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Abstract: In this paper we review Pontryagin’s Maximum Principle in its classical form, explain its geometric
content and formulate it in a way which applies to control problems on arbitrary manifolds. It is then shown
how this principle takes a particularly simple form in the case of left- or right-invariant control systems on Lie
groups. Finally, we describe various application examples (from areas such as continuum mechanics, spacecraft
attitude control and quantum spin systems) which show that the differential geometric version of Pontryagin’s
Principle allows one to obtain solutions for concrete problems not easily found in other ways. The presentation is
geared towards nonspecialists and strives to convey a feeling for the meaning and the applicability of the Maximum

Principle rather than to present technical details.
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1 Pontryagin’s Principle

Let us consider the simplest version of a control-
theoretical problem. We want to steer a dynamical

system
f(t),u(t), 1) ()

from a given initial state z(ty) = x¢ to a prescribed
target state x(t1) = x1 by appropriately choosing the
control function ¢ — u(t) which is at our disposal to
influence the system. Moreover, let us try to choose
u in an optimal way in the sense that 4 minimizes or
maximizes, amongst all admissible control functions,
a prescribed quantity

/t1
to

In concrete applications, we may want to minimize
the time it takes to complete a process or the energy
expenditure during a process, or we may want to max-
imize the effect of a medical treatment or the profit
resulting from a business strategy. (See [3]-[6] and
[12] for applications of Pontryagin’s Principle in eco-
nomics.) Let us assume that the objective is to min-
imize the functional (2), which is no loss of gener-
ality, as changing ¢ to —¢ converts a maximization
problem into a minimization problem. (At the time of
the discovery of Pontryagin’s Principle, optimization
problems where usually formulated as maximization
problems, and Pontryagin’s Principle was accordingly
called the Maximum Principle. Nowadays a more pes-
simistic mood prefers casting optimization problems

#(t) =

p(a(t), u(t),t)dt. 2)
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as minimization problems: one rather minimizes dam-
ages than maximizes profits.) Pontryagin’s Principle
yields a necessary condition for a control u to be opti-
mal. The formulation of this principle uses the Hamil-
tonian function

Hz,u,t,)) = oo, u,t) + (\ fz,ut) ()

and states that if ¢ — w«*(¢) is an optimally chosen
control and if ¢ — x*(t) is the resulting state trajec-
tory, then there is a function ¢ — A*(¢) such that the
triplet (x*, u*, \*) satisfies the system

o0H

a(t) = gy (@), ult),t, Alt))
5 = 2L ) @
and the optimization condition
H(2"(t), w"(t), ¢, \*(2))
= mJnH(x*(t),u,t,)\*(t)). Q)

Before we discuss the meaning of this theorem, let us
consider two simple examples.

Example 1 Insect pest. Consider an insect popula-
tion x with a known natural growth rate k. We want to
fight this population by using an insecticide. Denoting
by x(t) the size of the insect population at time t and
by u(t) the rate at which the insecticide is used at time
t, we obtain the dynamical system

B(t) = k-a(t) — ult). 6)
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Assume that at some initial time t = 0 the population
size xg = x(0) is known, and assume that at some
specified time T’ (for example the time of next year’s
apple bloom) the insect population should be eradi-
cated. Thus we want to choose u in such a way that
the resulting trajectory of (6) satisfies ©(0) = xo and
x(T) = 0. Moreover, we want to minimize the toxic
effect of the insecticide on the environment and ex-
press this by the condition that the functional

T
/ u(t)? dt 7)
0

should be minimized.

We show how Pontryagin’s Principle can be used
to solve this problem. We form the Hamiltonian

H(z,u,\) = u? 4+ Mkx — u) (8)
and supplement the system equation
(1) = ), u(t), ()
T = 5y @), ul),
= k-x(t) —u(t) ©)
by the adjoint equation
: 0H
At = =5 (@), ul®), AW®)
= —k-At). (10)

This adjoint equation has the general solution
At) = hoe ™ (an
Since u must satisfy the minimum condition (5), we
find that
1 N u

u(t) = =-At) = 5 € - (12)

Plugging this into the system equation (6) yields the
equation
Ao —kt

(t) = k-z(t) — 5 e (13)

which has the general solution
. /\O —kt )‘0 kt
x(t) = T + | zo — )€ (14)

The boundary condition z(7) = 0 yields \g =
4kzo/(1—e2kT). We have thus obtained a complete
solution:

Akzoe Kt
At) = 1 g2kT°
2kxekt
u(t) = 1 _ g—2kT°
_ _To —kt —2kT Kt
z(t) = T~ o=3kT <e —e e ) (15)
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‘We note that the Hamiltonian satisfies

—4k2x%e_2kT

[FEr=

H(x(t), u(t), A(t)) =

and hence is constant along the optimal trajectory.

Example 2 Rocket car. Let us denote by x(t) the po-
sition of a rocket car which can move along a straight
track, and let us denote by y(t) = @(t) the velocity
of this car at time t; the state of the car at time t is
then (z(t),y(t)) € R2. The force acting on this car is
u(t) = ma(t) where we normalize the mass tom = 1
for simplicity’s sake. Since the motor we use can pro-
duce only a limited force, we make the assumption that
|u(t)| < 1 forall t. Thus we consider the controlled
dynamical system

)| |y |0 1|{x(®) 0
i) =[] = [0 o [so ) 0 1]
a7
Assume that we want to steer the car from a given ini-
tial state (z(0),y(0)) = (zo,yo) to the target state
(0,0) in minimal time T. Thus we want to find a func-

tion t — u(t) satisfying |u(t)| < 1 for all t such that
the resulting trajectory of (17) with the initial condi-

tion (x(0),y(0)) = (o, yo) satisfies (x(T),y(T)) =
(0,0) in such a way that

T
T = / 1dt (18)
0
becomes minimal.

To apply Pontryagin’s Principle, we form the
Hamiltonian

H(z,y,u,p,q) = 14+ py+qu (19)

and complement the system equation (17) by the ad-
joint equations

p = —%—Im{ =0 and

. OH

q = _87 = —D- (20)
Y

These adjoint equations have the general solutions

p(t) = po, q(t) = —pot+q  (21)

which, when plugged into the minimization condition
(5), yield

u(t) = —sgn(q(t)) = —sgn(—pot +qo). (22)

Hence the optimal control u is necessarily a bang-
bang control, i.e., a piecewise constant function tak-
ing only the values £1 of maximal possible absolute
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= +1

value. Now for each of the functions wu(t)

(defined on some interval I C R) the general solu-
tion of (17) can be easily obtained; the trajectories
t — (z(t),y(t)) are arcs of the parabolas shown in
Figure 1 (where the red parabolas belong to u = 1,
the blue ones to u = —1).

Figure 1: Trajectories resulting from the controls © =
+1.

We now observe that, since t — —pot + qo iS
a (constant or) linear function and hence has at most
one sign change, (22) implies that u can switch at
most once between the values 1, which makes it
easy to find the optimal control. This optimal con-
trol depends on whether or not the point (xg, yo) rep-
resenting the initial state lies above, below or on the
switching curve y(x) = —sign(z)+/2|x| shown as a
dashed line in Figure 1. If (xq, yo) lies above this line,
we choose first u(t) = —1, follow the blue parabola
through (¢, yo) until we hit the red part of the switch-
ing curve and then switch to u(¢) = +1, maintain-
ing this control until we reach the point (0,0). If
(z0,yo0) lies below the switching curve, we start with
u(t) = +1, follow the red parabola through (z¢, yo)
until we hit the blue part of the switching curve and
then switch to u(¢) = —1, maintaining this control
until we reach the point (0,0). The switching times
can be easily computed as functions of (zg,yo). If
(20, yo) lies on the switching curve, no switch is nec-
essary, and the optimal control is a constant function.

2 Dynamical Systems on Manifolds

In the setting considered here, a dynamical system is
a differential equation

a(t) = fla(t), u(®), t) (23)

in which x(t) represents the system state at time ¢ and
in which the function © models an external influence
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which we can exert on the system in question (usu-
ally subject to various constraints). We first ignore
the question of specifying u to satisfy certain control
objectives, but simply assume that the function v has
been specified and hence can be subsumed into the ex-
plicit time dependence on the right-hand side of (23).
Classically, t — z(t) is a function with values in R”
(so that (23) represents a system of n ordinary differ-
ential equations for the functions x1, . .., z,), butif f

is a function with assigns to each point x € M of a
manifold M and each argument ¢ and u a tangent vec-
tor f(x,u,t) € T, M then we can interpret (23) as a
dynamical system on the manifold M ; see Figure 2.

Figure 2: Dynamical system on a two-dimensional
manifold (with three integral curves shown).

Example 3 Given A € R™*3 and b € R™, consider
the differential equation

#(t) = f(x(t))
f(z) = 2T AT (Az—b)x — AT (Az—0b)

where
(24)

on R3. Note that if t — x(t) is a solution of (24) then

(d/dt)(|l=]?/2) = ="
2T AT (Az —b) (272 — 1)
(1A2]* = (Az, b)) ([l]* — 1)

(25)

which shows that if ||z(to)|| = 1 for some time t( then
|x(t)|| = 1 forall t. Hence (24) can be considered as
a dynamical system on the two-sphere S*.

Example 4 With any vector w € R3 we can associate
the skew-symmetric matrix

0 —Wws w2
L(w) = w3 0 —wi (26)
—Ww?9 w1 0

which is defined in such a way that L(w)v = w X v
forall v € R3. Now let t — w(t) be a given function
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and consider the differential equation

g9(t) = L(w(t)) g(t)

on the space R3*3 of all real (3 x 3)-matrices. If
t — g(t) is a solution of (27) then

(d/dt)(g"g) = ¢ g+ 9" ¢
= ¢"(Lw)" + Lw))g =0

27

(28)

where the last equality holds because of the skew-
symmetry of L(w). Thus if g(to) is an element of the
rotation group SO(3) for some time to, then g(t) €
SO(3) for all times t, which shows that (27) can
be considered as a dynamical system on the rotation
group SO(3).

Let us assume that the control function w in (23)
has been chosen so that we may simply rewrite (23)
as #(t) = f(x(t),t). Given a point £ € M, consider
the initial value problem

@) = fla(t),t), x(s)=¢.

According to standard theorems on differential equa-
tions, this initial value problem has a unique solution
defined on some open interval containing the “initial
time” s; for each ¢ in this interval let ;5(§) the value
of this solution at time ¢. The function ¢ — 5(&)
is called the local flow associated with the dynamical
system (29); the function ;s maps the state at time s
to the state at time ¢ and hence can be considered as
a state transition operator. Obviously, ¢gs = idys and
Dtsts O Piot; = Pist, at all points for which the oper-
ators on both sides are defined. We now want to as-
sociate with each such local flow two other flows, one
on the tangent bundle 7'M and one on the cotan-
gent bundle 7*M of M. As a set, TM is simply
the union UpE v LpM of all tangent spaces of M,
whereas T M is the union (5, (T, M)* of the cor-
responding dual spaces; both T'M and T*M can, in a
natural way, be equipped with the structure of a man-
ifold, but we gloss over this fact here.

To start with, we note that for each smooth func-
tion f : M — N between manifolds and for each
point p € M there is a linear function f'(p) : T,M —
T¢(p)N which satisfies f'(p)v = (d/dt) f((t)) |i=0
where « is any curve in M satisfying «(0) = p
and &(0) v. (This map is called the lineariza-
tion of f at p. Loosely speaking, if we think of
v = dx as a small disturbance of p then the equation
f(p+0x)— f(p) = f'(p) dz holds in first-order ap-
proximation.) We apply this concept to the mapping
s and define the tangent flow on 7'M associated
with the flow ;s on M via

(29)

Dys(p,v) = (@us(p), P1s(P)V) (30)
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Figure 3: Geometric interpretation of the tangent flow.

where p € M and v € T, M. By dualization we can
also define the cotangent flow on 7% M via

\I/ts(pa A) = ((Pts(p)7 Ao (p:fs(p)_l) (3D

where p € M and A\ € (T, M)*. If we write the tan-
gent flow as ¢t — (x,v;) and the cotangent flow as
t — (x4, A\t), then t — A\¢(v) is constant, because

M(ve) = (As 0 @ts(0) ™) (Pha(p)vs) = As(vs).
(32)
(This condition actually characterizes the cotangent
flow associated with ¢4s.) Let us fix the initial time
s and let us write ¢.5(p) = x(t; p) (which is the inte-
gral curve of (29) originating at the point p). Then

a%pts(p) = &gpx(t;p) - %&x(t;p)
B 0
- %x(t;p) = a—pf(w(t;p),t)
) Ox(t;
= %(iﬂ(t;p),t)' wé;’p)
of

5y (Prs(P):1) - 91s(p). (33)
Hence if we enhance our original differential equation
(29) with the variational equation (33), we obtain a
dynamical system on T'M whose local flow is exactly
the tangent flow ®;s. We want to interpret this tangent
flow geometrically. Fix a point p € M and numbers
s and t and let ¢ := ¢y5(p). Then fix a tangent vector
v € T, M; we want to understand the meaning of the
tangent vector w := ¢} (p)v € T, M. (See Figure 3.)

To do so, choose any curve ain M with «(0) = p
and o/(0) = v. For each value u (close enough to
zero) let 7 — x(7;u) be the solution of the initial
value problem #(7) f(z(r),7), z(0) au).
Then S(u) = z(t,u) = vs(a(u)) is a curve in M
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with 3(0) = @is(p) = g and B'(0) = (d/du) |uco
pis(au) = @ (a(0)a'(0) = Glplv = w.
Loosely speaking, if we interpret the integral curves
of the original dynamical system as the paths of pieces
of cork floating in a stream, then the tangent flow can
be interpreted as the linearized version of the flow of
virtual “cords” with which the pieces of cork are con-
nected without influencing their individual motions.

The cotangent flow — being defined by dualiza-
tion and hence more algebraically than geometrically
— cannot be as easily visualized. It is convenient to
introduce the Hamiltonian

H(z,t,\) := A f(x,1)) (34)

where (z,\) € T*M and t € R. (Considering H
is simply a way of expressing everything that can be
said about the vector field f in terms of a real-valued
function and hence in a coordinate-free way.) Clearly,

oOH
a(l‘atv)‘) - f(:E?t) and
OH of

Sy @t e = )\(ax(x,t) -) - 35

Hence if ¢t — (x(t), A(t)) is a cotangent flow so that
t — A(t)(¢}s(p)v) is constant, we have

0 = A0 (4Au(0)0) + X0) (et )

= 30) (u(o)0) + 30 (G (n(r)0) - )

— A0 (eh(p) + 22

893 (Sots(p)v t? )‘(t)) (QOQS(Z))'U)

(36)

and hence A\(t) = —(0H/dz)(x(t),t, A(t)). This
shows that (¢, \¢) is a cotangent flow if and only if
the Hamiltonian equations

B = D01 A0)
i) = ~2lem.am) 6

hold. These equations define a dynamical system
on T*M whose flow is the cotangent flow associ-
ated with the given dynamical system on M. If t —
(z(t), A(t)) satisfies the Hamiltonian equations, then

L (at), 1, A1)

a
_ <‘LH ) 32+<a£
= Vo T T Vane
. OH .
= —<)\,JJ>+7+<)\,$>

ot
oOH
= S (@0).LAWD).

A)

(38)
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In particular, if we start with an autonomous dynami-
cal system & = f(x(t)) for which f does not explic-
itly depend on time then O H /Ot is identically zero and
hence, due to (38), the Hamiltonian is constant along
the trajectories defined by the cotangent flow.

3 Geometric Content of Pontryagin’s
Principle

The discussion in the second paragraph had seemingly
nothing to do with Pontryagin’s Principle or with con-
trolled dynamical systems in general. To make a con-
nection here, we first ignore the fact that we eventu-
ally want to consider the problem of finding a control
u which is optimal in some sense, but simply consider
an initial value problem

f(t), ult), 1),

where the control function u can be freely chosen
from a class U of admissible controls satisfying some
mild technical assumptions (members of U/ are re-
quired to be measurable and bounded, and U/ is re-
quired to be closed under concatenations and time
shifts). The dynamical system (39) is supposed to
evolve on some state space which may be an arbitrary
manifold. Once the control function u has been speci-
fied, the problem (39) has a unique solution which we
denote by x,,. Given any time ¢ > t(, we now consider
the reachability set

R(t) = {wu(t) | ueld)

i(t) = z(t)=a  (39)

(40)

which is the set of those states to which the system
can be steered at time ¢ by using an admissible control.
Since flows are local differmorphisms, it is easy to see
that if ¢ — x(t) is any trajectory of (39) such that z(¢)
lies in the interior of R(t¢) for some ¢, then x(7) lies
in the interior of R(7) for all 7 > t. Consequently, if
x(t) is in the boundary OR(t) of R(t) for some time
t, then x(7) must have been in the boundary OR(T)
of R(r) for all previous times 7 < ¢. (It helps to vi-
sualize the boundary OR(t) as a “wave front” evolv-
ing in time.) Now it can be shown that locally the
reachability set R(t) lies on one side of its bound-
ary, which implies that, at any given point x of OR(t),
there is a hyperplane through z (taken as the origin
of T, M) such that (a local approximation of) R(t)
is completely contained in one of the two half-spaces
defined by this hyperplane. Consequently, if a control
w* is such that the resulting trajectory z* = x,+ lies in
the boundary of R(t) for all ¢ (we call u* a boundary
control in this case), there is for each ¢ a linear form
p*(t) # 0 on Ty (4 M such that

pr () (f(z" (), t,u) — f(2"(t), £, u™ (1)) <O (41)
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F(x* (), t,u™ ()

f(x*(0),t,u)

R(t)

Figure 4: Support hyperplane to the reachability set at
a given time.

for all w € U. (See Figure 4.) This can be succinctly
rephrased by associating with the (time-varying) vec-
tor field f its control Hamiltonian H = Hy : T* M x
U X [tg,t1] — R defined by
H(z,pyu,t) = p(f(z,u,t)) (42)
whereu € U,z € M, p € (T, M)*). (Note that we
changed notation, denoting points in 7*M by (x, p)

rather than (p,\) as before.) Namely, (41) simply
reads

H(a(8), p* (£ (0),8) = H(x*(£),p*(1); u, 1)
(43)
for all w € U which shows that, at each ¢, the control
value u*(¢) maximizes the Hamiltonian amongst all
values u € U. (Of course p* can be replaced by —p*;
it is merely a matter of convenience whether we want
the Hamiltonian to be maximized or minimized.) To
understand the situation we can identify (7, M)*
with T« ;) M using an inner product and then visual-
ize p*(t) as a normal vector of the hyperplane in ques-

tion which points “outward”, i.e., away from R(t).
Now ¢ — p*(t) is a linear form floating along
with x*(t); in other words, ¢t — (a*(t),p*(t)) is
a cotangent flow as defined in the second chapter.
Thus the geometric content of Pontryagin’s Princi-
ple is readily revealed: the Hamiltonian equations
& = 0H/Op and p = —O0H/0zx which are valid
along an optimal trajectory simply express the fact
that ¢t — (z*(t),p*(t)) is a cotangent flow on T* M,
and the maximum (or minimum) condition expresses
the fact that (a local approximation of) the reachabil-
ity set R(t) of the given system is contained in one of
the two half-spaces defined by p*(¢). The transition
from this observation to Pontryagin’s Principle for the
solution of optimal control problems as spelled out in
the first paragraph is then accomplished by consider-
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Figure 5: Optimal trajectory of the original system
and associated trajectory of the augmented system.

ing the augmented system

[L‘(t) = f(x(t)vu(t)vt)a x(tO) = a,
To(t) = @(z(t),u(t),t), wzo(to) = 0, (44)
in which we introduced the running cost z((¢) :=

ftt o(z(s),u(s), s) ds as an additional state variable.
(IfI the original system evolves on M then the aug-
mented system evolves on M x R.)

The key observation is that if the control «* min-
imizes the cost and if z* is the resulting trajectory,
then all trajectories of the augmented system have
their endpoint on the half-line {x1} % [z{(t1),00),
which implies that (z*(¢1), 2(¢1)) lies in the bound-
ary of the reachable set of the augmented system. (See
Figure 5.) Thus there is an (augmented) cotangent
vector (p*(t), p§(t)) which maximizes the augmented
Hamiltonian

~

H((xer)a (p7p0)7u7t>
= <p> f(:z:,u,t)) +p090(x7 u7t)

Since (p, pp) must be outward-pointing, this implies
that pp must be nonpositive; in fact, strictly nega-
tive except in abnormal cases. Since the linear form
(p, po) is determined only up to a scalar multiple any-
way, we may assume that this linear form is normal-
ized in such a way that po(t) = —1. Using this con-
vention and writing —p instead of p, we see that Pon-
tryagin’s Principle for boundary controls, applied to
the augmented system, yields exactly the solution of
the optimal control problem given in the first para-
graph.

(45)

4 Control Problems on Lie Groups

Our geometric derivation immediately shows that
Pontryagin’s Principle is applicable not only to con-
trol problems on R™ (which is the classical setting),
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Figure 6: Equilibrium condition for elastica as a con-
trol problem.

but to control problems on arbitrary manifolds. In this
paragraph we want to present four application prob-
lems in which the state space is indeed not a Euclidean
space, but a nonlinear manifold (in fact, a Lie group),
and in which the key to the solution is the “geometric”
version of Pontryagin’s Principle.

Example 5 Euler’s theory of elastic beams. Euler
studied flexible rods or beams and asked into what
shapes they could be deformed. His main tool to
answer this question was Bernoulli’s insight that the
shapes of such rods are characterized by the fact that
the total squared curvature takes an extremal value
amongst all curves of the given length of the rod con-
necting the given endpoints and having specified tan-
gent directions at these endpoints. This led Jurdjevic
(see [7]) to recast the problem of elastica as an opti-
mal control problem.

We will carry out Jurdjevic’s analysis in the pla-
nar case and treat the rod as a curve s — (z(s), y(s))
parametrized by arclength and call ¢(s) the angle
which the tangent at the point (x(s), y(s)) makes with
the horizontal. Let us denote the tangent vector of the
curve by 7' (which is a unit vector, since the curve is
parametrized by arclength) and the normal vector by
N. (See Figure 6.) The tangent vector is given by

o] =[] e

and ¢'(s) k(s) is the oriented curvature of the
curve. Now let us introduce the matrix

T(s)

sinp(s) 0
cosp(s) 0
1

y(s)

cos ¢(s)
—sin p(s)
(s)

for which we find that ¢’(s) equals

47

g9(s) :

—¢'(s)sinp(s)  ¢'(s)cosp(s) 0O
—¢'(s)cosp(s) —¢'(s)sinp(s) 0| =
z'(s) y'(s) 0
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—k(s)sing(s)  k(s)cosp(s) 0
—k(s)cosp(s) —r(s)sinp(s) 0| =
cos ¢(s) sin (s ) 0
0 k(s) O cosp(s) sinp(s) 0
—k(s) 0 Of| —sinp(s) cosep(s) 0 [(48)
1 0 0 z(s) y(s) 1
Using the matrices
[ 0 1 0 0O 0 O
. 0 0 O 1 0 0
[0 0 0
Ey = 0O 0 O 49)
01 0
this can be succinctly written as
J(5) = (5(s)Bo + En)gls). (50)

We note that (50) is a dynamical system evolving on
the group G = SE(2, R) of planar motions, which we
represent as the matrix Lie group

G—{(UDT 2) yDes0(2,R),veR2} . (51)

Now specifying an initial point and an initial tan-
gent direction and an endpoint and a tangent direction
at the endpoint is tantamount to specifying matrices
go and g;. Using Bernoulli’s result that f 5)%ds
becomes minimal (where L is the given length of
the rod), this shows that the problem of elastica can
be recast as a problem in optimal control: Given
90,91 € SE(2,R) and L > 0, find a control func-
tion k : [0,L] — R such that the solution of (50)
which satisfies g(0) = go also satisfies g(L) = g1 and
minimizes the cost functional

/0 ¥ (e)ds.

Example 6 Spacecraft attitude control. The atti-
tude or orientation of a spacecraft (modelled as a
rigid body) is the matrix g € SO(3) whose columns
form an orthonormal frame rigidly attached to the
spacecraft, expressed in coordinates with respect to
a space-fixed frame.

(52)

If t — w(t) denotes the angular velocity of the
spacecraft then we have § = L(w)g where L is de-
fined as in Example 3 of the second paragraph. Writ-
ing

0
B, = 0
0
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By = |- (33)

O = O
S O =
S O O

this reads
G(t) = (w1 (t) By + wa(t)Es + w3(t)E3) g(t) . (54)

A common problem in spacecraft attitude control is
now to perform an attitude maneuver which moves
the spacecraft from rest to rest between a given ini-
tial attitude g(t9) = go and a prescribed target attitude
g(t1) = g1. Since it is sensible to try to perform such
a maneuver while keeping the overall angular veloci-
ties low, we consider a cost functional of the form

/t1 q(t) (w1 (t)? +wa(t)? +ws(®)?)dt  (55)

to

where ¢ is a positive function with ¢(t) — oo for
t — to and t — t; to ensure that w(tg) = w(t1) = 0.
(These conditions express that the spacecraft is at
rest both at the start and at the end of the maneu-
ver.) Thus we have arrived at an optimal control prob-
lem on the rotation group SO(3): Find control func-
tions ¢ — w;(t) such that the solution of (54) with
g(to) = go also satisfies g(¢1) = g1 and such that (55)
becomes minimal. (Note that the physically realizable
control variables in attitude control are not the angular
velocities, but the torques. However, once the angular
velocities are determined as the solutions of the opti-
mal control problem just described, we can use Euler’s
equations to determine the torques which effect these
angular velocities. This can be worked into a practi-
cally realizable attitude control algorithm; see [17].)

Example 7 Optimal parking of a vehicle. We con-
sider the problem of parking a car.With respect to a
fixed Cartesian coordinate system, we denote by (x,y)
the position of the car’s center of mass and by ¢ the
angle between the car’s axis and the horizontal; see
Figure 7. Moreover, we denote by u the velocity and
by w the angular velocity of the car. Then a simplified
model for the car kinematics is given by the equations

(407 i [0, gt =t
(56)

To exhibit the symmetry of this control system, it
is useful to recast it as a control system on the group
G = SE(2,R) introduced in Example 1. Associating
with each trajectory ¢t — (x(t), y(t), ¢(t)) of (56) the
trajectory t — ¢(¢) in G defined by

cosp(t) sinp(t)
—sinp(t) cosp(t)
() y(t)

0
g(t) == 0l, (57)
1
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y(®)

Figure 7: Geometry of the parking problem.

and carrying out a calculation completely analogous
to (48), we find that

9(t) = (w(t)Eo + u(t) E1)g(t) (58)

which is a control system on the Lie group G. We now
ask for the controls ¢ — wu(t) and ¢ — w(t) which
steer (58) from a given initial state g(tgp) = go to a
given target state g(¢1) = g; while minimizing a cost
functional of the form

t1
/ g(t)(au(t)® + Bw(t)?)dt (59)
to

with a given function ¢ : (fo,t1) — (0,00) with
q(t) — oo fort — to and t — t; and given posi-
tive constants «, 5 € R. (A typical choice would be
the mass of the vehicle for a and its moment of inertia
about the z-axis for 3.)

Example 8 Control of a quantum spin system. The
spin of a quantum-mechanical system can be de-
scribed by a vector

[g] - M +h m (Jaf? +[8* = 1) (©60)

where |a|? and |B|? can be interpreted as the proba-
bilities for the spin to be in either of the two possible
states after a measurement is performed. The transi-
tion of a single quantum bit through a quantum gate
can thus be described by a unitary transformation,
and the evolution of a quantum spin system acting on
a single quantum bit is governed by the Schrodinger
equation

Ut) = (c()A+u®)X +v)Y)U{t)  (61)

where

Il
| — |
-~
|
= O
—_
Il
1
_= O
|
O =
_

~
o
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and where ¢, u and v are functions of time describing
the temporal variations of the external field.

In [9] we studied the situation that ¢ — u(t) and
t — wv(t) are treated as control variables whereas ¢
is a constant (so that cA is a drift term in the system
dynamics). There are two sensible control objectives
in this situation. We can either try to find a time-
optimal control under given energy bounds, i.e., we
try to transform an initial state U (0) = Uy into a spec-
ified target state U1 in minimal time under given con-
straints of the form u? +v? < 1 or max{|ul, |v|} < 1;
or we can try to achieve the transformation from Uy to
U, in a given time T" while minimizing the energy ex-
penditure

/ C @) + o)) de. 63)
0

In both situations we have an optimal control problem

on the special unitary group
_g] | a,c€C,|a*+ |c|* = 1} .

a
C
(64)

All four problems have the same mathematical
structure: The state space is a matrix Lie group G,
and the system dynamics are given by an equation of
the form

SU(2) =

g(t) =U(t)g(t) with

m n

Ult) =Y wt)Ei+ Y wk
=1

i=m+1

(65)

where (F1,...,FE,) is a basis of the Lie algebra
L(G), where the functions wuy,...,u, are control
variables and where w11, . . ., u, are constants (rep-
resenting drift terms in the system dynamics). We
note that each system of the form (65) is right-
invariant in the sense that if ¢ — g¢(t) is any solution
then so is t — g(t)x for any fixed element x € G.
Since for a Lie group G the cotangent bundle 7T*G
can be identified with the direct product of G with its
Lie algebra, the Hamiltonian equations can be written
down in a very explicit way, which allows Pontrya-
gin’s Principle to be applied in a way which is much
easier than on an arbitrary manifold. This will be elab-
orated in the next paragraph.

S Lie Group Version of Pontryagin’s
Principle

Recall that the Lie algebra of a matrix Lie group G' C
R™ ™ is given by

L(G) = T.G = {X € R™ | exp(RX) C G}
(66)
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where the exponential function for matrices is given
by the usual exponential series. The tangent space of
G at an arbitrary element g € G can be identified with

T,G={Xg| X € L(G)}. (67)
Consequently, each element A € (T,G)* is associated
uniquely with an element p € (T.G)* = L(G)* such
that A(Xg) = p(X) for all X € L(G), ie, A(Y) =
p(Yg!) forall Y € T,G. This can be succinctly
expressed as

(T,G)* = {poR(g™") | p € L(G)*}

where, for each u € G, we denote by R(u) the right-
multiplication X +— Xwu. It is a crucial fact that T.G
is not simply a vector space, but has an additional al-
gebraic structure; namely, it is closed under the Lie
bracket

(68)

[A,B] := AB — BA. (69)
Now given an initial value problem
9(t) = U)g(t), 9(s) = g0 (70)
with associated flow
pis(90) = 9(t; 90), (D)
the variational equations are given by
d , d
g Pis(90) = o agog( 190) = 5 Odtg( ; 90)
0 0
= ——g(t;90) = =—U(t)g(t;
agog(  90) 990 (t)g(t; go)
0
= U(t)5—9(t; 90) = U(t)1s(g0) (72)
990

Now if (g, A¢) is a cotangent flow associated with
(70) and if X € L(G) is a fixed element, then, as
we saw in the second paragraph, the function

t = A(t) (¢hs(90) X 90)
= p(t) (¢1s(90) X gog(t)™")

is constant. Since the derivative of

£(t) = #s(g0)Xgog(t)™"

(73)

(74)
is
d Xgog(t)™!
<dt90ts(90)> 9o09(t)
/ d _
+¢45(90) X g0 <dt9<t) 1)

= U(t)¢hs(90) X gog(t) ™"

—¢t(90) X g09(t) T g(t)g(t) ™t (75)
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so that

[U(#),&(1)],

the condition that ¢ — p(t)(£(¢)) is constant implies

that 0 = p(&) + p(§) = p(§) + p([U, £]) for all £ and
hence that

(76)

B(t) = —p(t) 0 ad(U(£))
where ad(A)(B) := [A, B] = AB — BA defines the
adjoint representation of the Lie algebra L(G). Hence
in the case of right-invariant systems on Lie groups
the adjoint equation becomes a differential equation
on the dual of the Lie algebra of (G. The explicit
form (77) of the adjoint equation will allow us to solve
all four control problems described in the examples
above.

(77)

Example 9 Euler’s theory of elastic beams. Since
U = kEy + E\, the adjoint equation p = —p o ad(U)
means that

pE; = —p([U, Ei])

= —rp([Eo, Ei]) — p([E1, Ei])  (78)
fori =0,1,2. Using the bracket relations
[E07E1] = _E27 [E07E2] = E17 [E17 EQ] =0
(719)

and writing p;(t) := p(t)E; for all i, the equations
(78) become

Do = —P2, (80)

P1 = Kp2, P2 = —Kp1.

Since the optimal control x minimizes the Hamil-
tonian H = x% + p(U) = x% + p(kEy + E1)
k% 4+ Kkpo + p1, we have 2k + py = 0 and hence
po = —2k; thus the first equation in (80) becomes
p2 = 2k. Plugging this into the other two equations

in (80) results in

P1 = 2KkK, 2K = —Kp1. (81)
The first of these equations can be integrated to yield
pL = k2 + ¢1 for some constant ¢;; the second equa-
tion then becomes 2 = —x3 — ¢1k. This last equa-

tion, after being multiplied with &, becomes

d .9 d Kz4 Cl 2
— =—-———-—= 82
ds(H) ds( 4 2 (82)
so that
4
2_ kG o
K 1 2& + co (83)
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for some constant cp. This differential equation de-
scribes the possible shapes of elastica; it can be solved
in terms of elliptic integrals. Solving for & intro-
duces a constant of integration c3; hence there are
three free parameters in the solution. Given the end-
points and the tangent directions at the endpoints
of the rods, these three constants are determined by
matching the solution of the initial value problem
¢ = (kEyg + E1)g, g(0) = go with the endpoint con-
dition g(L) = g¢1, which works generically because
SE(2,R) is a three-dimensional group.

Example 10 Spacecraft attitude control. Since
U = Zl?::l wiEy, the adjoint equation p = —p o
ad(U) yields
3
PE: = p([U,E)) = = > wip([Bx, Ei])  (84)
k=1
for k =1,2,3. Using the bracket relations
[Er, Ep] = E3, [E2,E3] = Fi,
[E5, Er] = E» (85)

and writing p;(t) := p(t)E; for i = 1,2, 3, this be-
comes

D1 waop3 — wW3p2,
P2 = —wip3 + wsp1,
P3 =  wWiP2 — wWapi. (86)

Since the optimal angular velocities w; minimize
the Hamiltonian H = q(w%+w%+w§)+w1p1 +wopo+
wsps3, we have 2qw; + p; = 0 and hence p; = —2quw;
for 7 = 1,2,3. Plugging this into (86) shows that
wi(t) = ¢;/q(t) for some constant ¢;. The constants
¢; are then found by solving the differential equation
g(t) = ((c1B1 + caFa + c3E3)/q(t))g(t) with the
boundary values g(ty) = go and g(t1) = g1. (See
[13]-[16] for details.) Modifications are possible, for
example for underactuated spacecraft or in the pres-
ence of state constraints; see [18] and [19].

Example 11 Optimal parking of a car. Here we
have U(t) = w(t)Eo + u(t)E1. The adjoint equation
p = —poad(U) results in

p(H)Ey = —w(t)p(t)([Eo, Eol)
—u(t)p(t)([E1, Eo)),

p(t)E1 = —w(t)p(t)([Eo, E1])
—u(t)p(t)([E1, Er),

p(t)E2 = —w(t)p(t)([Eo, Fa])
—u(t)p(t)([E1, E2)). 87)
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Writing p;(t) := p(t)E; and observing the bracket
relations

[Eo,E1\] = —Ey, |[Ey, Es] = Eu,
[Eq, Es] =0, (88)

this becomes

do = —uq2, {1 =wp2, (2= —wq. (89)

Since v and w must minimize the Hamiltonian
H = glau®+ puw?) + p(wEy + uF)
= q(au® + Bw?) +wpo +up1,  (90)

we have pg = —2fqw and p1 = —2aqu. Plugging
this into (89) leads to a system of differential equa-
tions which can be explicitly integrated in terms of
elliptic functions; see [8] for details.

Example 12 Control of a quantum spin system.
The Lie algebra of SU(2) is generated by the elements

? 0 0 -1

which satisfy the bracket relations

[X,Y] = —24. 92)

The adjoint equation p = —poad(U) is equivalent
to the three equations
(t)
(1)
(t)

Writing a(t) := p(t)A, z(t) := p(t)X and y(t) :=
p(t)Y this means

s

—p(t)(2u()Y — 2v(t) X),
—p(t)(—2cY + 2v(t)A),
—p(t)( 2c¢X —2u(t)A). (93)

S|
<~ ™
Il

3

a 0 v —u a
| =2|—v 0 c T 94)
i u  —c 0 Y

which is an equation on the rotation group with con-
stants coefficients which can be explicitly solved.
(See [9] for details.) As a result, the energy-minimal
control is found to be of the form

u(t) = —rcos(pg—2(c+ a)t)
v(t) = —rsin(pg — 2(c+ a)t) (95)
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whereas the time-optimal control under the constraint
u? + v? < 1is found to be of the form

u(t) = —cos (@0 —2(ec+ %)t) ,
v(t) = —sin (cpo — e+ %)t) . 96)

In each case, the constants can be found from the pre-
scribed boundary conditions. For more details and
further results see [9].

6 Summary

We formulated Pontryagin’s Principle for optimal
control problems with prescribed target states and
demonstrated its use in two simple examples. Then
we introduced the differential-geometric ideas and
concepts necessary to explain the geometric meaning
of Pontryagin’s Principle. In particular, the Hamilto-
nian equations were realized to be the equations of the
cotangent flow associated with the original dynamical
system. These equations become particularly simple
for invariant control systems on Lie groups, because
for such systems the adjoint equation can be formu-
lated as a differential equation on the dual of the asso-
ciated Lie algebra. Four examples were given which
show that the abstract machinery developed can be
successfully used to solve concrete application prob-
lems. These examples encompassed Euler’s theory of
elastic beams, spacecraft attitude control, the optimal
parking of a car and the control of quantum spin sys-
tems.
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