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Abstract

The paper presents new results about convergence of the gradient projection and the con-
ditional gradient methods for abstract minimization problems on strongly convex sets. In par-
ticular, linear convergence is proved, although the objective functional does not need to be
convex. Such problems arise, in particular, when a recently developed discretization technique
is applied to optimal control problems which are affine with respect to the control. This dis-
cretization technique has the advantage to provide higher accuracy of discretization (compared
with the known discretization schemes) and involves strongly convex constraints and possibly
non-convex objective functional. The applicability of the abstract results is proved in the case of
linear-quadratic affine optimal control problems, and error estimates are obtained. A numerical
example is given, confirming the theoretical findings.

Key words: optimal control, mathematical programming, numerical methods, gradient meth-
ods, affine control systems, bang-bang control
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1 Introduction

Solving numerically optimal control problems in which the control function appears linearly, and
performing error analysis, are still challenging issues due to the typical discontinuity of the optimal
control. Considerable progress was made in the past decade in the analysis of discretization schemes
in combination with various methods of solving the resulting discrete-time optimization problems.
The papers [26, 1, 24, 2] apply to problems with linear dynamics, while [10, 3] address nonlinear
affine (in the control) dynamics. Usually the discretization is performed by Runge-Kutta schemes
(mainly the Euler scheme) and the accuracy is at most of first order due to the discontinuity of

the optimal control. Discretization schemes of higher accuracy were recently proposed in [19, 23]
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for systems with linear dynamics and Mayer or Bolza problems. In both cases the error analysis is
based on the assumption that the optimal control is of purely bang-bang type.

On the other hand, the papers [11, 20] present convergence results for a version of the (abstract)
Newton method for nonlinear problems, affine with respect to the control. Every step of the Newton
method requires solving a linear-quadratic (affine in the control) optimal control problem for a linear

system, namely a problem of the following type:

T
minimize J(z,u) = %m(T)TQx(T) +q () + /0 <;x(t)TW(t)x(t) + m(t)TS(t)u(t)) at. (1)
subject to
z(t) = A(t)z(t)+ B(t)u(t) +d(t), =(0)==z0, te]0,T], (2)
u(t) € U = [~1,1]™. (3)

Here, [0,T7] is a fixed time horizon, A(t), W(t) € R™*" B(t),S(t) € R™*™ for every t € [0,T], the
superscript T means transposition. Admissible controls are all measurable functions u : [0,7] — U.
The state of the system at time ¢ is z(t) € R", where z(-) is the (absolutely continuous) solution of
(2), given an admissible control u(-). Linear terms are not included in the integrand in (1), since
they can be shifted in a standard way into the differential equation (2).

For solving the above problem one can apply the high-order discretization scheme developed
in [19, 23]. It results in a discrete-time optimal control problem (a mathematical programming
problem), where the gradient of the objective function can be calculated following a standard
procedure involving the solution of the associated adjoint system, so that gradient-type methods are
conveniently applicable. And here we encounter a remarkable fact: although neither the objective
functional (1) of the continuous-time problem (1)—(3) nor the control constraints (3) are strongly
convex, it turns out that the feasible set of the discretized problem is strongly convex. This brings
into consideration the issue of convergence of gradient methods for problems with strongly convex
feasible sets and possibly non-convex objective functions (even if the functional J in (1) is convex
on the set of admissible control-trajectory pairs, the discretized problem may fail to be convex!).

Versions of the Gradient Projection Method (GPM) and the Conditional Gradient Method
(CGM) are widely studied (see e.g. [17, 18] and the references therein), but results about linear
convergence of the generated sequence of iterates seem to be available only for problems with
strongly convex objective functions. Exceptions are the papers [5, 14], where strong convexity is
assumed for the feasible set instead of the objective function. However, as clarified in the end of
Subsection 2.1 below, the additional assumptions in these two papers are rather strong and are not

fulfilled for the problem arising in the optimal control context as described above.

In this paper we present convergence results for the gradient projection and the conditional gradient
methods for minimization problems in a Hilbert space, where the feasible set is strongly convex but
the objective functional is not necessarily convex. These results are new even for convex or strongly

convex objective functional, but we relax the convexity assumption due to the needs of our main



goal — to cover the problems arising in optimal control of affine systems, as described above. For
that we consider objective functionals that we called, for shortness, (e, d)-approximately convex.
These functions constitute a larger class than that of the weakly convex functions (see e.g. [4]). In
Subsection 2.1 we prove linear convergence of the sequence of approximate solutions generated by
the GPM, provided that the step sizes are appropriately chosen. Apart from the applicability for
non-convex objective functionals, this result does not require the additional conditions in [5, 14]. As
usual, the “appropriate” choice of the step sizes is expressed by some constants related to the data
of the problem, which are often not available (or very roughly estimated). Therefore, we present
an additional convergence result involving a rather general and constructive condition for the step
sizes (well-known in the literature).

The conditional gradient method may have some advantages (compared with the GPM) in our
optimal control application. For this reason we also prove a linear convergence result for the CGM.
This is done in Subsection 2.2.

In Section 3 we turn back to the optimal control problem (1)—(3). The first two subsections
are preliminary, where we introduce notations, formulate assumptions and present the discrete
approximation introduced in [19, 23] and the error estimate proved in [23]. All this is needed
for understanding of the implementation of the GPM and the CGM and of the proofs of the error
estimations. Then, in subsections 3.3 and 3.4 we prove the applicability of the abstract convergence
results, obtained in Section 2, to our discretized optimal control problem and present details about
the implementation of the GPM and the CGM. A numerical example that confirms the theoretical
findings is given in Subsection 3.5.

The paper concludes with indication of some open problems for further research (Section 4).

2 Gradient methods for problems with strongly convex feasible

set

In this section we investigate the convergence of certain gradient methods for an abstract mini-
mization problem of the form

min f(w), (4)

where K is a convex subset of a real Hilbert space H and f : H — R is a function for which
certain conditions weaker than convexity will be posed. Convergence results for gradient projection
methods for this problem in finite dimensional spaces and convex f are known (see e.g. [18]).
It has been proved that the iterative sequence generated by versions of the gradient projection
method converges linearly to a solution, provided that the objective function f is strongly convex
and its gradient is Lipschitz continuous. Extensions to infinite dimensional Hilbert spaces are
straightforward. In contrast, in our results below the function f does not need even to be convex,
while the set K is assumed strongly convex. Some convergence results for smooth convex functions
f and strongly convex sets K are obtained in [5, 14], but under suppositions that (apart from

the convexity of f) are not satisfied in our main motivation as described in the introduction (see



Remark 2.3 below). The convergence results presented in this section are substantially stronger.

As usual, (-,-) denotes the inner product in H and || - || — the induced norm.
Let K be a nonempty closed convex subset of H. For each u € H, there exists a unique point
in K (see [15, p. 8]), denoted by Px(u), such that

lu — P (u)|| < |lu—v| VYveK.
It is well-known that the metric projection Pk is a nonexpansive mapping, i.e., for all u,v € H
[P (u) = Pre(v)|| < flu—wll.
Moreover for any u € H and v € K, it holds that
(u— Pg(u),v — Pg(u)) <0. (5)

Conversely, if w € K and (u — w,v —w) < 0 for all v € K, then w = Pg(u).

Below we remind the following notions.

Definition 2.1 The set K C H is called strongly convex or ~y-strongly convex if there exists a
number v > 0 (called modulus of strong convexity) such that for any u,v € K and any A € [0, 1] it
holds that

A+ (1= Ao+ A(1 - )\)%Hu —v|22 e K Ve with ||z] < 1.

Definition 2.2 A function f : H — R is called L-smooth on K if f is Fréchet differentiable and

its derivative, V f, is L-Lipschitz continuous on K, i.e.,
IVf(u) = V)l <Llu—v]|  VuvekK.

The following definition introduces a property that is usually called “weak convexity” or “para-

convexity” (see e.g. [4]).

Definition 2.3 A function f: H — R is called e-convezr (with € > 0) on a convex subset K C H

at @ € K if the function f.(w) := f(w) + 1e||w — w[|? is convex on K at ), i.e.
felaw + (1 = o)) < afe(w) + (1 — o) fe ()
for every w € K and « € (0,1).
If f: H— Ris e-convex at w and differentiable, then
(Vfe(w) = Vfe(w),w—w) >0 Vwe K.

This implies that
(Vf(w) = Vi), w—w) > —¢|lw—w|? VYweK.

In the our main application, the function f does not need to be even e-convex with € reasonably

small. Therefore we further weaken the convexity as in the following definition.



Definition 2.4 A Fréchet-differentiable function f : H — R is called (g, 0)-approzimately convex
(with €, > 0) on a convex subset K C H at w € K if

(VF(w) — V@), w— ) > —ellw—@]> Vwe K with [jw— @] > 6. (6)

Notice that § can be taken equal to zero in the above definition, in which case the (g,0)-
approximate convexity reduces to e-convexity.
The following three results provide the ground for the error analysis of the GPM and the CGM.

Proposition 2.1 Assume that f is L-smooth, K is ~y-strongly conver and w € K is a solution
of problem (4) such that ||V f(w)|| > p for some number p > 0. Assume also that f is (g,0)-

approzimately convex on K at w and that the number v := A — ¢ is positive. Then
(Vfw),w—w) > v|w—b|> Vw e K with ||w— | > 0. (7)

Moreover, any solution of problem (4) is at distance at most § from .

Proof. Setting z = we have ||z|| = 1. By the strong convexity of K we obtain that for

—Vi@)
||Vf(’LU)H’
any w € K

1
S (w+) + %Hw — 9% € K.

Due to (6), for all w € K with |[jw — @| > ¢ we have

y =

(VI(w) = Vi), w— ) > —elw— |
Hence,

(Vf(w),w —w)

A\

(Vf(@),w—w) —elw— b

_ 2<Vf<w>,“’”’—y>+2<Vf<w>,y—w>—s\w—wu2. (®)

The optimality of w implies that

Then from (8) we obtain that

(Vf(w),w —w)

Y

). Ll — w12 Vf(w) —ellw — w2
2(V (@), Jlo - o TR ) ~ e~ ]

v . . )
= L IVF@)lllw = @l = ellw - b[* > vijw - o],

that is, (7).

Now assume that w is another solution of (4). The optimality of w implies, in particular, that

(Vf(w),w —w) > 0.



Assuming that ||@w — w|| > 0 we may substitute w = w € K in (7), which gives
(Vf (@), @ — ) = v — o2
Adding the last two inequalities we obtain that
0> v|w — |2

which contradicts the assumption ||@w — @|| > §. The proof is complete. Q.E.D.

Lemma 2.1 Let the assumptions of Proposition 2.1 be satisfied. If for some w € K and A\ > 0 it
holds that P (w — AV f(w)) = w, then [Jw —w|| <4.

Proof. Contrary to the claim of the lemma, assume that ||w —@|| > 6. Then from Proposition 2.1
we have that the first inequality in (7) is fulfilled by w. From the condition Pg(w — AV f(w)) = w
we have that

(Viw),u—w)>0  YuekK.

Applying this inequality for u = w and adding it to the first inequality in (7) we obtain that
0> vlw—al?

which is a contradiction. Q.E.D.

Lemma 2.2 Let the assumptions of Proposition 2.1 be satisfied. If for some w € K if holds that
Vf(w) =0, then |[w—w| <6.

Proof. If we assume ||w — w|| > §, then from the first inequality in (7) we have
02> vllw -

which is a contradiction. Q.E.D.

2.1 The gradient projection method

For solving the minimization problem (4), we consider first the most classical algorithm, the Gra-
dient Projection Method (GPM) stated below. In the formulation of the algorithm we only assume
that f is L-smooth.
Algorithm GPM.

Step 0: Choose wg € K. Set k = 0.



Step 1: If wy = Pg (wr, — V f(wyg)) then Stop. Otherwise, go to Step 2.

Step 2: Choose A\, > 0 and calculate
Wit+1 = Pr (wi — AV f(wg)) . (9)
Replace k by k + 1; go to Step 1.

It is well-known that for convex f and K the GPM has the error estimate O(
objective function when A\ = \ € (0, %], see e.g. [6]. More precisely, if problem

) in term of the

=

—~

4) has a solution

and f is the minimal value of f on K, then

. L
o) = <=2k,

where my is the distance from wy to the solution set of (4). If in addition, f is strongly convex, then
the sequence {wy} converges to the unique solution of (4). If f is only convex (but not necessarily
strongly convex), there are no convergence results, in the known to us literature, concerning the
iterative sequence {wy}.

In this subsection, we prove that if the set K is strongly convex and the function f is (g,0)-
approximately convex then the sequence {wy} generated by the GPM linearly approaches w at
least until entering a d-neighborhood of w. We mention that if the above algorithm of the GPM
stops at Step 1 for some k then, according to Lemma 2.1, ||wy — || < 4§, that is, an approximate
solution is attained.

Using Proposition 2.1, we obtain the following main estimation which will be repeatedly used

in the sequel.

Proposition 2.2 Let all the assumptions in Proposition 2.1 be satisfied, and let ||wg — w|| > 0.
Then the sequence {wy} generated by the GPM satisfies the inequality

[1+ Xk (20 = M L?)] Jwpsr — @I < lwg — 2> VEk (10)

at least as long as ||wg+1 — W[ > 0.

Proof. Since w11 = Pr(wr — AV f(wy)), due inequality (5) we have
(wi, — MV f(wg) — w1, w — wiy1) <0 Yw € K.
Substitution of w = w € K in this inequality yields
(wi = AV f(wk) = W1, W — wi1) <0,
or equivalently

2(wg, — Wi 1, W — Wey1) < 22V f(wy), 0 — wiy1)
= 20 (V f(wg 1), wep1 — W) + 206(V f(wi) — V f(Wk41), W — wiet1). (11)



Since wyy1 € K and A\ > 0, if [Jwg41 — w|| > § then due to Proposition 2.1
=20V f (whep1), W1 — ) < =20pv||wpsy — b (12)

By the Cauchy-Schwarz inequality and the Lipschitz continuity of V f, we obtain that

20(V f(wi) = Vf(wg1), 0 —wir1) < 20|V f(wg) = V f(wig1) || |wi1 — 2
< 20 Ll|lwg — i |[Jwi 1 — @
< lwe — wega I + AkL)?[|wprr — b (13)
Inequalities (11), (12) and (13) imply that
2(wg — W1, W — wy1) < =2\ lwigr — D) + lwp — wrpa [P + AeL)?Jwpsr — D[P, (14)
On the other hand,
2wy, — w1, 0 — W) = Jwg — wpp||* 4 [0 — wpa |P = [(wp — wrp1) = (@ — wep)]?

= llwe = wera|* + wr — BI° = [Jwg — @]
(15)
Combining (14) and (15) we obtain that

g, = wrs [P+ 1wk 1 =@ ~[lwg =@ [|* < —2X\vlwir =D+ wp —wpgr |+ (L) wpr1 = @],

hence (10) is satisfied. Q.E.D.

Now we can state and prove the main convergence result for the GPM.

Theorem 2.1 Let all the assumptions in Proposition 2.2 be satisfied. Let the sequence {\r} be
chosen such that 5
v
0<a§)\k§b<ﬁ vk, (16)

where a,b are some positive constants. Define

1
B V1+a(2v —bL2)

o € (0,1). (17)

Let {wy} be the sequence generated by the GPM. Then for every k, if ||wi11 — W] > § then

lwes1 — @ < pflwg — @l (18)
Moreover, for every k, if |wiy1 — w| > 6,1 =0,...,k, then the following a priori and a posteriori
error estimates hold:
. Mk+1
Jkar — 0] € £ — (19)
and
. M
w1 — @] < ﬂ”wkﬂ — wy- (20)



Before proving the theorem we mention that in the case of an e-convex function f (that is, if
0 = 0) the first claim of the theorem means that the sequence generated by the GPM converges
linearly to the (unique) solution w. In the case § > 0 we also have linear convergence at least until
the generated sequence enters the d-neighborhood of w. Thus in this case the theorem is meaningful

only if ¢ is reasonably small.

Proof. It follows from (16) that [1+ A (20 — A,L?)] > [1 +a (2v — bL?)] > 1 for all k. By (10)

and the above inequalities,
[1 +a(2v - bLQ)] |wps1 — @|)* < [Jwp — D2,
provided that ||wg41 — w|| > 0. Hence
[wpr — @ < pllwi — ]| (21)

with p € (0,1) being defined by (17).
The proof of (19) and (20) is standard, but we present it for completeness. By (21),

[wpar — @ < pllwg — @ < p?llwp—y — B < ... < pFFHwe — .
Observe that
|wr — @[ < [Jwg — wrta || + [[we1 — DI < [Jwg — wgpa || + pllwr — D,

and so [|jwg — || < ﬁHwk — wgy1|| for all k. Hence

k+1

A N
[wi1 — @ < wo — ]| < T lwo —wll,

" R 0
ks =) < o — ) < o — .

Q.E.D.

Remark 2.1 If the constants L, v and p can be reasonably estimated, then inequalities (19) and
(20) can be used to estimate the number of iterations of the GPM needed to achieve a given

accuracy.

Remark 2.2 The value p in (17) can be regarded as a function p = p(a,b) of the variable (a,b)

belonging to the domain
2
{(a,b)eR2:0<a§b<Lg}.

It is a routine task to obtain that the minimum of p(a,b) under the above constraints is achieved

at (ax,b«) := ({2, 72) and the minimal value is p, := ﬁ Hence, \x = 77 would be an optimal
choice of .



Since the parameters ~, p and L are usually not known in advance, we can consider the step size
sequence {\;} as any non-summable converging to zero sequence of positive real numbers as it

follows in the next theorem.

Theorem 2.2 Let the assumptions in Proposition 2.2 be satisfied. Let {\;} be a sequence of

positive scalars such that
(e}
D M =+o0, lim Ay =0. (22)
o k—o0

Then for every &' > § all elements of the sequence {wy} with sufficiently large k are contained in
the &' -neighborhood of 1. Moreover, there exists a natural number ko such that for each k > ko for

which ||wit1 — || > § is fulfilled for i = ky, ..., k, it holds that \(2v — A\ L?) > 0, and

. 1
s — ] < ——
VI [+ X2 — MiZ2)]

Clearly, in the case § = 0 the first claim of the theorem implies strong convergence of the

[[wry — @], (23)

sequence {wy}.

Proof. Since A\, — 0, there exists kg such that 4\, L? < vp for every k > ko. Hence,
Ae (20 = M L?) > N, (20 —v) = vAg > 0,

for all k > ko. If k is such that ||[w't! —@| > 6, i = ko, ..., k. Then from (10) it follows that

1
<
T 14 M (2v — A\ L2)
< 1 1
T A 2 = A L)] [+ A (2v — A L2)]

i — |2

w1 — @

lwg—1 — @]

1
TTF . 11+ Ni(2v — NL2))]

i=ko

IA

[y, — 1%,
which proves (23).
Let us now prove the first claim of the theorem. For each k set
o = Mg (21/ — )\kL2)

and rewrite (23) (if it holds for k) as

. 1 .
lw+1 = Dl < —= l[wie — @I|- (24)
[Tick, (1 + )

oo
Since ay = A\p(2v — A\, L?) > vy, for each k > ko, it follows from (22) that Z ap = +0o. Hence

k=Fko
k k
H(1+Oéi) > 1+Zai—>—|—oo
’i=k0 i:ko

10



as k — oo. Since (24) holds as long as ||wgy+1 — W|| > 6, we obtain that either ||wy — | — 0 or
||wy, —w]|| < 0 for some k > k. In the second case we either have ||wg41 —w|| < §, or ||wg1—w|| > 4.

In the second case, again, we have from (10)

) 1 )
lwyes1 — @|* < lwi — ]|* < 6%

T 14 o

Thus wy remains in the §-neighborhood of & for all k. The proof is complete. Q.E.D.

Remark 2.3 Using the contractivity of the projection onto strongly convex sets, Balashov and
Golubev [5] and Golubev [14] obtained the linear convergence of the GPM for smooth, convex

optimization problem with the following additional conditions:
(i) For any k, there exists a unit vector n(wg) € Ng(wg) such that
(n(wk), V f(wg)) <0,
ie., wy — NV f(wg) ¢ K for any A\ > 0.
(ii) The problem (4) has a unique solution and it belongs to the boundary of K.

In our convergence analysis in Theorem 2.1, the assumptions (i), (ii) are eliminated, which is
important for our main motivation (see the next section). Also important is that our result applies

under the (g, d)-approximate convexity instead of convexity.

2.2 The conditional gradient method

In this subsection, we consider the Conditional Gradient Method (CGM) for solving problem (4)
with a y-strongly convex set K and an (g, d)-approximate convex and L-smooth function f. This
method dates back to the original work of Frank and Wolfe [12] which presented an algorithm
for minimizing a quadratic function over a polytope using only linear optimization steps over the
feasible set. The CGM for solving (strongly) convex problem was investigated in [7, 8, 13].
Algorithm CGM.

Step 0: Choose wg € K. Set k= 0.

Step 1: If V f(wg) = 0, then Stop. Otherwise, find a solution xj, of the problem

miy (¥ f(wn). ). (25)

Step 2: If zp = wy, then Stop. Otherwise, go to Step 3.

Step 3: If V f(wg) # 0, choose ny, € (O,min {1, WH, calculate
W1 = (1 — ) wk + M, (26)

11



replace k£ by k + 1, and go to Step 1. Else the iteration process terminates.

Notice that if the above algorithm stops at Step 1 or Step 3 for some k then, according to Lemma 2.2,
|lwr —wl|| <6, that is, an approximate solution is attained.

In general, problem (25) may fail to have a solution, in which case the CGM is not executable.

Remark 2.4 The objective function in the subproblem (25) in the CGM is linear, thus if K is
a polytope, we encounter a linear programming problem which should be easier to solve than the
quadratic programming subproblem (9) in the GPM. In the case considered in this paper the set K
is strongly convex, thus (25) is not a linear programming problem. However, in our main application
(see the next section) the set K is a product of (possibly large number of) simple two-dimensional
strongly convex sets, so that (25) decomposes into two-dimensional subproblems that are easy to

solve.
We will use the following global version of (g, d)-approximate convexity.

Definition 2.5 A Fréchet-differentiable function f : H — R is called (g, 0)-approzimately convex

on a convex subset K C H if
f(w) = f(v) >2(Vf(v),w—v) - gllw —v|?  Vw,v €K with |w—0v| > 4. (27)

Clearly, (27) implies (6).

We begin the convergence analysis of the CGM with an inequality which will play a key role
for obtaining convergence results. For convenience we assume that if the CGM terminates at some
finite iteration k = 4, (due to Vf(w;) = 0) then the sequence {wy} is extended as wy = w; for
k > .

Proposition 2.3 Assume that K is y-strongly convex, f is L-smooth and W is a solution of problem
(4) such that |V f(w)]| > p for some number p > 0. Assume also that f is (e,0)-approximately
convex on K and that the number v := % — € 1s positive. Further, assume that at any iteration k
a solution of the subproblem (25) does exist, and let {wy} be the sequence generated by the CGM.
Denote f := f() and Ay, == f(wy,) — f. Then

VT e (YIVf(w) | 2
< — - = - " —
Agig < <1 5 6> A ) < 1 L | ||xx — wg|*s (28)

at least as long as ||wg, — w|| > 0.

Proof. If Vf(w;) = 0 for some i, we have x = wy and Ay = 0 for all k¥ > ¢, hence (28). Thus we
may assume that V f(wy) # 0 for the arbitrarily fixed & in the consideration below.

12



Since f is L-smooth we have

fwin) S fe) + (Vi) = we) + 5 kgt —

= Flwe) + e 9 F ),k — i) + ool — (20)

Subtracting f from both sizes of (29), we obtain

L
Apg1 < Ap + e (V f(wr), o1 — wy) + 57713”3% — wi||?. (30)

By the optimality of zj, in (25), we have

(Vf(wg), o) < (Vf(wg), ). (31)

Assume from now on that ||wy — @|| > . From (31) and the (g, d)-approximate convexity of f it
follows that

(Vf(we),xp —wr) < (Vf(wk), @ —wg)
< F@) = flwn) + Flloe =l = —Ap+ Sl bl (32)

Setting z = %, we have ||z|| = 1. By the strong convexity of K we obtain that

1 . .
Y 1= §(wk + W) + %Hwk — w||2z e K.

Therefore, from the (e, §)-approximate convexity of f and the optimality of @, we obtain
N N N € N
A= flun) = f(@) = (V@) w,— @)~ & — 0]

- 2<Vwa

wk+12)
2

A A € N
~ )+ 2{VF(0) g~ ) = § o~ P

wy + W

N € N
> 2(Vi@), U ) - S - P

2SR~ Sl — ol

_ 2<Vﬂw»gm%—w

V@]
Y N . € N

= D)9s@) ek — @) = £ llwy — o)
P € ~ 112 € )

> (EZ - - = - - .

> (F-5) lwoe—wl* = (v+3) o -] (33)

Combining (33) with (32) we have

€/2 v
— < —A = — Ap. 34
(Vf(wg), 2 — wg) < k+y+€/2 k et (34)
Setting zj, = %&m, we have ||zx|| = 1. By the strong convexity of K we have that

1 Y
Y 1= §(wk + CCk) + gHwk — xk||2zk c K.
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The optimality of zj in (25) yields that

(Vf(wg),zp —wg) < (Vf(wg yk — W)

= (Vrwn) yon =)+ L - )
- §<Vf<wk> — )+ o =l (V) o)
= S (VT 2~ ) — Lok~ ml 219 )|
_;H”Emak = T — 22V £, (35)

where the last inequality follows from (34). Combining (29) with (35), we obtain that

v Vf(w
B < (1= o2 Y oy - 2 (WELO g ) i — .

2U+e€ 4
Q.E.D.

We are now in a position to establish the convergence results for the CGM.

Theorem 2.3 Let all the assumptions in Proposition 2.3 be satisfied. Assume also that ||wo—w|| >
d and the sequence {wy} generated by the CGM satisfies ||V f(wg)|| > p for all k. Let the sequence
{nk} be chosen such that

2 4 e 7!!Vf(wk)!!} k. (36)

0<n<mn<mi ,

Then for every k € N, if |lwy — || > § then

flwpgr) = fF < O(f(wi) — f),

€ (0,1). Moreover, for every k, if ||w; —w| >6,i=0,...,k, then

where =1 —

P < 20k

9

Clearly, in the case § = 0, the first and the second claims of the theorem mean that the sequences
{f(wg)} and {wy} converge linearly to f and 1, respectively. In the case § > 0 we also have linear

convergence at least until the generated sequence enters the §-neighborhood of .

Proof. From (36) we have

YV f(we) || VN v
— - 2 L > d 1> > —
4 =0, an T %4+e w+e

VEk.

Therefore, it follows from (28) that, for all &, it holds

A< (1- 22 VA
k+1 > _2y+€ ks
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which implies

flwisr) = f5 <0 (f(wi) — f7). (37)
In addition, if ||w; —w| >4, i =0, ..., k, then we have
Ap < 0FA.
This and (33) imply
o= 01? < e < et

Q.E.D.

3 The affine optimal control problem

In this section we turn back to the control-affine linear-quadratic problem (1)—(3) and prove that the
gradient methods considered in the previous section are applicable to the (high order) discretization
of the problem recently developed in [19, 23]. We also provide error estimates regarding both the
errors due to discretization and those due to truncation of the gradient projection iterations.

The first two subsections reproduce assumptions and results from [23] that are necessary for
understanding the implementation of the GPM and the CGM to the discretized version of problem
(1)=(3). The next subsections prove the applicability of the abstract results obtained above, present
details about the implementation of the gradient methods, and provide results of computational

experiments.

3.1 Notations and assumptions

Below R"™ denotes the n dimensional Euclidean space (with its elements considered as vector-
columns), | - | and (-,-) denote the norm and the scalar product, respectively, the superscript T
denotes transposition of vectors and matrices. When dealing with “long” sequences of vectors

w = (wp,...,wn-1), where w; € RP, so that w € (RP)N, it is convenient to introduce the norms

N-1 N-1
wly==h > Jwil,  lwlla == |B > |wil?, (38)
i=0 i=0

where h := T/N. This ensures, in particular, that |w|; < VT ||w|2. We also define ||w|/o =
max; |w;|. As usual, La([0,7]; R™) denotes the Hilbert space of all measurable square-integrable
functions [0,7] — R™ with scalar product (uj,us) = f0T<u1(t),uQ(t)>dt and the corresponding
norm is denoted again by || - ||2.

Let H be the Hilbert space (RQ’”)N with the scalar product (w', w") = hZiV;Ol (wl,wl), where

each component, w;, of any w € H is a pair (u;,v;) with u;,v; € R™.
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Assumption (A1) The matrix functions A(t), B(t), W(t) and S(¢), t € [0, T], have Lipschitz con-
tinuous first derivatives, @ and W (t) are symmetric. Moreover, the matrix BT (¢)S(t) is symmetric
for all t € [0, 7.

Denote by F the set of all admissible control-trajectory pairs (u, x), that is, all pairs of an admissible
control u and the corresponding (absolutely continuous) solution z of (2). By a standard argument,

problem (1)—(3) has a solution, (&,4) € F, which from now on will be considered as fixed.

Assumption (A2)

%z(T)TQz(T) +qTa(T)+ /OT (;z(t)TW(t)z(t) + z(t)TS(t)u(t)> dt>0  V(z0)eF— (&)
The first part of Assumption (A1) is standard, while the last requirement is demanding but known
from the literature, usually expressed in terms of the Lie brackets of the involved controlled vector
fields see e.g. [25]. It is certainly fulfilled in the case of single-input systems, m = 1. Assumption
(A2) is a directional convexity assumption at (#,4), which is somewhat weaker than the usual
convexity assumption for the functional J in (1) regarded as a functional on the set of admissible
controls (viewing x as a function of u).

The Pontryagin principle implies that there exists an absolutely continuous function p : [0,7] —

R™ such that (z,u, p) satisfies the following system of generalized equations: for a.e. t € [0,7],

0=2x(t) — A(t)z(t) + B(t)u(t), z(0) = zo, (39)
0= p(t) + A(t) "p(t) + W(t)z(t) + S(t)ult), (40)
0c B(t) p(t) + St) " z(t) + Ny(u(t)), (41)
0=p(T) — Qz(t) —q, (42)

where Ny (u) is the normal cone to U at u:

Nus(u) 0 ifué¢U,
Uv\u) =
{leR": (lLv—u)<0VveU} ifuel.

Following [23], we assume that the optimal control 4 is strictly bang-bang, with a finite number of

switching times on [0,T], and that the so-called switching function,

G(t) = B(t) " p(t) + S(t) & (1),

exhibits a certain growth in a neighborhood of any zero!.

Assumption (A3) (strict bang-bang property)
There exist real numbers k > 1 and «,7 > 0 such that for all j € {1,...,m} and s € [0,T] with

G;j(s) = 0 (the j-th component of &) we have
;)] > alt—s|" Vte[s—1,s+7|N][0,T].

Assumptions (A1)—(A3) will be standing in this section.

! A similar assumption is introduced in [9] in the case x = 1 and in [22, 24] for & > 1.
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3.2 High-order time-discretization

In this subsection we recall the discretization scheme for problem (1)-(3) presented in [23], which has

a higher accuracy than the Euler scheme without a substantial increase of the numerical complexity

of the discretized problem. The approach uses second order truncated Volterra-Fliess series. The

discretization scheme is described as follows.

For any natural number N denote h = T/N and define the mesh {t;}}’ with t; = ih. Introducing

the notations (where a dot above the symbol of a function denotes the time-derivative)

A= A+ (AP +Aw),
B, := B(tz)+hA(tl)B(tZ),
Ci = —A(t)B(t) + B(t),

we replace the differential equation (2) with the discrete-time controlled dynamics

Tit1 = T+ h(AliL'Z + Bu; + hCiUi), 1=0,....N—1, xq given,
w; = (ui,vi) ezZ™ 1=0,..,N—1,

where Z™ is the Cartesian product II7"Z and Z is the Aumann integral

2= (1) re

As pointed out in [19], the set Z can be easily represented in the more convenient way as

Z={(a,B): € [-1,1], B € [p1(), p2()]},

where @1 (@) := 1 (=1 +2a + a?) and s(a) := 1 (1 +2a — a?).

Figure 1: The set Z as the area between the two parabolas 1 (lower) and 2 (upper).
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We introduce the discrete-time counterpart of the objective functional J in (1): for x =

(:l','(), ...,ZC'N), w = ('UJO, v 7wN—1) = ((’U,O,'U()), RN (UN—lavN—l))v

=

| >

Iz, w) = %va (Qzn +q) + (2] W(t;) (i + hA(t;)z;) + gx? W (ti)a;) (46)

Il
=)

%

N—-1
+hy (hB(ti)(ui —v) + @y (S(tui + hS(t)v:) + h (At)z:) T St + g<B(ti)TS(ti)ui, u>)
1=0

Then we consider the problem of minimization of the functional J" defined in (46) subject to the
constraints (43)—(44). The set of admissible discrete controls in this problem is denoted by K C H,
that is,

K = {(wo,...,wn_1) € RZ™N : wy; = (u;,v;) € Z™}.

We also introduce the discrete adjoint equation (see formula (3.11) in [23])
pi = (I + hA:) Di+1+h (S(tz)uz + hS(tz)’UZ + hA(t,;)TS(t,-)vi> (47)
h h h_.
+h (W(tz) + §W(tz)A(tz) + §A(ti)TW(ti) + 2W(t¢)> T+ h2W(tz)B(tl)(uz - Ui)

with the end condition
pn=Qayn +4q. (48)

Section 3.3 in [23] presents a construction which for every sequence w = (wy,...wn_1) € K
defines an admissible control « = ®"(w) in problem (1)-(3), with values +1 and with at most two
switches in every interval [¢;, t;11] of each of its components. We do not reproduce this construction
here, only mentioning that it requires only a few calculations (to define the switching points), and
the restriction of u(t) = ®"(w)(t) to [t;, t;11] depends only on w;. Moreover, the following equalities
hold (see (3.14) in [23]): for every w = ((uo,v0), - - ., (UN—-1,VN—-1))

tit1 tit1
/ Bh (w)(s) ds = hus, / (5 — 1)"(w)(s)ds = h2v;, i=0,....N—1.  (49)
t; t;

In addition, the function ®" has the important property that there exists a constant ¢ independent
of N such that
Joh () — &My < Eluw — s V' w” € K, (50)

Below we will use the metric
d™ (u1,uz) = meas {t € [0,1] : uy(t) # ua(t)}

in the set of admissible controls in problem (1)—(3).

The following theorem is extracted from Theorem 3.1 in [23].

Theorem 3.1 Let Assumption (A1) be fulfilled. Let (Z,4) be a solution of problem (1)-(3) for
which assumptions (A2) and (A3) are fulfilled with some k > 1, and let p the corresponding solu-
tion of the adjoint equation (40) with end-condition (42). Then for every natural number N the
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problem of minimization of (46) under constrains (43)-(44) has a solution {(x;,w;)} and for every
such solution and the corresponding discrete adjoint sequence (po,...,pn) solving (47), (48), the

following error estimate holds:

max (|o; — a(t)| + [pi — p(ts)]) + dF (®(w), i) < ch, (51)

i=0,...,

where ¢ is independent of N.

We mention that the above discretization scheme is meaningful only under Assumption (A1).
Assumptions (A2) and (A3) are only needed for the error estimate in Theorem 3.1.
3.3 Applicability of the results about gradient-type methods

First of all, we reformulate the problem of minimization of (46) under the constraints (43)—(44) as

a minimization problem on the set

N-1
K:=]]2z"cH, (52)
namely,
milrulien[%ize {fh(w) = JM (2" w), w)} , (53)

where 2/ [w] is the solution of the discrete-time equation (43) for w = {(u;,v;)}1vy! € K, with the
given initial condition xg.
In this subsection we prove that the assumptions needed for applicability of the results in

Section 2 to the above problem are fulfilled.

Lemma 3.1 The set K defined in (52) is strongly convex with modulus ~ >

e

Proof. First of all, the set Z C R? is strongly convex. This is evident from Figure 1, but the
calculation of a modulus g is cumbersome and we skip the details. In this calculation we use
Theorem 1 in [27] (expressing 7o by the Lipschitz constant of the mapping that maps a unit vector
to that point on the boundary of Z at which this vector is normal to Z) and the explicit formula for
the normal cone to Z given in [19, Section 4]. The number 4y = 1/v/32 turns out to be a modulus
of strong convexity of Z.

Since the norm of y = (21, ..., 2y,) € R?™ = (R?)™ with z; € R? is defined as |y| = />_1r; |2i]%,
we easily obtain that Z™ is strongly convex with the same modulus .

For estimating the modulus of strong convexity of K = (Zm)N we should take into account
that the norm in H is || - [|2 as defined in (38) with p = 2m. Then if we denote by By and by Bgzm

the unit balls in H and R?™, respectively, we have the straightforward inclusion
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The claim of the lemma directly follows from this inclusion, the definition of strong convexity, the

product structure of K, and the (upper) estimation of the modulus of strong convexity of Z™.
Q.E.D.

Let us denote by f the objective functional in problem (1)-(3), regarded as a function of the con-
trol, namely, f(u) := J(z[u],u), where z[u] is the solution of (2) corresponding to u € Lo ([0, T]; R™).
It is well known that the functional f : Lo([0,7];R™) — R is Fréchet differentiable at any u and

its derivative has the functional representation
Vi(u)(t) = B(t) p(t) + S(t) "z (t), (54)

where = and p are the solutions of (39), (40), (42) corresponding to w. Similarly, the function
f": H — R is Fréchet differentiable, and its derivative has the representation (see (3.12) in [23])

h’LU
Va/w) = (Zj;ﬁwi )

B;pi—i-l + S(ti)T:BZ' + hB(ti)TW(ti)SUi + hB(tZ)TS(tz)uz (55)
h (C;rpi+1 — B(ti)TW(ti)l’i + (S(tZ)TA(tl) + Sl(ti)—r) l‘z)
We mention that Assumption (A2) implies that f is convex at 4, hence
(Vf(u) = Vf(a),u—1a)y >0  for all admissible controls u. (56)
In contrast, f* does not need to be convex (cf. Lemma 3.6 below).
In the proofs of the next lemmas ci, co, ... denote non-negative constants that may depend on

the data of the problem (1)—(3) (and their derivatives) but are independent of N. These constants
may have different values in different proofs.
The following two lemmas are technical and needed only to prove the last two lemmas in this

section.

Lemma 3.2 There exist constants ¢ and ¢ independent of h, such that for every w',w” € K and
Awe K- K
N-1
(V') = V(") Aw)| < ¢Jw" —w” ||y |Awlly + "B Juf — uf| [Au,
i=1
where w}, u, Au; are the first coordinates of the components w;, wi, Aw; of the elements w', w”

and Aw, respectively.

Proof. Considering the discrete equation (43), it is a standard procedure to obtain the following

estimate for the solutions x’ and z” corresponding to w’ and w”:

/

2" = 2”0 < erflw’ — w1 (57)
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Similarly, also using the last estimation, we obtain from (47), (48) that

Ip" = p"lloo < c2flw’ = w"[lx. (58)

Then using the explicit representation (55) we obtain that

N-1
(V" (w') = V"), Aw)| < e (|2 = 2"lloo + [P = 2"llo) [Awlly + e2h® Y Juj — uf| | A,
i=1
which together with (57) and (58) implies the claim of the lemma. Q.E.D.

Lemma 3.3 There exists a number ¢ such that for every natural number N, for every w € K and
for every A € Ly([0,T]; R™)

(V£(@" (@), ) = (V" (@), w(A))| < &AL,
where w(A) = {(ui, v;) Y ™" is defined as

L[ Lo A
i= - t)dt, ;= t—t;)A(t) dt.
u hl (t) U= (t—t:)A()

i

Proof. Denote by Z and p the solutions of (39) and (40), (42), corresponding to the control
function % := ®"(w). Similarly we denote by {Z;} and {p;} the solutions of (43) and (47), (48),
corresponding to w. The results in points 2 and 3 (see (4.5)) in [23, Section 4] imply that for
te [ti, ti+1]

tit1
BT ()p(t) +S(t) 2(t) = (Bi+ (t—t:)Ci) pi1 + B(t:) " ((tig1 — )W (t:)2; + S(t:) /t u(s) ds)

+S(t) " (I + (t—t)A(t:) Zi + S(ti) T (t — t:)Z; + O(t; h?),

where O(t;h?) is measurable in ¢ and |O(t; h?)| < c1h? for a.e. t. Using this expression and (54)

we obtain the following equality:
T
(Vf(@"(@)),A) = /0 (BT (0)p(t) + S(t) " z(t), A1) dt
=3 [ - 000 B+ B (o - W)+ 50 [ () )

i=0 vt
+amTu+@—umm»@+5mfu—m@+ommLA@>a
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Using the expressions (55) we obtain, after a simple rearrangement of terms, that

(Vf(@"(w)), A)
N-1 tit1 Lit1 T

_ Rv“i ), [ aw dt>+<%vvi (), / (b — ) A(L) dtﬂ + / (O(t: h2), A1) di
=0 ti t; 0
N—-1 T

= [<Vuz.fh(w),hui>+<Vvifh(w),hvi>} +/0 (O(t; h?), A(t)) dt
ZZJ\(’)*l T T

—h 3 (V@) w(a)) + [ (017, A}t = (75 (w), w(d) + [ (Ot ), Ae)

i=0 0 0
Then the estimation |O(t; h?)| < c¢1h? completes the proof. Q.E.D.

Lemma 3.4 The function f" defined in (53) is L-smooth on K with the Lipschitz constant of its

derivative being independent of N :

IV (@) = Vf* (w")ll2 < Lijw' —w”|2.

Proof. The Fréchet differentiability of f" was established in [23]), together with the representation
(55) of its derivative. The Lipschitz continuity on K follows from this representation, together with
(57) and (58) (the notations are as in the proof of Lemma 3.2). Q.E.D.

Lemma 3.5 There is a constant p > 0 (independent of N ) such that for every sufficiently large N
and for every solution W" of the discrete-time problem (53) it holds that |V f*(")||2 > p.

Proof. First of all, Assumption (A3) directly implies that there exists a number pg > 0 such that
IVf(@)ll2 = loll2 = po-

We remind that the notations used in the equality above are introduced in Subsection 3.1 (see also
(54)).

We utilize Lemma 3.3 with A = Vf(a)/||Vf(@)|2 and @ = @", where @" is an arbitrary
solution of problem (53). The vector w(A) is defined as in Lemma 3.3. We have

(V") w(A)) > (Vf(@"(@"),A) - en?| Al
> (Vf(@),A) = (VF(@"(@") - Vf(@),A)| - eVTh?| Al
> po— L|®"(@") — dlly — &VTh® > po — e1 Lh'/* — &/Th?.
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In the last row of the above inequalities we use the Lipschitz constant?, L, of V f and the estimation
in Theorem 3.1. We also use that ||®" (") — @z < c1+/d#(®"(w"),4) and Theorem 3.1. This
implies the claim of the lemma with p = pg/2. Q.E.D.

Lemma 3.6 There exists a constant cy > 0 such that for every natural number N, for any solution
wh of the discrete problem (538), and for any number ¢ > 0, the objective function f" is (g,9)-

approzimately convexr at W" with any

1 1
o> comax{e,\@}hw”.

Proof. Define the vector w = {(u;,v;)} with

1 [ti+: 1 [ttt
ai:h/ a(t) dt, 5":;12/ (t = ti)a(t)dt, i=0,...,N—1,
t;

t;

where, as before, 4 is the optimal control in the problem (1)—(3). According to property (49), the
functions ®" and @ have the same zero-th and first integral moments on each interval [t;,¢;11].

Then formula (54) and the analysis in Section 3.1 in [23] imply the inequality
IVF(@"(@)) = V(@) < erh,

Let us fix an arbitrary solution @" of problem (53), an arbitrary w € K. From the convexity of

the functional f at @ we have
(VF(@" (w)) = Vf(a), ®"(w) — @) >0,

hence
(VF(@"(w)) = V(2" (@), 8" (w) — @) > —c1h?|| D" (w) — a1,

Now we utilize Lemma 3.3 with A = ®"(w) — 4, first taking @ = w, then taking @ = . This yields
(VF(@" (), &) = (V£ (w), w(A))| < &AL,

and
(VH(@" (@), A) = (V7" (@), w(A))| < | AL,
correspondingly. Then
(V" (), w(A)) = (@), w(A)) = (V@ (w)), A) — (VF(@" (@), A) — 26h* | Al
> —erh?|9" (w) — il — 26h%| Ally = —eoh?|[@" (w) — .

2 The Lipschitz continuity of Vf (with some constant L) follows from the representation (54), similarly as for
V" in Lemma 3.4.
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Observe that according to its definition in Lemma 3.3, w(A) = w — @. Thus
(V" (w) = V@), w — ) > —ca|@"(w) — 1.
In the last inequality we replace @ with @" obtaining that

(Vf"(w) = V"), w —a")
> (V") =V fM(@),w —@")| = (VM (w) = V (@), d" — )| — c2h®]|@" (w) — .

Now we use Lemma 3.2 to estimate the two scalar products in the right-hand side as follows:

N-—1
(V") = VP (), w — )| < " — by lw — &Py + "B — ] ui — af,
=1
N—-1
(VP w) = V (@), 0" — B < w—bl|y 0" — Dl + R fui — ] [ — ).
i=1

Notice, that due to (49) and Theorem 3.1

a1
o — @) =

tit1
/ (B (@) () — at)] dt‘ < Lep2in,
an h

hence

(V@) — VP (@), w — &")| + (VM (w) — V@), d" — b))
< cg (110" = @l flw = 0" ls + h"|w — "1 + flw = @1 [l = Dlx + h*w — @] )

< s (" — w4 lw —2l) (0" 2l +12'%).
Thus we obtain that

(VM (w) = V"), w — ") (59)
> —cy (Il = wlly + llw = @lly) (J16" = @l + h¥*) = eah?|@"(w) — @l

According to (50) and Theorem 3.1 we have
18" (w) = alli < [|8"(w) — &"(@")[|1 + || 8" (&) — @1 < eljw — B[y + ch?/".

Moreover,

N-1
o — = hZW—uthrv — &

=0

N— 1 tis N-1 1 ftio
D" (") (t) —at)| dt+ > -5 (t — t;)|®"(@")(t) — a(t)| dt
Z i > i),

1=

h

IA
1

¢y meas{t € [tistip1) - D" (@")(2) # a(t)} < cad® (D" ("), 1) < esh?/*.
=0

IN
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In addition,
lw =@y < lw—@" 1 + [[@" = @1 < " —w]i + esh®*.

Combining the last three (chains of) inequalities with (59) we obtain that
(VLM (w) = V@), w = ") = —egh?* (|Jo" — w]y +h¥*).

Now we fix an arbitrary € > 0 and take § so large that

2/k

h2/n
206V T 5 ) and 2c6 VG

<.

Then the inequality
(VP (w) = V"), w —d") > —el|d" — w3

holds for any w € K such that |[@" — w|2 > §. This completes the proof (see Definition 2.4).
Q.E.D.

Let us interpret the convergence result in Theorem 2.1 in view of the above lemmas, focusing on
the generic case x = 1. From Lemma 3.1 we know that one can take v = /z/1/32 and according
to Lemma 3.4 and Lemma 3.5 the numbers L and p in Theorem 2.1 can be taken independent of
N. Thus v = \/Ep/lG\/i — ¢, and in order to ensure that v > 0 we have to choose

Vip
16v2

Choosing, for example, € = (/2 and taking into account that v/A > h for all sufficiently small h we

e<egg =

take § = 2coh?/eg =: ¢*h3/2. Thus the GPM converges linearly at least until the current iteration
wy, enters into an O(h/?)-neighborhood of a solution w".

From (17) in Theorem 2.1 one can estimate from above the theoretical linear convergence rate
as u < 1— Bvh, which approaches 1 for small h. Fortunately, the second order approximation
provided by our discretization scheme allows for using not too small h, and as shown in the next
subsection by an example, the values of ; may be quite reasonable.

The analysis of the CGM is similar.

3.4 Implementation of the gradient methods

Now, we shall describe the implementation of the GPM and the CGM to the specific problem defined
in (53) and (52). In the previous subsection we have shown that all assumptions required in the
abstract results about the GPM in Section 2.1 are fulfilled. The same applies to the CGM, with
the exception that the (e, §)-approximate convexity of f (in the optimal control context f := f%)
is required not only at a solution point @", but on the whole set K. This property can easily be
ensured modifying Assumption (A2) by replacing F — (4, 0) with F — F.

The two key points in the implementation of the gradient methods are: (i) calculation of the

gradient V f"(w); calculation of projections on K (for the GPM) or solving a linear optimization
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problem on K (for the CGM). We do not discuss here the issue of the choice of the step sizes g,

for which numerous possibilities are known from the literature.

1. Calculation of Vf"(w). Since f” represents the objective function of a discrete-time optimal
control problem as a function of the control variables (the state being implicitly regarded as a
function of the control), we employ the well known in control theory way for calculating its gradient:
V f(w) is the derivative of the Hamiltonian with respect to the control, evaluated at the current
control-trajectory pair, together with the corresponding solution of the adjoint equation. The

explicit formula is given in (55), reproducing [23, Section 3.2].

2. Calculation of the projection on K.

The set K is a product of m x N copies of the strongly convex set Z, thus the projection of a
vector w € H onto K is represented by projections onto Z of the 2-dimensional components of w.
Thus we have to only calculate projections, Pz(u,v) on Z, where (u, v)T € R2.

The following representation of the normal cone to the set Z is obtained in [19, Section 4]:

¢

0 if (o, 8) ¢ Z,
ap—N" 1 u>0A>00 ifae{-1,1},

Ny ) — 4 42 = uz >0} faci-1y )
pC+a—20"p=0}  ifae (L1 ABE {pi(a)pa(a)},
{0} if a € (=1,1) AB € (p1(a), p2(a))

where ¢ = sgn(a — 20).
Now, take arbitrarily a vector ¢ = (u,v)" € R? and observe that Pz(¢) is the unique solution

of the inclusion
Pz(§) € £ — Nz(Pz(£)). (61)

Therefore, using the formula (60), one can explicitly calculate Pz(&) as

(u,v) if (u,v) € Z,

(1,3) ifu>1 and u+v> 3,
Pz(u,v) = ¢ (~1,—

(

(

) fu<-1and v+v<— (62)

[\G][VV]

)

1
2

ar,¢1(ar)) ifu>-1 and u+v<3 and v < ¢1(u),
(

az)) fu<l and u+ov<—32 and v > po(u),

where the functions ¢ and @9 are defined after (45), v is a solution in [—1,1] of the third order
equation
o® 430+ (9 —4v)a — 8u —4v —1 =0, (63)

and ag is a solution in [—1, 1] of the third order equation

a® —3a® + (9 +4v)a —8u—4v+1=0. (64)
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Indeed, the first three cases in the representation (62) are clear. In the fourth case
u>—1 and u+v< g and v < p1(u),
thus Pz(u,v) has the form (o, p1(a)) (see Figure 1). From (60), we have
Nz((a, p1(a))) = p(1 +a, =2) .

Combining this with (61), one has

( U— )_ (1+a>
v— (@) -k -2,

u—a 1+ a
v —p1(a) 2 7
which leads to (63). The last case is treated similarly.

implying

3. Solving the auxiliary sub-problem in the CGM.
Now, we consider the subproblem miny¢ g <V f(w), y> which appears in the implementation of
the CGM (see (25)).

Observe that, the necessary (and sufficient) optimality condition for this problem reads as
0 € Vf"(w) + N (y)-

Each component of this inclusion has the form (&1, &2) € Nz((a, 8)), which, thanks to (60), can be
explicitly represented (see [19]) by the following simple formula:

(—1,-1/2) if & <0 and & +& <0,

(0, B) = (1,1/2) ?f § >0 and & + & >0, (65)
(=1 =281 /&, p1(a)) if & >0 and &+ & <0,
(1 + 2&1/52,(,02(0[)) if £ <0 and & +& > 0.

Therefore, the subproblem (25) can be solved explicitly without solving any third order algebraic
equation as in the GPM.

3.5 Numerical examples

In this section, we present some numerical experiments for the example of an affine linear-quadratic

optimal control problem given in [23].

Example 3.1
minimize  —by(1) + fol 3 (z(t))? dt
subject to  &(t) = y(t), x1(
)
u(t) € [-1,1].
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For appropriate values of a and b, there is a unique optimal solution @ with a switch from —1 to 1

at time 7, which is a solution of the equation
—57% 4 2473 — (12a + 36)7% 4 (24a + 20)7 + 24b — 124 — 3 = 0.

As in [23], we choose a = 1,b = 0.1, then 7 = 0.492487520 is a simple zero of the switching function.

Here the number £ = 1 in Assumption (A3) and the exact optimal control is

A ~1 if telo,r]
at) =
1 ifte(r1]

For each N, the iterates {wy} generated by GPM or CGM converge linearly to the unique (in
this example) solution w" with rates py and 6y, respectively. The starting control is chosen as
uo(t) = 1, t € [0,T], for both algorithms. In the following tables, we report these rates for some
values of N. The stopping condition is ||wg1 — wg| < 1076 for the GPM and ||z — wy| < 107°
for the CGM.

Table 1: Convergence rates for the GPM

N ‘ 10 20 30 40 50 60 70 80 90 100

#N‘0.2744 0.4687 0.5742 0.6477 0.6874 0.7166 0.7327 0.8038 0.8736 0.8778

Table 1 indicates that the (numerically obtained) rate of linear convergence, uy, of the GPM
depends on the mesh size N: it is monotone increasing and likely approaching 1 when N increases.
This is to be expected, since according to Theorem 2.1, uy is inversely dependent on the index of
strong convexity, v, of the set K, which tends to zero when N — oo (see Lemma 3.1). Actually,
the convergence of py to 1 is also consistent with the fact, that the GPM applied (theoretically) to
the continuous-time problem (1)—(3) converges sub-linearly, as recently established in [21, Theorem
3.2]. We stress that due to the second order accuracy of discretization, the mesh size N does need
to be taken large, therefore the rate of linear convergence may be reasonably good (see Table 1 for
N =10 - 30).

Table 2 presents the rate of linear convergence of the CGM applied to the same example. Although,
as mentioned at the end of Subsection 3.4, the amount of computations at each step of the CGM

is slightly lower than that for the GPM, the rate of linear convergence is worse.

Table 2: Convergence rates for the CGM

N ‘ 10 20 30 40 50 60 70 80 90 100

GN‘O.8946 0.8999 0.9016 0.9023 0.9028 0.9030 0.9032 0.9034 0.9035 0.9036
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4 Concluding remarks

In this paper we obtain a number of new results about the convergence of gradient methods for
general optimization problems on strongly convex feasible sets. The main motivation is the ap-
plication of a recently developed discretization scheme [19, 23] for linear-quadratic affine optimal
control problems, which results in discrete-time problems of the same type, however, with strongly
conver point-wise control constraints having rather simple representations by means of quadratic
inequalities. This opens several directions of further research.

First, to develop more efficient (than gradient projection) methods using the specific linear-
quadratic structure of the objective function and of the constraints.

Second, to investigate the applicability of gradient projection methods to discretized nonlinear
optimal control problems with the control appearing linearly. As indicated in [16], our discretization
approach is also applicable to such problems, and results in mathematical programming problems
with strongly convex feasible sets. The general convergence results obtained in the present paper
are also applicable, in principle. The main open problem here, is that the error analysis of the
discretization is not developed for nonlinear problems, which also creates problems to justify the

applicability and the convergence of gradient methods (cf. the analysis in Subsection 3.3).
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