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Abstract

A scheme for generating a family of convex variational principles is developed, the Euler-
Lagrange equations of each member of the family formally corresponding to the necessary
conditions of optimal control of a given system of ordinary differential equations (ODE) in
a well-defined sense. The scheme is applied to the Quadratic-Quadratic Regulator problem for
which an explicit form of the functional is derived, and existence of minimizers of the varia-
tional principle is rigorously shown. It is shown that the Linear-Quadratic Regulator problem
with time-dependent forcing can be solved within the formalism without requiring any nonlinear
considerations, in contrast to the use of a Riccati system in the classical methodology.

Our work demonstrates a pathway for solving nonlinear control problems via convex opti-
mization.

1 Introduction

Optimal control theory for ODEs is a vast and well-developed subject at a level of maturity where
many textbooks have been written on it - an excellent introduction, e.g., is 7], and it is beyond
the scope (and neither the intent) of this work to provide an extensive review of the literature
on the subject. Our modest goal here is to describe a particular viewpoint for attacking the
equations describing some necessary conditions satisfied by optimal solutions of the problem, an
approach which, to our knowledge, is new. The proposed scheme results in an unconstrained convex
variational principle for a mapping of time alone, taking values in R"*™*+" (where t — z(t) € R"
describes the state, t — u(t) € R™ is the control, and ¢ € [0,7] C R is time). This is in contrast
to the Hamilton-Jacobi-Bellman (HJB) equation based approach to the optimal control problem
which involves solving a first-order, nonlinear scalar PDE for the value function on a subset of R"*1;
for n large, this is a manifestation of the so-called ‘curse of dimensionality.” Thus, our approach is
expected to have some practical relevance, albeit that it solves necessary conditions of the problem,
a feature also shared by the Pontryagin Maximum Principle (PMP). The PMP is extensively used
in important practical applications, and our work contributes to efforts to bring general nonlinear
control problems within the purview of convex optimization techniques [16].

The Pontryagin Maximum Principle has recently been incorporated as a soft constraint into a
Machine Learning scheme called PMP-net for optimal control problems [10], much in the spirit of
physics-informed-neural networks [19]; a Least Squares objective defined from the PMP equations
is added as an additional component to the Loss function used to train the scheme. Given a set of
equations to be solved, it is understood that the solutions to the Euler-Lagrange equations of the
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least squares functional generated from ‘squaring’ the equations can generate spurious solutions to
the given set of equations, while our proposed duality scheme does not share this shortcoming [2,
21]. Of course, it is understood that the least-squares strategy is a shortcoming only when the given
equations constitute a ‘ground-truth’ model - like the PMP for control problems - to which the ML
trained trajectories should ideally comply. Thus, the developed dual variational principles in this
paper have the potential to contribute to modern applications of control theory within the PMP-net
paradigm by providing improved theory-informed training constraints. The proposed approach in
this article arose in questions related to solving/approximating the (non)linear governing equations
of problems in continuum mechanics by a duality based approach [2} |1}, 20, 11, 12], and is strongly
related to the ideas of Hidden Convexity in PDE advanced by Y. Brenier [6} [5].

An outline of the paper is as follows: in Sec. 2| we develop the differential algebraic system
with boundary conditions that constitute necessary conditions of the optimal control problem of
interest. In Sec.[3|the derivation of the dual variational principle for the governing system developed
in Sec. 2] is presented. The formalism is applied to the Quadratic-Quadratic Regulator problem in
Sec. 4] where the explicit form of the dual functional is obtained, along with its analog amenable
to convex optimization. Sec. [5] contains a proof of coercivity and boundedness from below of the
dual functional for the QQR problem which, along with its guaranteed weak lower-semicontinuity
by design, ensures the existence of a minimizer. Finally, Sec. [6] contains an application to the
classical Linear-Quadratic Regulator problem, with time-dependent forcing. A comparison of the
proposed scheme with the classical solution protocol for the problem based on solving a nonlinear
Riccati system is discussed, and an explicit solution to the dual problem for a simple example
LQR is also derived. While we do not deal with free-final-time problems in this paper as well as
state-space constraints, the general dual methodology developed here suggests that both of these
problem features can be naturally accommodated.

A few words on notation: an overhead dot will represent a time derivative. We will always
use the summation convention on repeated indices, unless otherwise specified. The notation f|,
denotes the evaluation of the function f at the argument a, i.e., f|, = f(a), and we will use both
notations as convenient.

2 The necessary conditions for optimality in the classical optimal
control problem

The classical optimal control problem may be stated as (see, e.g., |7], |15, Sec. 9.5, 9.6]),
for 7:R"XR"xR—-R; 2z:R—=R" uw:R—=R" g¢g:R"XR—=>R; rggiven
T
maximize  Plu] = — / r(a(t), u(t), £) dt — g(x(T), T) @
0

z(t) = f(x(t),u(t),t :R" X R™ x R — R"” given
wbjoct 10 {70 = T 0.0, 1 given,
z(0) =2” € R", 2" specified.
Here, x is the state function and u is the control.
Using the method of Lagrange multipliers with p : R — R" as the co-state multiplier functions,
one can seek to solve the unconstrained maximization problem given by

T
maximize Plz,u,p| = —/ r(zle,ule, t) + ple - (&= f(zle,ule, t) dt — g(a|r, T) — plo-(x|o—2°).
0



The first variation of P about a state (z,u,p) in the direction (dz,du, dp) is given by

5pmmwm@ﬂwﬂZlf—%Tﬂx—&rﬁu—&w@—jj—pﬁi+p%%fﬁu+%fﬂm dt
— (0u9)l7 - 6zle — dplo-zlo + Oplo-2® — plo-dzlo

:/OT(sLU'(—axT—Fp‘i‘pjaxfj) + 0u- (= Our +piOufi) + op-(—&+f) dt

+ 6zl7 - (= (029)|@lr.1) — Plr) — 62l0 - (—=plo +plo) + dplo- (zlo — 27).

Consequently, a maximizer (z,u,p) of P would formally satisfy the following Euler-Lagrange equa-
tions:

Z| — f(:):\t,u|t,t) =0 (3a)

ple — Oor (x|t ulest) + pile Op fi (@, ule,t) =0 (3b)
piOufi(x|e, ule, ple) — Our (2, ule, plt) =0 (3¢)

plr + 029(x|7, T) = 0 (3d)

tlo—a¥ = (3¢)

We note that defining the ‘control theory Hamiltonian’ 7, Sec. 4.3] as
H(z,u,p,t) =p- f(z,ut) —r(z,ut),

(Ball3bli3c) may be expressed as

&= 0,H (4a)
p=—0.H (4b)
0=0,H (4c)

which are necessary conditions satisfied by a triple of functions (z,u, p) satisfying the Pontryagin
Maximum Principle (PMP) of Optimal Control (see, e.g., [7]) for (I); are exact statements
of the PMP, while is a necessary condition satisfied by solutions of the PMP when there is
enough smoothness for 9, H (x, u,p,t) to make sense.

3 A dual variational principle for (3) and a convex optimization
problem

The equations contain first order ODEs and are not easily converted to a second order system
typical of Euler-Lagrange equations of variational principles with a local Lagrangian that is a
function of first order derivatives in time and lower-order terms; we note that the Hamiltonian
H is linear in p and hence not strictly convex in it, so that a Legendre transform cannot be
implemented to obtain a corresponding Lagrangian. Moreover, the forward-in-time nature of the
(z) state evolution and backward-in-time nature of the (p) co-state evolution pose
a significant challenge for practical approximation schemes for solving nonlinear control problems
not suffering from the ‘curse of dimensionality,” as arises in a Hamilton-Jacobi-Bellman (HJB)
formulation [7, Secs. 5.1.2, 5.1.3] of the problem [4} |13 |17, [3]. The goal here is to develop a
variational approach to which has the potential of addressing these issues. As well, it allows the
inclusion (but not as a necessity) of ‘guiding’ state, control, and co-state functions (¢t — Z(t),t —



u(t),t — p(t)) in the formulation as parameters, such that obtained solutions may be expected to
be close to these user-specified guiding functions.

We denote the primal functions U := (x,u,p) and consider arbitrarily specified (‘designable’)
functions of time called base states

U:=(z,u,p) : RD[0,T] = R" x R™ x R"; t—U(t).
Also considered is a triple of dual functions
D = (v, 1, \); v, A:RD[0,T] — R, p:RD[0,T] = R™; D:= (D, D)
and a freely chosen (designable) auxiliary potential
H:R" xR xR*" xR"xR™ xR" - R

that is assumed to have a positive-definite Hessian everywhere w.r.t its first n +m + n arguments.
In terms of these ingredients, we define the pre-dual functional

~

T
SH[%%H%%M :/0 <_$172_’71fz(xau7t)

— pidi — N0y, (w,u,t) + i O, fi(w, u,t)
+ aniauﬁfi(ﬂf, u, t) - ,u,{aum’l"(ﬂj‘, u, t)
— H(z,u,p,Z,u,p) ) dt

—qilox) + vlrwilr - NlrOwg(@lr, T)

T
=: / Ly(U,D,U,t)dt  —  ilo x? + vilrzilr  —  AilrOng (z|7,T)
0 ;

()

and require the choice of H to be such that it enables the definition of a dual-to-primal (DtP)
mapping

(D,0, 1) > UMD, 0, 1) = (", ", p")| gy USRI S 0 o Rrtt

such that B B
Oy Ly (UM(D,U,1),D,U,t) =0 (6)

is satisfied on the set O. Thus, the choice of H should allow ‘solving for U in terms of (D, U,t)’

from @

One now defines the dual functional, Sy[v, i, A], as the one obtained by the substitution of the
DtP mapping into the pre-dual functional:

SH[%Ma )‘] = §H [xH7uH7pHa'ynu'v)‘]
T — —
_/ £H<UH(D|t,U]t,t),D|t,U]t,t) dt (7)
0
— qiloxy + ’Yi‘Tmz-L(D’TyUth) - )\i\Taxig(mH(mT,U\T,T),T>.

In the following, we use the notation

utt

td(t) =ds == (D], Ul,t); 87, = <mH o
t

t); 6D :=(sD,3D).
W) (6D,3D)



The first variation of Sy at a dual state D in a direction 6D : [0,7] — R *" (denoted below by
dSu|sp[D]), constrained by the boundary conditions

Yilr — Njl1 Oniz;9 <$H{d|t7T> =0 (8a)
Mo = specified arbitrarily, say A’; dAo=0 (8b)

and for which @ is satisfied in [0, 77, is given, after integration by parts and using @ and ,
by

557'1‘5D[D] = /OT ( 07il {WL - f1<SH‘t)}
= () + 9, 2 ()
+ Optse {pz’i dltaunfi(SHh) —%T(SH}J} >dt 9)

_ ;E?} - O\ir {pZ{ . + 8x1g<wﬂ d|t’T>}
ot )~ i (], 1)

— a]
The last line of @ vanishes due to ; one term of the first curly bracket on the same line arises
from the variation of the boundary term ~;|7 x;|r; the other from the variation of the term —x;%;
in the Lagrangian L4; after integration by parts. The five other expressions within curly brackets
in @ are the set of equations with the substitution U — U. Thus, by standard arguments,
the Euler-Lagrange equations of the dual functional are the necessary conditions for the
classical optimal control problem , utilizing an adapted change of variables defined by the DtP
mapping U™.

It is worth noting that if the the DtP mapping has the property that UM (D, U,t) = U for D = 0
- this can be arranged in many circumstances by an appropriate choice of H, and examples are
provided in Secs. - then, if U was a solution to then D = 0 is a critical point of Sy.

Depending on the nonlinearity of the terminal cost function g, the final-time boundary condition
may pose a nonlinear constraint on the dual space of functions involved; for g a quadratic form
in its first argument, the boundary condition becomes a linear constraint.

In all that follows, we will assume that g = x;G;;x;, with G' symmetric, positive semi-definite.

With this choice, along with imposing the constraint

'y]T—G)\]T:() (10)

+ o, {pgi od(

+ dilo {9331
do

+ ovilr {902{

d¢

(the b. c. (Ba])) for all functions (v, A) in the set on which Sy is defined, the functional takes the
form

~

T
SH[J,',U,]?,’)/,/J,, A] :/ [:H(U,D, 177t) dt - Vllox?
0

We now consider a slightly different (but related) dual functional Sy given by

T
3 [D] = sup/ CaUD,U. ) dt — o, (11)
v Jo
It is reasonable that the maximization over U can be moved into the integral and noting that Ly

1s necessarily affine in D,

EH(D7 Ua t) ‘= Sup E’H(Ua D, U? t)
U

5



is convex in D.

Moreover, note that if formulated in the correct function spaces then Sy is the supremum over
continuous, affine functions. In particular, S 77 is the supremum over weakly continuous functions
and therefore lower-semicontinuous with respect to weak convergence. Thus, up to coercivity of
S'H [D] one may even expect to prove existence of minimizers for it in appropriate Sobolev spaces
for the dual fields (v, i, A) (as is done in Sec. [5).

We note that for the class of dual fields for which the maximization (over U) to define Sy, has
a unique maximizer, the DtP mapping U™ is a well-defined object a.e. in [0, T], and for such dual
fields the value of Sy and Sy coincide. Since a minimizer of the convex Sy functional is also its
critical point (at least formally), such minimizers can be expected to be critical points of Sy, if they
also belong to the set for which the DtP mapping is well-defined a.e in [0, 7], i.e., under suitable
hypotheses

t — UM (D[argmin Sy [D]](t))

can define a solution to (3)), which are necessary conditions satisfied by solutions to the problem
of classical optimal control (I). In the above, D[D*|(t) denotes the evaluation, at time ¢, of D
constructed from the dual field D*.

Thus, upon discretization of Sy [D] by any Rayleigh-Ritz basis, we have a convex optimization
formulation of the necessary conditions of the, in general nonlinear, classical optimal control
problem.

4 A dual convex optimization formulation for the Quadratic-
Quadratic Regulator (QQR)

The goal of this section is to develop the explicit formula for the dual functional for the Quadratic-
Quadratic Regulator problem [4} [13] involving a quadratically nonlinear state evolution. Many
important scientific problems fall within this class - the Lorenz system [14] and the Fermi-Pasta-
Ulam-Tsingou problem [8] in the ODE context, and (discretized versions of) the Euler and Navier-
Stokes equations.

We consider the special case of quadratic running and terminal cost, as well as a quadratically
nonlinear state evolution with linear dependence on the control u. The problem is defined by:

Given matrices B,G € R, C e R™*" M € R™" N €¢ R™"™ F € R""*"
B, C, G symmetric, positive-semidefinite

F symmetric in last two indices, i.e., Fa = 0,Va € R™" and skew-symmetric;
r(z,u,t) = %(Z’iBZ‘j.Tj + uaCopug)
g(x,T) = x;Gijx;
filz,u,t) == Ai(t) + Mijx; + Niqua + %xTFirsxs, with given function ¢ — A(t) € R™ and
Given functions t — z(t),t — u(t),t — p(t) (with 0 a possible choice for any of z,u, p),
the primal system is given by
& = Aj + Myjz; + Niqua + %J:rﬂrsxs
Pi = Bijxy — piMji — pjEjrizy

0 =piNia — uﬂcﬂa

6



on [0, 7] with boundary conditions

pilr + Gijxjlr =0 (14)

l’i|0 = l’?

As the auxiliary potential H we choose the quadratic potential
1 —12 _12 12
Q(z,u,p) = §<ax|x—x| + ay|u — al|* + ap|p — P ), Qg Gy ap > 0.

Then the pre-dual functional is given by, c.f. ,

§Q[U, D] = /OT { —viAi — 2y — viMijr; — VilNigUa — %‘%Fimﬂ?rms
— pidi = \iBijzj + pj Myidi + piFjrite M
+ piNiatta — ugChapla
- %(axlw — 2 + aulu — ) + aplp —15|2) } dt
—ilo®) 4+ vyilrzilr —  NilrGijzjlT,

and after imposition of the constraint boundary condition , the last two terms drop out.

We denote the integrand as Lg. In order to generate the explicit formula for the dual QQR
functional, it is efficient to write the Lagrangian Lg in terms of the factor U — U instead of U and
subsequently focus on the linear, quadratic, and ‘constant’ terms in this factor. Then the linear
and quadratic terms combine in a compact manner to deliver the final expression . These steps

are demonstrated below.
The DtP mapping U® := (xQ, u®, pQ) is generated from the following set of conditions:

05, Lo=0: — (ax5ir + %Flm) (x,('? - :Er) + A Fjik (P? - ﬁj)
= Vi + VeMp; + MeBri + Ve FkisTs — M FjiDj (17)
OpLo=0: —ap(p? = pi) + MFi (22 = 5) = & = Mihk = Niatta = MeFir
Ou Lo =0: —ay <u2 — ﬂa> = YiNia + Caplis.
We now introduce the notation

Xilp =i + v Mpyi + M\ B ; X;|
Pilp == \i = MigAi — Niapa 5 P
ua|D = ¥ Nija + Caﬁﬂﬁ

(0,0 = Vel hisTs — AeLjikD;
I

D,U) = _AkFirk-fr

X|p + X|p,0) a;l + (yF) —(FA)T
Ilpoy = ) € R™ K|p := € R
Plp + Pl —(F\) apl
I is the n x n identity matrix ; F:R" - R™"; t—= (v F) € R™", (vF)ir = Y Frir
(t) z(t)
t e Us(t) i= ER™; teUlt) = c R*"
p(t) p(t)



in terms of which the DtP mapping can be expressed as
—Kp (U2 —UZ) = Tlip.oy
—ay(u—1u) =U|p. (117)
The Lagrangian L can be expressed as

LoU,D,U,t) = =% di — (m — i) — TiYi — viMij (x5 — Z5) — viMi; T — 7iNia (ua — ta) — ¥iNiala

— (pi — Pi)\i — Dihi — NiBij(xj — &) — NiBija; + (pj — Bj) Mjihi + b Mjihi
+ (pi — Di)Niatta + PiNiatta — paCas(ug — Ug) — paCaplis

1 _ _ _ _ _ _
=5 (anlo = 3@ = 70) + aulua — Ta) (a — 1) + ap(p: — 52)(0i — 7))
1
- 5(337‘ - i‘r)'}/iFirs(ajs - i‘s)
1 B B 1 _ 1_ _
- §($r - xi)’YiFirsl's - §xr'7iFirs(ms - l‘s) + §xr'7iFirsxs
1_ _ _ _
- ixr’ViFirsxs - 5371"71'}71'7"3335

+ )\i(pj - pj)Fjri($r - jr)
+ Xi(pj — 0j) FjriTr + NiDj Fjri(xr — Z) — XD FjriZy
+ Aiijjrifr + )\ipjfwjrii'r

(zi — %) (— % — Mri — MeBri — VeFrisTs + MeDj Fjik)

— %(ﬂci — &) (az0ir + Ve Frir) (2 — Zr) + %(wi — &) Fjip i (pj — Dj)
+ (pi — ﬁi)( — Xi + MM + Niapa + )\kFirkﬂ_Cr>

- %ap(pi —pi)(pi — Pi) + %(pz‘ — Di) Firk A (T — Zy)

+ (0 = a) (7 Nie — Captts) = 50u{tta — o) (ot — )
+ Zi (= Y — VMri — MeBri — Ve FrisTs + Mebj Fjik)

+ ﬁi( — Xi + MMk + Niapa + Akﬂ%%)
+ aa( — YilNio — Caﬁﬂﬁ)

1 1\ B 1_ _
+ (5 + i)ij’jm’)\ixr - §xr7iFirs$s - Az'}/z

- %(U* _0.) -Kp(U, ~ T) - %au(u — @) (u— )
- (U* - U*) : j‘(D,U) - (u - a) 'uD "

1 - 1_
- <X|D + 2X|(D,U)> —p- (P|D + 2P|(D,U)> —u-Up—A-7.
so that the QQR pre-dual functional may be written as

5 1

SolU, D] = —2/0T{(U* —U.) -Kl|p(Us = U,) — ay(u—a) - (u—ﬂ)}dt
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T
—/ {(U* —U.) - Tlppy + (u—1) 'UD}dt (19)
0

T 1 1.
—/ {1’ <X‘D+2X’(D7U)> +ﬁ <P|D+ 27)‘(1),(7)) +UU|D+A’Y} dt
0

— ’y’o . :EO.

Substituting for U¥ from for U in Lg, we have
_ 1 1 1
ﬁQ (UQ|(D7U),D, U, t) = <— 5 + 1) <j|(D,U) 'K"D \7|(D,U) + au\p 'M|D>

1= 1 -
-z (X’D+2X|(D,U)> —-p- (P|D+2P’(D7U)> —u-Ulp—A-y

so that the QQR dual functional is given by

T
Sl = [ £o (V%00 D.UE) dt = Al

L -1 1
- 2j£ <¢7k1lﬁ)'IK‘D T,y + allh)-llh)) dt o)

r 1 1.
—/ {f <X|D+2X‘(D,U)) +p- <P’D+2P|(D,U)) +E'U|D+A'7}dt — Ao - 2.
0

We note from the DtP mapping that, for the field D = 0 so that D(t) = 0V t € [0,T],
U9 = U, and recall that the E-L equation of Sg is the QQR primal equation set with the
replacement U — U€. Thus, if U was a solution of , then D = 0 is a critical point of Sg.

If we now define

T
Sq[D] := sup SglU,D| = / sup Lo(U,D,U,t)dt — ~o-2° (21)
U 0o U

implies that
Lo <UQ|(D,U), D, U, t) for any D s.t. K(D) is positive semi-definite
Sl[}p ,CQ(U,D, t, U) = and j‘('D,U) S zm(K(D))

+00 otherwise.

Indeed, first note that K(D) is a symmetric matrix. In particular, the above maximization problem
above is concave if K(D) is positive semi-definite. Hence, every critical point is a maximizer,
i.e. every solution of is a maximizer of U — Lg(U,D,U,t). Next, if K(D) is only positive
semi-definite then the expression K(D)~! has to be interpreted as the inverse of the linear mapping
restricted to the orthogonal complement of its kernel. This is well-defined as all solutions of
return the same maximal value for Lg. If 0 # J|p gy ¢ im(K(D)) then its projection onto the
kernel of K(D), call it U, is non-zero as K(D) is symmetric. Then note that Lo(sU +U,D,U,t) —
+00 as s — —oo. Similarly, one can argue if K(D) is not positive semi-definite, i.e. if K(D) has a
negative eigenvalue. Thus,

SqlD]  for D s.t. K(D(t)) is positive semi-definite and J|p) o)) € im(K(D(t)))
Sq[D] = a.e. in [0, 7]
+00 otherwise.

- (22)
As already noted, Sg is a convexr functional of the dual fields D.

9



5 Coercivity of the dual minimization problem for the Quadratic-
Quadratic Regulator (QQR)

In this section we will discuss the coercivity of the dual functional S'Q as defined in on an
appropriate subspace of H((0,T);R") x H'((0,T);R") x L?((0,T); R™). Given \g € R" we set

A= {(v, A p) € H'((0,T);R™) x H'((0,T); R™) x L*((0,T);R™) : A(0) = A°, GX(T) = ~(T)}.

Moreover, we define the function g : R™ x R"” x R™ x R™ x R™ — [0, o0] as

g(v,a, N\, B, ) = sup — x5 - (o +viMij + NiBij) — pi(Bj — Mjidi + Njip;)
z,peER™ yueR™

1
(aclel® + aplp|* + aulul?)

= uj(Nijvi + Cjipi) = 5

1
- §'WFirs$'r5Us +ij‘jm’$r)\i .

As indicated in in this setting it can be shown rigorously that it holds for all (v, A\, u) € A

Soly, A u] = sup Sol(z,u,p), (7, A, )]
z,peL2((0,T);R™),uc L2((0,T);R™)

T
:/O 9 A A 1) + A yds —~(0) - 2P

In particular, since S*Q is affine in (7, A, pt) the functional SQ is lower-semicontinuous with respect to
weak convergence in H'((0,T);R™) x H((0,T); R™) x L?((0,T); R™). Hence, the coercivity result
of this section, Proposition guarantees that the direct method of the Calculus of Variations
can be applied to establish the existence of a minimizer of S'Q. By the argumentation in Section
such a minimizer is then (at least formally) a solution to the primal equations , c.f. also the
discussion in 20} Section 5].

We start by proving the following lower bound for g.

Proposition 5.1. It holds for all (v, a, A\, B, ) € R™ x R™ x R™ x R™ x R™ that

o) > la+ M7y +BTA? 8- MM+ Np>  [NTy+COpl
g\v,a, A Oy 1) 2 .
2ag + [Flly[+[FIN)  2(ap + [FIIA]) 2a,
For F =0 it holds
la+ M7y + BUA 18— MA+ Nu>  [NTy+Cpl’
_ + + :
2@1- 2ap 2au

g(v, o\, B, )

Proof. We estimate using Young’s inequality

9(v,a, A, B,p) = sup [ —xj - (@ +viMij + AiBij) — pj(Bj — Mjidi + Njipi)
z,pER™ yucR™

1 1
= uj(Nijmi = Cjipi) = 5 (azlz® + aplpl* + aulul?) - S ([ +IADF] j|?
1
— ~I\|E| Ip)?
S0P
Ja+MTy+BTAP 8= MA+ Np? | [NTy - Cpl?
2(aq + [Flly|+ [FIAD) - 2(ap + [F[|A]) 20y
For F' = 0 the inequality above is an equality. O
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Before we state a coercivity result for S'Q, let us briefly introduce some notation. Given a matrix

R € R™? and t € R we denote by e!ft :=Y"2° %Rk the usual exponential functions for matrices.
Additionally, we denote by 71,72 : R™ x R” — R™ the projections 71 (x,y) = x and m(z,y) = y for
(z,y) € R™ x R™. Lastly, we write ¢ : R — R" x R” for the embedding ¢(z) = (z,0) € R” x R",
x € R™

Proposition 5.2. Let the matrices B,G,C, M, N, F' be matrices as before and T > 0. Additionally
assume that C' is invertible. Set

_MT _BT nx2n

Assume that the linear mapping
R" 5z — w1 (eTu(z)) + Gmo(eTTu(z)) (24)

1s tnvertible.

Then there exists § > 0 such that whenever |x°4||A|| 1 < & then the functional Sq is weakly co-
ercive on A, i.e., for every sequence (v¥), X /(®)), C A such that it holds supy, ,§Q Y& AR R <
oo there exists a subsequence that is weakly convergent in A.

If F = 0 the dual functional SQ is coercive on A only under the assumption that C is invertible
and the invertibility of .

Remark 5.1. Let us briefly comment on the invertibility condition . We write
p=3+MI'y+B" N and o := A= MA+ Npu=XA—MN—NC'NTy+ NCHNT~ + Cp).

Hence, the functions v, A solve the ODE

(z) - f (D i (U —NC‘I(pNT’HCu)) ’

where R is the matriz in . By Proposition it seems reasonable that for admissible functions
(v, A, i) € A with a bounded energy Sq[y, A, p] one might hope to control the functions p, o and
NT~ + Cu so that it holds approximately

1O\ o (10)
A(t) A0))
Then the invertibility of the mapping in is exactly the condition that allows to control +(0)

through \(0) = Ao using that v(T) = GA(T). In turn this will imply bounds on the functions v and
X in HY((0,T); R™).

Proof. Let (y®) AR ,(k)), C A be a sequence satisfying supy, th(k)’)\(k)’M(k)] < K, for some
K > 0. By the usual weak compactness properties of the spaces H' and L? it suffices to prove
that the sequence ('y(k),)\(k),u(’“))k lies in a bounded subset of H'(0,7;R™) x H(0,T;R™) x
L2((0,T); R™).

Throughout the proof ¢ > 0 will denote a constant which does not depend on v*), A(*) nor ,u(k)
but may change from line to line.

11



Defining o®) = 3®) 4 MT~® 4 BTAK) and pk*) = AK) — prak) 4 Nu®) we obtain from
Proposition [5.1] for a constant ¢ > 0 (depending on a,,a, and |F'|)

K > So[y®,A®), 0] -
> ONTAR) o012 LA AR g — AR (). 20
_/0 (c(1+ IAE| + [y *))) + c(1+ B[+ [y®)) + 2au| A B L op®IP 4 Ay S (0) .

‘ |U(k)|2 |p(k)|2 1
- INTAE) L op® 2 ) gt
_/0 (C(l + |)\(k)| —+ "y(k)b + C(l + |>\(k)| + h/(k)b + 2au| ¥ +Cu |

— Al Iy P Nz = P (0)]12°]

>/T ’U(k)’2 + ’p(k)P —I—L|NT (k)+C (k)|2 dt—(SH (k)H
“Jo \e+ PO+ 1B 7 @+ PO+ @)~ 2, T o

Next, we write

#/(k) _ _MT —BT\ [~®) 0 oK) o6
aw) = \vevt ) aw) (vt vy ® 4 oy ) T ) (20

=R

This ODE is solved uniquely by

’Y(k)(t) _ ot ’Y(k)(o) [ s U(k)(s)
() = Gonten) < [ (Lm0 s cuoroy + o) 2

Writing the initial condition in the form (v(9(0) A®(0))" = (0 A® ()" + (¥ (0) 0)" and
using v*)(T) = GA®)(T) and A®)(0) = A0 in with some rearrangement of terms, we find that

(e (v (0))) — Gma(e"u(v*(0)))

— (- Gom) (eTR < fo> +eth /0 Lo <_ NC—l(NTy(k)(Z)(kq)L( 2u<k>(s)) + p“”(s)) ds) '

(28)
By the invertibility of the mapping in we obtain
T
OO e (P4 [ W14 0094 N0+ Cuas ) (20)
0

Combining this with , we find using and Holder’s inequality
Yz + AW e
T
< (OO + 0+ [ 160]+169]+ V729 + 0] as)
0

T oW +]p0P?
L+ W]+ )]

1/2
<c (AO +INTY® + Cp® 2 + (/O dt) (1+ [IA¥]| oo + ’Y(k)LOO)l/Q)

12



Using and Young’s inequality it follows
Y ® N[z + 1A oo

1/2
< (IAOI (K + 1O )2 (B4 8190 e ) (1 AW e + w“ﬂumo)l/?)

<o (1N + 1+ K + 8l ® e + 072K + 07 o) + 821 4 AR e + P ) )

Hence, if

1
¢(26Y2 +6) < 5
we find

Iy ® oo + 1Al < 22 (1A + 14012 + K +6712K) .

In particular, A(*) and 4*) are uniformly bounded in L*°. By this implies that the functions
p*) and o(®) are uniformly bounded in L2. Consequently,

sup 5|2 + A0 2
<supe (IA® 22 + ez + 1o lzz + 0@z + [N 4 CuPllz2) < oo

This shows that the sequences (), (A\(¥)),, are uniformly bounded in H'((0,T); R™). The uniform
boundedness of (u*));, in L?(£2;R™) then follows from (25).

Let us now consider the special case F' = 0. First, note that by Proposition [5.1] it holds in the
notation from above similarly to that

T 1 1
/ 27|‘7(k)|2 + T\P(k)\Q + T\NT’Y(k) +CuPPdt < K + (|2°) + Al )y |z (30)
0 Ay ap Ay,
By it follows that
B <2 (1A + (K + (2] + Al 17 =) 2)

In turn, using and it follows

9 + [A®)]| e (31)
T
< <Iv(k)(0)| 0+ [ 1o+ 160+ [N+ o) ds) (32)
0
<2 (I + (K + (1] + A4l ®=)2) (33)

This implies that supy, ||[7*) || e + [|A*)]| e < 0o. The rest of the proof then concludes analogously
to before.
O

Remark 5.2. Let us remark that the invertibility assumption for C can be slightly weakened.
Assume that it holds ker(C) C ker(N) and im(NT) C im(C). Then, it holds for all x,y € R™ that
Cx = Cy implies that Nx = Ny. Hence, for all z € im(C) one can define the linear mapping
NC~' in a well-defined manner as NC~'z = Nz, where Cx = z. By definition it follows that
NC~'Cu = Np. In addition, since im(NT) C im(C) also the linear mapping NC'NT is well-
defined. Using this in the definition of the matriz R in the proof above shows that the coercivity
of Sq still holds.

13



In the following we will argue that coercivity of the dual functional 5@ might fail if the mapping
is not invertible or if |2°) or ||A| 1 is too large.

Remark 5.3. 1. Let F =0, A =0, \° =0 and assume that the mapping s not invertible.
Then there exists yo € R™ \ {0} such that 2° - v < 0 and

m1(e"u(y0)) — Gma(e™u(10)) = 0.

Then define the sequence of functions
R (k0
0

and p®) = —CINT~®) 1t follows that

FB(T) = GAW(T) = 1 (em <k 0

(i) = Geots)

3B L Ty ) L BTAE) = XK — ppA®) 4 NT ) = 0 and NTy®) + op®) = o,

o5
N—
N————
Q
3
[\
N
)
~
=
VS
o3
3
N—
N———
|
o

Moreover,

and therefore

which implies by Pmposition that g(v®), 4® XE) AE) LK) =0 e,
Soly ™ AB 0] = 4B () . 20 = kg - 2° < 0.

Hence, sup,, S'Qh/(k),)\(k),u(k)] < oo but the sequence ('y(k),)\(k),u(k))/€~ 18 not bounded in
HY(0,T;R™) x HY(0,T;R™) x L?((0,T); R™), i.e., the dual functional Sg is not coercive.

2.Letn:m:2,B:C’:G:<(1) (1)>,M:0;Fijr:jr;N:<(1) 8>,A°=0
o, W =0, %) = k(T - )? and
= A\, Moreover, *yé): 2k(t —1T)

and a; = a, = ay, = 1. For k € N we set \k) =
p*) = 0. Then v¥)(T) + GAF(T) = 0 and AF)(0) =
and NT~®) 1 Cu*) = 0. Then compute

Sab®, A®, 40

T

. 1

- / sup =40 (1) & = S (17 (1) + )a® = A1) - 7P (1) dt = 7P(0) - 2°
0 x7p7ueR2

:/T ’Z(k)’z — A(t) - ~®(8) dt — 4®)(0) - 2°
0 20357(0) +1)

T 2 2
Ak“[t = T 2 0 1.2
= ——A Ok(T —t)*dt — x5 kT
/02k( e 2(R(T — 1) di —
dt).
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Hence, if ¥ > 1 or for specific choices of A with ||Az|| 11 > 1 we find that S'Q [y B AR (R
—00 for k — oo. In particular, Sq is not coercive.

FEventually, we check that the mapping is invertible. Using that NT = N and N?> = N
. iy 0 —1Ids
it holds by definition that R = <N 0
matriz. Using that N> = N one can then show for | > 1 that

Rle(—1)l<Jg 2) andRQl“:(—l)l(_gv ](\)7)

Consequently, it follows

>, where Idy € R?>*? denotes the identity

eTR

(5 )
- (IgQ Ii) +t (](\)[ _éd2> + (cos(t) — 1) (](\)7 ;) + (sin(t) —t) (_(}V ](\)r) .

It follows for x = <i1> € R? that
2

T (e Bu(z)) + Gro(el Bu(x)) (34)
_ ((cos(T) —sin(T) + 2T') x4
- (s 20 o

Since cos(T) —sin(T) 4+ 2T > 1 for all T > 0 it follows that the mapping in 1s 1nwvertible.

On the other hand, if a solution to the primal ODE exists then the dual functional cannot be
unbounded from below.

Proposition 5.3. If a solution to the primal ODE , exists then the dual functional S’Q 18
bounded from below.

Proof. Let z,p,u denote the solution to and . Then it holds for «, A, i that
~ T .
0

T
. 1
> / { - ’YlAZ — XTiYi — ’YiMijxj — ¥iNiqUa — ’YiiF‘irsxrxs
0

— pidi — AiBijxj + piMjiXi + pjFliriteAi
+ pilNiapa — ugCpalia

1
—supa, pug (aclel? + auful? + aplpl?) }dt = vifoa?.

T
1
:_/ 5 (aclal? + auluf® + aylpP?) dt.
0
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6 The forced Linear-Quadratic Regulator (LQR)
The dual formulation of the LQR problem is obtained from the dual QQR by setting F' = 0. Define

X‘D azI 0
jl = Kl‘ = ; I is the n X n identity matrix.
PP P 0 apl

The LQR dual functional is then given by

1 T 1 1
l R l B l B .
So[D] = 2/0 (J ‘(D’U) K ’D TN pay + auu\p u\D> dt

T
—/ {i-;ﬂp + p-Plp + a-Ulp + A-’y}dt — g - 2°
0
= (36)

1 [Tr1 1 1
2 —X|p-X|p + —Plp-Plp + —Ulp-U|p)dt
0 Ay ap Ay

T
—/ {2 Xp + p-Plp + a-lllp + A-y}dt — Aly-a®.
0

Its first variation, in a direction § D, generates the weak form of the LQR problem with F' =0
and is given by

T/ ) |
55&‘5[)[17]:/ <X’6D'X’D + —U|sp-Ulp + p\w.p‘p) dt
0 Ay Ay ap (37)

T
—/ (f'/ﬂw + u-Ulsp +ﬁ‘7’|5D+A'57> dt — 670 - 2%
0
Noting that D is naturally viewed as a linear operator on the space, say
Y ={D|D:[0,T] — R"™™*™ (v,X) € H'([0,T],R*"), u € L*([0,T],R™), D satisfies (8a]) }

of admissible dual functions D, and (X,U, P) is a linear function on D, the second variation of SZQ,
in the pair of directions (0D, dD) € Y x Y, is a symmetric, positive semi-definite bilinear operator
in (0D, dD) independent of D, and given by

Tr1 1 1
déSé?‘(éD,dD)[D] = /0 (%X\éb'/‘—’ldp + amap-uldp%— aP|5D‘P|dD> dt. =: L(6D,dD).

’ (39)
At a critical point D of the functional the first variation must vanish for all variations d.D
consistent with the boundary conditions . If (z,u,p) is a solution to for F' = 0, then the
second line in must vanish for all admissible variations. Then it is clear that D = (v, u,A\) =0
is a critical point. In general, the choice of a guiding base state U = (Z,u, p) act as forcing to the
problem, as do the boundary conditions .
Let us define a linear operator on Y

T
I(D; A, 2°,U) 12/ {i"?(\D + p-Plp + u-Ulp + A"Y}dt + 7o - 2°.
0
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Invoking a finite set of linearly independent functions B = {¢p4 € Y, A =1,..., N} and writing
D:DBd)Ba 5D:5DA¢A5

a discrete linear algebra based approximation of the LQR primal problem with F' = 0 is given
by the following finite dimensional approximation of (using ):

MABDB:an L(¢A7¢B) = MAB; fA :I|(¢A;A,$O7U); AaB:17"'7N'

We note that the matriz M is symmetric and does not depend on the initial condition x°. Thus,
given the problem with F' = 0, the time interval [0, T, and the basis B, an SVD decomposition
(or LU, when nonsingular, or any other preferred linear algebraic decomposition) of the matrix M
can be precomputed off-line and stored. This can be used in conjunction with the vector f, which
depends on the initial condition z°, to generate the state, co-state, and control approximations for
the LQR problem for each specific °. In the presence of nonuniqueness of solutions to the primal
control problem, the base state U employed enforces the obtained solutions/approximations to be
closest to it.

Of course, because the LQR dual functional is convex, the powerful methods of convex
optimization [18] can be brought to bear on the discrete problem.

The classical method for solving LQR systems relies on a one-time solution of a nonlinear Riccati
equation to generate the feedback control (with the matrix C' assumed invertible): one considers
the LQR optimality conditions with FF'=0 and A =0,

= Mz+ Nu (39a)
p=Bx—M'p (39b)
0=NTp—-Cu (39¢)

with the boundary conditions , along with the ansatz
p‘t = K’t .%"t t— K‘t € RX" (40)

sym

and assuming ([39al 40]) are satisfied, one chooses the function K such that (39b]) is also satisfied
(for alternate motivation based on the value function of the HJB procedure, see, e.g., |7, Sec. 5.2.3]).

Thus,
w=C 'NTKz and &=Mz+NC 'NTKz,

so that corresponds to the statement
Kz + K(Mz+ NC'NTKz) — Bx + M' Kz =0,
which is satisfied if K satisfies the (nonlinear) Riccati equation
K|+ (KM + MTK|;) + K, NCT'N"K|, - B=0;  Kl|r=-G,
with the feedback control given by
uly = C'NTK |y 7. (41)
Then, for each specific problem corresponding to initial condition z(0) = 2, one substitutes (41])

into (39al) to solve for the state response t — xz(t).
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In our scheme, the one-off solution procedure involves a linear problem. The analog of the
solution of the Riccati problem corresponds to obtaining the solution operator for the linear,
second-order bvp for (v, u, A) subject to the boundary conditions —— as a function of
the boundary data (2%, A\°) (an outline of the computational protocol for the corresponding discrete
case has been discussed above). Admittedly, it is not in feedback control form, but it does not
require

e the matrix C to be invertible, and
e the forcing vector A to vanish.

The formal non-requirement of the invertibility of the control cost matrix C' in the dual for-
mulation of the LQR problem is intriguing and it remains to be seen whether a rigorous existence
theorem can be obtained in the absence of this invertibility (we note that even the formal derivation
of the matrix Riccati equation for the LQR problem requires this invertibility).

6.1 An Example

In this section we derive an explicit solution for the simplest LQR problem by the proposed dual
scheme. Consider the problem

maximize Plu] = — /T 22 (t) 4+ u(t) dt
subject to (t) = x(t)o—l— u(t)
z(0) = —aY,
and 20 is specified. Here, n,m = 1. Thus, within our setup
flz,u) =z + v G = 0; r(z,u) = 22 + u?,
and the primal system of equations to be solved is

T—xz—u=0

p—2x+p=0
—p+2u=0 (42)
p(T) =0
z(0) = —a°.

Choosing
1
Q(w,u,p) = 5(@° +u* +p°),

the pre-dual functional is given by

—~ T .

SQ:/ (—x"y—vx—fyu—p)\—2)\x+)\p—p,u—|—2uu

0
1 1 1
- 5562 - §u2 - 2p2) dt —  ~(0)z°

with Lagrangian

1 1 : 1
EQ:az<—"y—7—2)\—2x>+u<—7+2u—2u> +p<—/\+)\—u—2p)
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and the DtP mapping
0. Lo =0: 29 = (Y47 +2))
Oulg=0: u® = —(y — 2p)
WLo=0: p¥=—(A=X+p).
The corresponding set of governing equations and boundary conditions for the dual problem is
given by
a:Q—a;Q—uQ:—("}'/—1—2)'\—27—2)\—1—2#) =0
PR =229 4 p9 = — (A4 1 — 2§ — 2y —BA+p) =0
—p? +2u? = —(—+ 27+ X —5u) =0 (45a)

pA(T) = —~(MT) = \(T) +u(T)) = 0
YT) =0
A(0) =\,
Eliminating p using (45a)),
1 .
p= 5(—/\+27+)\),
one obtains the following constant-coefficient, linear, second order reduced system

N O NI N A

S]]

o 2N [-E ol LN) |- -E] A Lo

with boundary conditions

(0) 4+ 7(0) + 2X(0) = 2°
SAT) — INT) + ST =0
YT) =0

A0) = \°

The general solution involves two characteristic times (roots) £+v/2 each of multiplicity two (so
the dual solution is not a linear combination of pure exponentials in time). We use the symbolic
mathematics software Mathematica [9] to obtain the explicit solution listed in the Appendix. The
explicit forms are not instructive except for the following fact:

e the solution for (a:Q, uQ) does not depend on (the arbitrary choice) of A\” whereas the solution
for the dual functions (v, u, A) does; the former condition is necessary when the primal problem
has unique solutions.

Indeed, we show below that the primal problem in this case has a unique solution.

The system (42]) can also be written as
z 1 i x
= 2 = — 0 =
<1§> <2 _1> (p),ZE(O) z,p(T) =0.
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A solution (if it exists) to the ODE above is of the form

)= G)

where Z,p € R need to be determined. It follows directly that Z = —z°. The equation that
determines p is
T _ _
0=e9y- <€AT (p)) = (GAT)21$ + (BAT)22P'
Hence, if (e7)29 # 0 then the value of j is uniquely determined. If (e47)go = 0 then (eA7)q; # 0
(since AT is always invertible) and there are either infinitely many solutions for p (if Z = 0) or no

solution for p (if z # 0).
In this particular case it can be checked that (e47)99 # 0 and the solution to is unique.

A Appendix: Explicit primal and dual solutions for (42)

o 29(t) = ZZZ:((Z)) where (46a)

Tnum(t) = eV (= 2”) ( - (\/5 - 2) 2V2(42T) 4 9 (\/5 + 2) e2V2(tHT)
+(7V2+10) 2V —2 (V2 —2) VT
+ (V2 +2) VT 4 (10 - 7V2) VR >
Taen(t) = ( (V2-2) e - V2 2) ( = 2e27T 4 (202 - 3) VT - 2v2 - 3);

e~ V2 ( — :UO) <2\/§€2\/§T + (3\/§ — 4) V2T +3vV2+ 4) (eQﬂt — eQﬁT)
((\f — )2V _ /3 — 2) (26227 + (2v2 - 3) V2T — 22— 3) |

o 20V (—a®) (2v2eE 4 (82— 4) VAT 4 3V 4 4) 2V - 2V
° t) =
P ((V2-2) V2T — 2 2) (~2e2V2T 4+ (22 - 3) V2T — 22 - 3)

It has been verified (in Mathematica) that is satisfied by the formulae z = 2%, v = u?,
p = p¥, where the righ-hand-sides are given above.
The A°-dependent solutions to the dual problem are given by

num t
~(t) = Y (1) where

Yden (t)

n(®) = (3 ((6v2=8) 20+ (V2= 6) 1= 5V 4 6) )

20



+ 2V2(+T) (—4\@/\0 — 4tz 4+ 4T2° + 6\/53@0)
1 e2V2(HT) (—4\/5/\0 — 4tz +4T2° + 6\@1‘0)
VA (3 6v/2) X0+ 2® ((4v2 — 6) ¢ — 8V2T + 12T +5V2 6 )

# A ((0vaa8) 0 a0 (12 +6) -4 (2v243) T+5v246)) )
ant) = ((V22) 0 VB 2) (2T 1 (25 -3) N 22 3)

() = (VT (10 - 72) 20+ (7= 5v8) 1)
2 ((TV2+10) N+ (5V2+7) ta”)
—eMT((\/i—Q)AO (V2-1)a¢-T- 1)
+ 26220 (V2 42) 3+ (V24+1) %t - T - 1))
+ V) (VB 1) 2%t — 2T +1)) - (\f ) \)
+eW§T<(f2+2)AO <f+1 (t—2(T + 1)) )

Aden(t) = ((\6 2) WAL /o 2) (—zemT n (2[2 . 3) VI 9\ 3)

P ()

where
Hden (t)

o u(t) =

L (t) :e—ﬂt<e6ﬁT(<3\/§—4> A0+ (2\/5—3) t:z:o—\@xOerO)
+e2‘/§t((— (2v2+3)t+v2+1)a" - (3v2+4) X)
2¢4V2T (f/\o 0<t T+ \@))
— 22T (VN0 — 2 (—t + T+ V2) )
+ 22T ((3v2+4) A"~ 2 ((2v2+3) t = 4V2T — 6T + V2 + 1))

t 2V2(H2T) ((4—3\/5) A0 4 20 ((2@—3) t— AT + 6T + V2 — 1)) >
paen(t) = (V2 —2) 27 — V3 —2) (<2627 4 (2v3 - 3) V2T 23— 3).
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