A DOUBLE SMOOTHING TECHNIQUE FOR
CONSTRAINED CONVEX OPTIMIZATION PROBLEMS
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Abstract. In this paper, we propose an efficient approach for solving a class of convex opti-
mization problems in Hilbert spaces. Our feasible region is a (possibly infinite-dimensional) simple
convex set, i.e. we assume that projections on this set are computationally easy to compute. The
problem we consider is the minimization of a convex function over this region under the additional
constraint Au € T, where A is a linear operator and T is a (finite-dimensional) convex set whose
dimension is small as compared to the dimension of the feasible region.

In our approach, we dualize the linear constraints, solve the resulting dual problem with a purely
dual gradient method and show how to reconstruct an approximate primal solution. In order to
accelerate our scheme, we introduce a novel double smoothing technique that involves regularization
of the dual problem to allow the use of a fast gradient method. As a result, we obtain a method
with complexity O(% In %) gradient iterations, where € is the desired accuracy for the primal-dual
solution.

Our approach covers, in particular, optimal control problems with trajectory governed by a
system of linear differential equations, where the additional constraints can for example force the
trajectory to visit some convex sets at certain moments of time.
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1. Introduction. In large-scale convex optimization, first-order methods are the
methods of choice due to their cheap iteration cost. In particular, constrained prob-
lems can be solved provided that projection on their feasible set is computationally
easy to compute. In this work, we assume that both the convex objective function
J, defined on the Hilbert space U, and the convex feasible region S C U are suffi-
ciently simple so that the problem min,eg J(u) can be solved efficiently, or even in
closed-form. However, the situation becomes completely different when adding to this
problem the constraint Au € T, based on a linear operator A : U — V*, where V is
another Hilbert space and 7" a bounded closed convex set in V* (the dual space of V).
Indeed, the problem may become difficult because projection onto the new feasible
set {u € S: Au € T} may be computationally very expensive, or even intractable.

A natural approach is therefore to dualize this difficult linear constraint, obtaining
the primal-dual pair of problems
P* = min{J(u) +maxl(Au, 2) —or()]},  D* = max{—o7(=)+minl(u)+ (Au, )]}
where o7(2) = sup,er(, 2) denotes the support function of set 7', defined on V.

In this paper, we assume that the dimension of set V' (i.e. the size of the linear
constraints) is small compared to the dimension of set U, the latter being allowed
to be infinite. Thanks to this asymmetry, we are led to consider a purely dual al-
gorithmic scheme, generating its iterates only in the low-dimensional space V. The
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only operations that we need to be able to perform in the infinite-dimensional or
high-dimensional space U is the computation of the value of dual objective func-
tion at a given point z € V, which requires solving the optimization subproblem
O(z) = minyeg[J(u) + (Au, 2)] — or(2) over the simple set S.

EXAMPLE 1. As a first motivation, consider the purely linear infinite-dimensional
problem:

B

B
P = Ff@)u(t)dt / a;(H)u(t)dt =b; Yi=1,..,m

inf /
u€L?([a,B]):M1<u(t)<Ms J

where data consists of functions a; (1 <i<m) and f in L?([a, B]).
It is straightforward to define

U:Lz([aaﬂ])’ V =R",
S={ueL*(a,B]): My <u(t) < My Vo <t<p}, T={b}CR",
B

B 8 T
J(u):/ FOu)dt, A:U—V:u— (/ al(t)u(t)dt,...,/ am(t)u(t)dt>

so that the problem fits our formulation min,cg J(u) : Au € T. Dualizing the linear
equality constraints, we obtain the dual function:

B m B

(1.1) O(z) = irelg/a f@)u(t)dt + ;zl (/a a;(t)u(t)dt — bi>

m ) B m
(1.2) = Z; Zibi + élelg/a (f(t) + ; Ziai(t))u(t)dt.
Due to the fact that only pointwise constraints My < u(t) < My are still present in this
problem, we can solve it in a pointwise way, minimizing for each value of t separately.
Indeed, any solution u, € S satisfying u.(t) = My when f(t) + Y i~ yia;(t) > 0 and
u,(t) = My when f(t) + Y 0, yia;(t) < 0 is optimal solution for problem (1.1).

Since we are able to compute the value of ©(z) in closed form for any value of z, we
can apply a first-order method to the finite-dimensional problem max,cy O(z).

Our goal in this work is to show that it is possible to solve the dual problem
efficiently and reconstruct from this process a nearly optimal and feasible primal
solution. We develop to that effect a new double-smoothing approach, which is a
variant of the smoothing techniques described in [20, 21, 22]. This technique uses
the problem structure to regularize the dual objective function into a smooth strongly
convex function with Lipschitz continuous gradient. These modifications allow us to
minimize the dual function with an optimal gradient scheme in O (% In (%))iterations,
where € is the desired accuracy. From the dual minimization sequence, we reconstruct
a nearly feasible and optimal primal solution, whose accuracy can be controlled by
parameters of our algorithm.

The structure of this paper is as follows. In the Section 2, we recall briefly two
standard approaches for solving a non-smooth convex optimization problem with a
first-order method: subgradient type schemes and smoothing techniques. We also
present the first-order methods that can be used to solve efficiently the smoothed
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problem obtained by the smoothing technique. In particular, we recall the optimal
method [19] for smooth and strongly convex functions and describe its rate of conver-
gence. In Section 3, we present in a more general form our problem class and derive
the corresponding dual problem. We show using Danskin’s Theorem that the dual
objective function is in general non-smooth. Section 4 present two simple examples
of problems (one finite-dimensional, the other infinite-dimensional) with separable
structure that fit our problem class. The double smoohting is described in Section 5,
where we apply two regularizations to the dual objective function in order to make
it smooth and strongly convex (we explain the importance of both properties). In
Section 6, we study under which regularity conditions strong duality holds and how
it is possible to bound the size of the dual optimal set. This bound will be useful in
the convergence analysis of our scheme. In Section 7, an optimal first-order method
is applied to modified dual objective function and a nearly feasible and optimal pri-
mal solution is reconstructed from the dual minimization sequence. Accuracy of the
primal and dual solutions can be adjusted by parameters of our algorithm. In Section
8, we consider applications of double-smoothing technique to optimal control prob-
lems. We conclude this paper with a comparison between our results and the existing
literature.

2. First-order methods in convex optimization. Consider the convex opti-
mization problem minyey f(y) where f: V — R is a convex function defined on the
finite-dimensional space V. If f is non-differentiable, we know that the complexity
of a black-box first-order method that does not use the problem structure cannot be
better that O (}2) iterations, where € is the desired accuracy for the objective func-
tion (see [18, 19]). This lower bound is achievable by various first-order methods for
non-smooth convex problems, such as subgradient methods (see e.g. [19, 23]). These
schemes can therefore be applied directly to the non-smooth convex function, albeit
with a relatively slow convergence rate.

When the non-smooth function has a particular saddle-point structure:

(2.1) fly) = rggg{g(U) + (Au,y) }

where g : U — R is concave on the finite-dimensional space U and S C U is closed
and convex, another approach can be used. In the smoothing technique developed
in [20, 21, 22], this non-smooth function is approximated by a smooth one and an
optimal first-order method of smooth convex optimization is applied to the smooth
approximation. With this approach, we can solve the original non-smooth problem
up to accuracy € in only O (%) iterations (instead of O (6%) with subgradient scheme).
We follow in this paper this smoothing approach, and the efficiency of the first-order
method of smooth convex optimization used for minimizing the smoothed approxi-
mation plays therefore an important role.

In smooth convex optimization, an important class of objective function is F' Ll’l (V)
the class of convex function f:V — R with Lipschitz-continuous gradient i.e:

IV f(x)— Vf(y)Hv* <Lz —-ylly, Vz,yeV

for some L > 0. The easiest and the most classical numerical scheme that can be
applied to such problem is the gradient method. However, it is well known that this
method exhibits non optimal complexity of O(%) iterations where € is the desired
accuracy for the objective function. Several variants of first-order methods for the

class F Ll’l (Q) that achieve the lower complexity bound of O(\/g ) iterations have been
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known since 1984 [24, 25, 19, 20]. These schemes, also called fast-gradient methods,
outperform theoretically and very often in practice the classical gradient method.
In the smoothing approach, we want to solve the original non-smooth function

with an accuracy e. We construct a smooth approximation of f belonging to Fé(le) with

L(e) = @(%) Applying a fast gradient method for F Llé) to this smoothed function,

we can solve the original problem with the desired accuracy in O(1) iterations. In
our work, the function that we optimize using a first-order method and that has the
form (2.1), is the dual objective function. However, our goal is to solve efficiently the
primal problem, not the dual one.

In order to reconstruct a good primal solution from the iterates of the numerical
scheme applied to the dual problem, we will need to apply a second smoothing to the
dual function before we apply the fast gradient method. Its purpose will be to ensure
strong convexity of the resulting dual objective function. Let S ilL(V) be the class of
functions f € F' Ll’l(V) which are strongly convex with parameter x > 0. Fast gradient
methods that are optimal for S élL(V) are also known (see for example [19]), and we
will use such a method to minimize the doubly smoothed dual objective function.

For the reader’s convenience, we conclude this section with a presentation of
the simplest optimal method for minimizing smooth strongly convex functions. Let
function f : V' — R be strongly convex with parameter x > 0 and its gradient be
Lipschitz-continuous with constant L > «. Consider the problem: minycy f(y). We
assume that this problem is solvable. Denote by f* its optimal value and by y* the
optimal solution.

Algorithm ([19]): Choose wy = yo € V.

(2.2) Iteration (k > 0):  Set yp41 = wp — £V f(wy), and

L—
Whi1 = Yrs1 + %(yk+l — Yk)-

By Theorem 2.2.3 in [19] we have:

o

* * R * — E-3 * _ =
(2:3) F) = £ < (F0) = £+ Slwo =y I ) e *VE < 2(f(0) = e HVE
Since Vf is Lipschitz-continuous, in view of Theorem 2.1.5 in [19] we have

(2.3)

SIVF@. < flw) - < 2f(wo) - f)eHVE

Therefore,

K

(2.4) IVFlR. < 4L( (o) - f*)e VE.

Finally, since f is strongly convex, by Theorem 2.1.8 in [19] we have:

(2.3)

Sl —v I < Jw) =17 < 27 (w0) — feFVEL
Using this inequality and additional arguments, we conclude that

K

(2.5) ||yk—y*|\%/ < min{”yo_y*H%/y%(f(yo)—f*)e_k f}'
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3. Problem formulation and dual approach. As described in the introduc-
tion, we consider in this work optimization problems of the form:

(3.1) P = uelg J(u): Au e T.

where S is a bounded, closed, convex set in U, U is a Hilbert space endowed with
the Euclidean norm ||.||;, = +/(.|.)u, T is a bounded, closed, convex set in V*, the
dual space of V', V is a finite-dimensional Hilbert space endowed with the Euclidean
norm |||, = +/(.].)v, J: S = R is a closed and convex functional and A : U — V*
is a bounded linear operator. Space U is allowed to be infinite-dimensional, but
the approach used in this paper is also efficient for finite-dimensional problems when
dimV < dimU.

REMARK 1. Note that problems with multiple linear constraints also belong to
problem class (3.1):
(3.2) P = l1LI€1kfg J(u): AueT; Vi=1,..,m
Indeed, assume thatV =V} xVa x...xV,,, where V; is a finite-dimensional Hilbert space
fori=1,...,m. For each i, we can consider a bounded linear operator A; : U — V*.
Let T =Ty x Ty x ... x Tp, where T; is a bounded closed convex set in V;*. Defining
the linear application A : U — V* such that, for allw € U, Au :V — R,z =
(21, ooy 2m) = (Au, 2) = 370 (Asu, 2;), the constraint Au € T is clearly equivalent to
AuweT; Vi=1,..,m. Finally, we have:

m

|A| = max (Au, z) = max Z(Aﬂh 2;)

llully=1,[1z]ly=1 lully=1) 7" l=ll}, =1 =}

ZIIAuIIV* V2 < ZIIAH 12,

Our assumptions on J, S and T are motivated by the following classical result (see
for example [27]):

THEOREM 3.1. If X is a reflexive Banach space, M C X is a bounded, closed,
convex set and F : X — R is a closed, convex function then the optimization problem
mingeps F(z) is solvable. Furthermore, if in addition X is an Hilbert space and F is
strongly convez, then the optimal solution of this problem is unique.

We conclude that subproblems of the form:

inf {J(u) + (Au,2)}  inf (z,z)

|| HU

are solvable for each z € V' and that subproblems of the form:

. I 2 . 14 2
inf {J(w) + (Au,2) + 5 Jullp},  inf (G, 2) + 2 fl2ll3. )

have a unique optimal solution for each z € V, u > 0,p > 0.

In our setting, it is natural to dualize the linear constraint Au € T and to consider
a dual method, working only in the small dimensional space V. Since T is a closed
convex set, inclusion Au € T is valid if and only if (Au,z) < op(z) Vz € V, where
or(z) = super(z, z) denotes the support function of T
After dualization of the linear constraints, we obtain the primal-dual pair of problems:

P = ing[J(u) + sup({(Au, z) — or(2))], D* =sup|—or(z)+ 1nf( (u) + (Au, 2))].
ue 2€V z€V
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Thus, the Lagrangian dual problem (in minimization form) is given by

(3.3) D" = 0" = inf [or() + 0(2) = 0(2)] = —P"

where ¢(z) = sup,cg[—J (u) — (Au, z)]. Due to our assumptions, for each value of z, we
can compute easily the value of 6(z) but this function is typically non-differentiable.
Indeed, using the Danskin theorem ([11, 3]), we have:

Jorp(z) ={zxeT:(z,2) =0p(2)}
0¢(z) ={—Au: —=J(u) — (Au, z) = ¢(z),u € T}.

As the optimization problems defining or(z) and ¢(z) can have multiple optimal
solution, we conclude that function 6(z) can be non-smooth. Thus, the dualization of
problem (3.1) results in a nonsmooth convex problem.

As explained in the previous section, instead of relying subgradient-type schemes
with relatively slow convergence, we use a smoothing technique [20, 21, 22]. In the
smoothing approach, using the specific structure of the problem, we apply some reg-
ularization to the objective function and obtain much faster methods (which are not
anymore the pure black-box schemes). We develop in this paper an algorithm able
to solve the dual problem with accuracy € and to reconstruct, from a nearly optimal
dual solution, a nearly optimal and feasible primal solution in O (% In (%)) iterations.

4. Examples. Before we go into the details of the double smoothing, we provide
two examples of problems with separable structure (one finite-dimensional, the other
infinite-dimensional) that belong to our problems class.

4.1. A finite-dimensional example. Consider the case where:
e U=RN=RM xRN x..xRNm and S = S; x S x ... x S,,, where S; C RV
e V' = R"™ whith n < N and T is a bounded closed convex set in R"
o J(u) =", Ji(u;) where u; € RV and J; : R™i — R is a closed and convex
function
e A= (4; As..A,) € RN where A; € RN

Our problem becomes min Y ;v J;(u;) : Y oivy Aju; € Tyu; € S; Vi =1,...,m. This
problem has a specific structure that we want to exploit. When the coupling constraint
S, Aiju; € T is dropped, we obtain a separable problem that we can solve separately
for each u;. With this property, it seems natural to dualize the coupling constraint
and to consider the dual problem: min,ecg» 6(2) = min,ecgn o7(2) + ¢(2) in the small-
dimensional space R". For each z € R™, the dual objective function can be computed
in a pointwise way: solving the subproblem max,cs{—J(u) — (Au, z)} is equivalent
to solve for each 4, the separate subproblems: max,,es,{—Ji(u;) — (Aiui, z)} that we
assume to be easy to solve. The same properties are also satisfied by the modified dual
objective function that we will obtain after the smoothing: max,ecs{—J(u)—(Au, z) —
g Hu||?{N} since the euclidean norm ||u|| ~ is also separable: Hu||?{N =" Huz||?{N .

4.2. An infinite-dimensional example. Consider the case where:

o U = L%[0,T],R™) and S = {u € L2([0,T],R™) : u(t) € S(t)vt € [0,T]}
where S(t) is a closed, convex set in R™ for each t € [0, 7] and U;epo,775(t)
is bounded.

e V =R" and T is a bounded, closed, convex set in R™

o J(u)= fOT F(t,u(t))dt where the function F : [0, 7] x R™ — R is convex and
continuous
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o« A:U — R u — [] Atyu(t)dt where [ [|A(t)|2dt < 400 and A(t) €
R™ ™ Yt e [0,T]
Our problem becomes:

T T
@1 inf /O Pt u(t))dt - /0 A()u(t)dt € T,ult) € S(t) ¥t € [0, 7).

When the linear coupling constraint is dropped, we also obtain a separable problem
that we can solve separately for each ¢ € [0, 7]: minyeg) F'(¢, u(t)). The dualization
of the linear coupling constraint is here also a natural approach. For each z € R™,
the dual objective function can be computed in a pointwise way. Solving the sub-
problem: sup,cg{—J(u) — (Au, 2)} is equivalent to solve for each value of ¢ € [0, 77,
the subproblems in S(t) C R™: max,ecs) [—F(t,v) — (v, A(t)T2)] that we can solve
easily or even in closed form. The same separability property will be also satisfied by
the smoothed dual objective function that we obtain using the smoothing technique:
sup,es{—J(u) — (Au,2) — § Hu||?]} since this infinite-dimensional problem is equiva-
lent to the pointwise subproblems: max,cs@{—F(t,v) — (v, A(t)Tz) — & ||v||§%m}

5. Double Smoothing Technique. We will try to solve the dual problem (3.3)
using a new primal-dual smoothing technique. Note that in general its objective func-
tion is not differentiable and not strongly convex. However, we can ensure these prop-
erties by double primal-dual regularization of §. The goal of the first regularization is
to obtain an objective function with Lipschitz-continuous gradient. In this case, we
will be able to apply much more efficient algorithms of smooth convex optimization.
The goal of the second regularization is to obtain a strongly convex dual objective.
This property gives us a possibility to use nearly optimal dual solutions to reconstruct
efficiently a nearly feasible and optimal primal solution.

5.1. First Smoothing. Let us start from ensuring the smoothness of the dual
function. The dual objective 0(z) is a sum of two functions. Both of them can be
nonsmooth. We have seen that the non-smoothness of 6 comes from the fact that the
optimization problems defining or(z) and ¢(z) at a given point z can have multiple
optimal solutions. A natural way for obtaining a smooth approximation of # is to
modify these optimization subproblems in order to ensure the uniqueness of optimal
solutions for each z € V. For p > 0, we can approximate or(z) = sup,cr(z,2) by a
modified function:

P 2
(5.1) op,r(2) = sup{(z, z) — 5 [|z[y- }.
zeT 2
In the same way, for x> 0, we modify the function ¢(z) as follows:

H 2
(5.2) Pu(z) = Stelg{*J(U) = (Au, z) = 5 Jlully }-
The following result can be seen as an easy generalization of Theorem 1 in [20]:
THEOREM 5.1. Let Hy, Hy be two Hilbert spaces. Assume that the linear operator
A : Hy — Hj is bounded and that the function G : Hi — R is closed and strongly
convex with parameter k. Let @ C dom (G) be a closed, convex set. Then the function

(5.3) F(z) = sup{-G(u) — (Au,2)}
ueQ
is smooth with Lipschitz-continuous gradient VF(z) = —Au, where u, is the unique

optimal solution of the optimization problem defining F(z). The Lipschitz constant of
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LAl
K

the gradient is given by:

Hy, |2l g, = 1}-
Choosing now Hy = U, Q =S, Hy =V, A= Aand G(u) = J(u) + § ||u||?], by

Theorem 5.1, we conclude that ¢, is smooth and convex with Lipschitz continuous

gradient: V¢,(z) = —Au,, . where u, . denotes the unique optimal solution of the

problem (5.2). The Lipschitz constant of this gradient is given by L(¢,) = W

On the other hand, if we choose Hy = V*, Q =T, Hy, =V, A=1:V* > V*
and G(z) = & ||x||%/*, by Theorem 5.1 we conclude that o, 1 is smooth and convex
with Lipschitz-continuous gradient : Vo, r(2) = z, . where z, , denotes the unique
optimal solution of the problem (5.1). The Lispchitz constant of this gradient is given

by L(o, 1) = %.

where ||All = sup{(Au,z) : u € Hy,|lully, = 1,2 €

REMARK 2. When the function J(u) is strongly convex with parameter k, we do

not need to apply the first smoothing to ¢(z) which is aready smooth in this case with

2
a Lipschitz-continuous gradient with constant %.

Denote Dy = max{3 ||} : 2 € T} and Dg = max{3 [ul|?, : w € S}. Then:
opr(2) <or(z) <o,r(z)+pDr VzeV, ¢u(2) <o(2) < ou(z) +uDsg VzeV.

Therefore, if we define the function 8, ,,(2) = 0,7 (2)+¢.(z) we have 8, , € Fi(lp ) V)

with L(p, u) = % + W and
(5.4) Opu(2) < 0(2) <0,,(2) + uDs + pDr Vz € V.

Applying a fast-gradient method to the function 6, ,, we know (see [20]) that we can
generate a point z. € V such that 6(z.) — 6* < ein O (%) iterations. However, our
aim is not only to solve the dual problem efficiently but also to generate a nearly
optimal and nearly feasible solution for the primal problem. We will see that a single
smoothing is not enough in order to achieve this goal. Let us show how it is possible
using a dual iterate z to reconstruct a primal solution with good accuracy. Let z € V,
we have:

p [
Opu(2) = 0p1(2) + Bu(2) = (7,2, 2) — 9 Hx/LZH%/* —J(uy,2) = (Auy, 2, 2) — 9 ||UM;Z||?] .

Let us find the conditions that z must satisfy in order to guarantee that u, . is nearly
optimal and nearly feasible for the primal problem. We have:

T(uyz) = D = {2 = S el = 0p(2) = (At z, 2) = 5 gl +0°
= (V8pu(2),2) + (6" = 6pu() = £ el = 5 sl
Therefore:
| 7() = D°| < [(V0p,(2), 2)| 4 0 () = 0| + pDr + uDs.

Furthermore as: P* > D* and |0, ,(z) — 6*| < |0(2) — 6*| 4+ uDgs + pDr, we conclude
that:

J(2) < P* 4 [{V0,(2). 2)| + 07— 02)| + 2D + 2uDs.
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If we apply the fast-gradient method to the function 6, , with u and p choosen of order
1, we know ([20]) that the kth iterate generated by this algorithm zj, satisfies: 6(z,) —
0* < % However, the norm of the gradient of the smoothed function |[V6, ,(z)]l,,
does not decrease at the same rate. Indeed, as 6,, € Fé’(lp,m (V), we have (see
Theorem 2.1.5 in [19]):

IV 00z 15 < 200, 1) (Op,pa (1) — 05,

As the fast-gradient method is applied to the function 6, ,,, we have ([20]) also:

oo AL(ps ) |lz0 — z5]|
— <
bonle) =0 < o Dk 2)

where z§ denotes any optimal solution of the smoothed dual problem min.cy 6, ,,(2).
Therefore

190,20l < 2LV — 2]
(k+1)(k+2)

Due to the fact that L(p, u) is of order k, we cannot guarantee that the norm of the
gradient ||V, ,.(z)| . is decreasing with respect to k. With a minor modification
of the scheme, we can obtain in 2k iterations a point Z such that ||V, ,0(Z)|,. is of
order O(ﬁ) Indeed if we apply after the k steps of the fast gradient method, k other

steps but now using the classical gradient method with constant stepsize ﬁu) ie.

1
Zk+i = Zk+i—-1 — mvop,u(zk-&-i—l)-

We have (see Theorem 2.1.14 in [19]):

1

CYArA) V00 (2ksi-) e < Op (i) = Opplzngs) Vi=1,...k.

Summing these inequalities:

k—1
1 9 .
; m ||9p,u(zk+i)||v* < ep,u(zk) - 0p,u(z2k) < ap,,u(zk) - ep,p.

< AL(p ) 120 — 2515
CEDIES)

If we denote by Zz, the iterate with the smallest norm of the gradient, we conclude
that:

2 . 2 8L2(p, M) ||ZO B Z:‘;HQV
m V . <
v i=0 " ” Hp_#(zk l)”i t k;(k: + 1)(k5 + 2)

1V8),.(2)]

In conclusion, after 2k iterates, we are able mixing fast and classical gradient method,
to obtain a point Z such that |[V0, .(Z)[,. = O(ﬁ) However, this convergence is
very slow. Therefore we need at least k = O(e%) iterations in order to have a primal

solution u, ., € S with accuracy € (i.e. J(uy.,) < P*+¢€). This is not better than
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the result of subgradient approach. Furthermore, the norm of ||V, ,(2)|,,. gives also
an upper-bound for the non admissibility measure of u, ;. Indeed, we have:

d(Auyz, T) < Aupz = 2,2l = [1V0,0(2)y -

In order to obtain efficiently a nearly feasible and optimal solution for the primal
problem, having a good convergence for 6(z) — 0* to zero is not sufficient. We need
also to have the same good rate for ||V, ,(zx)||;, to 0. A way to obtain this good
property is to apply a second smoothing to the dual objective function, making it also
strongly convex.

5.2. Second Smoothing. In order to obtain a strongly convex dual objective
function, we just add the strongly convex function % ||z||%, to the function 6, . This
gives us a new dual objective function:

K
Op,un(2) = 0p1(2) + Pulz) + b) ”Z”%/ )

which is strongly convex with parameter . If we denote by B = B* : V — V* (with
B > 0) the duality map between V and its dual space i.e.: (Bz,zZ) = (2|2)y Vz,Z €
V, we have: V0, , .(2) = x,. — Au,, . + kBz. This gradient is Lipschitz-continuous

with constant L(p, p, k) = % + w + k. This function is therefore in Si’lL(p i K)(V).

Denote by 67 , . the optimal solution of the problem, min.cs 0, () and by 2}
the optimal solution of this problem. Applying the fast-gradient method for the class

Si:lL(p’#)’K to the function 6, ,, .., we generate a sequence z;, satisfying:
. (2.3) K "
HPHUJJ{(Z]C) - 0p,,u,ﬁ < exp —k m 2(0%#’“(’20) - ep,,u,ﬁ)
and
9l AL ) 0) ~ O ) e ey [ )
sk Rk X Py s K we\20) — eXp | — TN
142722 174 Pt Py K L(p, L, KZ)
i.e.:

—k K
190l < 2T O (za) — o (5 )

L(p, p, k)

and we have the same rate of convergence for ||V, , .(zx)| . that for 0, , .(zx) —
07 .- This property is crucial in order to obtain a nearly feasible and optimal primal
solution in O (% In (%)) iterations (instead of O (6%) with a simple smoothing).

6. Strong duality and norm of dual optimal solutions. Before to apply
the fast gradient method to the obtained double smoothed dual function, we study
on this section under which condition strong duality i.e P* = D* holds and how it is
possible to bound the size of the optimal solution set of the dual problem (3.3) . Such
bound will be useful in the convergence analysis of our scheme, as we will see in the
following section.

THEOREM 6.1. If there exists r > 0 such that

(6.1) BO,r)cQ:={s=z—AueV*:ueSzeT}

then:
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e There is no duality gap: P* = D*
e The optimal solution set of the dual problem (3.8) is a nonempty, bounded,
closed and convex set in V
Furthermore if A(J') := maxy ves J' (v,u —v) < +00, we have the following upper-
bound for the norm of the dual optimal solutions:
A(J)

< )
,

(%

Proof. Applying Theorem 2.165 in [4] to the primal problem: min,ep{f(u) =
J(u) + Is(u) : G(u) = Au € T} (where Is denotes the indicator function of S),
we conclude that, with our assumptions on J, A, S and T and with the regularity
condition (6.1), there is no duality gap between this problem and its Lagrangian dual
(3.3). Furthermore, as the primal optimal value P* is assumed to be finite, we have
that the optimal solution set of the dual problem is a non-empty, bounded, closed
and convex set in V. )

It remains to obtain the bound [|z*[|,, < %. As the subproblems sup,.c(z, 2)
and sup,cg{—J(u) — (Au, )} are solvable for all z € V,

09(z)={x, —Au, e V* 1z, € T,(x,,2) = op(2),u, € S,—J(u,) — (Au,, 2) = ¢(2)}

is non-empty for all z € V. Let g, = z, — Au, be any element in 96(z). By the
optimality condition of the problems defining o7 (z) and ¢(2):

(x—2,,2) <0 VzeT —J(u,u—u,)—{Alu—u,),z) <0 Vues.
We have:
(x2,2) > (z,2) Ve eT —(Auyz)>—J (us,u—u,)+ (—Au,z) Yué€S.
Therefore:
(g2,2) = (T —Auz, 2) > (2, 2) =T (uz, u—u,)+(—Au, 2) = (x—Au, 2) = J (uz, u—uy).
We obtain:
(x — Au, 2) < J'(uzyu—uz) +(gz,2) YueS, VeeT
and therefore:

Jdax (r— Au,z) < max J'(uz,u = uz) + (g2, 2) < max J'(v,u—v) + (g, 2)
As B(0,r) C{lv=o2—Au e V*:u e S,z € T}, we have: maxyes zer(z — Au, z) >
7 ||z|ly, and therefore:

(6.2) rzlly < magéJ’(v,u —v)+(g:,2) VzeV.

Consider now an optimal solution z* of the dual problem. By the optimality condition
of this problem, we have: 0 € 06(2*) and therefore ||2*||,, < %‘Jl). O

REMARK 3. As J is convez, we have: J(u) > J(v)+ J' (v,u —v) Vu,v €S and
therefore:

_ — —mi > / — ).
1%%)%‘](“) J(v) rgggJ(u) %?J(”)—ﬁiéj(”’“ v)
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The condition max, yes J'(v,u — v) < +oo is therefore weaker than imposing a
bounded variation of J on S: maxyeg J(u) — minyes J(v) < +00.
Indeed, consider the function:

J(u) :/0 In(1 — u?(t))dt

on S ={ue€ L?(0,1]) : =1 < u(t) <1 ae in [0,1]}. Clearly max,es J(u) —
min,eg J(v) = +00 and this functionl can be seen as as barrier function for S. How-

ever we have:
J'(v,u —v) :/O 2<u(i)_vv2((t;))v(t) e

and A(J") = mazy pes J (v,u —v) < 2.

REMARK 4. If the primal problem is feasible, it is clear that there exist u € S
and T € T such that Au=T i.e 0 € Q. In order to have B(0,r) C Q with r > 0, one
of the following extra assumption is enough:

e The set T has a non-empty interior and there exists u € S such that
Au =7 € intT (generalized Slater condition).
As T € intT, there exists r > 0 such that: T+ B(0,7) C T and therefore
B(0,r) =7 — Au+ B(0,r) C Q.

e The set S has a non-empty interior, A: U — V* is surjective and
there exists u € intS such that Au=7 € T.
Indeed in this case, as @ € intS, there exists ¥ > 0 such that B(u,7) C S.
By the Banach-Schauder theorem, the image of any open subset of U by A is
an open subset in V*. Therefore, there exists r > 0 such that Au+ B(0,1) C
A(B(w,7)) C A(S). We conclude that T — Au + B(0,r) = B(0,7) C Q.

7. Solving the primal-dual problem in O(% In (%)) iterations . Denote by
2} g the unique optimal solution of the problem

(7.1) Izlél‘r/l Op,pi(2),

and by z* one of the optimal solutions of the dual problem (3.3). We assume that the
upper bound
(7.2) lz*lv < Dp

is available. This can be ensured by very natural assumptions on S,7T and J using
theorem 6.1.

If we apply the method (2.2) to double smoothed dual problem with starting point
29 = 0, we obtain a sequence {z;} such that:

* * kN ITGrm
eﬂ,u,m(zk) —0pux(2ps) < 2(6p,u,m(0) —0pu.x(2Ds))e topom)

(7.3) ||V9p,u,,$(zk)H%/* < AL(p, p, 5)(0p,11,x(0) — 9p7u7n(21>§>s))€7k v L(p‘m“‘”a
* —k T = 3
e 2 Opn0) = O (2s))e VT |

o = 2pslF- < min{|lzps]

7.1. Convergence of 6(z;) to 6*. Since 6, ,,,.(0) =0, ,(0) and 6, ,, «(2hHg) =
* K * 2
Op.u(2Ds) + 5 l2Dslly» we have

K * 2 * * K * 2
bl HZDSHV (5) 9,,%&(0) - Hp,u,n(ZDs) = ep,u(o) - Qp,u(ZDS) — 3 HZDSHVv
2.3 _
* * 7’6 Y/
|21 — ZDSH%/ < %(9,)1“(0) - ep,u<ZDs))e Llosss)

(7.4)
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Note that

NG N S el R 2
ep’lt(zk) - 0p,u(ZDS) < (ep’u(o) - pr(ZDS))e Elpor) + E(HZDSHV - ”Zkuv)

On the other hand,

lebsly — s < llebs — slvlzbslly + leellv)
< leps = 2y Clpsly + 2= sl
C Behs -l - Iebslv
3 bl £ O (0) = O g $V D
& 8(0,0(0) ~ B (e BV T

and therefore

Opulzk) = Opu(2pg) < 4(05,u(0) — 0pu(2Ds))e
We also have 6, ,(0) < §(0) and

Opu(2ps) = 0(2ps) —pDr —pDs > 6(2*) — pDr — pDs.

[SIE

VI,

Therefore,

(7.5) 0pu(0) ~,u(zhg) < 0(0) —0(=") + pDr + uDs.

Finally, since 0,,,(zs) + §[125s/% < 0,(") + §|=*[13. we have

(5.4)
Opu(2hs) < O,u(z*) + 512715 < 0(z%) + 51273,
and therefore
(5.4) )
Opu(2k) = Opu(2ps) = 0(zx) — uDs — pDr — 6(z7) — 5||27[|5.

In conclusion, we have

[ f— —
H(Zk) — 0(2’*) < uDg + pDp + gDQD +4 (9(0) - 9(2*) + pDr + ,U,Ds) e 2V Lipunr)
(7.6)
Now it is clear how to choose the smoothing parameters. Let us fix some ¢ > 0.
In the upper bound for the residual 6(z;) — 6(z*), we have four terms. In order to
ensure accuracy 6(zx) — 0(z*) < ¢, we force all of these terms to be less or equal than
7+ This leads to the following values:

€ €

(7.7) p=pwe) =15z, p=pl€) =15 K=rl€) =55
Under this choice we get

(7.8) 0(z) =0(z") < % +4(0(0) = 0(=") + 5) e FVEwm

The last term in the estimate (7.8) defines the number of iterations needed for
reaching the accuracy e. Clearly, we ensure 4 (9(0) —0(z%) + %) 6_5\/% < <
by taking
(7.9) o> ) JEemn) q, 160006 +5)

- K €

It remains to note that
K 7.7
(710)  Elewmd g p Loy g2 D14+ 8 [Dr + D[l A?] D2,

Thus, we need at most k = O(%1In 1) iterations.
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7.2. Convergence of ||V, ,(z),.. In our approach, we want to able to re-
construct a nearly optimal and feasible primal solution efficiently. In Section 4.1, we
have seen that the accuracy of this primal solution depends not only on the rate of
convergence for the dual objective function, but also on the rate of convergence of the
norm of its gradient. Let us give an upper bound for the number of iterations needed
to drop this norm below a certain level.

We have

VO, u(zie)llve < (VO un(zk) — 6Bzkllve < (IVO, un(2i)llve + B2k v

(7.3)
= VO pn(ze)llve +allzillv < V0 (zi)llve + 26 (25l -

Note that

(7.3),(7.4) Jpa—
m ”Vep,u,ﬁ(zk)nf/* < (ep,u(o) - ep,;t(Z*DS))e Llpoter)

(7.5) ]
<" (8(0) = 6(=*) + uDs + pDr)e VT
(7.7

Y (0(0) — 0(z7) + §)e VT

2

At the same time,

T R ) T e N L R |12
0z*)+ 512"l > 0pu(z") + 51127y > 0,u(2Ds) + 5 [12Ds Iy
> 0(zpg) —uDs — pDr + 5 [|l2pslly

ot
i

v

* K * 2
0(2*) — uDs — pDr + § ||2hsll5 -

Hence,

(7.7 .
(T11) Jebglv < \/||Z*||§+27“Ds+2{DT < H—I/Q\/%T(:) V3Dp,

and we obtain:

IV05u@llv- < /AL 1 R)(O0) — 8(=7) + S)e V7T +2V3kDp.

[NIL)

Taking into account (7.7), we can see that in k(e) = O(Z1nl) iterations, we can
ensure

(7.12) 0(21) = 0(=") < e, (IVOu(zi)llv- < 55

7.3. Constructing an approximate primal solution. In this section, given
an accuracy € > 0, we will see how to obtain from the dual iterate 2., an approximate
primal solution @) € S such that

(7.13) |J(Uke) — D*| < 2(1+2V3) ¢
N 2e
(7.14) d(Auk(e)aT) < FD

Since D* < P*, inequality (7.13) implies J (g (e))dt < P*+2 (1 + 2\/§) -€. Thus )
satisfying (7.13), (7.14) can be seen as a nearly optimal and feasible primal solution
with accuracy proportional to e.
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Consider Ug(e) = Upy(e),z, > the unique optimal solution of the optimization prob-
lem defining ¢, (¢)(2k(e)). We have

Op)u(0) (k@) = Tp().Q(2k(e)) + PulZk(e) )
= (@o(0),2m00r () ~ ()Hffm),zk() = J(Uk(e))
—(Aflk(e)s 2k(e)) = 52 [[rgo 1 -
Therefore,
2
i) =D = (50200 = Ak (0) = %5 [@pio000 -

€) ||~ 2 *
— 2 ik [l = Ooter e (ri) + 0(=*).

Since ,(e),u(e) (2r(e)) — 0(2%) < O(21e)) — 0(2*) < ¢, and

(5.4)
Op(e) o) (2rie)) —0(z%) = 0(zi(e)) — ule)Ds — p(e) Dy — 0(z")
()

we have [0,¢), u(e) (Zk(e)) — 0(2*)| < €. Therefore,

[Tk0) =D < |[epteren — Ak

2o ||y + p(€)D + u(e)D + €

(7.7 Ve (112)
V000 Gree)) |y 2o lly +26 < 35 [laneo |y, + 26
(7.3) (7.11)
On the other hand, ||Zk(€)HV < sz(e)*zfjsHV*”ZTDSHv < 2|zpslly < 2/3Dp.

and we obtain | J(Uge)) — D*| < 2(1+2V3) e

Finally, we have @iy € S and H_Aak(e) — Zp0),

Hve (e),1(e) (zk(e )HV*
where @)z, ., € T Therefore, Uy, can be seen as an approx1mately feasible and op-
timal solution for the primal problem (3.1).

Zk(e)

8. Applications in Optimal Control. In this section, we will look at the op-
timal control problems (OCP), which can be written in the form (3.1) (more precisely
in the form (4.1)). In particular, we consider OCP governed by a system of linear dif-
ferential equations with convex objective functional, convex constraints on the state
variables at finite number of inspection moments, and point-wise convex constraints
on the control variables. In order to motivate our choice of problem classes, let us
show that OCP with nonlinear system of differential equations are NP-hard.

Consider the following OCP with convex objective function:

81 min Ol (L) d = o), 2(0) =20 ).

We assume that vector ¢ has integer coefficients.
LEMMA 8.1. Let ||zo]|3 = 1. Then, finding an approzimate solution to problem

(8.1) with absolute accuracy higher than é ef W is NP-hard.

Proof. In view of the system of ODE in (8.1), we have (&,2) = 0. Hence, by
condition of the lemma, ||z(t)||]2 = 1. Note that by an appropriate control u we can

12)

(%)
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move the starting point xy to any position at the unit sphere. Hence, the problem
(8.1) is equivalent to the following finite-dimensional minimization problem:

(8:2) Find &, = min {&(y) < lyl} + (c.9)%}

llyll2=1

Let us show that this problem is equivalent to solving the equation (c,y) = 0 with
Boolean variables (this is a well-known NP-hard problem).

If this equation has Boolean solution y, with coefficients y£i) =4+m V2 =
1,...,n, then & = % On the other hand, note that for any y € R™ with unit

Euclidean norm we have [[y[l =2 + > ((y)% - %)2 . If we manage to find such

i=1

a point y with £(y) —& < ¢, then in the case (y) > - +¢ we guarantee the absence of

. 1. ~1/2 N2 1 ~1/2
Boolean solutions. If (y) < --+¢, then l{c,y)| < €%, 12?;’(9 ) m‘ < e’

In this case, we can define the Boolean vector u(?) = % . sign(y(i))7 i=1,...,m.
. m
For this vector we have

m

Ke,u)| = e y) + (c,u—y)| < (e, 9)] + ;c(”-sign(y(“)(nfxz — |y

c1/2 1 i 21/2 1/2 _ 1
< @74 el max [T — Ol < €20+ m el = S

Since vector ¢ has integer coefficients, we conclude that (c¢,u) = 0. O

8.1. Class of optimal control problems and reformulation. Consider the
following optimal control problem:

igf{ole(t, w(t))dt : @(t) = A@®)x(t) + B(t)u(t), (0) = zo,
(8.3) z(t;) €T, i=1...,N,

u(t) € S(t) a.ein [0,1]},

where S(t) € R™, t € [0,1], are closed convex sets with bounded graph S ef
Utelo,1)Q(t). We assume that function F': [0,1] xS — R is bounded, and continuously

differentiable and convex in the second argument, z(t) € R™ and u(t) € R™, t € [0, 1].
1

For measuring the control variables, we use the norm |[ul3 = [ |lu(t)|3dt. We as-
0

sume that A(t) € C(]0, 1], R"*™) and B(t) € C([0,1], R"*™). In problem (8.3), we
have a finite number of inspection moments t; € (0,7, and we assume that T; C R™,
i =1,...,N, are bounded closed convex sets. Let us rewrite the problem (8.3) in
terms of control u. Denote by ®(¢,7) the transition matrix of the system. It is the
unique solution of the following matricial Cauchy problem:

%@(t,T) = AWt)®(t,7), t>T1, P(r,7)=1.

REMARK 5. When the system is time-invariant, i.e. A(t) = A, and B(t) = B,
t € [0,1], then the transition matriz is the usual matriz exponent:

) .
@(t,?’) _ e(tfr)A =TI+ kzl Ak(iTT)k .
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From the Optimal Control Theory (e.g [12]), we know that the state trajec-
tory x(t), generated by the system of ODE under the control u(t), is defined by the

t
following expression: z(t) = ®(t,0)zo + [ ®(¢, 7)B(r)u(r)dr, te€[0,1]. There-
0

fore, the constraint z(t;) € T; can be expressed as follows:

(8.4) Aiw) € (@, 1)B(r)u(r)dr € T; < T; — o(t;, 0)o,
0

where ®(t;,0)z is the value at time ¢; of the unique solution of Cauchy problem
z(t) = A@t)x(t), x(0)= xo.

REMARK 6. At the first glance, it seems that we are restricted to the objective
functionals depending only on the control u(t) and not on the state variable x(t). In
fact, using the state transition matriz, we can also consider any convex functions
depending on some linear functionals of the state. Such a functional can be defined as

t

—

with h(t) = [ B(r)T®(t,7)"a(t)dt. Another possibility is as follows:

ti

l(z) = (z(ti),a) = <bf¢>(ti,7)B(T)U(T)dT,a>
- z(¢(ti,r)B(7)u(T),a>dT def :fi<u(7),h(7))dr7

with h(1) = B(1)T®(t;,7)Ta.
Thus, for the linear operator A; : L2([0,1], R™) — R", defined by (8.4), the ith
state constraint becomes:

(8.5) W T— Ai(T)u(r)dr €Ty,

Ot

oy def [ ®(t;,7)B(7), when T € [0,1],
where Ai(r) = { 0, when 7 €]t;, 1].

1
With J(u) = [ F(t,u(t))dt and S = {u € L*([0,1], R™) : u(t) € S(t) a.e. in [0,1]},
0
the optimal control problem (8.3) can be rewritten in the form (3.2) and therefore in
the form (3.1) defining the linear application: A : L%(]0, 1], R™) — RY*" such that for
all w € L3([0,1], R™ Au: RN*" — R, 2z = (21,...,28) — (Au,2) = Zijil(fliu,z»
and the convex set T =Ty x T x ... x Ty C RV*". Hence, we can solve it by the
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double smoothing technique. This approach assumes that we are able to solve the
pointwise problems

maxyesq { —F () = YL u, AT (02) = § ull3}

where A;(t) depends directly on the state transition matrix. However, in practice
the state transition matrix ®(¢;,¢) is often not known. Instead, we can compute
the function A7 (t)z% as a solution of some ODE. Indeed, we have (e.g. Theorem
1.2in [13]) 407 (t;,t) = —A(t)T @7 (t;,t). Therefore ®(t;,t)7 is the state transition
matrix of the system () = —A(t)Tv(t). Hence, A7 (t)T2" = B(t)Tv(t), where v(t) is
the unique solution of Cauchy problem

(8.6) o(t) = —A®)Tu(t), v(t;) =2 te0,t],

extended by zero for ¢ € [t;, 1].

8.2. Evaluation of || A;||,. In order to solve the primal-dual problem (3.1), (3.3)
by double smoothing technique, we need to evaluate the norm ||Alj2 < [vazl IIA; ||§} 12,
Moreover, from the estimates (7.9), (7.10), it is clear that this norms is a very essen-
tial element of the global complexity bound of our problem. In this section, using the
reachability Gramian of the dynamical system, we derive a closed-form representation
for the norm |[|A;||,. However, this quantity is not easily computable (it needs the
knowledge of the transition matrix). Moreover, its dependence in the length of time
interval is not very transparent. Therefore, in the next section, we obtain some simple
upper bounds for the norms ||.A;||,, which can be easily computed by solving Linear
Matrix Inequalities (LMI).

Let us derive first the exact expression for ||A4;||,. By definition,

[Aill, = sup {IAsull2 : [lullL2o),rm) =1} -
weL2([0,1],R™)

Since the vector A4;u does not depend on values of u(t) for ¢t € (¢;, 1], we can consider

ti
the restriction of A; on L?([0,¢;], R™): uw — [ ®(t;,7)B(r)u(r)dr. Then
0

Al = sup  {[Mullz: JJullao,eg.rm =1},
u€L2([0,t;],R™)

and the operator A} transforms y € R™ into the function B(t)T ®(¢;,t)Ty € L*([0,].
For all t; > 0,i=1,..., N, define the reachability Gramians

~+

i

W.(0,t;) = ®(t;, 7)B(T)B(T)T®(t;, 7)Tdr = A;AZ,

o

which are symmetric positive semidefinite matrices (€ S7). Recall the following
definition:
DEFINITION 8.2. The system

(8.7) i(t) = AM)a(t)+ Bt)u(t) 2(0)=0,

is called reachable on [0,f] if for any & € R™ there exist a control u(t) such that

z(t) = .
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The reachability is closely related to the reachability Gramian (e.g. Corollary 2.3
in [1]):

THEOREM 8.3. The system (8.7) is reachable on [0,t;] if and only if the Gramian
W,.(0,t;) is positive definite.

Let us come back now to the definition of the norm [|.A4;||,. We have:

Aill, = sup {IAwll2 = Nlullz2o,e),mm) = 1}
weL2([0,L:],R™)

were(BE o Uullzzqoe.mmy = MAsullz = 1}

-1

If the system is reachable on [0,¢;], then Im.A;(L?([0,t;], R™)) = R™, and we have:

wepenf (o mmy Al =1}

mieR’l‘I}\\fmiH:1 {”u”Lz([Ovti]va) A'Lu = l’z} :
uw€L2([0,t;],R™)

Consider now the minimization problem  min lu|l,. We will use the following
weL2([0,t;],R™),
Aju=a;

simple result:

LEMMA 8.4. Let H be a Hilbert space and the linear operator A + H — RY
be nondegenerate: AA* = 0. Then for any b € RY and f € H, the Euclidean
projection m,(f) of f onto the subspace L, = {g € H : Ag = b} is defined as
m(f) = f+ A" (AA*)"Y(b— Af). Thus,

2 lully = 147 (AiAD) " ille = ((AA) g, 22) /2.
uweL ([Ot JRM),
Aju=z;

Therefore,

i f m = 1 = 1 f A* —14. . 1/2
wereDf o Uullzzqog.mmy = Msullz = 1) oD {(AAT) ", i)

= AL(AADY,

m1n

and we conclude that

Al = A2 ((AAD ™) = A (AAD),

mll’l

where A; AF = W,.(0,1;) is the reachability Gramian.

8.3. Bounding the growth of norms |[/A4;||, with time. In the previous
section, we have shown that the norm ||.A;||, is equal to the square root of the maximal
eigenvalue of the reachability Gramian on the interval [0,¢;]. Simple examples show
that this norm can grow exponentially with ¢;. However, for the stable systems the
situation is much better.

In this section, we derive the bounds for the growth of the norms ||.4;]|, from the
stability characteristics of the linear time-varying system:

(8.8) i(t) = A@®)zt), t>0,

where the matrix A(¢) is continuous in time.
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Recall that the state © = 0 is always an equilibrium of the system (8.8). It is
the unique equilibrium if A(¢) is nonsingular for all ¢ > 0. The following facts are
standard (e.g. [1]):

THEOREM 8.5. The equilibrium x = 0 is stable if and only if the solutions of the
linear systems are bounded. That is

def

sup | ®(¢,7)]l, = k(1) <oo, Vr>0.
t>7
It is uniformly stable if and only if
def
supk(T) = sup,sq supss, [|®(E,7)[l, = Ko < oc.

>0

t
Finally, it is is exponentially stable if [ ||<I>(t,7')|\§d7' < C for all t > 0 where the
0

constant C' is independent on t.
Using these stability results, we can obtain some estimates for the growth of

(Al
THEOREM 8.6. If the equilibrium x = 0 is stable and k; 4 sup |B(t)], < oo,
>0

then
£ 1/2
(8.9) Al < kl[fk?(r)df} .
0

Proof. For all u € L%([0,t;] R™), we have

[[Aul|

Of@(ti, 7)B(r)u(r)dr

< {n@(tm)ang u(r) |, dr

ti

t; ts 1/2 1/2
[f 1@t ) |31 B() |2dr - f ||u<f>|§df} <k [f kzmdv] el
0 0 0

IN

. 1/2
Therefore [|A;[l, < k1 [f ]fz(T)dT:| .0
0

t;
This upper bound depends on the growth of the integral [ k?(7)dr with respect
0

to t;, which can be very fast. Moreover, it can happen that function k(-) is not in
L?([0,t;]) and then the bound (8.9) gives no information. However, if we assume the
uniform stability of the equilibrium z = 0, then we can get much better bounds.

THEOREM 8.7. If equilibrium x = 0 is uniformly stable and k, o sup;so [|B(t)[], <
00, then

|Aill, < kokiv/ti.

The proof of this theorem is the same as that of Theorem 8.6. However, now we
can ensure a sublinear bound for the growth ||.A4; ||, with respect to t;. If we strengthen
again the stability assumption, we can obtain an upper bound independent on ;.

THEOREM 8.8. Let equilibrium x = 0 be exponentially stable and ki = sup || B(t)||, <

t>0

00. Then || A;l, < ki1VC.
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Again, this fact can be easily derived from the arguments of the proof of Theorem
8.6. In some cases, we can obtain a computable upper bound for the norm ||.A4;]|,.
Recall the following well-known sufficient condition for the global exponential stability.

THEOREM 8.9. [1] Let the linear system (8.8) be time-invariant, and there exists
a matriz P = PT = 0 such that ATP + PA < 0. Then equilibrium x = 0 is globally
exponentially stable.

Under conditions of this theorem, there exists 11 > 0 such that the following LMI

ATP 4+ PA<—mP, P=PT 0,

admits a solution. Matrix P and constant n; can help us to obtain an explicit upper-
bound for the norm [|A;||,. Indeed, by definition, A;u is the position at time ¢; of the
point of unique trajectory defined by the linear system

(t) = Ax(t)+ Bu(t), z(0)=0.
Therefore,
let)l = (@t () < Lsldgla o A
where R(t) & (Px(t), z(t)). The derivative of function R can be bounded as follows:
R(t) = (Pa(t)i(t)” +i(t)e(t)")

= (P,z(t)(Az(t) + Bu(t))” + (Az(t) + Bu(t))z(t)T)

= (P(Az(t) + Bu(t)),z(t)) + (Px(t), Ax(t) + Bu(t))

= ((PA+ ATP)x(t), z(t)) + 2(Pz(t), Bu(t))

< —m(Px(t),x(t) + 2(Pu(t), Bu(t)) < ;-(PBu(t), Bu(t))

Since z(0) = 0, we get
R(t;) = [R(t)dt < L [(PBu(t), Bu(t))dt
0 0
t;
< A (P) [ IBUOIZdt < 5 A (P) B [l

2 Amax (P 2 2 2 Amax (P 2
Hence, [A;ull; < 22205 || BII3 |ul, and therefore [|A;]3 < WQ;) B3

If we want to obtain the best upper bound for ||.A;||,, we need to solve the following
optimization problem in the variables 71, 12, 3, and P:

m1"M2

(8.10) min{ 5. ATP 4+ PA=<—m P, ol < P =<nsl, 7717172,7)320}.

This problem is non-convex, but we can find an upper bound for its optimal solution
from quasiconvex LMI. Note that

Mill; < min{n’fi’,z t ATP 4+ PA=Z —mnsl, ol 2P =l e,z > 0}
since the feasible set of the right-hand side is smaller than that of (8.10).

Furthermore, if we introduce new variables: P = mlj] = T2 = %, M3 = n% we
obtain a convex problem that can be solved in polynomial time:

~2
min{TZ?’:ATP+PAj—I, fin < P < ijsl, ﬁg,ﬁgzo}.
2



22 O. Devolder, F. Glineur and Yu. Nesterov

9. Comparison with the literature and conclusion. The subject of this
paper can be summarized as the development of an efficient first-order method (ob-
tained using the double smoothing technique) in order to solve partially finite (or
finite) convex optimization problems with linear constraints.

Partially finite convex problems have been extensively studied in a theoretical
way with duality results, weak constraints qualification ([6, 7, 9, 10, 14, 15]) and ap-
plications for example to maximum entropy ([5, 8]).

On the other hand, it is not the first time that the smoothing technique is used
for solving finite-dimensional convex problems with linear constraint by the first-
order methods. As our approach can be also interesting for solving finite-dimensional
problems, we briefly mention these papers here, and discuss the differences with our
approach.

In [16], the authors consider the case of a conic problem with linear objective
function ie. J(u) = (¢*,u) with ¢* €e U*, T = {b*} C V* and S = L C U a closed
convex cone. Using the rich duality theory for such kind of conic problems, they
consider a primal-dual approach. The main idea is to reformulate the primal dual
optimality conditions: A*y+ s* —c¢* =0, Au—b* =0, (c*,u) — (b*,y) =0, (u,y,s*) €
L XV x L* as a non-smooth convex problem:

(9.1) f=min{f(z) = 1Bz = el..} = mip max (Ez —e,w)
where ||.|| denotes a norm on U x V x R, |||, its dual norm, 2z = (u,y,s*)T, e =
(c*,b*,0)T, E=

0 A* I

A 0 0

¢ =b* 0

and Z =L xV x L*.

Applying the smoothing technique to the function f, they are able to find a primal-
dual solution z such that ||Ezc —e||, < e in O (2). This primal-dual approach does
not work in our case for two reasons. First, primal-dual optimality condition cannot
be expressed as a linear system Ez = ¢ (subject to a conic constraint). Furthermore,
we do not want to work in the primal-dual space but preferably in the dual one due
to our asymmetry assumption (the problem (9.1) can be infinite-dimensional in our
framework).

The approach considered in [2] is more comparable to what we are doing. Their
problem class is composed of problems of the form (3.1) with J a convex function not
necessarily smooth, S = U and T' = K — b, where K is a closed convex cone. Dual-
izing the constraint Au + b € K, they obtain a dual problem with conic constraint:
max,ci+ g(z) where g(z) = inf, J(u) — (Au + b, z). They apply the smoothing tech-
nique to the dual objective function and compare different optimal first-order methods
of smooth convex optimization for solving the smoothed dual problem. They are able
to solve the dual problem with accuracy € in O (%) iteration. Concerning the recon-
struction of a nearly optimal primal solution u. from a nearly optimal dual solution z.,
they suggest a very easy and natural way. u. is simply chosen as the minimizer of the
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optimization subproblem defining the smoothed dual objective function at the point
ze. However, this suggestion is not supported by the analysis of the convergence rates.

In the framework of separable convex problems, smoothing technique has also been
applied in [17] to convex problems with linear coupling constraint. Dualizing the cou-
pling constraint, the authors obtain a dual objective function that can be computed
in a separable way. Applying a simple smoothing to this dual objective function,
they obtain a smooth dual objective function keeping the separability structure. Here
also, this approach allows them to solve the dual problem with accuracy € in O (%)
iterations. Concerning the reconstruction of a primal solution, they propose to use
averaging of the minimizers of the subproblems defining the smoothed dual objective
function at the different dual iterates. They prove that the quality of this primal
solution is also of order €. It depends also on the norm of the dual optimal solution
(which is typically unknown).

The approach considered in this paper, allows us also to exploit the separability
structure of decomposable problems with linear coupling constraint (see the two ex-
amples given in Section 4). In our work, we apply a double smoothing that gives us a
possibility to reconstruct more easily a nearly optimal primal solution from a nearly
optimal dual solution without using averaging. The price that we pay for this sim-
plicity is just a logarithmic term log (%) in the complexity. For the level of accuracy
we are interested in, the logarithmic factor is not distinguishable from an absolute
constant. Furthermore, whereas we use also in our analysis the norm of the dual
optimal solution, we provide an explicit upper-bound for this quantity.

More generally, to the best of our knowledge, this work is the first one where ap-
plication of smoothing technique for solving some infinite dimensional problems is
discussed. In particular, we consider in the Section 8, optimal control problems
governed by a system of linear differential equations with the constraint that the
trajectory crosses in certain moments of time some convex set.
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