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A DISCRETE-TIME PONTRYAGIN MAXIMUM PRINCIPLE ON MATRIX LIE
GROUPS

KARMVIR SINGH PHOGAT, DEBASISH CHATTERIJEE, AND RAVI BANAVAR

ABsTRACT. In this article we derive a Pontryagin maximum principle (PMP) for discrete-
time optimal control problems on matrix Lie groups. The PMP provides first order necessary
conditions for optimality; these necessary conditions typically yield two point boundary
value problems, and these boundary value problems can then solved to extract optimal
control trajectories. Constrained optimal control problems for mechanical systems, in
general, can only be solved numerically, and this motivates the need to derive discrete-time
models that are accurate and preserve the non-flat manifold structures of the underlying
continuous-time controlled systems. The PMPs for discrete-time systems evolving on
Euclidean spaces are not readily applicable to discrete-time models evolving on non-flat
manifolds. In this article we bridge this lacuna and establish a discrete-time PMP on matrix
Lie groups. Our discrete-time models are derived via discrete mechanics, (a structure
preserving discretization scheme,) leading to the preservation of the underlying manifold
over time, thereby resulting in greater numerical accuracy of our technique. This PMP
caters to a class of constrained optimal control problems that includes point-wise state and
control action constraints, and encompasses a large class of control problems that arise in
various field of engineering and the applied sciences.

1. INTRODUCTION

The Pontryagin maximum principle (PMP) provides first order necessary conditions for
a broad class of optimal control problems. These necessary conditions typically lead to
two-point boundary value problems that characterize optimal control, and these problems
may be solved to arrive at the optimal control functions. This approach is widely applied
to solve optimal control problems for controlled dynamical systems that arise in various
fields of engineering including robotics, aerospace [8, 23, 22, 2], and quantum mechanics
[6, 19].

Constrained optimal control problems for nonlinear continuous-time systems can, in
general, be solved only numerically, and two technical issues inevitably arise. First, the
accuracy guaranteed by a numerical technique largely depends on the discretization of the
continuous-time system underlying the problem. For control systems evolving on compli-
cated state spaces such as manifolds, preserving the manifold structure of the state space
under discretization is a nontrivial matter. For controlled mechanical systems evolving
on manifolds, discrete-time models should preferably be derived via discrete mechanics
since this procedure respects certain system invariants such as momentum, kinetic energy,
(unlike other discretization schemes derived from Euler’s step,) resulting in greater nu-
merical accuracy [25, 28, 29]. Second, classical versions of the PMP are applicable only
to optimal control problems in which the dynamics evolve on Euclidean spaces, and do
not carry over directly to systems evolving on more complicated manifolds. Of course,
the PMP, first established by Pontryagin and his students [15, 31] for continuous-time
controlled systems with smooth data, has, over the years, been greatly generalized, see
e.g., [2, 3, 10, 11, 13, 17, 26, 27, 37, 40]. However, there is still no PMP that is readily
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applicable to control systems with discrete-time dynamics evolving on manifolds. As is
evident from the preceding discussion, numerical solutions to optimal control problems
via digital computational means need a discrete-time PMP. The present article contributes
towards filling this lacuna: here we establish a PMP for a class of discrete-time controlled
systems evolving on matrix Lie groups.

Optimal control problems on Lie groups are of great interest due to their wide appli-
cability across the discipline of engineering: robotics [9], computer vision [39], quantum
dynamical systems [6, 19], and aerospace systems such as attitude maneuvers of a spacecraft
[23, 20, 33].

Early results on optimal control problems on Lie groups for discrete-time systems
derived via discrete mechanics may be found in [20, 23, 22, 22]. It is worth noting
that simultaneous state and action constraints have not been considered in any of these
formulations. The inclusion of state and action constraints in optimal control problems,
while of crucial importance in all real-world problems, makes constrained optimal control
problems technically challenging, and, moreover, classical variational analysis techniques
are not applicable in deriving first order necessary conditions for such constrained problems
[31, p. 3]. More precisely, the underlying assumption in calculus of variations that an
extremal trajectory admits a neighborhood in the set of admissible trajectories does not
necessarily hold for such problems due to the presence of the constraints. This article
addresses a class of optimal control problems in which the discrete-time controlled system
dynamics evolve on matrix Lie groups, and are subject to simultaneous state and action
constraints. We derive first order necessary conditions bypassing techniques involving
classical variational analysis. Discrete-time PMPs for various special cases are subsequently
derived from the main result.

A discrete-time PMP is fundamentally different from a continuous-time PMP due to
intrinsic technical differences between continuous and discrete-time systems [7, p. 53].
While a significant research effort has been devoted to developing and extending the PMP
in the continuous-time setting, by far less attention has been given to the discrete-time
versions. A few versions of discrete-time PMP can be found in [12, 17, 5].! In particular,
Boltyanskii developed the theory of tents using the notion of local convexity, and derived
general discrete-time PMP’s that address a wide class of optimal control problems in
Euclidean spaces subject to simultaneous state and action constraints [4]. This discrete-
time PMP serves as a guiding principle in the development of our discrete-time PMP on
matrix Lie groups even though it is not directly applicable in our problem; see Remark 3.3
ahead for details.

Our main result, a discrete-time PMP for controlled dynamical systems on matrix Lie
groups, and its applications to various special cases are derived in §2. §3 provides a detailed
proof of our main result, and the proofs of the other auxiliary results and corollaries are
collected in the Appendices.

2. BACKGROUND AND MAIN RESULTS

This section contains an introduction to Lie group variational integrators that motivates
a general form of discrete-time systems on Lie groups. Later in this section we establish
a discrete-time PMP for optimal control problems associated with these discrete-time
systems.

To illustrate the engineering motivation for our work, and ease understanding, we first
consider an aerospace application. Let us first consider an example of control of spacecraft
attitude dynamics in continuous time. The configuration space SO(3) (the set of 3 x 3
orthonormal matrices with real entries and determinant 1) of a spacecraft performing
rotational maneuvers [23], is a matrix Lie group with matrix multiplication as the group

'Some early attempts in establishing discrete-time PMP in Euclidean spaces have been mathematically incor-
rect [7, p. 53].
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operation. Let R € SO(3) be the rotation matrix that relates coordinates in the spacecraft
body frame to the inertial frame, (see Figure 1,) let w € R3 be the spacecraft momentum
vector in the body frame, and let u € R? be the torque applied to the spacecraft in the
body frame. The attitude dynamics in this setting is given in the spacecraft body frame in
a standard way [23] as:

2.1 R =R,

2.2) Jo=0dJw +u,

where J is the 3 X 3 moment of inertia matrix of the spacecraft in the body frame, & € so(3)
and so(3) (the set of 3 X 3 skew-symmetric matrices with real entries) is the Lie algebra

[34] corresponding to the Lie group SO(3). The first equation (2.1) describes the kinematic
evolution and the second equation (2.2) describes the dynamics.

n3

i Inertial Frame
D3

Body Frame

Ficure 1. Rigid body orientation.

Let us, as a first step, uniformly discretize the continuous-time model (2.1)-(2.2) to arrive
at an approximate discrete-time model. Fixing a step length 4 > 0, we have the discrete-
time instances r € {0} U IN corresponding to the continuous-time instances th € R in a
standard way. Therefore, the system configurations at the discrete-time instances defined
above are given by

R, = R(th), w;:=w(th) forall e {0}UIN.

If we assume that spacecraft body momentum is constant on the interval [th, (t + 1)A],
i.e., w(s) = w(th) for s € [th, (t + 1)h], then the corresponding kinematic equations R(s) =
R(s)®; for s € [th, (t + 1)h[ represent a linear system? in the time interval [th, (r + 1)A[.
This linear system admits an analytical solution, and the discrete-time evolution of the
continuous-time kinematic equation (2.1) is approximated as

(2.3) Riv1 = R, ehd)',

2This linear system can be written in the standard form, i.e., x = Ax + bu, by embedding SO(3) into M (3, R)
(the set of 3 x 3 real matrices) and identifying M (3, R) with RY.
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where e : s0(3) — SO(3) is the exponential map [1, p. 256] from the Lie algebra so(3) to the
Lie group SO(3).3 Similarly, the discrete-time system corresponding to the continuous-time
dynamics (2.2) is approximated using Euler’s step to be

(2.4) JL()[+] = (I3><3 + I’l(l/)t).]a)t + hut.

It is worth noting here that the discrete integration step e that describes the discrete
evolution of the kinematic equation (2.3) can, in general, be a function of the configura-
tion space variable R, € SO(3) along with the spacecraft momentum vector @; € so(3).
Similarly, the discrete-time evolution of the spacecraft momentum dynamics (2.4) can also,
in general, depend on the orientation especially if the spacecraft is subjected to internal
actuations via reaction wheels.

The above considerations lead to the following general form of the state dynamics:

2.5) {Rz+l = R s¢(Ry, wy),

wrr1 = fi(Re, wr, r),

where f; : SO3) x R? x R? — R3,s; : SO(3) x R* — SO(3) are maps that define the
discrete evolution of the system. Note that the exponential map e : s0(3) — SO(3) is a
diffeomorphism on a suitable neighborhood of 0 € s0(3). Let O c s0(3) be a bounded
open set; then there exists h > 0 such that forall h < B,O 3 4, — e%" ¢ e(0) is a
diffeomorphism. The diffeomorphic property of the map O 3 d; > e%" € e(O) restricted
to a suitable open set is crucial for defining the local parametrization of the Lie group
SO(3) in terms of Lie algebraic elements, thus distilling a vector space structure to the
discrete-time optimal control problem defined on the Lie group SO(3).

We are now in a position to generalize the idea of discretization brought forth in the
example of the attitude dynamics of a spacecraft to dynamical systems evolving on matrix
Lie groups. To this end, let N be a natural number; in the sequel N will play the role of a
planning or control horizon, and will be fixed throughout. Inspired by (2.5), we consider
the dynamics split into two parts, the first of which occurs on a matrix Lie group G, and
the second on a Euclidean space R"~. The discrete-time evolution of our control system
on the configuration space G X R"x is defined by the recursion

(2.6) =0,...,N—1,

Gr+1= G5t (Ges Xt),
Xer1= fr (Grs Xps uy) s

with the following data:

(2.6-a) ¢; € G, x; € R™ are the states of the system,

(2.6-b) s; : G X R"™ — G is a map depicting the dynamics on the matrix Lie group G,
(2.6-¢) f; : GXR"™ xR"™ — R is a map capturing the dynamics on R"~,

(2.6-d) u; € U, c R™, where U, is a nonempty set of feasible control actions at time ¢.
A control action u; is applied to our system at the instant 7 to drive the system states from
(gz» x¢) to (gr+15 Xr+1) governed by (2.6). The sequence {u,}f\i (‘)1 is known as the controller,
the sequence {(g;, x,)}tl\i o describing system states is called the system trajectory [4] under

the controller {u,}t]\i 61, with the pair ({(q,, x,)}fio, {u,}ﬁal) referred to as a state-action

trajectory.
We synthesize a controller for our system (2.6) by minimizing the performance index
N-1
@7 S (@ xu) = Y e (g X ) + en (gns Xn)
=0

with the following data:

3Let G be the Lie group with associated Lie algebra g. Then, for any X € g, there existamapeX(-) : R —» G

such that: eX(0) = e € G, ‘;—lt‘ 0 eX(r) = X, andeX (1 + 5) = eX(s)eX(¢), where e is the group identity.
t=
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(2.7-a) ¢; : G X R™ x R™ — R is a map that accounts for the cost-per-stage for each
t=0,...,N—-1,

(2.7-b) ¢y : G x R™ — R is a map that accounts for the final cost.

In addition, we impose

(2.7-¢) control constraints u, € U, foreacht =0,...,N — 1,

(2.7-d) state constraints g; (¢, x;) < 0, foreachr =1,..., N, where g; : G X R"™ — R™
is a given map,

(2.7-e) Initial conditions (qo, xo) = (go, Xo), Where (go, Xo) is fixed.

The set

A = { (@ 20} o ()5 | (@0 %0) = oo 50). 91 (@r, ) < 0, and wy € Uy
is termed as the set of admissible state-action trajectories.

Assumption 2.1. The following assumptions on the various maps in (2.6) and (2.7) are
enforced throughout this article:
(A-i) The maps sy, f;, g, ¢1, cn are smooth.
(A-ii) There exists an open set O C g such that:
(a) the exponential map e : O — e(O) C G is a diffeomorphism, and
(b) the integration step s, € e(Q) for all ¢; see Figure 3.
(A-iii) The set of feasible control actions U, is convex for eachz =0,...,N — 1.

Assumption 2.1 is crucial, as we shall see, in order to ensure the existence of multipliers
that appear in the necessary optimality conditions for the optimal control problem. In
particular, (A-i) ensures the existence of a convex approximation (known as a tent [4])
of the feasible region in a neighborhood of an optimal triple (¢;, X;, i;). (A-ii) gives the
local representation of admissible trajectories {(g;, xt)}t'i o € A in a Buclidean space. This
assumption naturally holds in situations in which the discrete-time dynamics are derived
from an underlying continuous-time system (2.6), thereby transforming our optimal control
problem to a Euclidean space; first order necessary conditions for optimality are thereafter
obtained using Boltyanskii’s method of tents [4]. These first order necessary conditions
are interpreted in terms of the (global) configuration space variables. (A-iii) leads to a
pointwise non-positive condition of the gradient of the Hamiltonian over the set of feasible
control actions, which is explained in detail in §3.

Before defining the optimal control problem (2.7) formally, let us introduce the geometric
notions that frequently arise in this article.

Definition 2.2 ([24, p. 124]). Let f : M — R be a function defined on a manifold M. The

derivative of the function f at a point g € M is the map

TM 30 Dfgol = | Flg@)eRr
t=0

where ¢(7) is a path in the manifold M with g(0) = g and %| 0 9() =v.

Definition 2.3 ([24, p. 173]). Let ® : G x G — G be a left action, so ®, : G — G for all
g € G. The tangent lift of ®, T7® : G X TG — TG is the action

(g, (h,v)) > T®, (h,v) = (Oy(h), ThDy(v)), (hv) € TG,
where T, D, (v) = DD, (h)v.
The cotangent lift of @, 7*® : G X T*G — T*G is the action
(9. (@) 1= T'®; (h.a) = (@g(h). Ty, 1, ®,1())
In particular, if we choose g = g~' and & = ¢ then for a € 1,G,

(T:CDq(a), w) = (a, TeCDq(w)> for all w € g.
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&

7,G

Ficure 2. Pictorial representation of the cotangent lift of an action ® on G.

Note that the map 7, ®, : T;G — g" is known as the cotangent left trivialization, see Figure
2.

Definition 2.4 ([24, p. 311]). The Adjoint action of G on g is

gebgleq.
s=0

d
GXg>(g,B)— Ad, B = 7

The Co-Adjoint action of g € G on g* is the dual of the adjoint action of g~ on g, i.e.,

G Xg*3(g,a) — Ad*(g,a) = Ad;,l a€qg,
where
(Ad:_ @ B) = (@ Ay )
forall 8 € g,a € g*.
Hereinafter we let [N] denote the set of all integers from zero to N in increasing order.
Now we shall proceed to define the optimal control problem (2.7) in a mathematical form,

and derive the first order necessary conditions for optimality for the optimal control problem.
Collecting the definitions from above, our optimal control problem stands as:

N-1
H]{lnl}r]l\']]l%e / (q’ X, u) = Z Cy (qt» Xt ut) tCN (QNv xN)
Ut s1=0 =0

qr+1 = qr5: (G Xt)

2.8) Xi+1 = f; (qs, x;,u;)  foreacht e [N —1],
u; € U,

g (g1, x;) <0 foreach t=1,...,N,

(q0. x0) = (go, %0) »

Assumption 2.1.

subject to

Our main result is the following:

Theorem 2.5 (Discrete-time PMP). Let {ﬁt};\i 61 be an optimal controller that solves the

problem (2.8) with {(g;, X:)} t]\i o the corresponding state trajectory. Define the Hamiltonian
[N-1]xg*x(R™)" XxGxR™ xR™ 3 (1,,& ¢, x,u) —
H” (1,4,€,q,%,u) = ver (g, x,u) + (£ e7! (57 (g, 0), + (€ fr (g% w) €R,

forv € R. There exist
N

e anadjoint trajectory {({, f’)}tza1 c g*x(R™)*, covectors u* € (R™) fort =1,...,N,
and
e ascalarv € {-1,0}

2.9)



DISCRETE-TIME PMP ON MATRIX LIE GROUPS 7

such that, with
Vo= (606 qn fiy)  and p' = (D e (G Gean) 0 Te®gy, ) (L),
the following hold:

(MP-i) state and adjoint system dynamics

iv1 = qr €
state | e
Xt+1 = Z),fH (7e),

DeH (),

ptil = Adzfl)gHV(y‘t) pt + T:(Dét (DqHV (')Q/t) + ,ut-Dqgt (qot’ )%t) )7
7 = DH (1) + ' Dgs (41, %),

(MP-ii) transversality conditions

adjoint{

N =T Dy, (VDqCN (Gn. EN) + 1N Dggn (Gn. EN) )

NN = vDyren (G. En) + 1N Dign (Gns #).
(MP-iii) Hamiltonian non-positive gradient condition

(DuH" (64" € Gr featy) ,w — i) <0 forall weUy,
(MP-iv) complementary slackness conditions

u}g{(e}t,fé,) =0 forall j=1,...,n, and t=1,...,N,
(MP-v) non-positivity condition
u <0 forall t=1,...,N,

(MP-vi) non-triviality condition
adjoint variables {({, 5’)},1161, covectors {,ut},]\il, and the scalar v do not simul-
taneously vanish.

We present a proof of Theorem 2.5 in §3. This discrete-time PMP on matrix Lie groups
is a generalization of the standard discrete-time PMP on Euclidean spaces since the variable
g in the combined state (g, x) evolves on the Lie group G; consequently, the assertions of
Theorem 2.5 appear different from the discrete-time PMP on Euclidean spaces [4]. Let us
highlight some of its features:

e The adjoint system of the discrete-time PMP on matrix Lie groups corresponding to the
states g evolves on the dual g* of the Lie algebra g despite the fact that the state dynamics
(2.6) evolves on the Lie group G.

e The adjoint system is linear in the adjoint variables (/?,&") because the maps g* >
o (De (G gesr) o Ted)c;;]ém) (" eg g dp — AdZ,D{HV(m (p") € ¢* and
Tq*G 3 D H” (y;) = T; Dy, (DqHV ()7,))9* are linear for all ¢.

e The assertions the “Hamiltonian non-positive gradient condition”, the “complementary
slackness condition”, the “non-positivity condition”, and the “non-triviality condition”
are identical to the discrete-time PMP on Euclidean spaces.

Remark 2.6. (a) Assumption 2.1 is not the most general set of hypotheses for which we
can derive a discrete-time PMP on matrix Lie groups. Continuous differentiability of
the functions sy, f;, g+, ¢, cn suffices for Theorem 2.5 to hold.

(b) Due to certain fundamental differences between discrete-time and continuous-time
optimal control problems, the standard Hamiltonian maximization condition in con-
tinuous time [35, Theorem MP on p. 14] does not carry over to the discrete-time
version. For a detailed discussion, see e.g., [32, p. 199]. We do, however, get a weaker
version contained in assertion (MP-iii) of Theorem 2.5. If the Hamiltonian is concave
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in control u over the set of feasible control actions U, and U, is compact for each ¢, in
addition to (A-iii), the assertion can be strengthened to

HV (t9 é’t’ §t3 qot’ )Z‘ta "et[) = max HV (t, é’ts é‘:ta qols )%h w) .
wel,
In the rest of this section we apply Theorem 2.5 to a class of optimal control problems on
Lie groups that frequently arise in engineering applications, and derive the corresponding
first order necessary optimality conditions.

2.1. Problem 1. Consider the version of (2.8) in which the final conditions (gy, xn) are
constrained to take values in an immersed submanifold My, in G X R™~. Let us define the
optimal control problem:

N-1
mlnlr}\’}l%e j (qs X, u) = Z Ct (qh Xts ut) + CN (qN9 XN)
{us }t:G t=0

Gr+1 = qrSt (qr, X¢)
X1 = f (@ X u,)  forallt € [N —1],
(2.10) u, € U,
subject to g: (g1, x;) <0 forall r=1,...,N,
(90, X0) € (go» X0)
(gn, xN) € Mg,
Assumption 2.1.

The first order necessary conditions for optimality for (2.10) are given by:

Corollary 2.7. Let {b‘i,}t’\i (‘)1 be an optimal controller that solves the problem (2.10) with
{(4s, )%,)}tl\i o the corresponding state trajectory. For the Hamiltonian defined in (2.9), there
exist

e an adjoint trajectory {({*, f’)}ﬁgl c ¢* X (R™)*, covectors u* € (R™)" fort =1,...,N,
and
e ascalarv € {-1,0}

such that, with
Vo= (05E G dinily)  and p' = (D e (G i) 0 Te®yrg, ) (L),

the following hold:

(i) (MP-i) holds,
(ii) transversality conditions

[T @it (PY71) V") = vDigen (Gns in) = 1Y Diggn (s 5n) | L T en M,

(iii) (MP-iii) holds,
(iv) (MP-iv) holds,
(v) (MP-v) holds,

(vi) (MP-vi) holds.

2.2. Problem 2. Consider the version of (2.8) in which the boundary conditions are given
and fixed, and the final cost and the state inequality constraints are absent. In other words,
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we have the control problem

N-1
mlnll’]lvll%e / (q5 X, u) = Z Cy (‘Zt’ Xts ut)
{us 1,50 t=0

Gr+1 = G5t (qr> X1)

@2.11) Xei1 = fi (G, Xesup)  forallz € [N —1],
u; € U,

(90, x0) = (g0, %0)

(gns xN) = (N> XN,

Assumption 2.1.

subject to

The first order necessary conditions for optimality for (2.11) are given by:

Corollary 2.8. Let {i, }t]\i 61 be an optimal controller that solves the problem (2.11) with
{(4s, )%,)}f\i o the corresponding state trajectory. For the Hamiltonian defined in (2.9), there
exist

e an adjoint trajectory {({*, f’)}ﬁal c g* X (R™)" and

e ascalarv € {-1,0}

such that, with

Vo= (605E G diniy)  and p' = (D e (G i) 0 Te®yrg, ) (L),
the following hold:
(i) state and adjoint system dynamics

D HY (1)

g1 =4qr e s
state .
Xt+1 = D.fHV 7t),

adjoint {Pt_l ) AdZ*D(”"W” P TP (D‘IHV o) )’
71 = DH (1),
(i) (MP-iii) holds,
(iii) nonm-triviality condition
adjoint variables {({', & )}ﬁal , and the scalar v do not simultaneously vanish.

2.3. Problem 3. Consider the version of (2.8) with fixed boundary conditions, without
state inequality constraints, and without the final cost. Let us consider the case in which
the integration step s; € G of the discrete-time evolution is related to the states (g;, x;)
by an implicit equation vy (s, gy, x;) = O such that the map v, (-, g, x;) : O, — R is
a diffeomorphism for all admissible trajectories, i.e., {(¢;, xt)}t"i o € A, where O, is a
neighborhood of e in G. The optimal control problem can be defined as follows:

N-1
minimize _Z (s, q,x,u) = Z ¢t (8¢5 qpy Xes Uy)
{ur 375! 1=0

qr+1 = G St

v (515G, %) = 0

Xe+1 = fo (St, e X1, 7)
subject to u; € U,

(g0, X0) = (go, %o),

(gn. xN) = (N, XN,
Assumption 2.1.

(2.12) forall r=0,...,.N-1,

The first order necessary conditions for optimality for (2.12) are given by:
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Corollary 2.9. Let {ﬁ,}tl‘i 61 be an optimal controller that solves the problem (2.12) with
{(4s» )‘é,)}f\io the corresponding state trajectory and {3, tl\i(‘)l C G such that vy (¢, Gz, X¢) = 0
fort=0,...,N — 1. Define the Hamiltonian function

[N-1]xg*x(R"™)"'XGxGXR™ xR™ > (1,,&,5,q, x,u)
H (1,4,&,5,q,x,u) = ver (5,¢, x,u) + (£ e (S))g + (¢ fr(s,q.xu)) € R

for v € R. There exist

(2.13)

e an adjoint trajectory {({*, f’)}ﬁal c g* X (R™)*, and
e ascalarv € {-1,0}

such that, with

Ve = (f, LE S o Xy, ﬁz), Oy = 0y ($4, Gr, Xt)

and
p = (D (G i) 0 Te®yy, ) (L),
the following hold:
(i) state and adjoint system dynamics
dr+1 = G CD‘(HV(YD'), 0 = v; (8¢, Gr, %),
state e
X1 = DgH (1)

Pl = A, P+ To0g, (D (G1) )
adjoint IO, (Z)SFP’ (1) © Dyvr (1. s %)™ 0 Doty (s i 55,)) :
70 = —DH (1) 0 Dsvy (31,41, 1) © Dvy (31, s 1) + DuHY (1),
(i) Hamiltonian non-positive gradient condition
(DuH" (8, € 81, o, Flty) s w — 1) <0 forallw € Uy,

(iii) non-triviality condition
adjoint variables {({', &' )}ﬁBl, and the scalar v do not simultaneously vanish.

3. Proor oF THE MaxiMmuM PRrINCIPLE (THEOREM 2.5)

Sketch of proof: We present our proof through the following steps:

Step (I) We prove the existence of a local parametrization of the Lie group G and define
the optimal control problem (2.8) in local coordinates.

Step (II) First order necessary conditions for the optimal control problem defined in local
coordinates are derived using the method of tents [5].

Step (IIT) The first order necessary conditions derived in Step (II) are represented in con-
figuration space variables.

Step (IV) We prove that the first order necessary conditions derived in Step (III) are
independent of the choice of the coordinate system.

Henceforth ({(q",, )“c,)}fio, {it, f;al) denotes an optimal state-action trajectory.

3.1. Step (I). Local parametrization of the Lie group G: Let us define the following
local parametrization of the Lie group G induced by the exponential map.
Fact 3.1. If (A-ii) holds, then for Q; = {®@g, (s) | s € e(0)} and @, (s) := g,s forall s € G,

the map ¢, = (CDq, o e)7l : Q — O C g provides a unique representation of ¢,+; € G on
the Lie algebra g for a given ¢, € G forallt =0,...,N — 1.
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o
(M:41) ﬁ
o (0)
R

Ficure 3. Local parametrization of ¢,;; given g;.

¢q, (QH-I)

With the help of this local parametrization, we define the dynamics evolving on the Lie
group G in local coordinates. The Lie algebra g of the matrix Lie group G is a finite dimen-
sional vector space [21, Theorem 8.37]. Therefore, there exists a linear homeomorphism

. n
o:.:qg— R",

where n, is the dimension of the Lie algebra. To compress the notation we define

x = (x0,.. ., xn) € RV = (u, .. uy_y) € RV™,
and ¢ :=(q0,...,gn)€EGX---XG.
————
(N +1) factors

Let us define the product manifold

(N +1) factors

—_—~
M:= G---G XR™ - -R™xR™ .- R™
S—— —
(N +1) factors N factors

such that the state-action trajectory is a point on M, i.e.,

(q5x’u):(q07"'5qN’x09'"5-xN7u0""’uN—1)EM‘

In order to translate the optimal control problem (2.8) to a Euclidean space, we need
to define a diffeomorphism from an open subset of a Euclidean space to an open subset
of the product manifold M such that the state-action trajectories lie in the image of that
diffeomorphism.

Let us define the map

3.1
A>3 (Bo,....BNnx,u)—= Y (Bo,....,B8n.x,u) = Wo(B),....un(B),x,u) e ¥Y(A) c M,
where

A =0 (0)- - (0) xRNV x RN ¢ R - .. R xRV 5 RN,

D it Nenan, o
(N +1) factors (N+1) factors

U(B) = Go e B oo B fort = 0,...,N, and g is a fixed element in G.
Observe that the map ¥ is a smooth bijection, and the inverse map is given by
(32) lII(A) > (009 at,...,aN, X, u) = ‘Il_l (a'()s at,...,aN, X, u)
= ((0' o efl) (cjalao) R (0’ o efl) (aalal), e, (0’ o efl) (a;\,‘_law),x, u) € A.
Since the inverse map P! is also smooth, ¥ is a diffeomorphism.

Claim 3.2. State-action trajectories corresponding to all admissible control actions and
starting at g lie in the image of P

Proof. See Appendix B.1. O
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We now employ the diffeomorphism ¥ to translate the optimal control problem (2.8) to
the open subset A as: for 57 := (1o, . .., nn) € (R")N ™!,

N-1
rrl{ini;}\lli%e j (n,x,u)= Z cr Wr (), Xeour) + ey (WN (), XN)
Ut sy=0 =0
e () == Goe” ... 1) for 1=0,...,N,
(3.3) Mev1 = (o 0e™os;) (W (1), x)
Xee1 = fr (e ()5 Xg5 Uy) fort=0,...,N -1,

subject to
U € Uz

g: W (M), x;) <0 forr=1,...,N,
()70, xO) = (0, .i())

3.2. Step (II). Necessary optimality conditions in local coordinates. In Step (I) we
have distilled the optimal control problem (3.3) from (2.8) such that (3.3) is defined on a
Euclidean space. We apply first order necessary conditions for optimality for constrained
optimal control problems on Euclidean spaces derived via method of tents in [4] to (3.3).

Remark 3.3. Note that even though (3.3) has been distilled from (2.8) and is a well-defined
problem on a Euclidean space, the standard discrete-time PMP does not apply to (3.3) on
account of the fact that the first constraint clearly shows that the “system dynamics” has
memory. In other words the system in (3.3) is in a non-standard form. It turns out that
first order necessary conditions do lead to a PMP for (3.3) once we lift back the necessary
conditions to the configuration space.

We convert the optimal control problem (3.3) into a relative extremum problem in a
higher-dimensional Euclidean space.

Let
(3.4) z=(px,u)=(ng,....n8 %), - - .,x;,,ug,...,uz,fl)T
be the stacked vector of states and controls corresponding to (3.3); clearly,

z € R™ where m = (ny +ng)(N+1)+n,N.

Let us define the admissible action set U, in terms of z € R™ as

(z+1)th factor
—

Q= (R)V x (RN xR T, - R™ C R

u

N factors

for t € [N — 1], and the set of initial conditions as
Qp = {0} x (R")" x {%o} x (R™)" x (R™)" c R™.
We define the cost function, the dynamics, and the state constraints in terms of z as:

N-1

C(z) = ) e (e (), %) + en Wy (), 3w,

=0
$i(2) = =mewr + (0 0 €™ 50 (0 (), 30,
Fi(z) = —x + fi (W (), X0, 1),
G{(z) = g{ W, (), x,) for j=1,...,n.
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The optimal control problem (3.3) can now be defined in the augmented space R" as

minimize C(z)
zZ

S/(z)=0 forte[N-1], j=1,...,n,
(3.5) Fi’(z)=0 forte[N-1], j=1,...,ny,
subjectto 1G/(z) <0 forr=1,...,N, j=1,...,n,
N-1
zZ € ( N Q;) NQpg.
t=0
Let us define
g =@ x0)="Y(g,xa)eR",
where (¢, X, @) € M is an optimal state-action trajectory. Then the point Z is a solution of
the optimization problem (3.5). The necessary conditions for optimality for an optimization
problem are defined in terms of dual cones. Before deriving the necessary conditions for
optimality for the optimization problem (3.5), we provide a quick revision to cones and
their dual cones.

Recall that the dual cone K* of a cone # K in R™ is a convex cone such that every vector
in K* makes an acute angle with every element of K, i.e.,

K* ={peR"{pz)>0 forall z € K}.

A set K (2) in R™ is a cone with apex at £ if forevery z € K (2),Z2 + a(z — 2) € K (%) for
all @ > 0. Subsequently, the dual cone K* (2) for the cone K (2) is defined as [4, p. 8]

(3.6) K"¢)={acR"{a,z-2) >0,z € K(2)}.

Clearly, K* (2) is a closed convex cone. Equipped with the notions of dual cones, we state a
theorem of Boltyanskii that provides necessary conditions for optimality for an optimization
problem. This theorem is a key result for deriving necessary conditions for optimality for
the optimization problem (3.5).

Theorem 3.4 ([4, Theorem 18, p. 22]). Let Qy, . .., Qg be convex subsets of R™, and let C
be a real-valued smooth function whose domain contains the set

T=Q1N...NnQ N,
where
QF = {z eR™| Fi(z)=0,.. b, (2) =0 fi(z) <0,..., fr,(2) < O},

and F;, f; are real valued smooth functions for all i, j. Let Z € X and let K; () be the
support cone? of C; with apex at Z. If C attains its minimum at Z relative to Z, then there

. 1 Teq 1 Tig . + /2 . . .
exist scalars v, Mps oM s s v osTlp s and vectors a; € Kj (2) forj =1,...,s, satisfying
the following conditions:

(i) v<0,andifv = n}p == )7;5" = n} == njrf’ = 0, then at least one of the vectors
ai, ..., ds IS not zero, )

(ii) vD,C(2) + X 1t D, Fy(2) + z;"gl D fi(2) +ar + ... +a; = 0;

(iii) for every j = 1,...,ri, we have

7]} <0, and T]}f}'(%) =0.

4Aset K ¢ R™ isaconeif foreveryz € K, az € K forall @ > 0.
5The support cone K (Z) of a convex set Q ¢ R with apex atZ € Q is defined as

Ko (2) = c]osure( U {Z+a(@z-2) |z € Q}).

a>0

For more details see [5, p. 29].
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To apply Theorem (3.4) to the optimization problem (3.5), we define support cones of
the convex sets Q0, ..., QN1 Qp at 2. Let us derive the support cone K% (%) of the set Q,
with apex at £ € Qf, for7 € [N — 1] as

Kl (%) = closure(U [t+a(z-2) |z€ QZ})
a>0

(t+1)th factor
—_—

= closure((IE{"‘l)NJrl X (]R"")N+1 xRM™ ... U, ~~~R"“),

N factors

where U, = { U {i; +a(u, — ;) | u; € U,}} is the collection of rays emanating from
a>0

ii; and passing through u, € U,. Consequently, the support cone K/ (%) is defined by

(t+1)th factor
—_——

KJZ(E) — (an)NH % (Rnx)NH x R™ Qtu (i) - - SR,

N factors
where
0! (i) = closure(U (e + Gy — i) |y € IU,})
a>0
is the support cone of the convex set U, with apex at ii;. Note that the set Qp is an affine
subspace passing through 2, and therefore the support cone K (£) of the set Qp with apex
at Z is the set Qp itself, i.e.,

(37) Kp (2) = Qp.
Subsequently, the dual cone of the support cone Kg (2) is given by
(3.8) Kip()={peR™| (pz—%)>0forallz € Kg(2)}.

We know from (3.3) that (1o, %) = (0, o), and therefore from (3.7), it is easy to conclude
that
Kp(2) =2 +Kp,
where
Kg = {0} x (R")N x {0} x (R™)N x (R™)".
For v := z — Z € R, the dual cone (3.8) is rewritten as
Ki(#)={peR"| (pv) >0forallv e Kg}.

Note that Kp is a subspace of R™. Therefore, the dual cone Kj (Z) is the orthogonal
complement of the subspace Kp, i.e.,

K} (2) = R" x ({0})" x R™ x ({0})*" c R™.
Now we are in the position to apply Theorem (3.4) to the optimization problem (3.5).

By Theorem 3.4, if the function C attains its minimum at the point Z then there exist
scalars /J;. forj=1,...,n,andz = 1,...,N, /lj’. forj=1,...,ngandt € [N - 1], §; for
j=1...,ncandt € [N - 1], vectors b € K, (2),a, € (K.)" (%) fort € [N - 1], and a
scalar v € R satisfying the following conditions:

(Opt-i) v £ 0, and if v = O,u;. =0forj=1...,n,andr = 1,...,N, /l;. = 0 for
j=1...,ngjandt € [N - 1],5}. =0forj=1,...,n,and 7 € [N — 1], then at

least one of the vectors ay, . . ., an-1, b is not zero; _
Opt-in) 275" 577 UD: 8] (2) + B! B €D F(2) + T, 35y 1 DG(2)
+vD,CE)+ap+---+an-1 +b=0;
(Opt-iii) forevery j =1,...,n, we have

©i<0, pGl(7)=0 forallz=1,...,N.
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Claim 3.5. The family of cones K'(2), ..., KN=1(2), Kz(2) is inseparable in R™.¢
Proof. See Appendix B.2. O

So, using the inseparability of this family, we arrive at stricter conditions for optimality
than (Opt-i)-(Opt-ii). To compress notation, let us define covectors (row vectors) as

") >y = (u),...,up,) for t=1,...,N,

(R")* 3 A" = (%,...,A@q) for te[N-1],

R™) 5 & = (&,....&, ) for te[N-1].
Then the optimality conditions (Opt-i)-(Opt-ii) translates to the following:

(i) Suppose that the covectors ,ul, e, uN, A0 . aN-L fo, e fN‘l, and the scalar v are
all zero. Then the optimality conditions (Opt-i)-(Opt-ii) lead to the following: there
exist vectors ay, . . ., ay—_1, b not all zero such that

ap+---+an-1+b=0.

This contradicts inseparability of the family of cones K%(2),---, KN~1(2), Kp(2), and
therefore (Opt-i) leads to the following stronger non-triviality condition than (Opt-i):

vy <0, and if v = 0, then at least one of the covectors

3.9 ,u],...,uN,/lo,...,/IN*],fo,...,fN*I is not zero.

(ii) NotethatZ+2 € K, (2) := (IEOIK,Z(E)) NKp(2). Therefore Z+2 € K. () fort € [N—1]
andZ+Z € Kp. Since, a, € (K,’A)Jr (¢)fort € [N—1]and b € (Kp)*, using the definition
of dual cone leads to the following:

(a1,2) 20, (b,Z) =20 forZ+2 e K,(2).
Consequently, using the fact that
(ap+---+an-1 +b,Z) >0 forall Z+2 € K,(2);
the (Opt-ii) is rewritten as
8Nl i g N k o N ' o o\ =
a1 2, ADS(E) + 36 D(t) + 3 DG2) + vDC(2).2) <0
forall Z + 2 € K,,(2).

The variational inequality (3.10) gives rise to “state and adjoint system dynamics” (MP-
i), “transversality conditions” (MP-ii) and “Hamiltonian non-positive gradient condition”
(MP-iii). The optimality condition (Opt-iii) establishes “complementary slackness condi-
tions” (MP-iv) and “non-positivity conditions” (MP-v), and the “non-triviality condition”
(MP-vi) comes from (3.9). Now we shall derive these conditions (MP-i)-(MP-vi) in the
configuration variables.

3.3. Step (III). Representation of the necessary conditions for optimality in terms of
the configuration variables: Let us define the Hamiltonian as

[N-1]xg* X (R™)"XxGxR™ xR™ > (1,,& g, x,u) =
. -1
HY (1, {,€.9.%,u) = ver (g x,u) +({,e7" (50 (¢, X)), + (€ fr (g x.w)) € R,
with v € R.
6A family of convex cones is said to be separable if there exists a hyperplane that separates one of them from

the intersection of the others. If the family is not separable then it is called inseparable. For more details see [18,
p. 2575].
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e Adjoint system dynamics and transversality conditions (MP-i)-(MP-ii): In order to
derive the adjoint system dynamics and the transversality conditions corresponding to
the state variable x, we restrict the choice of the variable Z in (3.10) to

(N+1) factors

3.11) KL(2) ={f} x {fo} - x R™ x---{&y}x{@t} for t=1,...,N.
SN——

(z+1)th factor

Forafixedr = 1,..., N, choosing the collection of Z in (3.10) such that Z + Z € K% (%),
leads to the following set of conditions: for

(=0t (V) and geo= (00 G Rt
o adjoint equations corresponding to the state variables x :
E7 = OH (3) + W Digy (G %) for 1=1,...,N-1,
o transversality conditions corresponding to the state variables x :
ENTL = yDien (gns En) + 1N Dign (Gns #N) -

Similarly, to derive the adjoint and transversality conditions corresponding to the state
variable g, we restrict the choice of the variable Z in (3.10) such that

Z+2€K,(2),

where
(3.12) K, (2) = {0} x (R")" x {&} x {&}.
The choice of Z in (3.10) such that Z + 2 € K, (2), leads to the following condition:
N N-1
+ D K Dygi i 20), Dy DF) + Y (DgH (7). Dy () 7)
(3 13) t=1 t=0

N-1
- Z (A 77001) + (vDgen (G, &n), Dyyrn () i) = 0 for all f € Ky,
t=0

where
. L . N
i = (o, 1, - . ., 7in) and Ky = {0} x (R") ™.
In order to represent (3.13) in configuration variable, let us establish an association be-

tween 7j and tangent vectors §; € T, G for t € [N]. Itis evident from the diffeomorphism
(3.1) that

(3.14) Gr = Dy; () i) € T;,G  forall 1 € [N].
Furthermore, we derive 7} in terms of § := (o, - - ., §n) via (3.2) as follows
. d d _ _
(3.15) m= g mw= gl (eee) (@m0 )

for t € [N], where g_1(s) = go, 17:(0) = 7}, and with y, = Ty, (qu;l (gr) € gfor t € [N]
and the map
$Pr-1 = De_l (qot_—llc?t) ° Teq)‘;:lét’

(3.15) simplifies to 7jp = o (xp) and

(3.16) iy = —0 o ‘Pt—l(Adc;;u;,_l (xe=1) — )(,) for t=1,...,N.
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Using the fact that §; = T. @4, (x;) for t € [N], and with (3.14) and (3.16), the necessary
conditions (3.13) leads to the following conditions on the Lie algebra g as

i <f7* (/l”l) ; st_l(Adq;qu (xi-1) = xt)> + <T:<D,;t (u’z)qg, (G, ;%,)),X,>
t=1
N-1

+ 3 (T, (Dal” (G0) ) ) + (T (vDyen e i) xw ) =0
=0

(3.17)

forall y € K,, where x = (xo,x1,...,xn~) and K, := {0} x g". Let us now
restrict the choice of the variable y in (3.17) to

(N+1) factors

KA’,:z{O}-ux g x---{0ycK, fort=1,...,N,
——
(¢+1)th factor

to derive the adjoint dynamics and the transversality conditions corresponding to the
states g € G. Forafixedr = 1,..., N, choosing y; € K)’( in (3.17) leads to the following
set of conditions:

o adjoint system corresponding to the states g :

GI8) (@) = Ad s, 09 (0 + Ti0g, (D HY (o) + i Dygi (6. 1)

fort=1,...,.N -1,
o transversality conditions corresponding to the states ¢ :

G19) @y (@) = Tigy (vDyen (n i) + 1 Dygn . i) ).

e Hamiltonian non-positive gradient condition (MP-iii): Hamiltonian non-positive gra-
dient condition is derived via restricting the choice of the variable Z in (3.10) such
that

z+2eKk(2),
where

(¢+1)th factor
—

K, (2) = (i} x {&} x {iio} - - - x Q}, () x - - {iiy-1}

N factors

fort € [N — 1]. For a fixed t € [N — 1], choosing the collection of Z in (3.10) such that
7 + 2 € K! (2), leads to the following set of conditions:

(3.20) (D H” (3,). i1,y <0 forall i, + i, € Q',(ii,)
fort € [N —1]. Since, U, c Q',(ii,) , (3.20) simplifies to the following
(D H ) w—1dip) <0 forall weU,.

e Complementary slackness conditions (MP-iv): The complementary slackness condi-
tions in the configuration variables follows from (Opt-iii) as:

(gl (G %) =0forall j=1,....n andr=1,...,N.

e Non-positivity condition (MP-v): The non-positivity condition follows from (Opt-iii)
as:

u <0 forall t=1,...,N.
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e Non-triviality condition (MP-vi): The variable A’ in the non-triviality condition (Opt-i)
is zero if and only if /7 := o* (1') is zero because o* : (R"4)* — g* is a vector space
homeomorphism.

The adjoint variables {(Z?, f’)}fif)l, covectors {u' }Y| and the scalar v do not simul-
taneously vanish.

o State dynamics (MP-i): The system dynamics (2.6) in terms of the Hamiltonian is

(3.21) Grar = G P00 % = DeHY (7).

3.4. Step (IV). The representation of the necessary conditions for optimality is coor-
dinate free: Let us establish that the necessary conditions derived in §3.3 are independent
of the choice of the coordinate system. Suppose we have a curve

I>s qus) e G with q,(0) =gy,
and the two different coordinate charts

X:DXcG—->RXcR%, Y:DYcG—RYcRM.
such that our curve (; is contained in both domains, that is
q:(s) € DXnDY forall sel.

Suppose our two coordinate charts are C' related, in the following sense:

Definition 3.6 ([36, Definition 2.3.1, p. 8]). Let G be a manifold, and let X, Y, be two n,—
dimensional charts on G. Let k be a nonnegative integer. We say that X and Y are C¥
related if

(1) the images X (DX N Dy), Yy (DX N Dy) of the “overlap set" D N DY under the

coordinate maps X, Y, are open in RX, RY, respectively;
(2) the “change of coordinates" maps

<I>:X(DXmDy)—>y(DXnD”),

¥: Y (D¥n DY) - X (DX n DY),
defined by the conditions
®(X)=Y whenever X =X(q).Y =Y(q) forsome geD¥XnDY,
W(Y)=X whenever X =X(q).Y =Y(q) forsome g¢eD¥XnDY,
are of class CK.

We know that X, Y are coordinate representations of the configuration ¢ € DX N DY
and X,Y are coordinate representations of the tangent vectors ¢ € T,G in the coordinate
charts X, Y respectively. Then we can express the tangent vector ¥ (or X) in one coordinate
chart as a function of the configuration X(or ¥) and the tangent vector X (or Y) in the other
coordinate chart. The transformation rules for tangent vectors is given by the following
formulae:
ov

22 X=-—
(3:22) oY

. 0P .
Y)Y, Y=—(X)X,
™) ey
where [g—‘;’(Y )] i 3—;;(Y ) is the Jacobian matrix.
In order to show the coordinate invariance of the adjoint system and the transver-
sality conditions, we need to establish the transformation rules for the covectors p'~!,

Ad”_p, i) pland T; Dy, (Z)qHV (v¢) ) € g*, and under that transformation rule these cov-
e ¢

ectors admit unique representations in the coordinate charts X, Y. This task is accomplished
in the following steps:
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(1) We prove that the local representation X,Y of ¢ € T,G in the coordinate charts
X, Y respectively, has a unique representation y*X, y¥ € g, the Lie algebra of
the Lie group G via the tangent lift of the left action. Further, we establish the
transformation rule for the vectors y*, yY¥ that is derived via the transformation
rule of vectors X, Y given by (3.22).

(2) Through the duality property, we derive the transformation rule for a local repre-
sentation py, py in the coordinate charts X, Y respectively, of the covector p € g*
and establish the invariance of the adjoint equations and transversality conditions.

In the case of a Lie group G, the tangent space at a point §; € G is characterized by the
left (right) invariant vector fields [34], i.e.,
T3,G = {T.®q, (x) | x € a}.

Let x*, x¥ be the coordinate representation of y € g in the coordinate charts X and Y
respectively and therefore from (3.23) , we know

(3.23) T.®,x (XX) - %(Y) T.®,y (XY) .

Then the transformation rule for the vectors x*, y¥ € g is derived from (3.22) as
(3.24) K= (). = (xY)

where

-1 oW
Ft = ((Te(l)th) o a_Y(Y) o Teq)ét)’) and At = r;l

are linear transformations. These transformation rules of vectors in the Lie algebra g
induces the transformation rules for the corresponding covectors, i.e., for {x, {y € g%, if

(¢x, )(X> = <{y, A (XX)> for all y* € g,
then
(3.25) {x = A7 (¢y) and &y =T (&x).
Therefore coordinate representations of the covector 7, @, (Z)q (H” (30)+ 1 gr (Gos X¢) )) €
g"inchart X as T, ®4x (qu (H” (Fo)+1 9 (1, %) )) andincharts Y as T, @,y (Z)qy (H” (3:)+

1 gr (G, %) )) are related via the transformation rule (3.25) as
(3.26)

120, (D (B! (50) + 491 (G 50)) ) = A:(T:%,Y (Dgr (1 G0) + 91 (G 1) )))-
In the similar manner, it can be established that
(3.27) Ad sy P = 85 (Ad v, P
where
<Ad:—ogx v P XX> = <Ad2—:f.>gy v Py XY> :
Furthermore, we derive the transformation rules for the covectors p;, pg( € g as
(e Adm v o) = it Ay g, 0 (%)) = (ko B ( Ay, )
= {A721 (o) Ad, om0 )
for all yX € g, which leads to
(3.28) P =A% (py) -
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Using (3.26), (3.27) and (3.28), we conclude that the adjoint system (3.18) in coordinate
charts X transform naturally to the adjoint system (3.18) in coordinate charts Y, i.e.,

Py’ - AdZ‘DzX wio Px — To @y, (qu H” (1) + 1 Dyxgi (41 %) )
= Aoy - Ad:*my o Py — ToPg, (Z)qu" (32) + 1 Dy ge (g1 %1) ))
In other words,
Py’ - Ad:‘D:X v Px — To @, (qu H (3¢) + 1 Dyx g¢ (41, )%t)) =0

if and only if
P = A v = T, (D HY G0 + 1 Dy 91 G 5 ) = 0

because A; is an invertible linear transformation. Similarly, we can conclude that the
transversality conditions (3.19) in coordinate charts X transform naturally to the transver-
sality conditions (3.19) in coordinate charts Y. This completes our proof.

4. EXAMPLE

For illustration of our results we pick an example of energy optimal single axis maneuvers
of a spacecraft. In effect, the state-space becomes R x SO(2), which is isomorphic to R xS'.
This is a considerably elementary situation compared to general rigid body dynamics on
SO(3), but it is easier to visualize and represent trajectories with figures. We adhere to
this simpler setting in order not to blur the message of this article while retaining the
coordinate-free nature of the problem. Let 4 > 0 be a step length, R;, F; € SO(2),(the set
of 2 x 2 orthonormal matrices,) be the orientation of the spacecraft performing single axis
maneuvers and the integration step at the discrete-time instant ¢ respectively. Let w; € R
be the momentum of the spacecraft about the axis of rotation and u; be the control applied
to the spacecraft about the rotation axis. Consider the discrete-time model of a spacecraft
performing single axis maneuvers given by

{Rt+l = R F(wy),

“.1)
Wiyl = Wp + hity,

where
Flw) = (Vl - h2w? —hw .
hw V1 - h2w?

The optimal control problem is to maneuver a spacecraft from a fixed initial configuration
(Ri, w;) to a fixed final configuration (Ry, a)f) via a minimum energy path obeying state
and action constraints simultaneously, i.e., |w;| < d, |u;| < ¢ for all t. The optimal control
problem in discrete-time can be defined as

N-1 uz
minimize ¢ (u) = Z =
e }%5! pr

Riy1 = RiF(wy)
(4.2) Wis] = Wy + ]’lu, fOI'l‘ € [N - 1],

. |Mt| <c
subject to L2 n
j(wi-d*) <0 fort=1,....N-1,
(Ro, wo) = (R;, w;),

(RN, wN) = (Rf, wf) .

A set of first order necessary conditions for optimality for (4.2) is given by Corollary
2.7 as follows:
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4.1. First Order Necessary Conditions of optimality: Let (T) : R — s0(2)* be a vector
space homeomorphism. Define the Hamiltonian for the optimal control problem (4.2) as

50(2)* X R X SO2) x R X R 3 (f, &R w, u) N

2
(43) H'(0.& R w,u) = v"‘? +(Le (F (@), +&(w+ hu)
2
= v% +Zsin”! (hw) + & (0 + hu) € R

Let {ﬁ,}t’i 51 be an optimal control that solves the problem (4.2). Then there exist a state-

R N-1 . N

adjoint trajectory ({(g’, 5’)} 0 {(R,, wt)} 0) on the cotangent bundle sn(2)* x R* X
1= t=

SO(2) x R, covectors {,u’}?il C R* and a scalar v € {-1,0}, not all zero, such that the

following hold:

(i) State and adjoint system dynamics given by
O = AL et i & = F @) EF @) = 2,

7" = DY (86 Ry i) + ' Doogi (1)
h t
= —g + é“t + /Jt(ljt.

V1 - h2e,?

The state and adjoint system can be written as

{t—l — é*l
“4.4) adjoint 5’_1 _ __h +E + iy,
1-h2a3,2
(4 5) state ]%t+l = ]étF (a‘jt)’
: W41 = Oy + hidy,

(ii) Complementary slackness conditions given by:
(4.6) ,u’(a‘i,z—dz)zo forall t=1,...,N—-1,
(iii) Non-positivity condition given by:

<0 forall t=1,...,N-1,

(iv) Hamiltonian maximization pointwise in time, given by:
Y (€ Ruaii,) = max HY (86 Ruaw).
wel-c,c]

Remark 4.1. Note that, since the Hamiltonian is concave in u the non-positive gradient
condition, in this case, leads to the maximization of the Hamiltonian pointwise in time.

It follows that
i, = arg max HY (f’ & Ry, &y, w)»

we[-c,c]

w? .
= arg wg[l_ac)fc] (VT + ¢ hw) .
If v = —1 then
c if hé? > ¢,
4.7 Uy =4-c if h&' < —c,
hé! elsewhere.
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In the case of an abnormal extremal, i.e., v = 0,

if £ > 0,
48) i, = {C ire >

—c if & <0.

Remark 4.2. Note that the optimal control i, is the saturation function of the co-state h&?
when v = —1, and the control is bang-bang in the case of an abnormal extremal, i.e., v = 0.

The constrained boundary value problem (4.4)-(4.5) subject to boundary conditions
(Ro, wo) = (Ri, w;), (RN, wn) = (Rf, wy), the complementary slackness conditions (4.6)
and the state constraints |w;| < d fort = 1,..., N — 1, is solved using multiple shooting
methods[30].

Assume that a satellite has an inertia I = 800 kgm2 about the axis of rotation, and is
fitted with an actuation device capable of producing torque of the magnitude 20 Nm. The
attitude maneuvers of the satellite are subject to a maximum permissible magnitude of the
momentum of 70 Nms. The model of the satellite scaled to unit inertia has been considered
for the simulations with the following data:

sampling time (T") = 0.05 s,

maximum torque or control bound (c) = 25 mNm,
maximum momentum (d) = 87.5 mNms,

time duration (#ynax) can range between O s and 150 s.

For ease of representation of the initial and final orientations in figures, we denotes the
initial and final orientations with the rotation angle 6 such that

cos(6;) sin(6;)

Re=1\_sin(0,) cos(6,)

for 6; € [0,2x].

So, the initial and final configurations for the trajectories are defined by (6;, w;) and (6 W f)
respectively. Three maneuvers with different initial and final conditions have been simu-
lated:

o 71 : (0, wi)=(0°,0 Nms), (67, ws) = (90°, 80 mNms), 7y = 100 s,
e 73 :(0;, w;)=(0°,0 Nms), (6, ws) = (75°,0 Nms), t; = 19 s,
o 75 : (0;, wi)=(90°,0 Nms), (6, ws) = (265°,0 Nms), t; = 40 s.

The distinguishing feature of this approach is that the system dynamics is defined in the
configuration space in contrast to the local representation that enables one to find optimal
trajectories which need more than one chart for local representation, as shown in Figure
4a. The trajectory 7] admits all orientations on SO(2), and these can’t be represented on a
single chart. So, the local representation of the system dynamics cannot characterize such
optimal trajectories.
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w
A w = 0.0875

Control [mNms]

0 20 40 60 80 100

o

00
300 N
200 N
100 -

O | | | |
0 20 40 60 80 100

Time [s]

Orientation [6]

(A) energy optimal trajectory (B) Optimal control profile

Ficure 4. The state trajectory and the corresponding optimal control for
the maneuver 77.

The trajectories 72, 73 are shown in Figure 5a-6a, and their corresponding optimal control
profiles are shown in Figure 5b-6b. It is important to note that whenever the state constraints
are active i.e. |w;| = d, where ¢t € [IN], the control actions at such time instances will be
zero. The optimal control corresponding to the maneuver 7, saturates at the end points
in order to achieve the maneuver in a specified time, see Figure 5b. On the other hand,
the optimal control corresponding to trajectories 77, 73 does not saturate because the time

duration of these maneuvers is higher then the minimum time needed for such maneuvers
as shown in Figure 6b.

Y w=00875

Control [mNms]
=
|

-20 |
! ! !
0 5 10 15 20
= 80 T e
? 60 ‘f"“ 1
8 R\e
g 40 o .
S 20 -~ .
o 0 ke ! !
0 5 10 15 20
Time [s]
(a) Energy optimal trajectory (B) Optimal control profile

Ficure 5. The state trajectory and the corresponding optimal control for
the maneuver 7;.
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20 \ -
=20 - \

A w = 0.0875

Control [mNms]
o
I
|

\ \ \
0 10 20 30 40
— 300 T
FE: X LA
[=] .c-.-*"‘
-g 200 [ "o“*' N
< -
£ 100 pwe 1
o | | |
0 10 20 30 40
Time [s]
(a) Energy optimal trajectory (8) Optimal control profile

Ficure 6. The state trajectory and the corresponding optimal control for
the maneuver 73.

Remark 4.3. The conjunction of discrete mechanics and optimal control (DMOC) for
solving constrained optimal control problems while preserving the geometric properties of
the system has been explored in [28]. The indirect geometric optimal control technique
employed in our present article differs from the aforementioned DMOC technique on the
account that ours is an indirect method; consequently [38], the proposed technique is likely
to provide more accurate solutions than the DMOC technique. Another important feature
of our PMP is that it can characterize abnormal extremal unlike DMOC and other direct
methods. It would be interesting to develop an indirect method for solving optimal control
problems for higher-order geometric integrators.
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APPENDIX A. PrROOFS OF COROLLARIES 2.7 - 2.9.

A.1. Proof of Corollary 2.7.

Proof. In order to apply Theorem 2.5 to optimal control problem (2.10), let us define
the manifold Mg, in a neighborhood of (§y, Xn) € Mg, as a zero level set of a smooth
submersion. In other words, there exists an open set Og,,%y) € G X R’ containing
(gn, Xn) and a smooth submersion
Ogn.in) 2 (N, XN) = biin(gn, xy) € R ™77
such that
bin(0) = Oy 5n) N Min,
where my is the dimension of the manifold Mg,. So, the end point constraint is represented

in the neighborhood O, ¢, of the optimal point (G, Xn) as

(A.1) bfin (g, xn) = 0.
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Let us define the equality constraint (A.1) in the form of inequality constraints

(A2) gn (gn.xn) <0,

where

bfin (qN’ xN) ) c RZ(an’lX—mf)-

gn (N, xN) = (—bﬁn (an XN)

It is evident from (A.2) that gy (gn, xn) < 0if and only if b, (g, xn) = 0. Now applying
Theorem 2.5 to optimal control problem (2.10) with end point conditions defined by (A.2)
in addition to state inequality constraints on the end points leads to the following set of
conditions:

(i) (MP-i) holds,
(ii) The transversality conditions (MP-ii) can then be rewritten as d
(A.3)

Ty, Dy (PN_I) —vDgen (Gns En) = 1Y Dagn (Gns En) — 7 Dydn (Gn, %n) = 0,
ENTN—vDren (Gns #n) — 1Y Dign (Gns En) — 0 Dxgn (Gns In) = 0,

where (R"~)" 3 0 <0, and ny = 2 (ng + ny —my) . Using (A.2), the transversality
conditions (A.3) further simplify and written in compressed form as

(A4) (Tt;N (Dql_\ll (pN_1> ,fN_l) - VD(q’x)CN ((,?N, )%N)
— 1N Dig 09N (Gn: En) = (0 = 52) Digybsn (dn- En).
where

o= (01, .., Oy 2) and 0y = (Tpy 241 - - - Oy ) -

Note that the submanifold Mg, is locally embedded in G x R~ via the embedding bgp,.
Hence, it follows that [16, p. 60]

D(g.x)btin (Gn, Xn)v =0 forall v € Tigy 20)Miin,
and hence for a covector a € (R"*"x~"r)* we have
@Dy x)biin (Gn, Xn)v =0 forall v € Ty 20 Minie
which is equivalent to the following:
(A.5) Tionin) (G X R™) 3 @Dig x)biin (4N, N) L T, in) Miin-
So, the transversality conditions (A.4) with (A.5) leads to

{(1;, @ (N ENTY) = vD wen (v En) = 1Y Digngn (G EN) T L T in) Min-

N
(iii) (MP-iii) holds,
(iv) (MP-iv) holds,
(v) (MP-v) holds,
(vi) Suppose the adjoint variables {(¢, .f’)}iial, covectors {u’ }f\i, and the scalar v are all
zero. Then (A.4) modifies to
(A.6) (O’+ - 0'_) D(q’x)bﬁn (qu, )OCN) =0.

Since the map by, is a smooth submersion at (G, Xn), D(g,x)bn (§n, Xn) is full rank,
and therefore

(A7) (o —0-)=0.

In the case o = o— # 0, (A.6) leads to triviality, i.e., the half spaces

H™ = {0 € Ty (G X R™)| (0 D bin (dns £, 0) < 0}
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and
HY = {U € Tign.%n) (GxR™) i <O’+D(q’x)bﬁn (gns> XN), U> > 0}

are separable. Otherwise, contradicts non-triviality condition (MP-vi). So, the non-
triviality condition translates to the following:
the adjoint variables {(/7, £ )},Aif)l, covectors {u’ }fil and the scalar v are all not zero,

which completes our proof. O
A.2. Proof of Corollary 2.8.

Proof. Assume that the inequality constraints in Corollary 2.7 are given by
(A.8) GXR"™ 3 (q,x)— g (g, x) =-1€R
fort =1,..., N, the final cost is given by
GxR™ 3(q,x)— cy(g,x) =0€R,
and the fixed boundary point is an immersed manifold, i.e.,
Mg, = (Gn, Xn) € G x R™

Under these assumptions, applying Corollary 2.7 to optimal control problem (2.11) leads
to the following set of conditions:

(i) Note that D yg; (4r, %) = 0fort = 1,..., N, and that simplifies the state and adjoint

dynamics to

DeH (),

qi+1 = qr €
state e
Xep1 = DeH (¥4),
-1 _ * s R
adjoint {p = Ad p rg,) P1 TP, (DqHV (V1) )

(i) The manifold Mg, is a singleton. Hence
Tign.sn)Miin = 0,

and therefore the annihilator of the tangent space gy, in)Mfin in T ¢ (GxR™)
is Z}EN,)%N) (G x R™). So, the transversality conditions of Corollary 2.7 are trivially
satisfied.

(iii) Hamiltonian non-positive gradient condition:

(DL H (6,8, Gor v tiy) ,w — i) < 0 forall we U,

(iv) In view of (A.8) and the complementary slackness conditions of Corollary 2.7, we
obtain

u' =0 forall r=1,...,N.
The non-positivity condition of the Corollary 2.7 is trivially satisfied and the non-

triviality condition translates to the following:
adjoint variables {¢’, & },1161 and the scalar v do not simultaneously vanish.
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A.3. Proof of Corollary 2.9.

Proof. We first prove that there exist a unique representation of s, in the neighborhood
of e € G satisfying v (¢, ¢r, X;) = 0. Then the optimal control problem is posed in the
standard form (2.11) and necessary conditions are derived by applying Corollary 2.8.

Lemma A.1. If the map v, (-, qs, %) : O, C G — R™ is a diffeomorphism onto its image
for all feasible pairs

A, = {(q,, x;) € G X R™|{(qy, x,)}t]\io satisfying (2.6)} s
where O, is an open set in G containing e € G, then for a fixed ((g;, X;,),5;) € A X O,

there exist open neighborhoods N; of (G, X;,) in G XR™, R, of 5, in G, and a continuously
differentiable map k; : Ny — R; such that

St = K¢ (Qt’ xt)’ satisﬁes Ut (Kt (qt’ Xt), qh -xt) = 0

Furthermore, the derivative Dk; (G, %;) : T5,G X R™ — T5, G is given by

z)th (‘?t, X)) = —Dysv; (51, qr» fz)_l o qut 5+, qr» Xt)
and
Dk (G, X1) = —Dsv; (54, Gr» )_Ct)_l o Dyv; (51, G, Xz) -

Proof. See Appendix B.3. O

Let ({c?,, )‘Z,}tl\io, {L‘i,}f\ial) be an optimal state-action trajectory with {§,}ﬁ 61 c O,
such that v; (84, g, %) = 0 fort = 0,...,N — 1. Using Lemma A.l: there exist open
neighborhoods N; c G x R~ of (§;, %), R; € G of §; € O, and the maps «; : N; — R,
such that

st = ke (qr, %), satisfies vy (k¢ (qr, Xt), Ge, X¢) = 0.
Let us define
N =Ny X -+ xX Ny,
where Ny € G x R is a neighborhood containing (gy, Xy). Note that the system
dynamics in (2.12) is smooth in the control variables {u;, ;Ai 61. Therefore there exists a
number r > 0 such that state trajectories starting at (o, Xo) remains in A under all control
actions
(uo,...,MN_l) € 0 = 0()><~~-XUN_1,

where U, := (U, N B, (ii;)) ¢ R™, and B, (it;) is an open neighborhood of radius r
containing ;.

This leads to the representation of the optimal control problem (2.12) in the neighborhood
N x U of the optimal state-action trajectory as :

N-1
mini}r}vlge F(q,x,u)= Z cr (Ke (Ges Xt) 5 Grs Xt Uy)
Ut sp=0 =0
qr+1 = CIth(‘]t, X)
(A.9) Xt+l1 = ﬁ (Kl (qt, x,), q[, Xt, ut) fOI all t € [N - 1],
el
subject to e !

(40, x0) = (4o, %o),
(gn, xn) = (GN, EN),
Assumption 2.1.

Let us define the Hamiltonian function as in (2.13) and then applying Corollary 2.8 to (A.9)
will immediately leads to the following conditions: for

’)c}t = (ta §I’§t5 g‘t’ q°t5 )%tv ﬁt): lo}t = U(§t’ qot’ i‘t):
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and
p = (De (G i) 0 Te®yorg, ) (),
(i) State and adjoint system dynamics given by
Gr+1 = Gy eD{HV@’),
state § vy (8§, g, X¢) = 0,
X4l = Z)EHV (70’1)7
adioint {ptl = Az £+ Te®y, (DHY (70) = DY () 0 Dyt 0 D)
E7V = DHY (V1) — DsHY (31) © Dby ' o Dty
(ii) Hamiltonian non-positive gradient condition given by
(D.H (3;), 0 —1i;) <0 forall e U,.
Since the set U, is convex,
W =t +a(w—1;) € U; forany @ € [0, 1] and w € U,.
In particular, choosing
. {min{m,l} for w # i,
0 otherwise,
ensures that iz € Uy, and consequently,
(DH” (¥1),a(w—1t,)) <0 forall we Uy.
Since @ > 0, it follows that
(DH (1), w—1;) <0 forall weU,
and this proves the assertion.
(iii) Non-triviality condition given by:

adjoint variables {7, & ,1161 and the scalar v do not simultaneously vanish.

ApPENDIX B. PROOFs
B.1. Proof of Claim 3.2.
’ ’ N ’
Proof. Let ({(q,, xt)} o’ {u, ,IY 61) be a feasible state-action trajectory starting at (go, Xo) -
- =

If the state-action trajectory lies in the image of the diffeomorphism ¥, then it can be
represented by

(¢ ') = (wo@) .. .uwt)x'u’) e w )
for some (ql, x', u') € A, where 1]’ = (77;), e, nN) . Observe that there exists a unique

(n',xl,ul) e A with
776 =0, 77;” = (77;,,...,17;) for re[N-1],

My = (o' oe”! os,) (zﬂt (né):t),x,) for te[N-1],
and
e (TIE);;) =qo eo-_l(n(/’) ~~eg_l(n;) fort € [N — 1],
such that
¥ (I]/,x’, u’) = (q/, x, u/) .
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Notice that

n, €o(0) for tel[N],
because of the assumption (A-ii), i.e., s; (g, x;) € € (O) for all feasible pairs (g;, x;) . This
proves our claim. O

B.2. Proof of Claim 3.5.

Proof. We know that inseparability of convex cones is translation invariant. Therefore,
without loss of generality, we assume that Z = 0 € R"™. Define the subspaces

(+1)th factor
—

N N
L= {0}><(]R"q)x{O}x(]R"x)x{O}--- R™ ... {0} for re[N—1],

N factors
e ) ) o)
and convex cones
(¢+1)th factor
~ N N —_——
R = {0} x (IR"“) x {0} x (IR”X) X {0}~ QL(0) --- {0} for re[N-1]

N factors
. N N N
Ry = {0} x (]R”q) x {0} x (R"x) x ({0})
such that I?,Z e L, and Kz € Ly. Note that Zf\il L, = R™ and for L,V = ;\]:1,]'# L for
t € [N],
K'(0) = conv(L) UK%) fort € [N — 1]and  Kp(0) = conv(Ly, U Kp),

where conv(M) c R™ is the smallest convex set containing M c R"™. By [4, Theorem 7],
the family of convex cones K9(0), ..., K¥~1(0), Kz(0) are inseparable in R”". This proves
our claim. O

B.3. Proof of Lemma A.1.
Proof. Given a fixed feasible pair (g;, x;) € A;, the map
(B.1) (5 Grs X1) 1 O = 01(Oes G1> %)
is a local diffeomorphism. Let (U, @) and (V, B) be the local charts of the Lie group G at
5; € U and g, € V respectively, and subsequently define
UxXVXR™ 3(s,q,x) = ¢ (s,q x) = (a(s), B(q), x) € @ (U) X B(V) x R"™

So, the local representation of the map (B.1)

o(U) 3 (5) = () = (0 071 (6, @), T) € R™

is a diffeomorphism onto its image, and therefore D, (a(5;)) is invertible with 7, (a(5;)) = 0.

Using the Implicit Function Theorem [14, p. 100]: there exist neighborhoods AV; of
(B(g;), %) € R" x R"™, R, of a(5;) € R™, and a C' differentiable map &; : N; — R,
such that

8t = R (B(qr), x;) and (Uz ° <Pz_1) (81, B(qr), x;) = 0.
We know that the map
B(V) X R™ 3 (0, x) > 6(0, x) = (B (o), x) € Gx R™
is a diffeomorphism onto its image. Therefore, the sets N; =06 (/\7,) Cc GxR"™, R;:=
a~!' (R;) c G are open, and the map

N2 (g.2) 0 k(g ) = (@7 0 & 007 ) (g x) = s € R,
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represent s in terms of (¢, x) uniquely. In other words,

St = K (qr, x;) and v; (k¢ (gs, %1), G, %) = 0.

Taking the derivative of the equation v, («; (g¢, X¢), g¢, X;) = 0 with respect to x and g gives
the following results:

Dth (g1, xt) = =Dyv; (51, 15 xt)_l © qut (56> G X1)
and
Dk (G, X1) = =Dy (St G X¢) " 0 Doty (515 Gos Xe) -
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