POLITECNICO DI TORINO
Repository ISTITUZIONALE

POD-Galerkin Model Order Reduction for Parametrized Time Dependent Linear Quadratic Optimal
Control Problems in Saddle Point Formulation

Original

POD-Galerkin Model Order Reduction for Parametrized Time Dependent Linear Quadratic Optimal Control Problems in
Saddle Point Formulation / Strazzullo, M., Ballarin, F., Rozza, G.. - In: JOURNAL OF SCIENTIFIC COMPUTING. - ISSN
0885-7474. - 83:3(2020), pp. 1-35. [10.1007/s10915-020-01232-x]

Availability:
This version is available at: 11583/2977714 since: 2023-04-03T16:58:49Z7

Publisher:
Springer

Published
DOI:10.1007/s10915-020-01232-x

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

29 June 2026



arXiv:1909.09631v2 [math.NA] 6 May 2020

POD-Galerkin Model Order Reduction for Parametrized Time
Dependent Linear Quadratic Optimal Control Problems in
Saddle Point Formulation

Maria Strazzullo?, Francesco Ballarin®, and Gianluigi Rozza?

Ymathlab, Mathematics Area, International School for Advanced Studies (SISSA), Via Bonomea 265,
1-34136 Trieste, Italy

Abstract

In this work we recast parametrized time dependent optimal control problems governed by
partial differential equations in a saddle point formulation and we propose reduced order
methods as an effective strategy to solve them. Indeed, on one hand parametrized time
dependent optimal control is a very powerful mathematical model which is able to describe
several physical phenomena; on the other hand, it requires a huge computational effort.
Reduced order methods are a suitable approach to have rapid and accurate simulations.
We rely on POD-Galerkin reduction over the physical and geometrical parameters of the
optimality system in a space-time formulation. Our theoretical results and our methodology
are tested on two examples: a boundary time dependent optimal control for a Graetz flow
and a distributed optimal control governed by time dependent Stokes equations. With these
two experiments the convenience of the reduced order modelling is further extended to the
field of time dependent optimal control.

Keywords: reduced order methods, proper orthogonal decomposition, time dependent parametrized

optimal control problems, time dependent PDEs state equations, saddle point formulation.
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1 Introduction

Parametrized optimal control problems (OCP(u)s) governed by parametrized partial differential
equations (PDE(u)s) play a ubiquitous role in several applications, yet are very challenging to
analyse theoretically and simulate numerically. In a parametrized setting, where a parameter
p € 2 C R? could represent physical or geometrical features, OCP(u)s can be helpful in order
to describe and simulate different configurations of several physical and natural phenomena.
Indeed, optimal control framework is very versatile and it has been exploited in many contexts
and fields: from shape optimization, see e.g. [I8, 23, 36], to fluid dynamics, see e.g. [16] 37,
39, [15], from biomedical applications [6l [32), 54] [60] to environmental ones [41], [42], 53], 54]. Even
if OCP(u)s are a very powerful tool widespread in many research fields, their complexity and
computational demanding simulations still limit their applicability. Furthermore, the required
computational efforts get even larger if the optimization is constrained to a time dependent
PDE(p). Surely, time optimization makes the mathematical model more complete and it arises
in many applications, see e.g. [25] 27, [33], 50}, H11 52].



The computational effort required for OCP(g)s simulations becomes unbearable and not viable
when the time dependent optimal control depends on a variety of physical and/or geometri-
cal parameters: indeed, in this context, many configurations are studied for several values of
B € &, increasing the necessary time in order to understand the phenomena behaviour with
respect to different parameters. A rapid and suitable approach to manage this drawback is
to rely on reduced order methods (ROMs), which allow us to solve the parametrized optimal-
ity system in a low dimensional framework, reducing the computational costs, see for example
[24, 40}, [44), 145]. Literature is quite complete with respect to the applications of ROM techniques
for parametrized steady OCP(u)s, the interested reader may refer to the following far-from-
exhaustive list [4] 5, [17), 20, 28|, 29, 30}, BT, 37, B8], 42], where reduced optimal control is treated
and analyzed for several state equations and managed with different approaches and method-
ologies.

We seek therefore to extend the consolidated knowledge about ROM for steady OCP(p)s to
time dependent OCP (p)s.

Our purpose is to adapt the formulation presented in [37, [38] for steady OCP(u)s to quadratic
optimization models constrained to linear time dependent PDE(u)s. We propose two simple
test cases in order to validate our theoretical framework:

e a time dependent boundary optimal control problem for Graetz flow;
e a time dependent distributed optimal control problem for Stokes equations.

Both the proposed examples have geometrical and physical parametrization.

The main merit of this work is to recast linear quadratic time dependent OCP(u)s in the very
well known and general framework of saddle point problems. To the best of our knowledge,
another element of novelty is the numerical simulation and subsequent reduction of a time de-
pendent OCP(u) governed by Stokes equations. The proposed techniques have some limitations
in practical applications: indeed, we rely on direct solvers for very complex linear systems. This
limits our capability to increase the resolutions both in time and space for simulations. This is-
sue could be overcome using more computational resources and through preconditioned Krylov
solvers and multigrid approaches: we refer the interested reader to [9, (48| 51} 52]. We high-
light that the proposed iterative approaches may only lighten the computational effort needed
for the linear system at hand during the so-called offline phase of the ROM. Due to this, we
are aware that the numerical simulations of time dependent OCP(u)s in the all-at-once saddle
point framework could still be unfeasible for actual real-time applications because of the ex-
tremely large CPU time required by the offline stage. Nonetheless, this paper aims at showing
how ROMs can recover the behaviour of full order simulations with a substantial reduction of
computational time. Indeed, we validate our methodology thanks to several experiments for aca-
demic test cases. This is only a first step towards the study of new approaches for the application
of ROMs to more general and complicated time dependent OCP(g)s in saddle point formulation.

This work is outlined as follows. In section 2, we rely on theoretical formulation for time de-
pendent optimal control presented in [26] and [55], then, we prove the well-posedness of linear
quadratic parabolic time dependent OCP(p)s in a saddle point framework verifying the standard
hypotheses of Brezzi’s theorem [I1, 12]. A brief introduction of the full order Finite Element
(FE) approximation precedes the discretization of the optimality system, treated exploiting an
all-at-once approach proposed in [51l 52, H9]. Section 3 introduces the reduced order approxi-
mation following [24] 29] and how to apply Proper Orthogonal Decomposition (POD) sampling
algorithm for OCP(u)s in saddle point framework with a brief mention of aggregated reduced
space strategy used in |17}, 137, [38] and affine decomposition, see e.g. [24]. In section 4, numerical



results for geometrical and physical parametrization of a boundary optimal control problem for
Graetz flow are shown: it is a time dependent version of an OCP(p) presented in [38]. In section
5, we analyze the saddle point structure of time dependent OCP(p)s governed by Stokes equa-
tions. We prove the well-posedness of the mixed problem and we briefly show the discretization
techniques used extending the strategies already described in sections 2 and 3. In section 6 we
will present a distributed optimal control problem governed by time dependent Stokes equations
having consistent results with respect to those in [25], 52]. Conclusions follow in section 7.

2 Problem Formulation and Full Order Discretization for Linear
Quadratic Parabolic Time Dependent OCP (u)s

In this section parabolic time dependent OCP(u)s are presented in saddle point formulation. To
the best of our knowledge, the saddle point theoretical analytic framework in the context of time
dependent OCP(u)s is a novelty element, even if it is quite a standard approach for stationary
linear state equations [29, 37,38, [46]. First of all, the well-posedness of the saddle point structure
is proved in a space-time formulation. Then, we will introduce the full order discretized problem:
the high fidelity approximation is presented following the all-at-once structure exploited in [25]
48, 511, 52].

2.1 Saddle Point Structure of Linear Quadratic Parabolic Time Dependent
OCP(u)s: Theoretical Analysis

This section aims at recasting OCP(u)s governed by linear time dependent PDE(p)s in a saddle
point formulation. In the systems at hand the parameter u € & C RP could be physical or
geometrical. In the following analysis we assume a physical parametrized PDE(u), but the
reached conclusions do not change for the case of geometrical parametrization.

Let us consider 2 C R™ an open and bounded regular domain and the time interval (0,7"). Let
us indicate with I'p and 'y the portions of the boundary 92 where Dirichlet and Neumann
boundary conditions are applied, respectively. Let Y and H be two separable Hilbert spaces
which verify Y — H < Y* and let us consider other two Hilbert spaces U and Z 2O Y.
Let us define the Hilbert spaces Y = L2(0,T;Y), Y* = L*(0,T;Y*), U = L?(0,T;U) and

Z:=L?0,T;Z) 2 ). Finally, we define the space ), := {y €Y st. (;3; € y*}. The problem

to be solved is the following: for a given g € & find the pair (y,u) € )}, x U which solves

2 40t At 1
s ) - a5 [ L M

under a constraint of the form

0

S+ Dal)y = De(wu+ f in Qx (0,7),

Jy

8—n:0 on 'y x (0,7), (2)
y=g on I'p x (0,7,

y(0) = yo in Q,

where a > 0 is a fixed constant, D,(p) and D.(p) are general parametrized differential operators
associated to state and control, respectively, and y4(p) is an observation in the space Z. Further-
more, for the sake of simplicity we assume that ||yo||%; = 0 and Z = ));. Problems of this kind
have been covered extensively in classical references as [34] [55], for example, where the topic of



optimal control is treated in its entirety. Basically, we are adding a parametrization framework
to this very versatile mathematical model, in order to study different physical and/or geomet-
rical configurations. Indeed, we underline that we are actually looking for solutions which are
parameter dependent, but for the sake of notation we write y := y() and u := u(p): depending
on the case, we will omit the parameter dependence from now on.

Moreover, we suppose that for every p € & and every control variable u there exists an unique
solution y := y(u). The time dependent state equation can be expressed in the following
weak formulation:

T ay T T T

| (Gha),., di+ [ aweamdi= [ cwam i+ [ (Gayvy di Voe
0 t Y*Y 0 0 0

y(0) = yo in Q,

3)

where a : Yy x Yy — Rand ¢: U x Yy — R are the bilinear forms associated to D,(u) and D.(p),
respectively, while G € Y* collects forcing and boundary terms of the state equation. In our

applications it will always be the case c(u, ¢;pu) = / ugq dS2. We further remark that we consider
Q

q € Yy rather than ¢ € ) as it will be convenient to restrict g to ), for a proper definition of the
adjoint variable. Let us define the following bilinear forms

T
m:Yy XYy — R m(y,z) = / / yz dQdt, (4)
0 Q
T
n:UxU—-R n(u,v):/ / uv dQdt, (5)
0o Ja

which represent the objective for the state variable and for the control variable in the whole
time interval, respectively. Thus, let us define the functional

1 «Q
T 8) = Sy — v,y — o)) + Tnlu,w). )
The OCP(p) reads as follows: given g € &2, find the solution of

min  J(y,u; such that (3) is satisfied. 7
Lmin (i) (7

In order to set the problem in a mixed formulation, we need to define the state-control product
space X = Y, x U. Given x = (y,u) and w = (z,v) elements of X, the scalar product of X
is defined by (x,w)x = (y,2)y, + (u,v)y, that induces the norm ||-||x, since (-,-)y, and (-, )y
define the following norms, respectively:

(9y 2 T T 8y 2 T

2 2 2 2 2

= —= = dt - dt = dt.

I8, = Vol + G| = [ vl des (|32 an = [

Moreover, in the following, we need the forms:

A: X x X =R, A(z,w) =m(y, z) + an(u,v), Ve, w e X,
T 9 T T

B: X x)Y — R, B(w,q;u):/ <§,q> dt—l—/ a(z,q; @) dt—/ c(v, q; p) dt, Yw € X,Vq € ),
0 0 0

T
Fp) € X, /0 (F(g), w) dt = m(ya(p), 2). Vuw € X.



We underline that for the analysis and for sake of notation, the problem we propose has a
distributed control, but it can be extended also for boundary control if one defines:

T
ful = [ Il e .

where I'. C 02 is the boundary portion where the control is applied. An application of boundary
control will be presented in Section [4]

As we did for the state and the control variables, for the sake of notation we define p := p(u). In
order to build the optimality system, first of all we construct the following Lagrangian functional

Ly pim) = T (.00 + B i) + [ (Gl p) ®)
where

1 T
() = gA@iw) — [ (Fw.a) d, Q

recalling that x = (y,u). Then, we perform a differentiation by the adjoint variable p, the state
variable y and the control 4. The minimization of is equivalent to find the solution of the
following system: given g € £, find (z,p) € X x Y, such that

Dy Z(y,u,p;p)[z] =0 Vz €V,
Duz(yvuvpvll‘)[v] =0 Wwe L{, (10)
DpZ(y,u,p;p)[q] =0 Vg€V

The framework introduced is totally general and it also holds for nonlinear time dependent
problems.

We now focus on the case of parabolic linear governing equations. In this case, the system
of equations related to could be written in the following form:

T
Az, w) + Bw, p; p) = /0 (Fp),w) dt Yw € X,

T
Bz, ;) = /0 (G ), q) dt Vg € V.

As one can see, the classical structure of saddle point formulation that characterizes steady
linear quadratic OCP(u)s is preserved also in the linear time dependent case. We now want to
provide the well-posedness of the problem through the fulfillment of [10, Proposotion 1.7],
a Proposotion based on Brezzi’s theorem [11], 12]:

(11)

Proposition 1. Assume that the Brezzi’s theorem is verified, i.e.

1. A(-,-) is continuous and weakly coercive on the kernel of B(-,-;p), that we indicate with
Xo C X, i.e. for every xz,w € Xy it holds:

inf S _Alz,w) >0 and inf S _Alzw) >0. (12)
weXo\{0} zexo\ {0} 1]l a0 l|w]| a 2€Xo\{0} wexo\ {0} 17l 0 w2,

2. B(-,;p) is continuous and satisfies the inf-sup condition, i.e. for every x € X and q € Y
the following inequality is verified:

inf  sup DEEB) g0 (13)
g€V \{0} pex (o} llzllxllglly,



Let us assume further that the bilinear form A(-,-) is symmetric, non-negative, and coercive on
Xo, then the minimization of the functional @D constrained to equation and the resolution
of the saddle point problem are equivalent.

In order to prove that the hypotheses over A(-,-) and B(-,-; ) hold for OCP(u)s governed
by linear time dependent state equations, first of all, we require that:

Assumptions 1. the bilinear forms c(-,-; ), a(-,-; ), n(-,-) and m(-,-) verify the properties
(i) le(u, g p)| < cc)llullullaly  Yu €U and Vg € Vi;

(ii) lay, g w)| < ca@)llyllyllaly — Vy,q € Vi

(iii) a(y,y;p) = Ma(w)|lyl3 Yy € Wi;

(iv) n(-,-) is symmetric, continuous and such that n(u,w) > yu|lull%;
(v) m(-,-) is symmetric, continuous and positive definite.

Furthermore, we will exploit the following inequalities in order to assert the inequalities ((12))
and :

I. by definition, for every y € ), and u € U it holds:

Jy
I < ylye,  Mylly < llyllye: Nvllye < llzllx and  ulle < flzfla; (14)
8t y*

II. for y solution of a parabolic PDE(p) with forcing term f and y(0) = yp, there exists
k(w) > 0 such that:

lylly: < k) (£l 200,757y + llwolly)- (15)
Two more ingredients used to guarantee the inf-sup condition are the following two lemmas.

Lemma 1. Let q be a function in Yy, then the following inequality holds:

lall3 _ 1

=
Sw

Proof. We divide the proof in two cases: first of all, let us assume

9q
— < the
5, <llally then

lqll3, < 2[lql[3- This leads to the following inequality:

1

lally  llally 11
5

1
lall3, = 2llqll3, 2

>

We now want to prove a similar inequality for ¢ € )} such that

d
‘qH > |lglly- This assumption

allows us to assert that:

1 1
2ol < a3, = g > 10
y i 2ql3 ~ lql3,
and, by definition of ||g||y,,
aq 2 8q 2 1 1
2
g +2 5 3|5




Then, we can prove that

lgll3 _ 2)lql3 S 2[lq[l3,
lall3, dq|I” =~ q
2llqli3 + 2| =  for (16) |q]I? —|—2H
HQHy |- or (16) anyt oty
dq|? dq|?
g2
= 2
2 21 =2
lal, + 252
min{1,2}llql3, Hat v
~ max{1,2}q[3, 5
2 —_ =
lal, +2 |52
L1 ‘btw 11
~ 2 5 2 3 6
for (T7) 8t
O
Let us now prove a second lemma needed to show the well-posedness of problem .
Lemma 2. Given a function v € Yy, there exists y € Yy which verifies:
T 9y T T
/ (5q) dt+/ a(y,q; 1) dt:/ a(v,gp)dt - Vg e D, (18)
0o ‘Ot 0 0

with 4(0) = 0. Moreover, there exists a positive constants k(p) such that the following inequality
holds:

17l < k@)lvlly. (19)

Proof. The existence of the solution y is actually proposed in the proof of property (A.3) of the
Theorem 5.1 in [49], where the existence of y € ), is guaranteed for a given v € Y D )} and for
every initial condition.

Now, for t € (0,T") let us consider the linear operator D,(p) : Y — Y™ defined by (D,v, ¢) g+ m
We define Cp, () = ||Dql| g+ which is finite since D, is a continuous operator. Furthermore,
since gy verifies , from the standard inequality we can derive the inequality

191y, < k()| Davll 20,78 < k(B)Co, V] 220,755

Since Y < H, it holds ||¢||lz < C||q|ly, then, setting k(u) = k(u)Cp,C, we can prove the thesis
and

15lly. < kw)llvlly- (20)
O

We now have all the ingredients which will help us proving the well-posedness of the saddle point
system . Indeed, the following theorem provides conditions and for linear parabolic
time dependent OCP(u)s, i.e. the existence and the uniqueness of an optimal solution for the
minimization problem defined by .



Theorem 1. The saddle point problem satisfies the hypotheses of Pmposz’tion under the
Assumptions[], i.e. it has a unique optimal solution.

Proof. Let us consider the continuity of A(-, ).

[A(z, w)| < llyllvllzlly. + alluflullvll
< max{L, a}fl] x[lw]|x-

Indeed, the above inequality follows from continuity of the bilinear forms m(-,-) and n(-,-),
which can be shown as follows:

T T
zdQdt| < / z dt < / dt\/ / |3 dt = z
[ [vzanad < ([ Il o) ¢ Il dey) | 1121 dt =yl lzlly

Cauchy Holder

< z .
S [yllye [zl

The same argument can be used for n(-,-), since

) fyrane] < ([ ool @) ¢/\wmﬂﬁ¢/uﬂdnwmmmml

Cauchy Holder

Thanks to the hypothesis and , A(-,-) is symmetric, positive definite and continuous.

dy
aa Q> dt+a(y7 q7l‘l‘) =
c(u,q;p) and then ||ylly, < k(p)(|ullee + [lyoller) = k(p)||ulu by assumption over the initial
condition of y. Then, it holds:

T
We can now prove the coercivity of A on Xp. If x € Xy, then it holds / <
0

« (0
Az, z) = m(y7y) +an(u,u) > [lylly + 5 [l + 5 el

2 . a o« )
= Qk( 2k (p)? Iyl3, + ||U”u 2 min {W’ §}||:c||X

Let us prove on the continuity of B(,-; u). Exploiting the continuity of a(-,-; ) and c(-, -; ), it
holds:

T 8y T T
Ba.gu) < [ (o) dt+ [ cawlylylaly e+ [ cctmlullaly
0 0 0

dy
= |3, val  ccbotslal, + ccmlulals
Cauchy + Hélder
< max{Lca(m)s e}l

I

where ¢,(p) and c.(p) are the continuity constants of a(-,-;p) and c(+,-; p). respectively.
Now we focus on the fulfillment of the inf-sup condition for the bilinear form B(-,-; ). First of
all, let us consider ¢ € ), and y € ); the solution of the problem presented in Lemma



with v = q. Then,

S N [ i [ dt
B(ZL‘,q,[L) . /0 <E7q> +/0 a(y’q7ll’) _/0 C(ua Qap')

sup ————— = su
ozzex [1Zllxllallyy oz [l xlq]ly,
T, 95 T T
) _
/<—,q>dt+/ a(y, q; p) dt /M‘L%M)dt
> Jo \Ot 0 < Jo
~~ 9lly: llally, — Ml llally,
z=(,0)

Mawlaly | Mo

> = = > 0.
> 5 >
to= o Klally, | == 6k(w)
Since we have proved the inequality for all ¢ € ), it holds:
B ; M,

< > b
0#£4€Vs owex [zl xllally, — 6k(p)

O

The theorem just presented guarantees the existence and uniqueness of an optimal solution for
time dependent OCP (p)s.

We now propose a brief overview on the FE approach, that we exploit as full order approximation
in order to build the reduced order model.

For the spatial discretization, first of all we define the triangulation TN of Q. We can now define
discretized spatial spaces as YV =Y N %N and UN =UN %N , where

2N = (N ec®@) : Wk eP, VK e TV}

The space P" is the space of all the polynomials of degree at most equal to » and K is a
triangular element of 7. Then, the function spaces considered are: YN = L2(0,T;YV),
YN = 12(0,T;Y*N) and UV = L2(0, T;UV). The full order state variable will be considered

0
in ytN = {y S yN s.t. 8—? S )}*N}. As we did in section for the mixed formulation, we

exploit the product space XN = y{\/ x UN C X. The Galerkin FE discretization of the saddle
point problem reads as follows: given pu € &, find (xN Al )eX N % YN such that

T
A(xN,wN)+B(wN,pN;u):/O (F(u),wy dt oV € XV,
B, Vi = [ (.o di vV eI,

where 2V := 2N () and pV := pV () are parameter dependent solutions. Following the same
strategies used in Section[2.1] it can be shown that Brezzi’s Theorem [IT},[12] holds at the discrete
level. Moreover one can prove the coercivity of the form A(,-): then, the minimization problem
is well-posed [10].

In this section we introduced the general formulation for linear time dependent OCP(p)s and
we recast it in a saddle point system of the form . Then, we provided a proof for Theorem
which led to a unique optimal solution, after having introduced all the assumptions and
lemmas needed in order to have Proposition [1| verified. Furthermore, we introduced FE element
approximation as our full order discretization technique.

In the next section, the full order problem will be shown in space-time formulation following the
approaches already presented for parabolic PDEs(p) in [21), 56, 57 [58].

(21)



2.2 Algebraic System and All-at-Once Approach

In this section we introduce a discretized version of time dependent OCP(p)s. Practically, we
follow the all-at-once space-time discretization already proposed in [25], 5], [52].

We now want to consider the full order discretization of the OCP(g) introduced in (7). Let us
suppose to have discretized the spaces considered in Section with FE technique in order to
solve the full order optimality system . We aim at showing how the saddle point structure
is reflected also in the algebraic formulation of the problem. We recall that the solution (y, u, p)
solves the following optimality system

y—glt)JrDZ(p)—yd in Q> (0,T),

au —Di(p) =0 in Qx (0,7),

(a;; +Dy(y) — De(u) =g in Qx(0,7), (22)
y(0) = wo in €,

p(T)=0 in Q,

boundary conditions on 00 x (0,T),

where Dy, D, D and D} are the differential operators associated to a(-,-;p) and c(-,-; ) and
their adjoint bilinear form, respectively. The time integral has been approximated exploiting the
composite rectangle quadrature rule formula. The time interval is divided in Ny sub-intervals of
length At.

Remark 1. The applied time discretization is actually equivalent to a classical implicit Euler
approach [19, [57]. We underline that the state equation is discretized forward in time with a
backward Euler method. The adjoint equation will be discretized backward in time using the
forward Euler method, which is equivalent to backward Euler with respect to time T —t, for
te(0,7).

Let us begin our analysis from the state equation. Let us define y = [y1,...,yn,]7 and
u=[ug,...,un,]” and p = [p1,...,pn,]|7, where y; € YN, u; e UN and p; e YV for 1 <i < N,
are the vectors of all the discrete variables at each time step. With y;, u; and p; we indicate the
row vectors containing the coefficients of the FE discretization for state, control and adjoint,
respectively.

The vector representing the initial condition for the state variable is yo = [yo,0, .. ., O]T. The vec-
tor g = [g1,...,9n,]T corresponds to the forcing term. Finally, the vector ¥4 = [y4,,- - - , det]T
is our discretized desired state.

Let D, and D, be the matrices associated to the bilinear forms applied to the basis func-
tions of the FE spaces YV := span{¢;,1 < i < N} and UV := span{y;,1 < i < N}, ie.
D, = a(¢i, ¢j;pu) and De,; = c(by, ¢5;p) for i,5 = 1,..., N, respectively. For the sake of
notation, the dependence of the matrix on the parameter u is dropped.

The state equation to be solved is

My + AtDyyr, — AtDoup, = Mygp_1 + grAt for k € {1, 2,..., Nt},

where M is the mass matrix relative to the FE discretization.

10



In order to solve the system in an all-at-once approach we can write:

M + AtD, Y1
-M M + AtDa Y2

-M M + AtD, Ys

M M+ AtD,] |y,

K
D. 0 - uy My + Atgy
D, Uug 0+ Atg2
_ At D, uz |=| 04 Atgs
D, UN, 0+ Atht
C

Then, the above system could be written in the following form:
Ky — AtCu = My + Atg,

where M is a block diagonal matrix in RN Nt 5 RVNe which diagonal entries are [M,--- , M].
In the same way we can analyze the adjoint equation: we have to solve the first equation of the
optimality system at each time step as follows:

Mpy, = Mpj1 + At(—Myy — DIpj + Myg,) for k € {N; —1,N; —2,...,1}.

As we did for the state equation, one could use an all-at-once strategy and consider the following
system:

M+ AtD?; -M P1 AtMyl AtMydl
M+ AtDI —M Do AtMys AtMyq,
: . p3 || AtMys | = | AtMyg,
M + AtDT -M : : :
M + AtDI| |pn,| [AtMyy, AtMyay,
/CT

Then, the adjoint system to be solved is:
KTp + AtMy = At My,.

Now, if we consider the optimality equation given by the differentiation of with respect to
the control variable, at every time step we have to solve the equation aAtMuy — AtDXp, = 0.
In a vector notation we have aAtMu — AtCTp = 0. In the end, the final system considered and
solved through an one shot approach is the following:

AtM 0 KT Y At My,
0  aAtM —ACT| |u| = 0 : (23)
K —AtC 0 P My + Atg

Now, let us denote with

AtMyy

0

L [am o
o 0 alAtM

], B:[IC —AtC}, F:[ ] and G = Myg+ Atg.
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Then, the system can be written as follows:

T
761
B 0| |p G

The global dimension of the full order model presented is Nio; = 3 x Ny x N'. We underline that
the saddle point structure does not depend on the used time approximation scheme: indeed, this
framework can be extended to more general time discretization. We managed to solve the linear
system through a direct approach. Nevertheless, iterative methods based on Krylov solvers
and Schur preconditioning are a very common choice in the solution of saddle point structures
[9] and they have been applied in the optimal control framework in [48], 52], for example.

Now that we have introduced the FE discretization as our full order approximation, we can
exploit it in order to build a reduced system, as it will be specified in the following section.

3 POD-Galerkin ROM Applied to Parabolic Time Dependent
OCP(u)s

This section aims at introducing ROM approximation for time dependent OCP(u)s into the
framework of saddle point problems by applying the techniques already used for the steady case
in [37, [38]. After a general introduction of the main ideas behind ROM applicability, we will
briefly introduce the affine assumption over the bilinear and linear forms involved in the problem
formulation. Then, in Section we will describe the POD-Galerkin algorithm, see for example
[7, 13, 14, 24] as references, and we will extend it to parametrized time dependent OCP(u)s. In
the end, we will show how to guarantee the well-posedness of reduced OCP(u)s thanks to the
aggregated space strategy [17, 37, [38].

3.1 Reduced Problem Formulation

In Section we showed that linear quadratic time dependent OCP(u)s could be seen as
saddle point problems of the form . We recall to the reader that our state-control variable
is z(pn) = (y(p),u(p)) € X: in this case we highlight the parameter dependency which is of
crucial importance in the understanding of the reduced formulation concepts. We assume that
our parametric solution defines a smooth solution manifold

M = {(z(p),p(p) | p € Z}.

The FE approximation is reflected also in the solution manifold: indeed one can define a ap-
proximated solution manifold:

AN = {(@N (), oV (n) | n e 2.

Once again, we assume that also the approximated manifold has a smooth dependence with
respect to p. Reduced order methodology wants to recover the structure of .#- N through basis
functions derived from properly chosen full order solutions 27V (p) and v (p) called snapshots. In
other words, we construct the reduced bases exploiting FE solutions evaluated for some specific
B € . Let us assume to have already built Xy C XN c X and Yy C y,{“ C Y as reduced
product state-control space and reduced adjoint space, respectively. We have all the ingredients
to define the reduced problem as follows: given p € Z, find (xn(p), pn(p)) € Xn X Ven such

that
T

Alzn (1), wn) + Bwn, pr (1); 1) = /0 (F(i),wn) di Ywy € Xy, -

T
Bl (1), v o) = /0 (G(w), q) dt Vax € Vi

12



Also at the reduced level, in order to assert the well-posedness of the reduced saddle point
problem , Brezzi’s theorem has to be verified. In Section we will show how to recover
the existence and the uniqueness of the reduced minimizing solution (zy (), py (1)) € Xy XVin-

3.2 Affine Assumption: Offline—Online decomposition

Let us briefly underline the crucial hypothesis which guarantees efficient applicability of reduced
order methods: affine assumption. A problem in a saddle point framework is affinly de-
composed with respect to the parameter if the involved bilinear forms and functionals can be
recast as:

Az, w; p) Z@q VA (z,w), B(w, p; p Z@q )BY(w, p),

Z O%L(1)(GY, p), (F(p),w) = Z O% (1) (F4, w),
q=1

(26)

for some finite Q 4, @B, Qa, Qr, where 0%, 0%, 0L, 0% are p—dependent smooth functions,
whereas A4, BY, G, F? are up—independent bilinear forms and functionals.

Thanks to this assumption, the solving process of our OCP(p) can be divided in two different
phases: an offline stage where the reduced spaces are derived and the pu—independent quantities
are assembled. This stage could be very expensive but it is performed only once. Then, an online
stage follows and all the p—dependent quantities are assembled and the whole reduced system
is solved. The online phase is performed for every new parameter evaluation in order to study
different physical and/or geometrical configurations.

If the problem does not fulfill the affine assumption, the empirical interpolation method can be
exploited in order to recover it, as presented in [8] or in [24, Chapter 5.

3.3 POD Algorithm for OCP(u)s

In this section we introduce the POD-Galerkin strategy which we exploited in order to build the
reduced spaces needed for time dependent OCP(u)s, following [7, 13| 14] 24].

The first step of the the POD-Galerkin approach is to choose a discrete subset of parameters
P, C &. Thanks to this new finite dimensional parametric set, we can define a specific solution
manifold:

AN (Py) = {(&N (1), PV () | 1€ D),

which cardinality is Npax = || and which satisfies the inclusion N (2,) C AN since
Py, C 2. When the finite parameter space ), is large enough, the manifold .#* (P,) can be
a reliable representation of the discrete manifold .# N The POD-Galerkin approach compresses
the redundant information contained in the snapshots of .ZV (22,).

We exploited a partitioned approach, i.e. the POD algorithm has been applied separately for
state, control and adjoint variables. In the end, the POD algorithm provides N —dimensional
reduced spaces that minimize the quantities:

max

HEP),

ZNEVIN aT o, vNEUN qNEVEN

1 1
min ||V () —zN]@t, \IN min ||uN () — x|, JN
m max

(27)
We are going to introduce the POD-Galerkin procedure for the state solution y(p). The same
strategy has been used for control and adjoint variables as well.
Let us consider ordered parameters gy, ...,y € &), and the resulting ordered FE solutions

13
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N (), yN(uNmaz). Furthermore, we define the correlation matrix CY € RVmazXNmaz of
snapshots of the state variable, i.e.:

Gy = ! (yN(“m)ﬂyN’(“l))yt? 1 <m,l < Npaa-

ml Nmaac

We look for the N-largest eigenvalue-eigenvector pairs (AY, v¥), which solve the following equa-
tions:

CYv = No¥, 1<n <N,
with [[v¥]] = 1. Let us order the eigenvalues \Y > \§ > ... > )\?jv from the largest to the
smallest. This order reflects on the basis functions {&7,...,&%} of the reduced space Yy =

span {&7,..., &% }. The basis satisfies:

1 M
"= AT S @D mt™ (1), 1<n<N,
m m=1

where (v¥),, is m-th component of the state eigenvector v¥ € RM.

Remark 2. We underline that, even if we applied the POD algorithm separately for the different
variables, we have not separated time instances, i.e. each snapshot still contains the solution at
all temporal steps. In this way, the reduced basis functions comply with the space-time formu-
lation introduced in , and the resulting POD-Galerkin ROM is a space-time reduced order
model.

3.4 Aggregated Spaces Approach

As we underlined in Section the adjoint variable p(p) is considered in the state space )y, in
order to ensure the well-posedness of the whole OCP(u). It is well known that a POD for state
and adjoint variables will not lead necessarily to the same reduced space approximation. Indeed,
let us assume to have applied the POD algorithm with the same value of Ny,x and retaining
the first N eigenvalues for all the involved variables, as described in Section the procedure
provides reduced spaces for state, control and adjoint variables as

iy = span{y (W) n = 1,..., N},
Uy = span{uN (") n=1,..., N},
QtN = Span{pN(p’n) n = 17 ceey N}7

respectively. As already done for the continuous and full order versions of the problem, we define
the product space X = )i, X Un. Once the reduced spaces are available, it remains to prove if
the Brezzi’s theorem is still valid, i.e. if the reduced saddle point problem admits an unique
solution. The continuity of the bilinear forms A(-,-) and B(-,-; ) are directly inherited from
the FE approximation, as well as the coercivity of A(-,-) over the kernel Xy = {wy € Xy :
B(wn,q; 1) = 0, Yqg € Qq,}, even if the state and the adjoint reduced spaces do not coincide.
Although, it is not guaranteed the fulfillment of the reduced inf-sup condition. Indeed, only the
following inequality holds:

inf  sup DDTE) S g0y (2)

0£4€Vty 0£zexy |12] 2]l

i.e. the reduced inf-sup condition in verified only when Y;, = Oy, , which is not the case
for a standard POD approach.

14



In order to avoid this inconvenience, we exploit the aggregated spaces technique as presented in
[177, 37, [38]. The main feature of this approach is to define a common space for state and adjoint
variables, given by

Zy = span {yV (u™), PN (u™), n=1,...,N}.

The space Zp is then used to describe both the reduced state variable yx (@) and the reduced
adjoint variable py(p). The new product space is now Xy = Zn x Uy, where the control space
is of the standard form

Uyn = span {uN(u"), n=1,...,N}

This choice will lead to a global dimension Ni,; = 5N. Thanks to this strategy, the reduced
optimality system is well-posed since all the hypotheses of Brezzi’s theorem hold with the reduced
inf-sup of the following form

B(z,q; 1)
inf sup ————— > By () > (29)
0£4€2Zn o2zexy ||Z]xllally,

Now we have all the necessary notions needed in order to show some applications of ROM for
time dependent OCP(u)s. In the next Section we will show how advantageous reduced modelling
could be in this very costly context.

4 Numerical Results: Time Dependent OCP (u) for Graetz flows

In this section we are going to present a numerical example in order to validate the performances
of POD-Galerkin method for time dependent OCP(u)s: we will apply our methodology to a time
dependent version of the test case proposed in [38].

The proposed test case deals with a time dependent OCP(p) governed by a Graetz flow with
a control over the boundary I'c = ([1,1 + us] x {0}) U ([1,1 + us] x {1}), which is represented
in Figure |4} In this case, u3 is a geometrical parameter which stretches the length of Qo(us3) :=
[1,1+ ps] x [0.2,0.8] and Qg(ps) := 1,1+ pg] x [0,0.2]U[1,1+ pg] % [0.8,1] as Figure [4] shows.
We now introduce the other two parameters: p; which represents the diffusivity coefficient of the
system and po which is the desired profile solution we want to reach in Q3(us3). The parameter
p = [p1, p2, pg] is considered in &2 = [1/20,1/6] x [1,3] x [1/2,3].

Let us specify the function spaces Y and U needed. For this test case we define y € ) where
Y = H%D ((u3)) and u € U where U = L?(T¢(u3)). Furthermore, let X' be the product space
Ve xU. All the data of the test case are recap in Table[I} The problem we consider reads: given
p € 2, find the state-control variable (y,u) € X which solves:

min J(y, u; / d:L‘dt+ / / w?dxdt 30
o (y,us ) = o s ng Ya(p e (30)

constrained to the equation

Jy oy .

En + 1Ay + z2(1 — 962)81:1 0 in Q(us) x (0,7),

y= on FD(M?)) X (OvT)7
0

‘“a% —u on Te(ps) x (0,T), (31)
0

e =0 on Iy (u3) x (0,7),

Y=Y in Q(u3) x {0},
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where x1 and xo are the spatial components, yg is the null function in the domain which respects
the boundary conditions and y4(p) = pe. As already presented in Section we applied a
Lagrangian approach and the optimize-then-discretize technique in order to recover the following
optimality system: given g € &2, find ((y,u),p) € X x ) such that

5, 0 :

vy HmBp = w1l =) gt = () in Qus) x (0,7),
p= on I'p(us) x (0,T)

0
e =0 on Iy (u3) x (0,7),
p=0 in Q(us) x {T},
au =7p in FC(M?)) X (0, T),
0 0 , 32
87?+/L1Ay+$2(1*$2)6751:0 in Q(us) x (0,7), (32)
Yy = onI'p x (0,T),

% _ Te(ps) x (0,T)
12451 an = U on 1 coclus ) )

0
Ml% =0 on I'y(us) x (0,T),
Y =10 in Q(ug) x {0}.

The problem has been solved exploiting the following strategy: first of all, we traced back
the original problem into the reference domain presented in Figure @] The reference domain
corresponds to g3 = 1. The full order discretization is performed as described in Section we
used At = 1/6 over the interval (0,7") = (0,5), with a resulting number of time steps /V; = 30.
Moreover, for the space discretization, we used P! elements for all the variables involved with
N = 3487, working with function spaces of the form XN = YN <« uN and YNV , for every time
step of state-control and adjoint variables, respectively. The total number of degree of freedom
of the full order approximation is Nio; = 3 x Ny x N' = 313/830. We built the reduced spaces
applying the POD-Galerkin approach as presented in Section[3.3] For all the variables we choose
Nmax = 70 snapshots. The basis functions were obtained retaining the first N = 35 eigenvectors
of the snapshots correlation matrix: from now on we will define N as the basis number. In
order to guarantee the well-posedness of the reduced saddle point problem arising from the
constrained optimization, we exploited aggregated space technique described in Section [3:4} it
led to a total reduced dimension of Nio,t = 5N = 175. The basis considered are sufficient and
they well represent the optimal solution as one can observe from the average relative erroxﬂ plots
in Figure|l| and the solution plots in Figure[2] The FE simulations and the reduced simulations
are compared in Figure 2} they match for different time instances. In Figure [T, we show the
average relative errors over a testing set of 50 parameters, uniformly distributed: as expected,
it decreases for a high basis number N, with a minimum value of 10~ for all the variables.
In Figure [} we also present the average relative error between the FE and the ROM values of
the functional J(-,-; ), i.e. our output. We specify that the effort needed for solving an offline
phase for time dependent OCP (p)s drastically increases for high values of Nyax: still, our choice
for the number of snapshots gave us a good overview of the whole parametrized system in a
reasonable amount of time. Let us now focus on the computational time involved both in the
full and in the reduced order simulations. In Figure 3| the speedup index for this test case is
presented. The speedup represents how many reduced order simulations can be performed in the
time of a single full order FE element simulation. It reaches a maximum value of 1,8-10°, while

!The error for state, control and adjoint variables are presented in the following norms: HyN — YN H?{h
luM —un||?5 and ||p" — pn |41, respectively.
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the lowest values associated to an increasing value of N are not below 10°. The speedup index
underlines how convenient is ROM system for repeated parametric instances of time dependent
OCP(u)s, since the very expensive formulation of the whole system is projected in a low
dimensional framework which recovers the evolution of the optimality system and permits to
study several configurations in the online phase.

Table 1: Data for the OCP(p) governed by a Graetz flow.

Data ‘ Values
P | [1/20,1/6] x [1,3] x [1/2,3]
(1, pa, 13, @) | (1/12,2,5/2,1072)
Ninax | 70
Basis Number N | 35
Sampling Distribution ‘ Uniform
Neot | 313/830
N; | 30
ROM System Dimension ‘ 175
FE vs ROM relative error FE vs ROM relative error
—e— State —e— Control
107t 10-1
L 1072 L 1072
[ [
9 9
D D
L 10-3 2 102
1074 104
5 10 15 20 25 30 35 5 10 15 20 25 30 35
N N
FE vs ROM relative error FE vs ROM relative error
—e— Adjoint 10-2 —e— Output
107t
10°3
E 1072 g 107*
@ @
[)] [)]
o 2 10-°
1073
10
1074 1077
5 10 15 20 25 30 35 5 10 15 20 25 30 35
N N

Figure 1: FE vs ROM relative errors with respect to the basis number N in logarithmic scale. Top left:
state error; top right: control error; bottom left: adjoint error; bottom right: output error.
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FE Statet=0.17
8.7e-01 1 2 3

—

4 50e+00
|

ROM State t=0.17
87601 1 2 3 4 5.0e+00
I

— !

FE Control t=0.17
00es001 2 3 4.76+00
I

ROM Controlt = 0.17
0.0e+00 1 2 3 4.7e+00

e

FEstatet=15
87e01 15 2 25
I

ROMstatet=1.5
87e01 15 2 25
I

33.4e+00
il

33.4e+00
I

FEStatet=3 FE Statet=5
00e+00 1 2 3.4e+00 00e+00 1 2 3.56+00
—— — —
ROM Statet=35 ROM Statet=5
000400 1 2 34e+00 00400 1 2 350400
— — ——

AR S S

FE Controlt=1.5
2 3

i !

0.0e+00 1

4.7e+00

0.0e+00 1

| e E—

FE Controlt=3.5 FE Controlt= 6
2 3 2 3

4.7e+00 0.0e+00 1 4.7e+00

A AN S

ROM Control t = 1.5
0.0e+00 1 2 3

—

4.7e+00

0.0e+00 1

— i !

ROM Control t = 3.5
2 3 4.7e+00 ROM Control t = 5
0.0e+00 1 2 3 4.7e+00

— i |

Figure 2: FE vs ROM simulations of state and control variables for p = [1/12,2,2.5] and a = 1072
First row: FE state for ¢t = 0.17,1.5,3.5,5; second row: ROM state for ¢ = 0.17,1.5,3.5,5; third row:
FE control for ¢t = 0.17,1.5,3.5,5; fourth row: ROM control for t = 0.17,1.5,3.5,5. In order to better
visualize the boundary control, we represent it in a third dimension.

Speedup
1.8% 10% —*— Speedup
16x 10°
x
[0}
T 14x10°
£
o
=]
8 1.2x10%
[0}
o
)
10°
5 10 15 20 25 30 35
N

Figure 3: Speedup analysis in logarithmic scale shown with respect to the basis number N.
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0.0 Tp @O T (L+p0)

Figure 4: Considered reference domain and subdomains for uz = 1.

5 Linear Quadratic Time Dependent OCP (u)s governed by Stokes
Equations

In this section, we introduce a distributed OCP( ) governed by time dependent Stokes equations.
As we did for the parabolic case in section [2.1] first of all, we provide the proof of well-posedness
of this specific linear quadratic OCP(u) in a saddle point framework. Then, we will adapt the
space-time discretization and the aggregated POD-Galerkin technique of Sections [2.2] and [3.4]
respectively, to this more complex problem.

5.1 Problem Formulation

First of all, we would like to specify the nature of the parametrized problem: in our applications
we consider g = [u1, u2]. The parameters pu; and pg characterize the physics and the geometry
of the governing equation, respectively. Let us consider the parametrized domain Q(u2) C R2.
We indicate with T'p(u2) the portion of the domain where Dirichlet boundary conditions are
applied, while "y (u2) is the part of 02 characterized by Neumann conditions. Let us specify the
function spaces involved in this example: let us introduce the space V = H%D ( #2)((2(#2)), the

space P = L2(Q(p2)), Vi = {y € V := L*(0,T;V) s.t. % € L*(0,T;V*)} and P = L?(0,T; P).
Our parameter dependent state variable (y,p) € M := V; x P is controlled by the variable
u €U = L*0,T; L*(2uz))). Following the structure described in Section we will exploit
the velocity-pressure-control variable z € X := ), x U, where x := x(u) represents the triplet
(y,p,u) := (y(w), p(w), u(p)). The norm of the space X is [|z[|3 = ||y, + [pl|P + u/l7. In order
to build the OCP(u) we need to define the adjoint variable (A, ) € V4. From now on, the pair
(A, &) will be indicated with o. For a given p in a suitable parameter space & C R?, we want
to find (y,p,u) € X which solves:

min /y yq)? dQudt + — / /u dQdt (33)

y,p,u) €X2

constrained to the time dependent Stokes equations:

?;Z Ay + Vp =u in Q(u2) x (0,7,

divty) = in Q) x (0,7),

- on Ty (12) x (0,T), (34)
y= on I'p(p2) x (0,7,

y(0) = wo in Q(p2) x {0},
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where y4 € V; is a desired velocity profile defined on the whole domain. Also in this application,
Yol L2(e(us)) = 0- Again, for the sake of notation, we have omitted the parameter dependency
of the variables.

In order to build the optimality system, first of all we consider the linear state equation in its
weak formulation, after a lifting procedure. Let w = (z,q) € )} be a test function: again we
consider w € ), rather than w € ) in order to guarantee a future proper definition of the adjoint
variable. As we already did in Section 2.1 we can specify the following forms:

A: X xX =R, Alz,w)=m(y,z) + an(u,v), Vo, we X,
B:XxYV—R, B(z,w;p) / / det—i—/ ,D), (z,q);u)dt—/OTc(u,z)dt, Yw € Vi,
Fp) € X%, / Yw € Vi,
Geyr, (Gu)w) =0, Yw € Y,
where
T
m: Vi x V=R, m(y,z):/o /Qyzdﬂdt,
n:UxXxU—R, n(u,v):/OT/qudet,
@I XN SR al(p) (o) = [ Ty V2= [ pdiv() d2 = [ diviy)g e
c:UXY SR, c(u,q):/ﬂuqu.

In the end, let us define the bilinear forms involved in the Stokes equations as:

T oy
a: Vi xV, 5 R, a(y,z;,u,):/ .z )dt+u1/ /vy Ve dQdt, (35)
0
b:V, xP —R, b(z,p) = —/ / pdiv(z) dQdt. (36)
0 JQ

We are now able to define the functional of the form (@ and, then, the Lagrangian functional:

Z((y,p)su, (X&) 1) = T ((y, w); p) + Blz, 05 ), (37)

where J (-, ; p) is defined as in (9). After the differentiation of the functional with respect
to the variables (y, p,u, A, ), we obtain the optimality system of the form :

DyZ((y,p);u, (N, §);m)[2] =0 Vz €W,
DpZ((y,p)su, (N, €);p)[g] =0 Vg eP,
DuZ((y,p),u, (N, )i p)[v] =0 Vo €U, (38)
DAZ((y,p),u, (N E);p)[x] =0 Vx € V.
DeZ((y,p),u, (N, E);p)[7] =0 VY7 eP.

Since the time dependent Stokes equations (34)) are linear, the weak formulation of the optimality
system can be recast in a saddle point problem of the form , already introduced in
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Section .11
Given a parameter u € &, we claim that solving the optimality system is equivalent to

find the solution (z,0) € X x ); of

A ) + B, o) = [ (Bl w) di e 2,
B(x,(pu) =0 V¢ e V.

(39)

We assert that the problem is well-posed. In order to prove the claim, we need the following
two lemmas. The first one will be exploited for the inf-sup condition of the form B(-,-; p). Indeed,
the well-posedness of time dependent Stokes equations in mixed formulation implies the second
hypothesis of the Brezzi’s theorem for the whole state equation B(-, ;).

Lemma 3. Time dependent Stokes equations with ||yo||r2(a(u,)) = 0 in their saddle point struc-
ture verifies Brezzi’s theorem.

Proof. The continuity of a(-,-;u) and of b(-,-) is obvious. Moreover, the inf-sup condition for
the bilinear form b(-,-) follows from [22, Theorem 4.7 and Proposition 2.2].

It remains to prove the weakly coercivity of a(-,-;u) over the kernel of b(-,-). In our case, the
bilinear form a(-, -; p) is actually coercive over the whole space V; since

T 9y T 1
a(y,y;u)=/0 (5 ) dt+u1/0 /QVyVy det:§Hy(T)II%2(Q(,L2)>+u1||yH%

||?J||12/ K1 2
>yl = =yl
~—~ 6 ¢
”yHVt for Lemma [

O

A second lemma is needed to demonstrate the coercivity of the bilinear form A(-,-). Let us in-
dicate the kernel of B as &), as we did in the parabolic case: we are going to prove a norm
equivalence which will be used in the proof of the well-posedness of .

Lemma 4. On the space Xy, the norm |-||% is equivalent to |||}, + |17

Proof. Let us consider x = (y,p,u) in the kernel of B. First of all, it is obvious that |-||% >
|13, + [I-IZ;- Then, it remains to prove that there exists a positive constant Ce () such that

17 < Ce) U1, + 1111Z0)- (40)
If x € &), it holds that

T T dy
b(w,p) = c(u, w) — ,ul/ / Vy - Vw dQdt — / (=, w) dt Yw € V.
0 Jo 0o Ot

Then, we can derive the following inequalities for all w € V;:

dy
b(w,7) < el + mllvloly + | 2|l
< minf1, i}yl + e e

Now, since the above inequality does not depend from w and p, from lemma (3| we know that

Blplpllwllv, < inf  sup b(w,p) <min{l, p}([[yllv, + [[ufle)wlly,-
07&1)67)07&1116%
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Moreover, applying Young’s inequality, we have that

min{1, i }*
7

min{1, yu }*

3 (lyllv, + luler)® < 2 Iyl + [lulZ).

Il <

_ ind{1 2 _
Setting Ce(p) = (2m1n{_7,u1}) the inequality is verified with Ce(p) = min{1, Ce(p)}. O

Thanks to these two lemmas, we are now able to demonstrate the following theorem, which guar-
antees existence and uniqueness of the optimal solution for OCP(u)s governed by time dependent
Stokes equations.

Theorem 2. The problem s equivalent to the minimization problem under the con-
straint . Moreover, the saddle point problem admits a unique solution.

Proof. In order to prove existence and uniqueness of the solution of problem (39) and its equiv-
alence with the minimization problem —, we exploit Proposition [1} i.e. we show that:

e A(-,-) is a symmetric positive definite continuous bilinear form coercive on Xjp;
e B(,+;p) is continuous and satisfies the inf-sup condition.

The form A(-,-) is trivially symmetric and positive definite thanks to its definition. The conti-
nuity of the bilinear forms A(-, ) and B(-, -; u) can be derived using the same techniques already
presented in theorem |I} Let us now focus on the coercivity of A(,-). For every z € Xy we want
to prove that there exists a positive constant C such that

A(z,z) > Cllz||%.

Since norm of ||-[|% is equivalent to ||-[|3, +|-[|7; as we proved in Lemma it is sufficient to show
that

Az, z) = (I3, + II11z)-

When z € &) it means that the pair (y, p) verifies the Stokes equations with the control as forcing
term. It is well known that the velocity solution of Stokes equations with |[yol|z2(q(u,)) = 0 and
control as forcing term admits a k(p) > 0 such that ||y|ly, < k(w)||ullz, see [43, Chapter 13].
Then for xz € X
2 2 o Qo2 Gy o 2 Q2
Az, 2) 2 Yllz20,7;m) + ellully = S luli + 5 lulli = W\lyﬂw + 5l

. o (67
> min {5 5 pwll, + lull):

It remains to show that 5
inf  sup Bz,a:n). > () > 0. (41)
09V o4zex 2]l xlally,
First of all, let us consider the bilinear form A : ), x ), — R defined as A((y,p), (w,q);p) =
a(y,w) + b(w, p) + b(v,q). We can now proceed as presented in [37, Appendix A.1]. Thanks to
lemma (3] we infer that the operator A(-,-;u) is a well-posed mixed problem, then the Babuska
inf-sup constant Sp(u) is well defined as
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Ally,p), (w, i) _ “u Ay, p), (w, q); p)

sup 7
0#(y,p)eyt ox(waqev. 10D ll(w, )y, 02w0ev: oxypyey, |2yl (w, a)lly,
(42)

Be(p) =

see the classical reference [3]. Then we have the following inequalities:

sup Bla,oin) sup A((y,p), (w, q); p)

>
ozzex ||z]xllolly, T ) ) 1y, P) Iy [[(w, @)y,

2 inf sup Ally. p), (w,); p) > Be(p)

0#(w,q)€Ve 0 (y,p)eve | D)3l (w, @)y,

Since the above inequality does not depend on the choice of o € ), then the inequality is
verified and the OCP(u) is well-posed.

O
]

In this section we generalized the saddle point theory of OCP(u)s governed by parabolic state
equations to OCP(u)s under Stokes equations constraint. After the introduction of the min-
imization problem, we provided a proof for the well-posedness of the OCP(u) in the saddle
point framework. The next Section will focus on the full order discretization of the OCP(u)
proposed.

5.2 Finite Element Discretization and Time Discretization for OCP (p)s gov-
erned by Stokes Equations: all-at-once approach

In this section we introduce the discretized version of time dependent OCP(u)s governed by
Stokes equations following the properties of the schemes already presented in [25] [52].

In order to expose the discrete formulation of the optimality system , we need its strong
formulation. The minimization of the functional constrained to time dependent Stokes
equations is equivalent to find the pair (x,0) € X x )} such that the state, the adjoint and
the optimality equations read as follows:

?)t Ay +Vp=u in Q(uz) x (0,7),
div(y) =0 in Q(u2) x (0,7),
y(t) = g(t) on I'p(uz) x (0,T),
gz 0 on I'y(pe2) x (0,7),
y(0) = yo in Q(u2) x {0},
y— g;\ — AN+ VE=yq in Q(p2) x (0,T), (43)
div(A\) =0 in Q(u2) x (0,7),
At)=0 on 9Q(usz) x (0,7),
A(T) =0 in Qi) x {7},
au = A in Q(u2) x (0,7),
boundary conditions on 092 x (0,7).

In order to discretize in time and in space the system , we will exploit the technique already
presented in Section for parabolic time dependent OCP(u)s.
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Let us define y = [y1,...,yn,]00 = [p1,-- -, o8 ]7 s w = [ug,...,un,]T and X = [Ar,..., AN, ]7,
£ = [51,...,§Nt]T, i.e. the vectors where y;,u;, p;, A; and & for 1< i < N; are row vectors
representing the coefficients of the FE discretization of each time instance. Also in this case we
divided the time interval in N; sub-intervals of length At. The vector representing the initial
condition for the state variable is o = [y0,0,...,0]7. The discretized desired state and the
forcing term are given by yq = [ya4,, - - - ,det]T and g = [g1,...,9n,]", respectively.

In order to create the time steps, we used the rectangle composite quadrature formula following
the same arguments as already presented in Remark |1l The discretized state equation reads as
follows:

for k € {1,2,...,Nt},

My, + i AtKy, + AtDTp, = AtMuy, + Myp_1 + Atgy (44)
for k € {1,2,..., N},

Dyk:O

where M and K are the mass and the stiffness matrices relative to the FE discretization,
respectively. Moreover, D is the differential operator representing to the continuity equation.
Then, in order to solve the system in an all-at-once approach we have to solve the following

system:
where:
M — pAtK 0 0 AtDT 0 0 7
D 0
—-M M—puAtK 0 -~ 0 AtDT 0o - 0
0 D
IC =
0 0 —-M M-pAtK 0 0 AtDT
i 0 D 0 0 |

and C = M € RV Nt x RV Mt ig the block diagonal matrix which diagonal entries are [M,---, M].
Then, we discretize the optimality equation, which has the following form:

aAtMuy, — AtMM, =0 fOI“k?E{l,Q,...,Nt}.
This means that the system considered is of the form:

aAtMu — AtCTA = 0.

Finally, we are able to treat the adjoint equation. We use a forward Euler as we did for the
parabolic case in Section [2.2] Thanks to this approach, it holds:

MM = MAgy1 + At (—Myy, + mn AtK M\ — AtDTE + Myg,) for k€ {N; — 1, N; —2,...,1},
DAkZO forkG{Nt—l,Nt—Q,...,l}.
(45)

In the end, the adjoint equation has the following form:

AtMy + KT\, €] = AtMy,.
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Then, the final parametrized system to be solve trough a one shot approach is the of the form

presented in (23), i.e.:

AtM 0 KT (y,p)] AtMyy
0 aAtM —ACT u | = 0 : (46)
K =AW 0 (A€)] My + Atg

Now, calling

_AtMyd
0

A [At/\/l 0

0 aAtM]’ B=|K A, F=

] and G = My + Alg

the system can be written as follows:

A BT |z F
5 =l w
where z = ((y,p),u) and x = (A,§).

As in the parabolic case, we used a direct approach in order to find the solution to the saddle
point system , even if iterative solvers are widely exploited for this kind problem: the
interested reader may refer to [25] 48] [52].

We now move towards ROM version of the system, focusing on supremizers aggregated space
technique [37] which guarantees the well-posedness of the reduced optimality system.

5.3 Reduced basis method: Supremizer Stabilization and Aggregated Spaces

In this section, we exploit a POD-Galerkin strategy in order to recast the full order optimality
system in a reduced framework. The technique used is the same already presented in Section
we remark that in this case we apply the POD algorithm for each space-time FE variables
oV , pN , uN , M and §N , which contain all the temporal instances.

Let us suppose to have built the reduced spaces with the POD approach, then the reduced
optimality system reads: given p € 2, find (zy(p),on (1)) € Xn x Yy such that

{A(QTN(#)WN) + B(wn,on(p);p) = (F(p),wy) Ywy € XN, (48)

B(.CUN(M),(N;[L) = <G(IJ‘)7CN> V(N € UN.

Anyway, in this case we are managing a nested saddle point structure, since we are dealing with
Stokes equations as constraints. Indeed, the state equation problem is formulated as: given
pe Z, find (yn(p), pn(p)) € Vi X Py such that

(49)
b(yn(p),C(n) =0 V(N € Pn,

where the bilinear forms a(-,-;u) and b(-,-) are defined as and , respectively, and Vi,
and Py are the reduced spaces obtained trough POD algorithm over velocity and pressure
variables. It is well known that, in order to guarantee the well-posedness of the reduced Stokes
state equations , the reduced inf-sup stability condition is required for the bilinear form b(-, )
and it is not directly inherited from the FE approximation. In other words, we have to build our
reduced spaces for velocity and pressure variables such that there exists a Sy > 0 which verifies

{a(yN(N),ZN;H) +b(zn,pn () =0 Van € Vi,

inf  sup DUNPNB) S5l e o (50)

pvEPN yyeviy YNV PN |lp
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To ensure the inequality at the reduced level, we follow the strategy of pressure supremizers
[47]: let us consider the supremizer operator T# : PN = VN defined as follows:

(T#s, d)y, = b(¢, s; ), Vo e V. (51)

Then, we enrich the reduced velocity space with supremizers and we build a new space as follows:

Vi = span{yN (u"), T#"pV (@), n=1,...,N}.

If we exploit this new reduced space Vt']([ for velocity, then is verified.

Once proved the stability of the Stokes equations, we can focus on the whole OCP(u) governed
by this particular state equation. In order verify the reduced inf-sup condition for the bilinear
form B(-,-;u), we used the aggregated spaces strategy already presented in Section As
shown in [37], we define the aggregated spaces for both the state and adjoint pressure variables
as

Py = span{p" ("), ¥ ("), n=1,...,N}, (52)
while, for the state and the adjoint velocity variables, we consider
Vil = span {yV ("), T8 9V ("), W ("), T N (W), n=1,... N} (53)

Let us now define the following aggregated space for state and adjoint velocity-pressure variables
Yy =V x Py.
Finally, the control space is:
Uy =span {uV ("), n=1,...,N}. (54)

Considering the product space Xy = Yy X Uy, the well-posedness of the reduced optimality
system in its nested saddle point structure is verified. The stability of these techniques is
numerically demonstrated in [7}, 20} [37, 144} [46]. Thanks to this new reduced spaces formulation,
the dimension of the state and the adjoint spaces is 6V, whereas the control space has dimension
N, for a total reduced dimension Niot = 13N. In the next section, we are going to test this
methodology in a numerical simulation, showing that ROM online phase could be of great
advantage, despite the increasing value of Niu.

6 Numerical Results: Time Dependent OCP(p) for a Cavity
Viscous Flow

In this section we propose a geometrical and physical parametrized version of the test case al-
ready presented in [25] [52]: it is a time dependent OCP(p) for cavity viscous flow problem. The
parametrization presented has been studied also in [2], where several stabilization techniques
are proposed. In this case, we deal with the consistent FE pair P? — P! for velocity and pressure
variables, respectively: then, no stabilization is needed except for the supremizer techniques
described in Section For the discretization of the control variable, we exploited P? poly-
nomials for its FE approximation. We call Ny, N, and N, the FE dimensions for velocity,
pressure and control space, respectively. Our space discretization leads to NV, = N,, = 4554 and
N, = 591. Then we define the global FE dimension as N' = 2N, + 2N, + N,. The OCP(u) is
based on the minimization of the functional with as state equation. We now provide
the information about the numerical test, which are resumed in Table 2] First of all, let us
specify the role of the parameters: p; is physical parameter describing the diffusivity action of
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the system, while s changes the geometry of the problem, stretching the length of the domain.
In order to deal with the geometrical parametrization, we traced back Q(u2) C R? into a two
dimensional square (0,1) x (0,1) as reference domain, where I'ry = (0,1) x {1} is the inlet
boundary and I'p = 9Q \ I'yy is characterized by homogeneous Dirichlet boundary conditions.
The reference domain structure is presented in Figure [} Since we considered Dirichlet bound-
ary conditions all over the domain, we assumed p € P = L?(0,T; L3 (Q(/@)))ﬂ The aim of the
OCP(u) proposed is to make the state velocity y the most similar to a target velocity 4, given
p € P =[107310"1 x [0.5,2.5]. The target velocity profile y4 is defined as the FE solution of
the uncontrolled time dependent Stokes equations with Dirichlet boundary conditions given by
the constant velocity components (1,0) in I';y and homogeneous Dirichlet boundary conditions
in I'p, for 1 = 1 fixed. The target velocity has been simulated in (0,7") = (0,1). For the
OCP(p) test case, we consider a different time dependent inlet boundary condition: the state
velocity profile is y = (1+% cos(4mt—m), 0) over I'yy fort € (0,T) = (0,1). As already specified,
homogeneous Dirichlet boundary conditions are considered elsewhere. The distributed control u
has the role to reduce the impact of the periodic inlet over the system. The FE discretization is
performed as presented in Section For the time discretization we used At = 0.05, resulting
in N; = 20 time instances. The total number of degree of freedom is Nio; = Ny x N = 296'880.
In order to reduce the dimension of the FE system, we applied the POD-Galerkin algorithm
described in Section [3:3] For all the variables involved, we choose Ny,ax = 70 snapshots for the
correlation matrix and we only retain the first N = 25 eigenvectors as basis functions of our
low-dimensional spaces. Once again, we will call N the basis number. As already specified in
Section [4] the choice of the number of snapshots Npyax is strongly related to the complexity of
the offline phase of the time dependent optimality system, which turned out to be very expensive
to be solved. The total dimension of the reduced system is Niot = 13N = 325, tanking into
account supremizer aggregated space technique for the nested saddle point problem given by
the Stokes equations and the optimal control structure, as already specified in Section 5.3 A
comparison between FE and ROM state velocity and state pressure profiles is shown in Figure B}
the ROM simulations recover the behaviour of the FE solutions for different time instances. The
accuracy of the method is also underlined by the plots in Figure [§], where the average relative
erroxﬂ plots over a testing set of 35 uniformly distributed parameters are presented: the greater
is the value of N the better are the results, as expected. The relative error is about 10~3 for
all the involved variables. In Figure [§] we also show the relative error between the value of
the functional output evaluated for the FE solution and for the ROM solution: it reaches
the very low value of 1078, Also in this test case, ROM is a strategy which reaches accurate
results in a small computational time. In Figure [7] we show the speedup index for this test
case: the POD-Galerkin approach could be very useful for time dependent OCP(u)s governed
by Stokes equations, since it guarantees a good approximation of a quite complex system in
low-dimensional framework. The number of reduced problem one can perform in a single FE
simulation decreases with respect to the value of N, but still it is never below the value of 6-10%.
Also in this case, from the high speedup values, we can conclude that ROM is a good approach

2 The space L3(Q(u2)) is made by functions p € L?(Q(u2)) which satisfy /p dQ) = 0. In the reduced model
Q
the aggregated basis associated to the state and adjoint pressure was built in order to satisfy this constraint, i.e.
the reduced adjoint variable &x verifies En dQ2=0.
Q

3The error for state velocity and pressure, control and adjoint velocity and pressure variables are: ||yN —YN H?{l ,
1PN = pnl2s, U —un|s, MY = An||%: and [|€Y — €x||2,, respectively. We underline that in order to make

the FE and ROM adjoint pressures comparable we define §N = 57\[ — / gNdx, where éN is the actual truth

) Q
solution.
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to manage several repeated simulations for different values of the parameter considered.

FE velocity t = 0.05 FE velocity t = 0.5 FE velocityt = 0.75
0.0e+00 02 03 04 6.0e-01 0.0e+00 0.2 04 0.6 7.4e-01 0.0e+00 05 1 1.5e+00
|

|

ROM velocity t = 0.05 ROM velocity t = 0.5 ROM velocity t = 0.75
0.0e+00 02 03 04 6.0e-01 0.0e+00 02 04 0.6 7.4e-01 0.0e+00 0.5 1 1.5e+00

e |

FE pressure t = 0.05 FE pressure t = 0.5 FE pressuret =075
12e+00 05 0O 05 1.2e+00 -4.0e01 02 0 02 4.2e01 -2.0e+00 -1 0 1 2.1e+00

—_— ' e

ROM pressure t = 0.05 ROM pressuret=0.5 ROM pressure t=0.75
120000 08 0 05 126400 40e01 02 0 02 42e0] 2.0e+00 - 0 1 2.7e+00
LI _— e —

Figure 5: FE vs ROM simulations of state velocity and pressure variables for p = [1/2,1072] and
a = 1072, First row: FE state velocity for t = 0.05,0.5,0.75; second row: ROM state velocity for
t = 0.05,0.5,0.75; third row: FE state pressure for t = 0.05,0.5,0.75; fourth row: ROM state pressure
for t = 0.05,0.5,0.75.
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I'p

Figure 6: Domain and boundary considered.

Table 2: Data for the OCP(u) governed by a Stokes equation.

Data ‘ Values
P | [0.5,2.5] x [1073,107"]
(1, p2, o) | (1072 3/2 1072)
Ninax | 70
Basis Number NV ‘ 25
Sampling Distribution ‘ Uniform
Mot | 296880
N, | 20
ROM System Dimension ‘ 325

FE vs ROM relative error

—e— Speedup

log-error

Figure 7: Speedup analysis in logarithmic scale shown with respect to the reduced basis dimension N.
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FE vs ROM relative error FE vs ROM relative error

—e— State velocity —e— Control

State pressure
1071
1071

log-error
log-error

5 10 15 20 25 5 10 15 20 25

N N

100 FE vs ROM relative error FE vs ROM relative error

\ —e— Adjoint velocity —e— Output
Adjoint pressure

,_.
5]
L

=
5)
|

101 \\

log-error
log-error
-
s

1077

1072

5 10 15 20 25 5 10 15 20 25

N N
Figure 8: FE vs ROM errors in logarithmic scale. Top left: state error (velocity and pressure), top
right: control error, bottom left: adjoint error (velocity and pressure), bottom right: output error.

7 Conclusions and Perspectives

In this work we have exploited ROM in OCP(p)s dealing with time dependent linear state equa-
tions. First of all we showed how the saddle point structure for linear quadratic OCP(u) is
maintained also for the time dependent case. Then, we have exploited a POD-Galerkin method
as sampling strategy for the projection of the systems in a low dimensional framework in order to
solve them in an accurate and fast way. The results have been tested, on one side, for a boundary
OCP(u) governed by a Graetz flow, on the other side, the test case has been performed over
an OCP(p) constrained to time dependent Stokes equations. To the best of our knowledge,
the main novelty of this work is in the POD-Galerkin reduction used for this all-at-once time
dependent optimal control problems recast in saddle point formulation: it is a very versatile
approach due to the great speedup index, for both the state equations analyzed.

Some improvements of this work will follow. First of all, we would like to stress that the used
all-at-once approach is not the most appropriate. Indeed, it leads to a very costly formulation
and complex linear systems to deal with. This issue can be overcome thanks to more com-
puting power and/or preconditioned iterative strategies as proposed in [9, [48, B1, 52]. Some
improvements are needed in this direction, since the direct solution of such a system affects not
only the resolutions of full order solutions and, consequently, of the reduced ones, but also the
time needed for the offline phase. Indeed, the proposed all-at-once formulation is the major
reason for an expensive basis construction. Even if we accomplished our goal of showing how
ROMs can be very effective in lowering the computational time needed for online parametrized
simulations, we pay a huge amount of computational resources for the offline stage. We propose
our methodology as a starting point which needs a deeper analysis and improvements in order
to reach better performances: overcaming this issue will pave the way to applications of ROMs
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to more complicated OCP(p)s.

Moreover, we are moving towards nonlinear state equations in order to recover a complete op-
timal control model that could have impact in several fields of applications. Time dependent
nonlinear OCP(u)s could be a way to simulate more and more realistic physical phenomena.
Reduced order modelling, most of all in its nonlinear time dependent formulation, could actually
be a suitable and versatile approach to be used, in order to drastically reduce the computational
costs in real time contexts. Another step forward could be adding a parameter stochastic depen-
dency and uncertainty quantification in the optimality system. For sure, another improvement
is based on the development of proper error estimators. The extension of classical estimates for
steady linear quadratic OCP(u)s to time dependent state equations will be the topic of future
investigations.
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