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Optimal Control on the Rotation Group SO (3)

CLAUDIU C. REMSING

ABSTRACT. A typical left-invariant optimal control problem on the rotation group SO (3) is investigated.
The reduced Hamilton equations associated with an extremal curve are derived in a simple and elegant manner.
These equations are then explicitly integrated by Jacobi elliptic functions.

1. INTRODUCTION

Invariant control systems on Lie groups provide a natural geometric setting for a va-
riety of problems of mathematical physics, classical and quantum mechanics, elasticity,
differential geometry and dynamical systems. Several (optimal control) problems related
to such systems can be found, for instance, in the monographs by Jurdjevic [6], Bloch [3]
or Agrachev and Sachkov [1]. In the last two decades or so, substantial work on (ap-
plied) nonlinear control has drawn attention to (left-) invariant control systems with con-
trol affine dynamics, evolving on matrix Lie groups of low dimension (see e.g. [10], [11],
[13], [14] and the references therein).

A left-invariant optimal control problem consists in minimizing some (practical) cost
functional over the trajectories of a given left-invariant control system, subject to appro-
priate boundary conditions. The application of the Maximum Principle shifts the empha-
sis to the language of symplectic and Poisson geometries and to the associated Hamilton-
ian formalism. The Maximum Principle states that the optimal solutions are projections of
the extremal curves onto the base manifold. (For invariant control systems the base man-
ifold is a Lie group G.) The extremal curves are solutions of certain Hamiltonian systems
on the cotangent bundle 7*G. The cotangent bundle T*G can be realized as the direct
product G x g*, where g* is the dual of the Lie algebra g of G. As a result, each origi-
nal (left-invariant) Hamiltonian induces a reduced Hamiltonian on the dual space (which
comes equipped with a natural Poisson structure).

An arbitrary control affine left-invariant system on the rotation group SO (3) has the
form

Gg=g(A+w B+ +wBy), ge€SO(3), uecR"
where A, B;,...,B; € s0(3), 1 < ¢ < 3. There are four types of such systems : single-
input systems with drift, two-input systems (drift-free or with drift), and fully actuated
systems (i.e., drift-free three-input systems). The (non-Euclidean) elastic problem on S?
is associated with control systems of the first type (see [6], [5]) whereas problems related
to the attitude control of a rigid body lead to optimal control problems associated with
drift-free systems, underactuated or fully actuated (see [11], [16], [15]). Motion planning
can be formulated as an optimal control problem associated with a control system of the
third type, i.e., a two-input system with drift. In this paper we consider a typical optimal
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control problem associated with a two-input control affine system on the rotation group
SO (3). The problem is lifted, via the Pontryagin Maximum Principle, to a Hamiltonian
system on the dual of the Lie algebra so (3). The (minus) Lie-Poisson structure on so (3)*
can then be used to derive, in a general and elegant manner, the equations for extrema (cf.
[6], [1], [8], [12], [13]). Jacobi elliptic functions are employed to derive explicit expressions
for the extremal curves (cf. [11], [12], [13], [14]).

2. PRELIMINARIES

2.1. Left-invariant control systems. Invariant control systems on Lie groups were first
considered in 1972 by Brockett [4] and by Jurdjevic and Sussmann [7]. A left-invariant
control system is a (smooth) control system evolving on some (real, finite dimensional) Lie
group, whose dynamics is invariant under left translations. For the sake of convenience,
we shall assume that the state space of the system is a matrix Lie group and that there
are no constraints on the controls. Such a control system (evolving on G) is described as

follows (cf. [6], [1])
(2.1) g=9=(Lu), geG uek’

where the parametrisation map Z(1,-) : RY — g is a (smooth) embedding. (Here 1 € G
denotes the identity matrix and g denotes the Lie algebra associated with G.) An admis-
sible control is a map wu(-) : [0,7] — R’ that is bounded and measurable. (“Measurable”
means “almost everywhere limit of piecewise constant maps”.) A trajectory for an admis-
sible control u(-) : [0,7] — R’ is an absolutely continuous curve g(-) : [0,7] — G such
that g(t) = g(¢t) =(1, u(t)) for almost every t € [0,T].

For many practical control applications, (left-invariant) control systems contain a drift
term and are affine in controls, i.e., are of the form

(2.2) §=g(A+wBi+ - +wbB), geG uelR’

where A, Bi,..., By € g. Usually the elements (matrices) By,..., B, are assumed to be
linearly independent. Whenever A ¢ span{Bi,..., B}, the term A is referred to as the
drift.

2.2. Optimal control problems. Consider a left-invariant control system (2.1) evolving
on some matrix Lie group G < GL (n,R) of dimension m. In addition, it is assumed that
there is a prescribed (smooth) cost function L : R — R (which is also called a Lagrangian).
Let go and g; be arbitrary but fixed points of G. We shall be interested in finding a
trajectory-control pair (g(-),u(-)) which satisfies

(2.3) 9(0) =90, 9(T) =

and which, in addition, minimizes the total cost functional J = fOT L(u(t)) dt among all
trajectories of (2.1) satisfying the same boundary conditions (2.3). The terminal time 7"> 0
can be either fixed or it can be free.

Pontryagin Maximum Principle is a necessary condition for optimality expressed most
naturally in the language of the geometry of the cotangent bundle 7*G of G (cf. [1], [6]).
The cotangent bundle 7*G can be trivialized (from the left) such that 7°G = G x g*,
where g* is the dual space of the Lie algebra g. The dual space g* has a natural Poisson
structure, called the “minus Lie-Poisson structure” and given by

{F,G}_(p) = —p([dF(p), dG(p)])
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for p € g* and F,G € C*(g*). (Note that dF'(p) is a linear function on g* and hence is
an element of g.) The Poisson manifold (g, {,-}) is denoted by g*. Each left-invariant
Hamiltonian on the cotangent bundle 7G is identified with its reduction on the dual
space g*.

To an optimal control problem (with fixed terminal time)

T
(2.4) /0 L(u(t)) dt — min

subject to (2.1) and (2.3), we associate, for each real number A\ and each control parameter
u € RY, a Hamiltonian function on 7%G = G x g* :

Hy(€) = ML(w)+£ (9E(L,u))
= AL(u)+p (E(L,u), &{=(9,p) €T"G.
The Maximum Principle can be stated, in terms of the above Hamiltonians, as follows
(see, e.g., [1] or [6]).

Theorem 2.1 (The Maximum Principle). Suppose the trajectory-control pair (g(-),a(-)) de-
fined over the interval [0,T] is a solution for the optimal control problem (2.1)-(2.3)-(2.4). Then,
there exists a curve £(-) : [0,T] — TG with &(t) € T} )G, t € [0,T], and a real number A <0,
such that the following conditions hold for almost every t € [0,T:

(2.5) (A, €(1)) # (0,0)
(2.6) §(t) = Hay (£(1)
(2.7) Hé\(t) @) = max H) (£(t)) = constant.

An optimal trajectory g(-) : [0,7] — G is the projection of an integral curve () of
the (time-varying) Hamiltonian vector field H &\( ;) defined for all ¢ € [0,T]. A trajectory-
control pair (£(-),u(-)) defined on [0, 7] is said to be an extremal pair if £(-) is such that
the conditions (2.5), (2.6) and (2.7) of the Maximum Principle hold. The projection £(-) of
an extremal pair is called an extremal. An extremal curve is called normal if X = —1 and
abnormal if A = 0. In this paper, we shall be concerned only with normal extremals.

If the maximum condition (2.7) eliminates the parameter « from the family of Hamil-
tonians (H,), and as a result of this elimination, we obtain a smooth function H (without
parameters) on 177G (in fact, on g* ), then the whole (left-invariant) optimal control prob-

lem reduces to the study of trajectories of a fixed Hamiltonian vector field H.

3. A LEFT-INVARIANT CONTROL PROBLEM ON THE ROTATION GROUP SO (3)

The rotation group
SO (3) = {a € GL(3,R) : a'a=1,deta= 1}

is a three-dimensional compact and connected matrix Lie group. The associated Lie alge-

bra is given by
0 —as a9
50 (3) = as 0 —a1| : ap,as,a3 € R 3.
—as9 al 0

Let

o~ o
oo |

—
coo
| I |
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be the standard basis of so (3). (The bracket operation is given by [E», Es3]=E1, [Es, Eq]=
E5 and [E), Es] = E3.) We shall identify so (3) with (the cross-product Lie algebra) R.
Consider the following optimal control problem

(3.8) §=9(Bs+wE +uE>), g€S0(3), u=(u,u) € R?
(3.9) 9(0) = g0, 9(T)=g1 (90,91 €SO(3))

1 T 2 2
(3.10) J = 5/0 (c1ui(t) + couj(t)) dt — min.

This problem appears in optimal path planning; it is also related to a variation of the
classical elastic problem (cf. [5], [6],[1]).
We will identify so (3)* with so (3) via the pairing

0 —as a2 0 —b3 b
< as 0 —ay| , b3 0 —by > = a1by + agby + agbs.
—as9 ail 0 —bg bl 0
Then each extremal curve p(-) is identified with a curve P(-) in so0(3) via the formula
(P(t), A) = p(t)(A) forall A € so0(3). Thus

0 —P3(t) Pa(t)
(3.11) P =| Py 0 —P)
—P(t)  Pi(t) 0

where P;(t) = (P(t), B;) = p(t)(Ey), i=1,2,3.
Now consider a Hamiltonian H on the (minus) Lie-Poisson structure for so (3)*. The
equations of motion take the form

Di = —p([Ei,dH(p)D, 1=1,2,3

or, explicitly,
oOH oOH
12 ) - T
(3.12) P1 opa 2 o, P
oOH oOH
1 ; _ ., 2
(3.13) P2 o opa !
) oOH OH
(3.14) P3 = ~—D1— o P2
Ops2 Op1

We note that C : 50 (3)* — R, C(p) = p? + p3 + p3 is a Casimir function. The following
result is not hard to prove (cf. [8]).

Proposition 3.1. For the left-invariant optimal control problem (3.8)-(3.9)-(3.10), the extremal

control u(-) = (u1(-), u2(+)) is given by w3 = —p; and Gy = —py, where
C1 Co

1/1 1
H(p) == | —p2 + —p>
(p) 5 (Clpl + 62p2> +p3
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and
) 1
(3.15) P11 = ——Dap3+p2
2
) 1
(3.16) P2 = —pip3—p1
¢
1 1
(3.17) Py = (—)p1p2-
Co C1

Remark 3.1. The extremal trajectories (i.e., the solution curves of the reduced Hamilton
. . . . 1 1

equations) are intersections of quadric surfaces —p? + —p3 + 2p; = const and spheres
C1 C2

p} + p3 + pj = const.

4. INTEGRATION BY JACOBI ELLIPTIC FUNCTIONS

Given a number k € [0,1], the function F(p,k is called an

)= || e

(incomplete) elliptic integral of the first kind. The parameter k is known as the modulus.
The inverse function am(-,k) = F(-,k)~! is called the amplitude, from which the basic
Jacobi elliptic functions are derived :

sn(x,k) = sinam(z,k) (sine amplitude)
cn(z, k) = cosam(z,k) (cosine amplitude)
dn(z, k) = \/1 — k2sin® am(z, k) (delta amplitude).

(For the degenerate cases £k = 0 and k£ = 1, we recover the circular functions and the
hyperbolic functions, respectively.) Nine other elliptic functions are defined by taking
reciprocals and quotients; in particular, we get

dn(-, k) 1 el k) = 1 _ dn(-, k)
en(-, k)’ N (k) en(-, k)’ d

de(-, k) =

Simple elliptic integrals can be expressed in terms of the appropriate inverse (elliptic)
functions. The following formulas hold true for b < a < z (see e.g. [2]):

(4.18) /; NG aczt)(t2 ) %dc_l (2 Z)

(4.19) /oo \/ T ;;t)(tz —y %ns_l (2 2)

(4.20) \/ - a2 @102 x/a21+ b2 e (z \/aQbW)
(4.21) \/ = a2 CED) \/a21+ b2 ds™ (\/an+ b2’ \/a2b+ b2> '

When the coefficients ¢; and ¢y are equal, then a straightforward computation gives
explicit formulas in terms of circular functions (cf. [14]).
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Proposition 4.2. When ¢ = ¢; = ¢y, the reduced Hamilton equations (3.15)-(3.16)-(3.17) have
the solutions

p(t) = ki cos ((1 - kz) t+ k3)
pa(t) = Vkisin ((1 - k) t+ k3>
p3(t) = ko,

where ky = p2(0) + p2(0), ky = p3(0) and ks = — tan" ZES;

In the generic case, when the coefficients ¢; and c; are distinct, Jacobi elliptic functions
are employed. Recall that 4 and C denote the reduced Hamiltonian and the Casimir
function, respectively.

Proposition 4.3. Let p(-) be an integral curve of H such that H(p(0))=ho, C(p(0)) = ¢o > 0
and h3 > co. Assume that cy < c1. Then

pi(t) = =+ \/02 C_l o (2c2ho — co — 2cap3(t) + p3(t))

Co 2
mt) = + \/ —— (2010 — co — 2e1pa(t) +23(0)
ps(t) al__i;?f)t)'

. ho—Cl-l-\/hz—Co h0—02+\/h2—00
(i) If ho—c1 < —+/h2—co, \/h2—co < ho—cy and U ,

f 0 ! 0 0 0 0 0 2 0761 \/h2760 ho*CQ*Vh%*CO
then ¢(t) takes one of the following forms

S (Qt,b) or a-dc (Qt,b>;
a a

a2 = h0_62+\/ _ho—Cl—F\/h%—Co.

hO_CQ_\/hQ_CO ho—Cl— h%—CO
(i) If —\/hE —co < ho —c1 < \/hg —co and \/h3 — co < ho — ca, then ¢(t) takes one of the

following forms

here,

b b
a-nc | QvVa? + b2t ) vVa?+b?-ds (Q a? + b3t, ) ;
( va? + b2 Va2 + b2

here,
— 2 _
o2 — ho —c2+ /h3 —co and B2 = 01+\/h07 - (Throughout, a = ho++/hZ —co,
ho —¢a — \/hg — co ho—cl—\/m
o (ho—e— /R —co)(ho—c1 — /R — o) _(e—B)M
B=ho—/h§—co, M= 4(h2 — o) "

Similar formulas hold for the case ¢1 < ca.
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Proof. Assume that c; < ¢;. We get

C
PP = —2 (2eshg — co — 2eaps + p3)
Cy — C1
C
pg = 2 (201h0 —co — 2c1p3 +p§)
C1 — C2
and thus
. 1
(4.22) 5 = —— (co — 2e2ho + 2cap3 — p3) (2c1ho — co — 2e1p3 + p3) -

C1C2

The right-hand side of this equation can be written as

1
ey (Ml(ps —a)® +vi(ps — 5)2) (H2(p3 —a)® +va(ps — 5)2)
where
ho—Cg—\/h%—Co Cl—h0+\/hg—60
H1 = 3 Mo = 5
2 ho—Co 2 hO—Co
V_Cg—ho—\/hg—CQ V_ho—Cl—‘r\/h%—Co
! 2 h%—CO ? 2 hg—CQ

a=ho+/h3 —co B =ho—\/h3 — co.

Denote /g2 by M. Now, straightforward algebraic manipulation as well as simple
integration and appropriate change of variables yield explicit expressions for the solutions
of the differential equation (4.22). We get

ps(t) =
1—a-dc ((%Mat, b
(corresponding to the integral (4.18)) or
o — Ba - ns (O‘Z?ziwat, 3)
ps3(t) = ( 5‘)&
l—a.ns( aclcz at, g

(corresponding to the integral (4.19)), where

a2_h()—02+\/h3—00 and b2:h0—01+\/hg—00.

7h0—62—\/h%—0() ho—Cl—\/h%—Co

Conditions a® >0, b> >0 and b < a translate into hg—c1 < —/h3—co, \/hi—co < ho—ca

and
ho—cl—‘r\/h%—CO < ho—Cg—l—\/h%—CO.
ho—Cl—\/hg—CO ho—Cg—\/h%—Co

Alternatively, we get

— 2 2
e (s )
pS(t)_ 1_a.nc (a—B)]\/[ /a2+b2t b
NG ’ Va2+b2
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(corresponding to the integral (4.20)) or
o= BV + 17 - ds (UL b )

a?+b2
p3(t) =
TR ds (e BMVE b
1= VaZ $52 - ds (UL, )

(corresponding to the integral (4.21)), where a? and b* have the same expression as

above. The constraints now translate into —\/hi—cy < ho—c1 < \/hi—co and

VhE —cy < hg — c2. In the same fashion, similar formulas can be derived for the case
when ¢; < cs. O
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