
SO(3) by two one-parameter rotations is a function of the angle v
between the axes of the two rotations, being three if v = 7/2 and k+ 2
if ¢ € [n/(k+1),7/k). The proof of this result is rather long. Instead
of working with SO(3), Lowenthal works with the induced subgroup
of the Md&bius group, and Tchebychev polynomials play an important
role in the proof.

When ¢ € [n/2k,7n/(2k — 1)), k > 2, a much shorter proof was
found to determine the order of generation of SO(3). Although, when
Y € [n/(2k — 1), 7/(2k — 2)), our result is not as good as Lowenthal’s,
the complete proof, in both cases, is included here. Unlike the previous
methods for SO(n), we do not use decompositions of SO(3) based on
symmetric spaces.

Theorem 4.1. SO(3) is uniformly finitely generated by any two
one-parameter subgroups exp(tAy) and exp(tAs) unless [A1, A2] = 0.

Proof. Since so(3) (the set of all 3 x 3 skew symmetric real matrices)
is isomorphic to R3 with the Lie bracket corresponding to the vector
product, it is clear that, if A; and As are any two elements of so(3)
that do not commute, then {41, Ag, [A1, A2]} is a basis of so(3) and
{41, As}1.a. = s0(3). Every rotation of SO(3) is a plane rotation and,
as a consequence, exp(tA;) and exp(tAs) are compact. Now, Theorem
1.1 applies since SO(3) is connected and compact and the result follows.
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The Main Theorem. The order of generation of SO(3) by the two
one-parameter rotations exp(tAy) and exp(tAs) is three if v = w/2 and
ify en/2(k—1),71/2(k—2)), k > 3, the order of generation is 2k — 1.
(v is the angle between the azes of the two rotations).

The term “order of generation” is not correctly used here when
Y € [n/(2k—1),7/(2k—2)); instead, “the number of generation” should
be used. However, for the sake of simplicity, the former is preferred to
the latter.

Several lemmas are needed to prove this theorem.

For every vector x = (x1, 22, 23) € R3, a skew symmetric matrix

0 —xI3 T
X = T3 0 —I1 5
—ry X 0

formed with the components of x, is defined. It is easy to prove that
exp(tX)x = x, Vt € R, that is, z is the axis of the rotation exp(tX).
In fact, exp(tX)z = z + tXz + (t?/2)) X%z + - -+, and since Xz = 0,
the result follows. The one-parameter subgroup exp(tX) is called the
isotropy group at .

Lemma 4.1. VR € SO(3) and Y,y € R? with ||z|| = ||y||, Rr =y
if and only if Rexp(tX)R™1 = exp(tY).

Proof. Without loss of generality, we can assume ||z|| = ||y|| = 1.
SO(3) acting on S? sets up an equivalence relation on S?. The
equivalence class containing a point z is the range of the function
®, : SO(3) — S? defined by ®,(R) = Rx, and we call it the orbit
of x. Since Rxr = y, x and y are equivalent. Now, the result is a
consequence of the fact that isotropy groups at equivalent points of S2
are conjugate subgroups.

Lemma 4.2. Every rotation R € SO(3) is representable as a product
R =exp(t1 X)exp(t2Y) exp(t3Z), t; € R, i = 1,2,3 if and only if y is
perpendicular to x and z.
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FIGURE 4.1.

The proof of this lemma can be found in Davenport [2]. It is assumed
that x and z may be equal. If that is the case, then Lemma 4.2 states
the same thing as the first part of the main theorem. If not only = and
z are equal but also x and y are two orthogonal unit vectors in R3,
the representation of R in Lemma 4.2 is the Euler representation of a
rotation by three angular parameters, the Euler angles.

Now, let a; and as be two linearly independent vectors of R3 and
b = £(a1,az) the angle between them. a1 and as generate a plane II.
Without loss of generality, a; and as can be assumed to be unit vectors.
Let {ai,as2,as,...} be a sequence of vectors on II, where Vi > 3,
a; = exp(mA;_1)a;—2. (A4; is the skew symmetric matrix corresponding
to aj, Vj.) £L(a;,ai41) =¥, Vi > 1, and L(a1,a;) = (1 — 1)y, Vi > 1.
Let a;, be the first element in the sequence satisfying £ (a1, ax) > /2,
ie, (k—1¢ > /2 or ¢ > 7/2(k —1). (See Figure 4.1.) Clearly,
there exists a vector « € II; (Il is the plane perpendicular to a1) such
that ¢ = exp(tAg—1)ag—o for some ¢t € (0,27]. Since a; and z are
perpendicular, Lemma 4.2 can be applied and VR € SO(3),

(41) R = exp(t1A1) exp(th) exp(tgAl), t; € R.

At this stage the aim is to write exp(t2X) as a product of elements
from the one-parameter subgroups exp(tA4;) and exp(tAs).



906 F. S. LEITE

Since a; = exp(mA;_1)a;—2,1 > 3, and x = exp(tAx_1)ag—_2, for some
t, using Lemma 4.1 it follows that, Vi > 3 and 0 € R,

(4.2) exp(0A;) = exp(mA;—1) exp(0A;_2) exp(—mA;—1),
and

(4.3) exp(0X) = exp(tAk_1) exp(0Ai_2) exp(—tAk_1).

Notation. In the next two lemmas, e‘X stands for exp(tX).

Lemma 4.3. Let A;, i = 1,2,..., be defined as before. Then,
Vo € R,

(44) eaA'i = eTrA2e7TA1 . 67“4267“41 69142 e—TI'A1e—TI'A2 . e_ﬂ—Ale_ﬂ—A27

i—2 i—2
if it = 2n, and

(4.5) 69A1 — eTK‘AQeTK‘Al .. eﬂ'Azeﬂ'Aleﬂ'Az eGAl 677"A2677"A1 .. 677T1427

1—2 i—2
ifi=2n+1.

Proof (by induction). It will be proved first that the lemma is true
for i = 2 and i = 3. Then, assuming that it is true for ¢ = 2m — 2 and
1= 2m — 1 it will be proved to be true also for ¢ = 2m and i = 2m +1,
m € N.

The relation (4.4) is trivial when ¢ = 2. When ¢ = 3, both (4.5) and
(4.2) are the same relation, so (4.5) is true when ¢ = 3.

Now, from (4.2) with i = 2m,

—mA2m—1
)

fAzm — omA2m—1,0A2m -2,
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and since (4.4) and (4.5) are assumed to be satisfied when ¢ = 2m — 2
and ¢ = 2m — 1, respectively, it follows that

eé’Agm — eﬂ'AQeﬂ'Al - eTrAQ eTrAl e*Tk’AQ - e*ﬂ'Alefﬂ'AQ eTrAQ . eﬂ'Al eeAg

2m—3 2m—3 2m—4
87771418777142 - 6771‘142 67TA267TA1 . eﬂ'Az e*ﬂ'Al

2m—4 2m—3
e—‘n’Az - e—ﬂ'Ale—ﬂ'AQ

2m—3
e7TA2 e7TA1 - eTK‘AQ eﬂ-A1677TA2 60A2 eﬂ'Az efﬂ'Al

2m—3
e—‘n’A2 . e—ﬂ'Ale—ﬂ'AQ

2m—3
e‘ITAze‘ITAl . eTrAQeTFAl eOAQ e—TrAle—TFAQ . e—TI'Ale—ﬂ'Az .

2m—2 2m—2

Similarly, from (4.2) with ¢ =2m + 1

efA2mt1 — oTag, 6‘9A2m718*ﬂ'142m’

and since (4.4) and (4.5) are assumed to be satisfied when ¢ = 2m and
1 = 2m — 1, respectively, it follows that

69A2m+1 — eTK'AQeTK'A] . eTrAge‘n'Al eTrAg e—TI'Ale—TI'Ag . e—‘n’Ale—‘n'Ag

2m—2 2m—2
eTI'AgeTI'Al . e‘n’Ag €9A1 e—‘n’Ag . e—TrAle—TrAg

2m—3 2m—3
eﬂAgeﬂAl L. eﬂ'AQeﬂ'Al e*ﬂ'AQ e*ﬂAlefﬂAg . e*ﬂ'Ale*ﬂ'AQ

2m—2 2m—2
— eﬂ'Az eﬂ'Al L. eGAQ errAl eﬂ'AQe*ﬂ'Al eé’AlerrAl

2m—2

67WA2€77TA1 - 677"A1677"A2

2m—2
— eﬂ'Azeﬂ'Al - eﬂ'Az 6‘9141 877TA2 - 677TA1677TA2’

2m—1 2m—1

and the lemma is proved. 0O
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Lemma 4.4. If the angle ¢ = £L(a1,a2) € [7/2(k —1),7/2(k — 2)),
k > 3, then, for some t € (0,27] and 6 € R,
(4.6) 60X eﬂ'Azeﬂ'Al . eﬂ'Az etAleeAQeftAl 6771‘142 . 677TA1677TA2

(& = 5

k-3 k-3

if k is even, and

(47) eOX — 67TA2€7TA1 . 671'141 etAgeeAleftAQ 6771'141 . 677TA1677TA2

k-3 k—3

if k is odd.

Proof. e!4%1 and e’4%—2 can be written as a product of elements
from 7t and e™42 (¢ € R) by using (4.4) and (4.5), respectively, if k
is even, or (4.5) and (4.4), respectively, if k is odd. Now, using (4.3) and
taking into account the composition of terms with the same generator,
the relations (4.6) and (4.7) follow. O

Proof of the Main Theorem. When ¢ = w/2, the result is an
immediate consequence of Lemma 4.2 with © = z = a; and y = as;
the order of generation is then equal to three. When ¢ € [r/2(k —
1),7/2(k — 2)) it was seen that 3 z € R3, z perpendicular to as,
such that R = exp(t141) exp(t2X) exp(t3 A1), for every R € SO(3) and
t; € R. But exp(t2X) can be written as a product of 2(k — 3) + 3
elements from the one-parameter subgroups exp(71A;) and exp(72A4s)
(Lemma 4.4) and so, the order of generation of SO(3) is, in this case,
2(k—3)4+3+2=2k—1, Vk > 3, which completes the proof. O

Remark . Since there exists an automorphism of SO(3) that inter-
changes the two one-parameter subgroups exp(tA;) and exp(7Az), ev-
ery element of SO(3) can also be written as a product of 2k —1 elements
from those subgroups whose first and last elements belong to exp(tAs).

We now apply the results on the uniform finite generation of SO(3)
to the study of the controllability properties of systems which are
described by an equation in SO(3), of the form

(4.8) #(t) = (u(t) A + v(t) B)a(t)
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where {4, B}, o, = so(3) and u(t) and v(t) are piecewise continuous
control functions. A system (4.8) is said to be uniformly controllable if
there exists a positive integer N such that every pair of points in G can
be joined by a trajectory of {u(t)A + v(¢)B} which involves, at most,
N switches.

Theorem 4.2. If k is the order of generation of SO(3) by exp(tA)
and exp(tB), then the system (4.8) is uniformly controllable by a
trajectory of {A, B} in, at most, N =k — 1 switches.

Proof. Since the one-parameter subgroups of SO(3) are compact,
V8 >0, 3¢>0: VX € s0(3), exp(—0X) = exp(¢X).

Then, in the decomposition of SO(3) as a product of one-parameter
subgroups, we can always make the parameters positive. Using the
definition of uniform controllability we can conclude that every point
in SO(3) can be reached from the identity of the group by a trajectory
of {A, B} involving at most k — 1 switches. Now, the result follows
since SO(3) is a group.

The easy way of calculating the order of generation of SO(3), by
any two one-parameter subgroups and the complete characterization
of generators {A, B} of so(3), have as a consequence that not just
symmetric systems on SO(3) (as (4.8)) but also systems of the form

(4.9) i(t) = (A+v(t)B)z(t), =z € SO(3)

(v(t) a piecewise continuous control function) are uniformly control-
lable.

Lemma 4.5. If[A, B] # 0, the systems (4.8) and (4.9) are uniformly
controllable, and there exist controls such that every pair of points in
SO(3) can be joined by a trajectory of the system only with two switches.

Proof. a and b denote the axes of the rotations exp(tA) and exp(7B),
respectively. Let ¢ = A(a,b) € [n/(k+1),7/k), k > 2. For every
pair of vectors (a,b) in R3, there exist constants u; and wv; such
that (u1a + v1b) L a. So Vg € SO(3), 3 t1,ta2,t3 € R such that
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g = exp(t1A) exp((u1 A + v1B)ta) exp(Ats) (Lemma 4.2). Clearly, the
t’s can be taken nonnegative. Now choose

uy, te€ (tg,t2+t3]
u(t) =

1, te [0,t3]U(t2+t3,t2+t3+t1]
’U(t)-{fvl, te(t37t2+t3]

0, otherwise.

Then, every pair of points of SO(3) can be joined by a trajectory of the
system (4.8) (trajectory of A and uj A + v1B) involving two switches.
For the system (4.9) just make u; = 1 and the result follows.

Applications of the uniform finite generation problem of SO(n) and
other Lie groups to control theory will be considered in a forthcoming
article.
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