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DOUGLAS-RACHFORD ALGORITHM
FOR CONTROL-CONSTRAINED MINIMUM-ENERGY CONTROL
PROBLEMS
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Abstract. Splitting and projection-type algorithms have been applied to many optimization problems
due to their simplicity and efficiency, but the application of these algorithms to optimal control is less
common. In this paper we utilize the Douglas—Rachford (DR) algorithm to solve control-constrained
minimum-energy optimal control problems. Instead of the traditional approach where one discretizes
the problem and solves it using large-scale finite-dimensional numerical optimization techniques we split
the problem in two subproblems and use the DR algorithm to find an optimal point in the intersection
of the solution sets of these two subproblems hence giving a solution to the original problem. We derive
general expressions for the projections and propose a numerical approach. We obtain analytic closed-
form expressions for the projectors of pure, under-, critically- and over-damped harmonic oscillators. We
illustrate the working of our approach to solving not only these example problems but also a challenging
machine tool manipulator problem. Through numerical case studies, we explore and propose desirable
ranges of values of an algorithmic parameter which yield smaller number of iterations.
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1. INTRODUCTION

Linear-quadratic (LQ) control problems are an important class of optimal control problems with a quadratic
cost (or objective) functional to minimize subject to linear differential equation constraints describing the
dynamics — see for theory and applications [1-7]. In this paper we will study applications of projection methods
to solving the minimum-energy control of pure, under-, critically- and over-damped harmonic oscillators, as well
as a machine tool manipulator, which are all examples of LQ control problems. In fact, in all these applications
we impose constraints on the control variable which makes the problems computationally challenging, justifying
a novel implementation of projection methods. For the quadratic objective functional, we consider the square
norm of the control variable throughout the paper. These problems are what we refer to as minimum-energy
control problems?.
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1Tt must be stressed that we are not necessarily minimizing the “true” energy of for example a harmonic oscillator per se from a
physics point of view. Rather, we are concerned with minimizing the “energy of the control or signal” or the “energy of the force”.
Elaboration of this subtle difference in the terminology can also be found in [8], Section 6.17, [9], [10], Section 2.9, Section 5.5 and
[11], p. 118.
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Projection methods are an emerging field of research in mathematical optimization with successful applica-
tions to a wide range of problems, including road design [12], protein reconstruction [13], sphere packing [14],
sudoku [15], graph colouring problems [16] and, radiation therapy treatment planning [17]. These methods have
chiefly been applied to discrete-time optimal control problems [18], but there has been little or no research into
applications to continuous-time optimal control problems, except recently in [19] by Bauschke, Burachik and
Kaya. In [19] various projection methods are applied to solve the energy minimizing double integrator prob-
lem, where the control variable is constrained, with promising results. The numerical experiments show that
projection methods outperform a method employing direct discretization even in solving this relatively simple
optimal control problem.

The aforementioned direct discretization approach is to first discretize the problem, typically using a Runge—
Kutta method such as the Euler or trapezoidal methods, and then apply finite-dimensional optimization software
(for example, AMPL [20] paired with Ipopt [21]) in order to solve the resulting large scale discrete-time optimal
control problem. We aim to show the merits of the Douglas—Rachford (DR) algorithm, a popular projection
method extended to solving optimization problems. In particular, we aim to solve LQ control problems, which are
much more general than the double integrator problem, and compare the DR algorithm with direct discretization.

The approach in this paper exploits the structure of LQ control problems to obtain advantages, just as
the approach in [19] does the same with the simple double integrator problem. In our approach we split the
constraints of the original LQ problem into two sets: one contains the ODE constraints involving the state
variables, and the other contains box constraints on the control variables. These sets are subsets of a Hilbert
space, the first one of these subsets constituting a closed affine set (see Cor. 3.5) and the second one a closed
and convex set. We define two simpler optimal control subproblems for computing projections, one subject to
the affine set and the other to the box. Solutions to these subproblems yield the projectors onto each of the two
sets.

The main contributions of this paper are as follows.

e We derive a general expression for the projectors onto the affine and box sets of the minimum-energy
control problem. (See Thms. 3.4 and 3.7).

e We obtain closed-form analytical expressions for the projectors of the special problems whose dynamics
involve pure as well as under-, critically- and over-damped harmonic oscillators. (See Cors. 3.12-3.18,
resp., for projections onto the affine sets of each case, and Corollary 3.10 for projection onto the box).

e The projector expression in Theorem 3.4 necessitates the knowledge of the state transition matrix as well
as the Jacobian of the near-miss function of the shooting method. For the case of general minimum-energy
control, we present a computational algorithm (namely Alg. 5.1) for constructing the state transition
matrix and the Jacobian and thus finding a projector onto the affine set which in turn can be used in
general projection algorithms.

e We illustrate the working of Algorithm 5.1 and Theorem 3.4 in the DR algorithm. The DR algorithm
is applied to solving not only the above-mentioned example problems but also a challenging machine
tool manipulator example problem. These problems should furnish a class of test-bed examples for future
studies.

e Selection of an algorithmic parameter plays an important role in the performance of the DR algorithm.
Through case studies, by means of the test-bed examples listed above, we explore and propose the ranges
of values of this parameter with which the algorithms seem to converge in a smaller number of iterations.

We note that Corollary 3.9, which provides an analytical projector expression in closed-form for the double
integrator problem, was originally derived in [19], Proposition 1. Nevertheless, in this paper, we show that this
expression can also be obtained using direct substitutions of the state transition matrix and the Jacobian into
the general expression in Theorem 3.4.

For all the above-mentioned example problems we perform numerical experiments and compare the perfor-
mance of the DR algorithm by also using the optimization modelling software AMPL paired with the interior
point optimization software Ipopt. In these experiments we observe that not only is the DR algorithm more
efficient, i.e., it can find a solution in a much smaller amount of time, than the AMPL-Ipopt suite, but also
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that Ipopt sometimes fails in finding a solution at all. We also compare the errors in the control and state
variables separately. These cases for different problems are tabulated altogether for an easier appreciation of
the conclusions we set out.

The paper is organized as follows. Section 2 contains necessary background and preliminaries on minimum-
energy control problems and optimality. In Section 3 we derive the projectors for a general minimum-energy
control problem as well as some specific cases. Section 4 presents the DR algorithm that we apply in Section 5.
Section 5 provides a numerical approach for obtaining the projector onto the affine set when it is not possible
or convenient (due to length) to use an analytical expression. This section also contains numerical experiments
comparing the performance of the DR algorithm with a direct discretization approach, as well as an exploration
of (in some sense) best values of the parameter of the DR algorithm. Section 6 contains concluding remarks
and open problems. In the appendix we provide the detailed proofs of the projectors onto the affine set for the
harmonic oscillator problems.

2. MINIMUM-ENERGY CONTROL PROBLEM

In this section we introduce the theoretical framework as well as the optimal control problem we study. We
derive the necessary conditions of optimality for the problem via Pontryagin’s maximum principle, which will
be instrumental in the derivation of the projectors. We also split the constraints of the problem into two sets
which facilitate the projection method we will study.

Before introducing the optimal control problem we will give some standard definitions. Unless otherwise
stated all vectors are column vectors. Let £2([to, t¢]; RY) be the Hilbert space of Lebesgue measurable functions
z: [to, tf] — RY, with finite £2 norm, namely,

t5 1/2
L£2([to, 1) RY) = {Z tlto ty] = RY| 2]z = (/t IIZ(t)IIth> < OO},

where || - || is the ¢ norm in R?. Furthermore, W'2([to,t7];R?) is the Sobolev space of absolutely continuous
functions, namely

Wl’z([t()vtf];Rq) = {Z € £2([t07tf];Rq) ‘ Z= dz/dt € ﬁz([t()vtf]’Rq)} )
endowed with the norm
zlwrz == (27 + 121%2) 2.

With these definitions we define a general minimum-energy optimal control problem, which is an LQ control
problem, as follows.

1 [t
min f/ u(®)]|? dt
2/

) subject to  &(t) = A(t)x(t) + B(t)u(t), x(to) =xo, x(ty) =xy,

u(t) e U CR™, =z(t) e R, Vit € [to,ty].
The state variable x € WY2([tg, t¢]; R™), with z(t) := (z1(f),...,z,(t)) € R™, and the control variable u €

L2([to, te; R™), with u(t) := (u1(t),...,um(t)) € R™. The set U is a fixed closed subset of R™. The time
varying matrices A : [to,t;] — R™*™ and B : [to, t;] — R™*™ are continuous. The initial and terminal states are
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given as zp and xy respectively. Note that, for every ¢ € [to, ], we can write
B(t)u(t) =Y bi(t) us(t),

where b;(t) € R", i =1,...,m, is the ith column of B(t). We note that, when (P) is feasible, it has a unique
solution due to the strong convexity of the objective function.

We assume that (i) the dynamical system in (P) is controllable, i.e., by choosing a suitable unconstrained
control variable u(-), one can drive any initial state xo to any other terminal state z¢, (ii) Problem (P) is
feasible, i.e., the constraint set of Problem (P) is nonempty and (iii) Problem (P) is normal, i.e., Pontryagin’s
maximum principle does not become degenerate and fail to provide information on optimality.

2.1. Optimality conditions

In this section, we use Pontryagin’s maximum principle to derive the necessary conditions of optimality for
Problem (P).

Various forms of Pontryagin’s maximum principle can be found, along with their proofs, in a number of
reference books — see, for example, [22], Theorem 1, [23], Chapter 7, [24], Theorem 6.4.1, [25], Theorem 6.37,
and [26], Theorem 22.2. We will state Pontryagin’s maximum principle using notation and settings from these
references. We start by defining the Hamiltonian function H : R™ x R™ x R™ x R X [tg,ts] — R for Problem (P)
as

H(x(t), u(t), A(t), Ao, t) := %Il’w(t)ll2 +A®)T <A(t)x(t) + Z bi(t) ui(ﬂ) ;

where the adjoint variable vector A : [to, ty] = R™, with A(t) := (A1(¢),..., A (t)) € R™ and A is a real constant.
For brevity, we use the following short-hand notation,

Hlt] := H(z(t), u(t), A(t), Ao, T).
The adjoint variable vector is assumed to satisfy the condition (see e.g. [23])
A(t) == —H,[t] = —A(t)"A(t) (2.1)

for every t € [to,ts], where H, := 0H/0x. Suppose that the control set U is a box in R™, i.e., U = [—a1, a1] X

<X [=@m, @], a; > 0for i =1,...,m, and that the pair (z,u) € WH2([to, t¢]; R™) x L?([to, t]; R™) is optimal
for Problem (P). Then Pontryagin’s maximum principle asserts that there exist a real number A\g > 0 and a
continuous adjoint variable vector A € W2([to, t;]; R") as defined in Equation (2.1), such that A(t) # 0 for all
t € [to,tf], and that, for all ¢t € [to, ty],

u;(t) = argmin H (z(t), u1(t), ..., Vi« oy um (), A(E), Ao, t)

[vi|<a;

— ;Trglgnp % (ur () + ...+ 07+ um(t)?)
+ M) (AW z(t) + by () ur () + ...+ bi(t) vi + ... A by () um (1))
= argmin % v? 4+ N (8) b (t) v, (2.2)

[vi|<a;
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for i =1,...,m. We ignored all terms that do not depend on v; to arrive at equation (2.2). If a; = o0, i =
1,...,m, i.e., if the control vector is unconstrained, then (2.2) becomes
Hy,lt] =0,
Xoui(t) + bi(t)"A(t) = 0, (2.3)
i =1,...,m. We assume that the problem is normal, i.e., A\g > 0, so we can take \g = 1 without loss of
generality. Then (2.3) can be solved for u;(t) as
wi(t) = —bi(t)" A1), (2.4)
for i =1,...,m; or using the input matrix B(t),
u(t) = —B(t)T\(t). (2.5)

With the box constraint on wu(t), one gets from (2.2)

ag, if b} (H)A(t) < —ay,
ui(t) = < —bI (), if —a; <BT ()N (E) < aiy (2.6)
—aj, if BT (HA(t) > a;,
for all t € [to,tf], i =1,...,m
Recall that the state transition matriz ® 4(t,to) of &(t) = A(t) x(t), also referred to as the resolvant matriz,
is the unique matrix such that z(¢t) = ®4(¢,to) x(to) — also see [27] for further details and the properties. Then

from [28] the solution of the initial value problem z(t) = A(t)x(t) + B(t)u(t), x(t9) = o, in Problem (P) can
simply be written as

(1) = altsto) T0 + /t At 7) B(r)u(r) dr. 2.7)

Similarly, equation (2.1) can be solved as A(t) = ®_47)(t,%0)\o, or by using the identity ®_ 47)(t,t0) =
D 4(to,t)T [27], Property 4.5,

A(t) = @a(to, )" o (2.8)

When q; is small enough so that the control constraint is active it is usually impossible to find an analytical
solution for (P), hence the need for numerical methods.

2.2. Constraint splitting

We split the constraints into the two sets given below.

A= {“ € L3([to, t7];R™) | Iz € WH2([to, t]; R™) which solves
i(t) = At)z(t) + B(t)u(t), x(to) =wz0, x(ty) =wzy, Vt € [to,ts]}, (2.9)

B:={ue L([to,ts;R™) | — a; < ui(t) < az, VEE [to,ts],i=1,....,m}. (2.10)
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The set A is an affine space and contains all the feasible control functions from (P) where the control function
is unconstrained. The set B is a box which contains all the control functions with components u; that are
constrained by —a; and a; (where each a; is positive). These two sets form the constraint sets for our two
subproblems. The reason we split the original problem into two subproblems is because they are much simpler
to solve individually so we can derive analytical expressions.

Recall that we assume the dynamical system in (2.9) is controllable, i.e., that there exists some control u(-)
with which the system can be driven from any zo to any other x ¢ (see [27]), so that A # (). We also assume
that AN B # (), namely that Problem (P) is feasible.

3. PROJECTORS

In this section we give the projectors onto the sets A and B for a general problem (P) followed by the
projectors for some specific problems, namely the double integrator, pure harmonic oscillator and (under-,
critically- and over-) damped harmonic oscillator.

3.1. Projectors for general minimum-energy control

Now that we have the constraint sets, we need to define the subproblems. First, recall that the projection
Po(x) of a point x onto C is characterized by Po(xz) € C and, Yy € C, (y — Po(z)|z — Po(z)) < 0 [29],
Theorem 3.16. In our context, the projection onto A from a current iterate ™~ is the point u which solves the
following problem.

! 1/Wn<w @2t = 2w — w2
min — u — U = —[lu—Uu 2
(P1) 2 /i, 2 £

subject to  u € A.

The projection onto B from a current iterate u~ is the point u which solves the following problem.

min 2o -2
(P2)
subject to  u € B.

First we provide a technical lemma.

Lemma 3.1. Given the n x n matriz A(t), consider the n® x n? matriz A(t), defined as

where 0 is a zero matriz of appropriate size, and the matriz A(t) appears repeatedly (n times) in diagonal blocks.
The state transition matriz of A(t) is the n? x n? matriz defined as
‘I)A (ta to) 0

g(t,to) = , (3.1)
0 Qa(t,to)

)
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where ® 4(t,tg) (the state transition matriz for A(t)), appears repeatedly (n times) in diagonal blocks, where all
other elements are zero.

n

Proof. Suppose that ®4(¢, o) is the state transition matrix of y;(t) = A(¢) y:(¢), i = 1,...,n, where y;(t) € R™.
Suppose that y;(to) = vi0, ¢ = 1,...,n, are the initial conditions. By the definition preceding (2.7), v (t) =
D 4(t,t0) ys0 for i = 1,...,n is the unique solution. Then with y(t) := (y1(t),...,yn(t)) € R", we get §(t)
A(t)(t) and in turn ® ;(t,to) is as required by (3.1) in the lemma.

ol

Theorem 3.4 further below furnishes an expression for the projector onto A. Even though the proof of this
theorem uses a classical shooting technique and broadly follows steps similar to those in [19], Proposition 1, the
case considered in Theorem 3.4 is more general. To simplify presentation, we establish next a technical result
involving the shooting concept.

Lemma 3.2. Fiz u~ € L([to,ts]; R™) and consider the following initial value problem

Z(t, Xo) A(t)2(t, Xo) + B(t) [u™(t) — B(t)" @alto,t)" o] ,

(3.2)

z(to, o) = o,

where the dependence of the solution z(-, Ado) on the parameter Ao has been made explicit and, with a slight abuse
of notation, z(t, \g) := 0z(t, Ag)/0t. Then,

(1) z(ty,-) is affine (i.e., z(ty, Xo) is affine in the variable Ao). In particular, its partial derivative w.r.t. Ao is
a constant n X n matriz, which we denote as 0z(tf,0)/0\o. 7
(i) Let z(-,0) be the solution of (3.2) when Ao = 0. Consider the solution \ of the linear system

Lzét){o’ O)X =Tf — Z(tf, 0) (33)
Then X verifies
it,N) = At)z(t,A) + B(t) [um (t) = B{t)T®a(to, t)TA],
z(to,A) = o, (3.4)
Z(tf, A) = Ty
Equivalently,
u(t) == [u=(t) = B(t)T®a(to,t)T A] € A. (3.5)

Proof. (i) Using (2.1) and (2.8) we can rewrite the dynamics in (3.2) as the system

£(t, M) A( ) (t,

: t,Ao) + B(t) [u=(t) — B(t)TA(t)],
A(t) = —AT(HANE

);

which, using matrix notation, becomes

B
Q u” (t). (3.6)

Onxm

A(t, Ao) A(t) —B()BT(t) [z(t, Ao)]

A(t) 00 —AT(t) A(t)
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Let g(t, Ao) := [2(t, A0) A(t)]T. To show (i) it is enough to prove that g(t,-) is affine in Ag. Namely, we claim
that

g9(t, ad + (1= )Ag) = ag(t, A1) + (1 — a)g(t, A2), (3.7)

for all @ € R and Ay, A2 € R™. Let the first coefficient matrix on the right-hand side of (3.6) be denoted by C(t)
and the matrix multiplying v~ (¢) be denoted by D(t). Solving (3.6) gives

Lo

g(t, Ao) = ¢ (t, o) o

—|—/ S (t,7)D(T)u" (1) dr,

to

where O (t, 1) is the state transition matrix of §(t) = C(t)y(t), for all ¢t € [to,ts]. Next we start off with the
left-hand side of (3.7), with the aim of getting the right-hand side after direct manipulations.

Zo

gt 0dn + (1= )r2) = Pelbto) | (x4 (1 - o)y

+7(1),

where (t) := fti) D A(t, 7)D(7)u~ (1) dr. Continuing with further manipulations,

azg + (1 — a)xg

1-— =0
g(t, al + ( Oé))\g) C(t,to) ad + (1 _ a)/\2

+ay(t) + (1 —a)(t)

= a®c(t,to) + (1= a)®c(t, to) +ay(t) + (1 — a)y(t)

+ 7@)

which verifies (3.7) and thus proves the affineness of g(t,-). Hence z(ty,-) is affine too. The proof of (i) is
complete.
To prove (ii), we use the fact that z(ts,-) is affine to write

X0 Zo

/\1 )\2
Zo

= q)c(t, to) )\1 + ’)/(t) + (]. — a) (I)C(t, t())

=ag(t,\1) + (1 —a)g(t, A2),

Zo
A2

2t 3) = =(t,0) + Z2Un0 5
0o

where A is as in (3.3) and 9z(tf,0)/0)¢ is the Jacobian of z(ty,-) evaluated at (tf,0). Equation (3.3) and the
above equality yield

z2(ty, A) = 2(tf,0) + (xf — 2(tf,0)) = x5.

Also note that, by definition, the function z(-, \) must solve system (3.2) with X in place of Ag. Altogether, we

have shown that z(-, A) verifies (3.4). The last statement of the lemma now follows from (3.4) and the definition
of A. O

The next definition points to the connection between Lemma 3.2 and the shooting method.
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Definition 3.3. Define the near miss function as
QO(AO) = Z(tf7 >‘0) —Zf, (38)

where \g € R" is arbitrary, and z is as in Lemma 3.2. Namely, z(ts, Ag) is a solution of system (3.2) evaluated
at (tf, Ao). The function ¢ measures the discrepancy of a solution z(-, Ag) of (3.2) at the end-point ¢t = t;. By
Lemma 3.2(i) and (3.8), ¢ is affine and so its Jacobian J,,(X\o) is a constant matrix such that

_ 9z(ty,0)

To(o) = J,(0) = L2 (3.9)

In particular, for every Ay we can write
©(Ao) = ©(0) + J,(0)Ao.

We are now ready to establish our formula for the projection onto A.

Theorem 3.4. The projection Py of u= € L3([to,tf];R™) onto the constraint set A, as the solution of
Problem (P1), is given by

Pa(u™)(t) =u (t) — Bt)T ®a(to,t)T N, (3.10)
for all t € [to,ty], where X solves
Fylts) v _ _ _
o (y(tg) —zy), (3.11)
where
s
y(tf) = @A(tf,to)xo—l—/ (I)A(tf,T)B(T)u (r)dr
to
Moreover,
Fy(ty) _
a/\o - JW(O)v (312)
where ¢ and J,(0) are as in Definition 3.3.
Proof. The Hamiltonian for Problem (P1) is
1 -
Ht] = Sllu(®) —u” @) + AT (O)(A@)2 (1) + Bt)u(t).

From Pontryagin’s maximum principle, H,[t] = 0 and so
u(t) = u=(t) — B(t)T\(t), (3.13)
for all t € [to,tf]. To fully solve this equation, we need to find A(-) such that the function u on the left hand-side

of (3.13) belongs to A. Equation (2.8) gives A(+) as a function of an initial condition Ag. The aim is therefore to
determine an initial condition such that the corresponding A(-) produces a function v in A. To avoid confusion,
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we call \ this desired initial condition. We now use the last statement of Lemma 3.2, which states that A as in
(3.3) ensures that w as in (3.5) is in .A. Altogether, this choice of A verifies

u(t) =u=(t) — Bt)TAt) = u=(t) — B(t)T®A(to, )T X € A, (3.14)

where we used (3.5) in the inclusion and in the second equality we used (2.8) with A in place of \g. Hence, u is
the desired projection onto A for this choice of \.

To establish the rest of the theorem, call y(-) := z(-,0), where z(+, 0) is a solution of the IVP (3.2) for Ay := 0.
Therefore, we have

y(t) :@A(tf,to)xo—i—/ " @Aty ) B(r)u (r)dr. (3.15)

to
Since y(-) = 2(+,0) we have that

0z(ty,0) _ Jy(ty)

0o o

so condition (3.3) in the lemma becomes (3.11). The last statement of the theorem follows from the above
equality and (3.9). O

Corollary 3.5. Let X be a Hilbert space and let C' C X be a nonempty convex set. Assume that for every
u € X there exists the projection Pe(u) of u onto C. Then the set C' must be closed.

Proof. Denote by clC the closure of C' and take any z € clC. By assumption on C, the projection Po(z) of z
onto C exists. The definitions imply that

I = Po(2)] = d(2,C) = d(z,clC) =0,
Hence, z = Po(z) € C. So c1C C C and therefore C' is closed. O
Remark 3.6. One can find the elements of dy(ty)/0Ao = J,(0) by solving the variational equations

9z(t, o)

5 = At)z(t, ho) + B(t) [u™(t) — B&)" @ alto,t)" Xo| , 2(to, Xo) = 0. (3.16)

with respect to Ag, i.e., by solving the following equations in (0z/0Xo;)(t, o) € R™, fori=1,...,n.

% <a§ ) (t, o) = A(t)ail(t,xo) ~ B()B() ®alto, )" e

where e; € R™ are the canonical basis vectors, i.e, with 1 in the ith coordinate and zero elsewhere. Let 5(t), j(t) €
2
R™" where

82’/8/\071 Y1 % (az/aAO,l) U1

Y= : =1: and 17:: : .
82/0o.n Yn 2 (92/0M0.0) Un



DOUGLAS RACHFORD ALGORITHM FOR CONTROL-CONSTRAINED MINIMUM-ENERGY CONTROL PROBLEMS 11
then § = A(t)y + B(t), y(to) = 0 where

A(t) 0 el
Alt) = eR"*™ and B(t) = —B(t)B(t)"®alto.)T | : | eR™.
0 A(t) €n

Using Lemma 3.1 along with knowledge of differential equations

() = / & (t,7)B(r) dr, (3.17)

to

where ® 3(t,t0) is the transition matrix of y= g(t)ﬂ So evaluating the above integral and substituting ¢ = ¢y
gives the components of dy(ts)/0No. O

Theorem 3.7 (Projection onto B). The projection Pg of u= € L2([to,ts];R) onto the constraint set B, as the
solution of Problem (P2), is given by

ai, if u; (t) > ay,
[Ps(u™)(®))i = § w; (1), if —a; < (t) < a, (3.18)

—aq, Zf u;(t) S —aq,

forallt € [to,ts], i=1,...,m.

Proof. Simply use separability of Problem (P2) in w;, ¢ =1,...,m. O

3.2. Projectors for special cases

In this subsection we consider problems with two state variables (n = 2) and one control variable (m = 1). In
particular we consider problems involving the double integrator and the pure and damped harmonic oscillators,
for which the general system and control matrices in set 4 in (2.9) become

0 1
, 2@0] and B(t)bm, (3.19)

—wg

Alt) = A =

where wy is the natural frequency and ¢ is the damping ratio. Note that ¢ = 0 is the case of pure (undamped)
harmonic oscillator, and 0 < ¢ < 1 under-damped, ¢ = 1 critically-damped, and { > 1 over-damped harmonic

oscillator. The general forms of the constraint sets can be found in (2.9)—(2.10) but for this specialization we
define

Ay = {u € L3([0,t7;R) | 3z € W"?([0,¢5]; R?) which solves
21 (t) = 22(t), 1(0) = so, 1(ty) = 55,
do(t) = —wim1(t) — 2{woza(t) +u(t), x2(0) =g, 2a(ty) = vy,
vt € [0,t5]}, (3.20)

B:={ueL£(0,t7;R) | —a < u(t) < a, Vt €[0,t5]}. (3.21)
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To maintain the flow of this paper we move the proofs from this subsection to Appendix A as these are rather
lengthy and the proof techniques follow a similar pattern. In the lemmas we complete some of the technical
steps by deriving expressions for the state transition matrices and Jacobians required in Theorem 3.4. Then
the corollaries follow by direct substitution into the expression (3.10) in Theorem 3.4. Since we find analytical
expressions in each of the lemmas we express the inverse of the Jacobian and use it directly in the expression
in Theorem 3.4.

In the case where the inverse of the Jacobian is analytical and not lengthy we express Ag as

Mo = ~[Jp(0)] 7 (a(ty) — zy)

to have a more closed form expression for the projector:

Pa(u™)(t) = u= () + B(t)T<I>A(t0,t)T[J¢(())]1<<I>A(tf,t0)1'0 + /t ' a(ty, 7)B(T)u (T)dT — xf). (3.22)

0

In the cases of the double integrator as well as the under-, critically- and over-damped harmonic oscillators the
inverse of the Jacobian is simple enough, so we will use (3.22).

3.2.1. Double integrator

The dynamics of the double integrator are given by 4(t) = f(t), where f(t) stands for forcing, which typically
models the motion of a point mass (or analogously, an electric circuit or a fluid system with capacitance) — see
pertaining references in [19], where y(¢) is the position and g(t) the velocity at time ¢t. With z; := y and x5 := g,
one gets the state equations 1 = x2 and &1 = u; in other words, wg = 0 and ¢ = 0, resulting in the constraint
set Ago. We note from (3.19) that

The minimum-energy problem that we consider corresponds, for example to the practical problem of engineer-
ing where one would like to minimize the average magnitude of the force, or the problem of designing cubic
(variational) curves.

In what follows we present the projections onto Ag o and B in the Corollaries 3.9 and 3.10 below. These two
results and their proofs can be found in [19].

Recall the definition of the state transition matrix ® 4 (¢, o) via (2.7) and the definition of the Jacobian .J,(0)
in (3.9). The following lemma evaluates ® 4(¢,0) and [J,(0)]~* for the double integrator, which are utilized in
the proof of Corollary 3.9.

Lemma 3.8 (Computation of ®4 and J, for wy =0, ( =0). One has that

@A(t,O):eAt:[(l) 1], [Jg,(O)]_lz[__IGQ g} (3.23)

Proof. See proof in Appendix A. O

The following result is a corollary of Theorem 3.4. As mentioned already, this result along with its proof can
be found in [19], but we present here a new proof which directly substitutes the expressions in Lemma 3.8 into
Theorem 3.4.
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Corollary 3.9 (Projection onto Ao [19]). The projection Pa,, of u~ € L£3([0,1];R) onto the constraint set
Ao, as the solution of Problem (P1) with wop =0 and ( =0, is given by

Pago(u”)(t) =u" (t) + et + e, (3.24)

for allt € [0,1], where

12 (so +vp — 55+ /01(1 - T)u_(T)dT> (vo —vf + /01 u” ) (3.25)

C1 ‘=
1 1
co = —6 <50—|—v0—5f+/ (1—7‘)U(T)d7‘> +2 < Q—Uf+/ u” ) (3.26)
0 0
Proof. See proof in Appendix A. O

The following result is a direct consequence of Theorem 3.7 for all cases of the harmonic oscillator.

Corollary 3.10 (Projection onto B [19]). The projection Pg of u= € L2([0,ts];R) onto the constraint set B,
as the solution of Problem (P2), is given by

Ps(u™)(t) =< uw (), if —a<u (t)<a, (3.27)

for all t € [0,ty].

3.2.2. Pure harmonic oscillator

When a spring is added to the point mass, or an inductor to the electric circuit with a capacitor, one gets
the pure (or undamped) harmonic oscillator, as without forcing, once excited the state variables will exhibit
sustained oscillations (or sinusoids) at frequency wp. We extend Corollary 3.9 to the general case of projecting
onto A, 0. In this case, from (3.19) one has

A:

0 1
2 ol (3.28)

The following lemma provides major ingredients for the projector in Theorem 3.4.

Lemma 3.11 (Computation of ®4 and J, for wg > 0, ¢ = 0). One has that

sin(wot)
cos(wot _— —wgy /T 0
e e R l - ] (3.29)
—wp sin(wpt)  cos(wot) —1/m
Proof. See proof in Appendix A. O

The following corollary is a direct consequence of Theorem 3.4.
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Corollary 3.12 (Projection onto Ay, 0). The projection Pa, , of u™ € L£2([0,27]; R) onto the constraint set
A0, as the solution of Problem (P1), ( =0, is given by

P, o™ )(t) =u" (t) + c1 sin(wot) — ca cos(wot), (3.30)
where
1 2m
c1 = “o (80 —sy— — sin(woT)u™ (1) dT),
™ wo 0
1 2m
Cp = — (vo —vf —|—/ cos(woT)u™ (1) dT).
m 0
Proof. See proof in Appendix A. O

3.2.8. Damped harmonic oscillator

If a damper (which is an element that dissipates energy) is added to the mass-spring system (or analogously
a resistor added to a capacitor-inductor electrical circuit) one gets what is referred to as a damped harmonic
oscillator. There are three cases to consider for a damped system, namely the critically- (( = 1), over- ({ > 1)
and under-damped (0 < ¢ < 1) cases. We provide the projectors for each case.

Corollary 3.14 below presents the projector onto the set A, 1 for the critically-damped case. From (3.19),
the system matrix A for this case is

0 1
—wg —20.)(] ’

Lemma 3.13 (Computation of ®4 and J, for wy > 0, { =1). One has that

A:

©4(t,0) = e = et o +21 t (3.31)
_two _(UQt +1
and
1 _ 1 Y22 (2m)  —y21(27)
01 = Y11(2m)y22(27) — y12(2m)ya1 (2) [—ylz(QW) Yy11(27) (3:32)

where y;;(2m), j = 1,2, are the components of the vectors y;(2m), i = 1,2, given below.

- e—27TUJ0<27Tw0 _e4ﬂ'wo +27T0J0€47rw0 + 1) -
4w

7 sinh(27wy)

y(2r) = [ n(2m 1 L R . (3.33)

7 sinh(27wp)

Wo
e~ 2™ 2wy + 40 4+ 2wgetmeo — 1)

L 4w0 J
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Proof. See proof in Appendix A. [

Corollary 3.14 (Projection onto Ay, 1). The projection Pa, . of u™ € L£2([0,27]; R) onto the constraint set
Awo 1, as the solution of Problem (P1) with ( =1, is given by

ewo (t—27\')

P, (u7)(8) = () + (— (o2 + yrowo)t + y12) (w1(2m) — =)

Y11Y22 — Y12¥Y21
v
+ ((y21 + y11wo)t + y11) (332(27T) -1 )) ; (3.34)

ef2ﬂw0

where y;; are the components of y(2m) given in (3.33).

Proof. See proof in Appendix A. O
In Corollary 3.16 we consider the derivation of the projection onto the set A, ¢ from (3.20) where ¢ > 1.

Lemma 3.15 (Computation of ®4 and J, for wy > 0,{ > 1). One has that

D 4(t,0) =t =

o—at [wo sinh(j3t + ) sinh(ft)
e ot (3.35)

B | —wdsinh(Bt)  wpsinh(—Bt+n)

with o = wo(, B =wo\/(2—1, n=31In g#

=|. Then we express the inverse of the Jacobian as in (3.32) where

yij(2m), j = 1,2, are the components of the vectors y;(2m), i = 1,2, given below.

[ e2m> /(1 —e*™)cosh(2rB) (1 + e*™)sinh(27B) |
4wk ( o * g >
sinh(27«) sinh(273)
2a8
y(2m) = l v1(2m) ] e . (3.36)
y2(2m) sinh(27a) sinh(273)
B 2a8
e 2™ [(1 —e™) cosh(2rB) (1 + ™) sinh(2703)
S ( o ! g )
Proof. See proof in Appendix A. O

Corollary 3.16 (Projection onto Ay, ¢ with ¢ > 1). The projection Pa, . of u~ € L*([0,27];R) onto the
constraint set Ay, ¢, as the solution of Problem (P1) where ( > 1, is given by

ea(t*2ﬂ)

Pa,(u)(t) =u (1) + 52 ( — (y22(27) sinh(8t) + y12(27)

Y11(27)Y22(27) — y12(27)y21(27))
X wo sinh(Bt + 7)) <:c1(27r) L, >

e—2ﬂa

ef2ﬁa

+ (y21(27) sinh(Bt) + y11(27)wp sinh(Bt + 7)) <x2(277) — By )) (3.37)

where o = wo(, B =wo/¢? —1 and y;; are the components of y(2m) given in (3.36).

Proof. See proof in Appendix A. O



16 R. S. BURACHIK ET AL.

In Corollary 3.18 we consider the final case for the damped harmonic oscillator, which is the projection onto
the set Ay, ¢ from (3.20) where 0 < { < 1.

Lemma 3.17 (Computation of ®4 and J, for wp > 0,0 < ¢ < 1). One has that
oot |wocos(Bt +7) sin(Bt)

(I)A(t,()) :eAt = = ~ >,
B —wisin(Bt)  wocos(Bt — )

(3.38)

where a = wy(, E =wo/1—-¢2, v= tan_l(—%). Then we express the inverse of the Jacobian as in (3.32)

where y;;(2m), j = 1,2, are the components of the vectors y;(2m), i = 1,2, given below.

[ o—2ma cos(2mB)(1 — ™) sin(2nB3)(1 + ete) |
4wd a * B
sinh(27ra) sin(27rg)
20
y(gﬂ):[yl(%)]: e T R . (3.39)
y2(2m) _ sinh(27a) sin(278)
2045
e=2me [ cos(2mB)(1 — e4™)  sin(2rB)(1 + e1™)
| a R ] |
Proof. See proof in Appendix A. O

Corollary 3.18 (Projection onto Ay, ¢ with 0 < ¢ < 1). The projection Pa, . of u~ € L*([0,27];R) onto the
constraint set Ay, ¢, as the solution of Problem (P1) where 0 < { < 1, is given by

ea(t72ﬂ')

Pa,, . =u () + =
Avorc = B2(y11(2m)y22(2m) — y12(27)y21(27))

< — (y22(277) sin(gt) + y12(27)wo cos(gt + ’y)) <x1(27r) - e?jf;)

+ (o1 (2m) sin(Bt) + yu1 (2m)i cos(Bt + 7)) <x2(27r) - (f ;{a> )

where o = wo(, B =woy/1 —(? and y,;; are the components of y(2m) given in (3.39).

Proof. See proof in Appendix A. O

Remark 3.19. Note that Corollary 3.12 cannot be recovered from Corollary 3.18 by simply taking ¢ — 0.
Similarly, Corollary 3.14 cannot be recovered from Corollary 3.16 or Corollary 3.18 by taking ¢ — 1.

3.3. Machine tool manipulator

A machine tool manipulator is an automatic machine that simulates human hand operations. The dynamics
of this machine can be formulated as a LQ control problem as in [4] — also see [2]. For this problem the system
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and control matrices in (2.9) become

I 0 0 0 1 0 0 0 ]
0 0 0 0 1 0 0
0 0 0 0 0 1 0

_ 7 _ _

Al = A= | M1 10 /450 0 0 8500/450 0 0 /450 |

0 0 0 0 0 0 1/750
0 0 —8.2x 106/40 0 0 —1800/40  0.25/40
0 0 0 0 0 0 ~1/0.0025

T
B(t):b:[O 0000 0 1/0.0025

)

zo = (0,0,0,0,0,0,0), zy = (0,2.7 x 1073,0,0,0.1,0,0), to = 0, t; = 0.0522. Unlike the special cases in the
previous subsection we will not provide analytical projectors for this problem. Because this problem has 7 state
variables computing ® 4 and J4(0) analytically is not a simple task. Instead we will introduce and implement
the numerical procedure in Section 5.

4. DOUGLAS—RACHFORD ALGORITHM

The Douglas—Rachford algorithm, in our context, is a projection algorithm, which we recall here by closely
following the framework in [19]. We consider a real Hilbert space denoted by X, with inner product (-,-) and
induced norm | - ||. We will consider the sets A and B to align with the previous results but note that the only
assumptions required are that A is a closed affine subspace of X and B is a nonempty closed convex subset of
X.

In our setting, we assume that we are able to compute the projector operators P4 and Pg. These operators
project a given point onto each of the constraint sets A and B, respectively. Recall that the proximal mapping
of a functional h is defined by [29], Definition 12.23:

1
Prowy(u) —  argmin (h<y> - u||%2) |
yeL2([to,ts|;R™) 2

for any u € L?([to,ts]; R™). We also recall that the indicator function c of C is given by

e(@) :{ 0, if zeC,

oo, otherwise.

Note that Prox,, = P¢. Given 5 > 0, we specialize the DR algorithm (see [30], [31] and [32]) to the case of
minimizing the sum of the two functions f(x) := tp(x) + ng —2||? and g := 1 4. For this case, the DR operator
becomes

T :=1d —Proxy + Proxy(2Prox; — Id).

Given f, g we know that the respective proximal mappings are Proxs(x) = Pg(ﬁf + %Z) and Prox, = Py

(see [29], Prop. 24.8(i)). Set A := ﬁ €]0,1[. It follows that the DR operator becomes

Te=xz—Pg(Az+ (1—-X)z) + Py (QPB Az + (1= N)z) — 1:) (4.1)
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Now fix o € X and let z := 0. Given x,, € X, n > 0, update
b, := Pg (/\a:n), Tpt1 =TTy =2, — by + PA(an — a:n) (4.2)

Using [29], Corollary 28.3(v)(a) we have that (by,),en converges strongly to the unique solution of Problem
(P). Observe that strong convergence is due to the strong convexity of the function f, and is for the sequence
(bn)nen and not necessarily (z,,)nen. By definition of Problem (P), the unique solution of (P) is the element of
minimum norm in AN B. Namely, we have that the limit of the sequence (b, )nen is € = Panp(0). We point out
that, in general, only weak convergence is guaranteed for this method (see [33], Thm. 1 or [34], Thm. 4.4).

Note that (4.2) simplifies to

Tpy1 = Tpn — Pe(Azy) + Pa (ZPB()\xn) — xn) provided that z = 0. (4.3)

See Algorithm 4.1 below for a step-by-step description of the numerical implementation.

Algorithm 4.1. (DR)

Step 1 (Initialization) Choose a parameter A € ]0,1] and the initial iterate u® arbitrarily. Choose a small
parameter € > 0, and set £ = 0.

Step 2 (Projection onto B) Set u~ = \u¥. Compute % = Pg(u~) by using (3.18).

Step 3 (Projection onto A) Set u™ := 2u — u*. Compute & = P4(u~) by using (3.10) or Algorithm 5.1.

Step 4 (Update) Set uF*+1 :=u* + 7 —a.

Step 5 (Stopping criterion) If ||uFT! — u¥||L~ < ¢, then return @ and stop. Otherwise, set k := k + 1 and go
to Step 2.

Remark 4.2. Robustness of the DR algorithm is supported by the fact that many inexact versions of it are
shown to converge as well, see [35, 36]. In [37] we see a study of the complexity of an inexact version of the
algorithm. This justifies the use of discrete approximations of the function iterates in our implementation. O

Remark 4.3. The convergence properties of the DR algorithm for the case when AN B = (), i.e., when Prob-
lem (P) is infeasible, have been studied recently by Bauschke and Moursi [38]. A study of this interesting case
for optimal control might be an promising direction to pursue in the future. O

5. NUMERICAL APPROACH

In Subsection 3.2 we have a selection of problems where we have derived analytical expressions for the
projection onto A. In practice however the state transition matrix may be too difficult (if not impossible) to
find analytically, in which case one needs to employ a numerical technique, as will be outlined further below.
Following the presentation of this algorithm we give numerical experiments used to choose the optimal values
of the parameter \ for the DR algorithm and compare the performance of DR with the AMPL-Ipopt suite.

5.1. Background and algorithm for projector onto A

From Equation (3.13) we can see that in order to define the projection we must find A. In Theorem 3.4 we
assumed that ®4(tg,t) is available. We can see from (2.8) that the knowledge of ®4(tg,t) is necessary to find
A. In the case where we cannot find the state transition matrix directly to substitute into (2.8), we must solve

B(t)| _ )
)\(t) Onxn —AT(t) )\(t) u (t)» (5~ )

Onxm

i(t) At) —B(t)BT(t) [x(t)]
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for all ¢ € [to, ], with the initial conditions (ICs) x(to) = zo and x(t;) = xr, to find A\. Throughout the steps
of Algorithm 5.1, we will solve the linear system (5.1) with different ICs. The ICs that we will consider are

0] _fao] o [e0] _[z] o [e0)]
v [A(tw] -[5] @ [)\(to)] ) l | (“”[ ]‘

Alto)

As in the proof of Theorem 3.4 we define z(t,A\g) := x(t). Recall in this case that
z(t) = da(t)/dt can be written as 0z(t, Ag)/0t. We also recall that the near-miss function ¢ : R® — R™ as
defined in (3.8) is affine by Lemma 3.2(i) and Definition 3.3. Then the Taylor series expansion of ¢ about zero
is simply

Zo
)\0] . (5.2)

©(Ao) = ©(0) + J,(0)Ao.

Substituting (3.8), one gets

z(tf, Ao) = 2(t,0) + J,(0) Ao,
and, rearranging,

Jo(0) Ao = z(tf, Ao) — 2(ty,0).
Suppose \g = e;. Then

Js(0)e; = z(tf,e;) — 2(ts,0), (5.3)
which is the ith column of J,(0). Therefore, by finding z(t¢,0) and z(ty,e;) for every i = 1,...,n we can build

the Jacobian J,(0). Consequently, a procedure for constructing J,(0) can be prescribed as follows.

1. Solve (5.1) with ICs (ii) in (5.2) to get z(tf,e;).
2. Solve (5.1) with ICs (i) in (5.2) to get z(ty,0).
3. Compute the ith column of J,,(0) using (5.3), for i = 1,...,n, and obtain J,(0).

As in the proof of Lemma 3.2, we can now solve the linear system

Jo(0) Ao = —(0) = —(2(t7,0) — xy), (5.4)

for Ao, since in the procedure for finding J,,(0) we have computed all the other components of this equation.
Then once we have A\g we can solve (5.1) with ICs (iii) in (5.2) to obtain \.

The algorithm below describes the steps for computing the projection of a current iterate uw~ onto the
constraint set A. In solving (5.1) with each of the ICs in (5.2) we implement MATLAB’s numerical ODE solver
odedb or a direct implementation of some Runge—Kutta method such as the Euler method.

Algorithm 5.1. (Numerical Computation of the Projector onto A)

Step 0 (Initialization) The following are given: Current iterate v~ , the system and control matrices A(t) and
B(t), the numbers of state and control variables n and m, and the initial and terminal states zo and zy,
respectively.

Step 1 (Near-miss function) Solve (5.1) with ICs in (5.2)(i) to find z(tf,0) := x(ty).

Set ¢(0) := z(tf,0) — .

Step 2 (Jacobian) For i = 1,...,n, solve (5.1) with ICs in (5.2)(ii), to get z(ty, e;).

Set Bi(t) := z(ty,e;) — z(tr,0) and J,(0) :=[B1(¢) | ... | Bn(t)].
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(a) Control u(t). (b) State z1(t), z2(t).

FIGURE 1. Top plots for wy = 5, ¢ = 0 where |u(t)| < 0.259. Bottom plots for wg =5, ¢ = 0.5
where |u(t)| < 9.34 x 1077.

Step 3 (Missing IC) Solve J,(0) Ao := —p(0) for Ag.
Step 4 (Projector onto A) Solve (5.1) with ICs in (5.2)(iii) to find A(¢).
Set Pa(u™)(t) :=u=(t) — BT (t)\(t).

5.2. Experiments

For computations in this section we use MATLAB release R2021b for implementing the DR algorithm and
error analysis. We also use AMPL-Ipopt computational suite [20, 21] (with Ipopt version 3.12.13) for comparison
with the DR algorithm since the suit is commonly used for solving similar optimal control problems.

In Figure 1 we have the pure and under-damped oscillator solution plots for the constrained control where
wo = 5. The boundary conditions are z2(0) = 1 and z1(0) = 21(27) = z2(27) = 0. The bound on u for the
under-damped case is much smaller than the value used in the pure case to ensure that the control constraint
is active. In Figure 2, we display the control variable solution plot for the machine tool manipulator with
lu(t)] < 2000.

5.2.1. Parameter plots

In Section 4 the DR algorithm requires a choice of A €]0, 1[. In Figure 3 we experiment with different parameter
choices for the pure harmonic oscillator, under-damped harmonic oscillator and machine tool manipulator.

In Figure 3 we see, for different bounds on u, plots with the number of iterations taken by DR, for different
values of the parameter \. In each of these plots five values for the bound on u were taken, the smallest bound
being close to the value that will lead to a problem with no solution and the largest resulting in an unconstrained
u. These plots give information on the “best” value of A to choose that produce the smallest number of iterations.
This is advantageous because a reduction in the number of iterations will result in a reduction in run time.
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FIGURE 2. Control solution plot for the machine tool manipulator where |u(t)] < 2000.

Figure 3 contains the experiments for the harmonic oscillator with various values of the pair (wy, (), as well
as the machine tool manipulator. We see from Figure 3a that when { = 0 varying wy does not seem to have
an impact on the best choice for A, in fact the curves numerically found over the values 1 < wy < 100 seem
to be identical. For example when |u(t)| < 0.259 the “best” value for A looks to be approximately 0.7 for any
1 < wp < 100. We observe downward spikes at some parameter values that result in a large decrease in iterations.
Although these spikes achieve a much smaller number of iterations we would not necessarily select these values
in practice because a slight shift from the parameter values results in a large increase in the number of iterations.

In Figures 3b—3d we have the parameter graphs for the under-damped harmonic oscillator with ¢ = 0.5 and
wop = 1,3 and 5. This time there are differences in the curves for different values of wg. For this damped problem
the larger the value of wq, the closer the optimal u gets to zero; see Figure 1. Hence the values of a are chosen
to be much smaller for wy = 3,5 so the control constraint remains active though again the largest value of a,
given by the enveloping lowermost (green) curve, is the case of unconstrained w.

The behaviour of the cases with wg = 1 and 3 are very similar with both having some spikes present, the
optimal A\ value for the unconstrained w case being almost 1 and bumps present in the curves. Though for
wp = 5 we see some odd behaviour for the three largest values of a. When using the lowermost (green) curve,
i.e., when u in unconstrained, the number of iterations greatly increases at A ~ 0.98. We also observe for the
yellow and purple curves that the number of iterations seems to level off before rapidly increasing which is
something we don’t observe in the other cases. These anomalies could potentially be numerical artifacts but
further investigation is needed to draw a conclusion.

For the machine tool manipulator in Figure 3e we again see a lot of similarities to the figures from the other
problems. Although for the machine tool manipulator we see many small ripples in the curves and for the blue
curve there are almost no parameter choices where the methods converge in less than 300 iterations. The blue
curves represent the problem where a is so small that there are almost no solutions to the problem. So it is fair
to say that when the problem is almost infeasible it is impossible to get a solution in reasonable time.

In general we observe some similarities across all the problems in Figure 3. For all the problems the “best”
parameter choices are A > 0.5. As we approach the critical value of a where the problems have no solution the
“best” choice of \ approaches 1.
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FIGURE 3. Parameter curves for the harmonic oscillator with various values of (wp, () and for
the machine tool manipulator with tolerance values.

5.2.2. Error and CPU time comparisons

The iterates of the DR algorithm (Alg. 4.1) are functions and in each iteration function addition and scalar

multiplication operations need to be performed. Obviously we can perform these operations numerically only
on approximations of functions. For approximations we consider discretization of the function iterates in that
the iterates are represented by IV discrete values over a regular partition of their domains.
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TABLE 1. Tolerance, bounds on control variable and parameter choices for numerical experi-
ments. MTM stands for machine tool manipulator.

(wo,¢) ¢ a A
(1,0) 107 0.259 0.75
(5,0) 107 0.259 0.75
(1,0.5) 1077  4.96 x 1072 0.65
(5,0.5) 10712 9.34x 1077 0.6

MTM 1072 2000 0.55

The AMPL-Ipopt suite is, on the other hand, already a numerical scheme for finite-dimensional optimization
problems and as such it is applied to the direct (Euler) discretization (see e.g. [39]) of Problem (P), with the same
N so that the discrete solutions obtained by the DR algorithm and the AMPL-Ipopt suite can be compared.

In Step 5 of Algorithm 4.1 we use as stopping criterion the difference between two consecutive iterates in
function space. In the implementation of Algorithm 4.1, discretized iterates are used so in turn Step 5 uses finite
dimensional norm to evaluate this stopping criterion.

We rather compute a posteriori the absolute true errors in the solution depending on N. Namely if uy denotes
the approximate (discretized) solution of control and u}, the discretized exact/true solution, then the error is
the maximum of the absolute difference, in other words, |[un — u}|le.,- The fact that the stopping criterion in
Step 5 is effective is shown by the fact that the actual absolute error tends to zero as N grows.

In Table 2 we display these errors as well as the CPU times with the number discretization points N = 103, 10*
and 10° for all the previously mentioned problems with the specifications given in Table 1. Since we cannot find
analytical solutions for these problems the “true” solution u* we are comparing to in this error analysis was
computed using the DR algorithm with N = 107 and tolerance 10712,

We are mostly interested in the errors in the control variable since that is the variable being optimized. The
states are computed as an auxiliary process using the optimal control found and Euler’s method. In Table 2 we
see that for the DR algorithm, in general, an increase in the discretization points used by some order results in
a decrease in the error by the same order. This is useful to know because if a particular error is required the
number of discretization points needed to reach that accuracy can easily be determined.

The only case where this seems to differ is in the machine tool manipulator example. For example with
N =103 the error with the DR algorithm is 9.3 x 10® so following the observed pattern we would expect that
when N = 10° the error should be around 9.3 x 10~! but instead we have 5.5 x 10~!. A possible explanation may
be that the expected error is not far enough from the “true” solution. Or since the machine tool manipulator is
the only example to use the numerical implementation rather than analytical expressions the errors are different
to what we expected. Whatever the reason we see that the machine tool manipulator is still achieving at least
one order of improvement in error for the control variable.

In Table 2 we also observe that for the states we have the same relationship between the orders of the number
of discretization points and error for the DR algorithm. In the states the errors for the DR algorithm are much
closer to that of Ipopt, with Ipopt resulting in better error in some of the cases. These differences in performance
of the DR algorithm in the state variables could be because of the extra errors introduced from Euler’s method
in the computation of the states. If we were to use a more accurate method to compute the states it is possible
we would have less discrepancies, though by implementing a more complicated method the run time would
increase.

In the fifth and sixth columns of Table 2 we have the CPU times. In these calculations the CPU times
recorded are averages from 1,000 runs on a PC with an i5-10500T 2.30 GHz processor and 8GB RAM. On
average the DR algorithm is more than 10 times faster, with some cases of the DR algorithm being as much
as 200 or more times faster than AMPL—Ipopt. In general for the DR algorithm an increase in the number of
discretization points results in a proportional increase in run time. We can use this observation to estimate the
CPU time for any number of discretization points.
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TABLE 2. Errors in control and states and CPU times for the DR algorithm and AMPL-Ipopt,
with specifications from Table 1. For Ipopt we set the tolerance tol to 107%. A dash means a
method was unsuccessful in getting a solution. MTM stands for machine tool manipulator.

|

L™ error in control

L error in states

CPU time [sec]

N  (wo,¢) DR Ipopt DR Ipopt DR Ipopt
(1,0) 4.0x107% 42x1072 15x1072 13x1072 42x107% 24x107!
(5,0) 1.8 x107? - 3.5 x 107! - 4.5 %1073 -
102 (1,0.5) 21x107% 6.8x1073 43x107® 51x107% 55x107% 2.3 x 107!
5,05) 12x1077 15x107¢ 1.5x1072 1.5x1072 43x107% 1.9x107!
MTM 9.3 x 10"  4.6x 10" 28x10' 29x10" 1.0x107' 1.2x 10°
(1,0) 4.0x107* 14x1072 1.5x107% 3.1x107% 4.9x10"2 2.1 x10°
(5,0) 1.8x107% 1.2x107' 26x1072 75x107% 54x107%2 1.3x107!
10*  (1,0.5) 21x107* 1.0x1072 43x107% 93x107% 47x1072 1.9x10°
(5,0.5) 1.2x107% 82x1077 1.5x107% 15x1073% 4.1x1072 1.5x 10°
MTM 9.2 x 10° - 2.9 x 10° - 1.1 x 10° —
(1,0) 40x107° 25x107" 15x107% 58x1072 42x10~! 8.5 x 10
(5,0) 1.7x107* 7.6x1072 25x107® 3.1x107% 4.8x10"% 1.5x10°
10° (1,0.5) 21x107° 1.8x1072 43x107° 18x1072 4.1x10"! 1.8 x 10!
,05) 1.2x107°7 84x1077 15x107* 15x107% 37x107' 1.5x 10
MTM 5.5 x 107! - 2.6 x 107! - 9.5 x 10* -

6. CONCLUSION AND OPEN PROBLEMS

We have derived general expressions for the projectors respectively onto the affine set and the box of the
minimum-energy control problem. We provided closed-form expressions for the pure, critically-, over- and under-
damped harmonic oscillators. For problems where we do not have the necessary information to use the general
expression for the projector onto the affine set, we proposed a numerical scheme to compute the projection. In
our numerical experiments we have applied this numerical scheme to solve a machine tool manipulator problem.
We carried out numerical experiments with all the previously mentioned problems, the closed-form examples and
the machine tool manipulator, comparing the errors and CPU times. These numerical experiments compared
the performance of the DR algorithm with the AMPL-Ipopt suite.

For the DR algorithm we collected some numerical results regarding the use of different values for the
parameter A and its effect on the number of iterations required for the method to converge. In this parameter
analysis we observed that as the bounds on the control variable are tightened the choice of parameter becomes
more difficult. We also noticed that when the problem is almost infeasible, i.e., the bounds on the control
variable are so tight that almost no solutions exist, the parameter value approaches 1.

Regarding our other numerical experiments we observe that an increase in the order of discretization points
produces a resulting decrease in the order of the errors, both for the control and state variables. We also see
that an increase in the order of discretization points results in an increase in the order of the CPU time. These
observations are useful to estimate the run time and errors for any number of discretization points and were
not seen in the results from Ipopt. In general we see smaller errors and faster CPU times when using the DR
algorithm. Overall, using the DR algorithm with the general expressions and numerical approach we proposed
is more advantageous than using Ipopt for the class of problems we consider.
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In the future it would be useful to extend this research to more general problems. One such extension is the
case when the ODE constraints are nonlinear. If the ODE constraints are nonlinear then we have a nonconvex
problem. The DR algorithm has already been shown to have success with finite-dimensional nonconvex problems
so it would be interesting to apply this method to nonconvex minimum-energy control problems. An extension
to LQ problems where the objective function is given by

: / tf ()7 Q)a(t) + u(t) R(tyu(r)) .

to

where @, R are positive semi-definite and positive definite matrix functions of dimensions n x n and m x m,
respectively, should also be investigated. The fact that the state variables appear in the objective makes this
problem particularly interesting and challenging to study.

Another possibility is to look into the cause of the intriguing numerical results in Figure 3d where wy = 5,
¢ = 0.5, using the DR algorithm. It is currently unknown whether the behaviour in this case is a result of a
theoretical fact or it is just a numerical artifact.

In an earlier preprint version of this paper on arXiv [40], various other projection methods are tested as
well as the DR algorithm on the same optimal control problems as in this paper. These additional methods
are namely the method of alternating projections (MAP) [41, 42] and the Dykstra [43] and Aragén Artacho—
Campoy (AAC) [44] algorithms. MAP consists of sequential, or alternating, projections onto each of the sets A
and B, and Dykstra is some modification of MAP. However, MAP can only find a point in AN B. Unlike DR
or Dykstra, MAP cannot handle an objective function that is not an indicator. Performance comparisons with
another projection method, namely the AAC algorithm, a special case of which is the DR algorithm, can also
be found in [40]. We chose to focus on a single projection algorithm here, namely the DR algorithm, for which
convergence theory involving convex optimization problems in Hilbert spaces have been well studied and cited
widely in the literature. In the future it would be interesting to implement other projection algorithms such as
the Peaceman—Rachford algorithm or the projected gradient method.

APPENDIX A.
In this appendix we provide the proofs of the lemmas and corollaries from Section 3.2.
Proof of Lemma 3.8

With the A given for the double integrator, it is straightforward to compute the expressions in (3.23). To find
J,(0) we need to solve Equation (3.17) with

0 1.0 0 0
_ 00,0 0] ~ t
A: ,,,,,,,,,,, b: - - = -
00 01 0
0 0:00 -1
Using Equation (3.17)
'rt 1-710 0 0 1/6
1 0o 1 ,0 0 1/2
y(l): ,yl,(,),, = F |- e e e e D e e - — - - - - - - - = d’]'_ ,,,/,,,

ya(1) 0 0 1 1—7 0 ~1/2
0 0 +0 1 -1 -1
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This gives us
Jo(0) = [ 1(1) 1 2(1) | = { %g __1{2 } ’

when inverted we arrive at the expression in (3.23). O

Proof of Corollary 3.9

Recall the results for the state transition matrices and the Jacobian in Lemma 3.8. By direct substitution of
these quantities into (3.22), we get

R | [ (R
so +vo — Sy N /1

0
=u(t) + (12 (so +vg — 55 + /01(1 - T)u—(T)dT)

6 (vo_vﬁ/olu—(f)dr))t

—6 (so + vy — ¢ +/01(1 —T)u_(T)dT> +2 (vo —vf +/01 u_(T)dT> ,

as required. O

—u () + [12t — 6 6t+2]< v — vy
.-

(1 —=7)u=(7)
u(7) ] dT) ’

Proof of Lemma 3.11

Given A for the harmonic oscillator, it is straightforward to compute the state transition matrices in (3.29). To
find J,(0) we need to solve Equation (3.17) where

0O 1. 0 O 0
~ —w¢ 0, 0 0 7 sin(wot) /wo
I A 2 T N R 0o
0 01 —w? 0 — cos(wopt)
Using Equation (3.17),

o 0 -7 /W

y1(27) AT 0900 sin(woT) /wo 0
y(2m)=|-Z----- = J o T |-l dr=|-----_.

y2(2m) 09y ' A7) 0 0

o — cos(woT) -7
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As in Lemma 3.8 this gives us

and the expression for the inverse Jacobian in (3.29) follows. O

Proof of Corollary 3.12

Recall the results from Lemma 3.11. By direct substitution of the state transition matrix and Jacobian
into (3.22), we get

cos(wot)  wp sin(wpt) —4
Py o(u™)(t) =u= () + [0 1] _SIDLU;Ot) cos(wot) 0 —%

in(2

cos(2muy)  Snrwo) |
(99

0 %

—wo sin(2mwg)  cos(2mwy)

sin(wo (27 — 7))

+ /O% cos(wo(2m =) wo)) m u” (7)dr — [Sf] ;

—wp sin(wo(2m — 7)) cos(wo(2m — T

wo sin(wpt)

=u(t) + s ro - Sf] / e Smf:zor) dr
- cos(wot) Vo —Vf| Jo _ ’
- u™ (1) cos(woT)
w 2m
=u (1) + = (50 —s5f— — sin(wo7)u™ (1) dT) sin(wot)
™ wo Jo

! <v0 ot /0 " cos(wor)u- (7) d7> cos(wot),

™

as stated. O

Proof of Lemma 3.13

Given A for the damped harmonic oscillator with ¢ = 1, it is straightforward to compute the state transition
matrix in (3.31). To find J,(0) we need to solve Equation (3.17) with

0 1 0 0 0
Ao | 790 T2 00 g | et
0 0 0 1 0
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Using Equation (3.17)

0
o eART=7) 0 TewoT
y(2 ): ,yl,(,,),, = f  |._______ \,,,2,%2 ,,,,,,,,,,,,,,,, dr
Y2 (2m) 0gyp ' A7) 0
0 —e“0T (woT + 1)

yields, after integration, the required expression in (3.33). So in the same way as in the proofs of Lemmas 3.8-3.11

Jo(0) = [ n(2m) 1 w2(27) ],

and once inverted the expression in (3.32) follows. O

Proof of Corollary 3.14
We begin by finding z(27).

x1(2m) ) 2wy + 1 21
— o WO
x2(27) ¢ —27wg  —2mwp + 1

S0
Vo
27 2T — 7wy + 1 2r —T1
n / o—(2m—T)u0 l( )wo ( ) m u(r)dr
0

50(271'(4)0 + 1) + 27mvg + fozﬂ u (T)(27T _ T)ewm— dr

@27 —T)wd  —(27 —T)wo + 1

— 6727rw0

727’(80&)(2) — ’Uo(Qﬂ'(JJO — ].) — f27r

o u ()27 — T)wo — 1)e“°T dr

Recall the results from Lemma 3.13. By direct substitution of the state transition matrix and Jacobian
into (3.22), we get

—wot +1 tw%
—t th —+ 1

1
Y11(2m)y22(2m) — y12(2m)y21(27)

y y22(2m)  —y21(27) x1(2m) K
—y12(2m)  y11(2m) z2(2m) vr| ]

After carrying out some of the matrix multiplications on the right-hand side one gets

Pag (u)(®) =u" () + [0 1] ewot[

ewg(t—27r)

Pagoaw )(t) =u (t) + ——— [

Y11Y22 — Y12Y21

—y22t — y12(wot + 1)] ’ [x1(27r) — sf]

—y21t + y11(wot + 1) x2(2m) — vy

where we have omitted the arguments for y to save space. Expansions and further manipulations yield the
required expression. O

Proof of Lemma 3.15

Given A for the damped harmonic oscillator with ¢ > 1, it is straightforward to compute the state transition
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matrices in (3.35). To find J,(0) we need to solve Equation (3.17) where

0 1 v 0 0 0
i —wi —2we¢ , 0 0 7 evt sinh(5t)
0 D R R o
0 0 —wd  —2wo( —wp sinh (St + 1)
Using Equation (3.17)
2m 0
(2 ) eT 614(27r ™) 0552 e*T Sinh(ﬂT)
)= — N  |-----_-__ e [ T
Yy 02><2 | eA(QTr—T) 0
0 —wo sinh(B7 + 1)

which, after integration, yields (3.36). As in Lemmas 3.8-3.13
Jo(0) = [ n1(2m) 1 wa(2m) ],

inversion of which results in the expression in (3.32).

Proof of Corollary 3.16
We begin by finding z(ty).

e—2ma |wpsinh(278 + n) sinh(273) S0
@(2m) = B [ —w@sinh(27r3)  wpsinh(—278 +n) Uo]
27
e—o(2m—T) u™ (7)sinh(B(2m — 7))
- B [u‘(r)wo sinh(—8(27 — 1) + 1) ar
0

9

e—a(2r—T) sowp sinh(27 8 + n) + vo sinh(278) + C
B |—sowo sinh(273) + vowg sinh(—278 +n) + D

where

C = /0 u” (7)e*" sinh(B(2r — 7)) dT,

2m
D .= / e“Tu (T)wp sinh(—B(2r — 7) + 1) dr.
0

29

Now, by direct substitution of the state transition matrices and Jacobian from Lemma 3.15 into Equation (3.22)

ea(t727r)

PAWOwC (Ui)(t) = Ui(t) + 62(y11y22 _ y12y21)
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. . Tz — Py
—y22 sinh(Bt) — y1awp sinh(St + 7) L™ o=2na
yo1 sinh(Bt) + y11wo sinh(Bt + n) By
6727704

ea(t727r)

=u"(t)+

B2(y11y22 — Y12ya1) (_ (ya2 sinh(Bt) + y1awp sinh (5t + 1))

x <$1 - ijj:a) +(y21 sinh(Bt) + y11wo sinh(Bt + 1)) <x2 - ﬂvf))

e—27ro¢

where x;, yij, ©,7 = 1,2, are all evaluated at 27, but not shown for clarity. O

Proof of Lemma 3.17

Given A for the damped harmonic oscillator with 0 < ¢ < 1 we compute the state transition matrices in (3.38).
To find J,,(0) we must solve Equation (3.17) where

0 I 0 0 0
i —wg —2we¢ 0 0 7 eot sin(St)
o0 oo T T o
0 0 —wi  —2woC —wp cos(Bt +7)
Then using Equation (3.17)
2m 0
(2r) o [ eA@m=T) | 0252 sin(Br) dr
Y B Osxs eA2r—T) 0
0 —wp cos(ft + )

After integration, we have expression (3.39). Recall (as in Lemmas 3.8-3.15)

Jo(0) = [ n1(2m) 1 wa(2m) ],

which after inverting yields the expression in (3.32). O

Proof of Corollary 3.18
We begin by computing z(27).

2m
o=2ra | wocos(2mf 4 7) sin(273) lsol e—(2m—T)a
z(27) = — ~ ~ + —_—
8 —wisin(27B)  wocos(2nB — )| Y0 B
0
y wp cos((2m — 7)B + 7) sin((27 — 7)) 0 q
—wg sin((2m — 7)B)  wocos((2r —7)B8 — ) u(7)



DOUGLAS-RACHFORD ALGORITHM FOR CONTROL-CONSTRAINED MINIMUM-ENERGY CONTROL PROBLEMS 31

e—2ma sowo €os(27 B + ) + vo sin(27B) + C

B | —sow? sin(27B) + vowo cos(2m B — ) + D
where
2m
C:= / T sin(B(2r — 7))u” (1) dr,
0
2 -
D := / e“Twp cos((2m — 7)B + y)u” (1) dr.
0

In the following we omit the arguments of x and y to save space. After direct substitution of the results from
Lemma 3.17 into Equation (3.22) and simple matrix multiplication one finds

eat

52@112/22 - y12y21)

Py (W )(t) =u™ (1) +

T

—Y22 sin(Et) — Y12Wo COS(Et +7) z1€°™ — [sy
yo1 sin(Bt) + y11wo cos(Bt + ) Toe2TY — gvf
_ ea(t—QTr) . _
=u"(t) + = - <y22 sin(Bt) + y12wo cos(Bt + 7))
B2(y11y22 — Yy12921)
Bs . . Bo
X |z — eT:a + (y21 sin(Bt) + y11wo cos(Bt + 7)) Ty — e—27{a

O
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