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A MODEL ORDER REDUCTION FRAMEWORK FOR
PARAMETRIZED NONLINEAR PDE-CONSTRAINED
OPTIMIZATION*

FEDERICO NEGRIt

Abstract. In this paper, we propose a model order reduction framework for parametrized
quadratic optimization problems constrained by nonlinear stationary PDEs. Once the solutions of
the optimization problem are characterized as the solutions of the corresponding optimality system,
we build a reduced-order model following a suitable all-at-once optimize-then-reduce paradigm. Low-
dimensional spaces for the state, control and adjoint variables are simultaneously constructed by
means of either the Reduced Basis greedy algorithm or Proper Orthogonal Decomposition. In order
to estimate the error between the high-fidelity and reduced solutions, we derive an a posteriori
bound based on Brezzi-Rappaz-Raviart theory; further, a bound for the error on the cost functional
is obtained. Then, for the sake of computational efficiency, we integrate into this framework the
ROMES method presented in Drohmann et al. (2015) to generate tighter error indicators. Finally,
this methodology is applied to the boundary optimal control of parametrized Navier-Stokes equations.

Key words. model order reduction, PDE-constrained optimization, reduced basis methods, a
posteriori error estimates, Navier-Stokes equations, flow control.
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1. Introduction. The aim of this work is to propose a general approach for the
construction of reduced-order models (ROMs) for parameterized PDE-constrained
optimization problems of the following form: given p € D,

(PL) min  J(y,u;u) subject to E(y,u;pu) =0 in Q'.
(y,u)eY xU

Here Y, U, Q are Hilbert spaces along with their dual Y’, U’, Q’, y € Y denotes the
state variable, while u € U is the control (or design) variable. The equality constraint
E(;5p): Y xU — Q' represents a (or a system of) stationary nonlinear PDE, while
the cost functional J(-,-; p) : Y x U — R is assumed to be quadratic. Both J and £
may depend on a vector p € D C RY of P > 1 input parameters representing either
physical or geometrical features.

After introducing a suitable full-order (or high-fidelity) discretization of the as-
sociated optimality system, solving the optimization problem (P, ) requires to solve
a large scale system of nonlinear equations. To alleviate the computational burden,
different model order reduction techniques have been developed to approximate (P,)
by projecting the full-order model (FOM) onto an appropriate subspace of much lower
dimension spanned by a reduced-order basis. In particular, both Proper Orthogonal
Decomposition (POD), see e.g. [38, 57, 30, 35, 54] and the recent survey [7], and the
Reduced Basis (RB) method, see e.g. [17, 43, 45, 36, 44, 20, 37], have been successfully
applied to a broad variety of optimization problems.

POD techniques have been originally used to deal with non-parametric time-
dependent problems, see e.g. [4, 8, 30, 54], and then for parametric optimization
problems [56, 3, 59], where parameters are considered as control variables. On the
other hand, RB methods have been formerly developed to deal with parametric op-
timization problems, see e.g. [43, 56, 20]), and then parametrized (linear-quadratic)

*This work was supported by the Swiss National Science Foundation, project no. 141034.
TCMCS — Modelling and Scientific Computing, MATHICSE - Mathematics Institute of Compu-
tational Science and Engineering, EPFL, CH-1015 Lausanne, Switzerland (federico.negri@epfl.ch)

1



2 MODEL REDUCTION FOR PDE-CONSTRAINED OPTIMIZATION

optimization problems [17, 45, 36, 44]. The latter refer to problems where the opti-
mization is made with respect to some (either finite or infinite-dimensional) control
variable u, rather than with respect to the parameters p, which are instead treated
as input data. This is the class of problems (P,) belongs to.

In this context, the goal is to generate low-dimensional and fast, but still suf-
ficiently accurate reduced-order models which are able to characterize the optimal
solution of (P,) for the whole range of input parameters we are interested in.

To this end, building upon the preliminary works [45, 44], we develop a reduction
strategy based on a all-at-once optimize-then-reduce paradigm. Indeed, we charac-
terize the solutions of the optimization problem as the solutions of the corresponding
nonlinear system of optimality conditions. Then, we build — by means of either the
RB greedy algorithm or POD — a reduced-order basis made of optimal state, adjoint
and control snapshots. In particular, the reduction is operated on the state, control
and adjoint variables simultaneously, by projecting the full-order optimality system
onto the reduced basis. The resulting nonlinear, yet low-dimensional, set of equa-
tions is efficiently solved by means of a Newton-SQP method [33, 29] equipped with
a suitable offline-online decomposition strategy.

Moreover, a residual-based a posteriori bound for the error between the full and
reduced-order optimal solutions is obtained by applying Brezzi-Rappaz-Raviart theory
[11, 12, 34, 58]. An offline-online decomposition strategy enabling a rapid evaluation
of this bound is also developed. The numerical results show that the error bound
correctly captures the error distribution over the parameter space. However, because
of the severe ill-conditioning of this type of problems, it largely overestimates the error
magnitude. Unfortunately, over-conservative error estimates lead to the construction
of unnecessary large reduced spaces, thus affecting both the offline costs and the online
efficiency.

To overcome this shortcoming, we resort to the ROM Error Surrogates (ROMES)
method, recently proposed in [21]. The latter models the bound-to-error map as a
Gaussian Process [50] and generates (at low cost) a much sharper estimate of the
error. We then exploit this technique into usual POD and greedy strategies for the
basis construction.

We specify this general framework in the case of boundary optimal control of
the parametrized Navier-Stokes equations. The efficacy of the proposed method is
demonstrated first on a two-dimensional Dirichlet boundary control problem mod-
eling the optimization of an idealized arterial bypass graft, and then on a vorticity
minimization problem for a parametrized bluff body immersed in a three-dimensional
flow. In both cases, the optimal solutions exhibit a qualitatively different behavior
as the parameters (affecting both the geometrical configuration and relevant physical
properties such as the Reynolds number) vary. The ROM is able to correctly repro-
duce this variability by using just a small number of basis functions. As a result,
significant speedups can be achieved, still ensuring a good accuracy.

The paper is organized as follows. In section 2 we introduce first and second order
optimality conditions associated to problem (P,); their full-order approximation is
discussed in section 3. In section 5 we introduce the reduced-order approximation,
its algebraic formulation and the offline-online computational strategy. A posteriori
error estimates are derived in section 6, while the details about the construction of the
reduced basis are given in section 8. Section 9 is devoted to the construction of a sharp
error indicator using Gaussian Process regression. Numerical results are reported and
discussed in sections 11 and 12. Finally, conclusions are offered in section 13.
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2. First and second order optimality conditions. For our purposes, it is
convenient to introduce the optimization variable z = (y,u) € X =Y x U and to
express problem (P,,) in the so-called full-space formulation [29, 1]

(2.1) min J(z;pu)  subject to E(z;pu) =0 in Q'

re
We thus treat the state and control variables as independent variables, linked by the
constraint equation.

2.1. Lagrange multipliers and first order optimality conditions. Let us
first define the Lagrangian functional L(z,p; u) = J(x; u) + (E(x; ), p), being p € Q
a Lagrange multiplier associated to the constraint. For any fixed p € D, we make the
following assumptions [29, 33]:

(H1) problem (2.1) has at least a local optimal solution Z € X;

(H2) the mappings J(;u): X — R and E(-; u): X — @' are continuously Fréchet
differentiable with Lipschitz continuous first derivatives &'(;; ) : X — L(X, Q")
and J'(-; 1) : X — X', respectively;

(H3) the Fréchet derivative of the state operator &'(Z; u) is surjective, i.e. there
exists a constant A > 0 such that

(€' (@ p)z,D) _ 5

(2.2) A(p) = inf sup > A

peQzex [Pllellllx

Under these assumptions, for any given g € D, if T is an optimal solution of (2.1)
then there exists a Lagrange multiplier p € @ such that (z,p) satisfies

(2.3) J' (@) +E(@p)p =0, inX'
' E(z; ) =0, inQ’,

where &'(Z; pu)* € L(Q, X') denotes the adjoint of the Fréchet derivative of the state
operator. The first order optimality system (2.3) can be also expressed in more
compact form as
j/ x7 _|_5/ x’ *
o o (TR E @
E(x; )

being U = (z,p) € X, X =X x Q and G(-,-;u) : X — X’ defined as G = VL.

2.2. Second order sufficient optimality condition. The optimality condi-
tions (2.3) forms a nonlinear system of equations which represents the starting point
to approximate the optimization problem (2.1). However, since a solution of (2.3) is
not guaranteed to be a local minimizer of (2.1), we also require the following second
order sufficient optimality condition:

(H4) the mappings J(;p): X — Rand E(;p): Y — Q' are twice continuously
Fréchet differentiable with Lipschitz continuous second derivatives and the
operator L. (Z,p; ) is coercive on the null space of £'(Z; p), i.e. there exists
a constant & > 0 such that

(2.5) (Low(@,p;p)d, d) > alld|%,  Vd € ker &'(z; ).

Under this condition, a solution Z of (2.3) is a local minimizer of (2.1).
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3. Full-order approximation. Let us first introduce suitable finite-dimensional
approximation spaces X; C X and Qp C Q. We then set X, = X}, x @), and denote
with NP = N;H—N;” its dimension. Following a discretize-then-optimize approach, see
e.g. [15, 26, 29], we consider the following full-order approximation of the optimization
problem (2.1): given pu € D,

(3.1) min - Jy(zp;p)  subject to (En(zn;p),T) =0 VT € X
ZTh h
By requiring the gradient of the discrete Lagrangian Lp(xn,pp;p) = Jn(xn; p) +
(En(zp; 1), pr) to vanish, we obtain the following optimality conditions
Ti(xn; ) + & (xp; p)*
(3.2) G (U ) — [ T ) FE @) g
Enln; 1)

Upon defining the variational form
GV;Wip) =x (Gn(Vip), W)x YV, W € X,

problem (3.2) can be equivalently expressed in weak form: given pu € D, find Uy, (p) €
A, such that

~

(3.3) GUwUsp) =0 VU € Ay

For the well-posedness of the full-order approximation (3.3), it is sufficient to
require the assumptions (H1)-(H4) to hold at the discrete level. In particular, denoting
with Uy, = (xp, pr) a solution of (3.3), we require the derivative of the discretized state
operator to be surjective, i.e.

(Enlon .5 | 5

(3.4) IA>0 st Ay(p) = inf sup U
peQuzex, IPlelZllx

and the Hessian of the Lagrangian to satisfy a second order sufficient optimality
condition

(3.5) Jan >0 st. (Lpae(zn,pr;p)d,d) > and|%,  Vde XD,

where XP = {d € X}, : (€} (xp; p)d,T) =0, VT € X}, }.
REMARK 4. Conditions (3.4)-(3.5) are equivalent to the following

(41) ElB >0 s.t. ﬂh(UhHJJ) — AiIlf sup dG[gh](Ul/’\UZ’u)
Uiexn thex, ||Uillx[|Uz]|x

> B,

where dG[UL|(+, ;) : X x X — R denotes the Fréchet derivative of G(Up;-; ).

4.1. Newton method. The optimality conditions (3.2) form a finite-dimensional
system of nonlinear equations. The Newton method applied to (2.4) reads: given
p € D and an initial guess U}? € Ay, for k =1,2,... until convergence, find 0U;, € X},
such that

(4.2) Gh(UE; 1) 00y, = —G(Ufs ) in X,
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and then set UFt = UF + 6Uy,. Here G (V;u) € L(X); X)) denotes the Fréchet
derivative of G, at V € Aj. More in detail, the Newton step (4.2) reads: find
(6xk,6pF) € Xp x Q) such that

(4.3) (ﬁh,m(w%p’ﬁ;u) Eé(w’ﬁ;u)*) (ME) _ (Eh,w(:vﬁ]gpﬁi;u)) .
En (@i p) 0 opj, En(zy; 1)

If the initial guess U }? is sufficiently close to an optimal solution U},, assumptions (H1)-
(H4) provide sufficient conditions for local quadratic convergence of Newton method,
see e.g. [33].

The k-th step (4.2) can be equivalently formulated in weak form as: find 6U, € &),
such that

(4.4) dGUF)(0Un, Us p) = =G(US; Ui p) - VU € Xy,

4.2. Algebraic formulation. At the algebraic level, problem (3.3) leads to the
following nonlinear system for U, = (xp,,pn) € RV "
g(xn; 1) + BT (xp: ) P
(45) G(Uy ) = [ BB Do)
E(xp; 1)

Here g € RY. # is the discretized gradient of 7j, with respect to z; E € RY. » denotes the
discretized constraint equation, while B € R, » N2 denotes its Jacobian with respect
to the optimization variable. The k-th step of the Newton method applied to (4.5)
can be written in compact algebraic form as follows: find U, € RV " such that

(4.6) dG(U}; p) 60U, = —G(UJ; ),

being dG(-; ) € RY "XN" the matrix resulting from the discretization of the Fréchet
derivative dG[-](-,; ). More in detail, (4.6) reads

wn H(xh phip)  BY(efip)\ (0xn)  (g(xfsp) + BT (e wpf
' B(x;; ) 0 opn) E(x};; 1) 7

where H € RNz XNz denotes the discretized Hessian of the Lagrangian with respect to

x; 0xp, € RV: and opn € RM> are the the search directions in the x and p variables,
respectively.

5. Reduced-order approximation. The idea of reduced basis methods is to
efficiently compute an approximate solution z x (p) of the full-order optimization prob-
lem (3.1) belonging to a low-dimensional space Xy generated by so called snapshots,
i.e. solutions of the problem itself corresponding to suitably selected parameters. For
the problem at hand, since the optimal solutions xp(p) of (3.1) are characterized as
the solutions of the optimality system (3.3), two possible approaches to build a ROM
can be pursued: the reduce-then-optimize and the optimize-then-reduce approach.
Here we follow the second one, i.e. we build the ROM directly on the optimality
system.

Let us denote with Xy C X;, and Qn C @}, suitably defined (see section 8) low-
dimensional spaces generated by full-order snapshots of the optimization and adjoint
variables, respectively. We then define the trial space Xy = Xy X Qn and we denote
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by Wy C A}, a suitable test space possibly different from A’y. The Petrov-Galerkin
reduced basis approximation of (3.3) reads: find Uy (p) € Xy such that

~

(5.1) GUN:Uip)=0 VU € Wy.

The reduced optimality system (5.1) is a system of N nonlinear equations, which
can be solved by means of Newton method. The generic k-th step reads: find §Uy €
XN such that

(5.2) AGIUE(6UN,Us p) = —GUY:U;p) VU € Wy.

The well-posedness of the reduced problem (5.1) as well as convergence of Newton
method are ensured by Newton-Kantorovich theorem as long as the following inf-sup
condition is fulfilled

] | AGUN](V, W )
5.3 48 >0 s.t. = inf su
(5:3) b Ovlw) = Il S V=W

> B.

The latter is equivalent to require assumptions (H3)-(H4) to hold at the reduced
level. The fulfillment of these conditions has to be taken into account in the practical
construction of the reduced spaces. Not only, we require the reduced spaces X'y, Wn
to provide (see [44] for a detailed discussion in the case of linear constraints):
(A1) a consistent approzimation of the optimality system, meaning that, if for some
p € D we have Up(p) € Xn, then Un(p) = Up(p);
(A2) a Lagrangian preserving approximation, so that (5.1) represents the gradient
of the reduced Lagrangian functional Lx (-, p) : Xy X Qn — R defined as

Ly, qp) =Ly(v,q;p) Vv € Xn,q€Qn;

(A3) a stable approzimation in the sense of (5.3).
Since Galerkin projection automatically generates a ROM which enjoys property (A2)
regardless of the definition of X and Qy, we fix Wy = An.

5.1. Algebraic formulation. Let us denote by V, € RNz Nz and V, € RNy *N»
suitable bases for the reduced spaces Xy and @, respectively; a basis for Xy is
therefore given by

_(Vz 0 (NP 4+N")X (No4Np)
V= ( 0 Vp) eR .

Problem (5.1) is thus equivalent to the following nonlinear system of N,+N,, equations

)

VEig(Voxn;p) + VIBT (Voxn; ) V
5.0 VTG(VUN;M)< g(Voxn; p) (VaXn; ) VpoPn

VZE(VQJX N )
where x5 and py denote the vectors of coefficients in the expansions of z and
pn with respect to the reduced bases. As already mentioned, thanks to the Galerkin

projection, (5.4) represents the optimality system of the following reduced Lagrangian
functional

(5.5) Ln(xn,pnim) = Ln(Voxn, Vppni ) = Tn(Voxn; i) + Py Vy E(Vexys p).
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The Newton step (5.2) is equivalent to the following linear system
(5.6) dGy(Uk; p) Uy = —Gn (Ul ),

where

H Xk ’ k 5 BT Xk )
(5.7)  dGn(Ukip) = VIdG(VUR; p)V = ( N(x:Pyip)  By(xy u)>7

By (xk; 1) 0
X T X
(5.8) Gy (UNaH) VTG(VUN, ) (gN( Ny/i)“rB ( NvN)pN>7
EN(XN7“)

and the reduced matrices and vectors are given by:
HN(XﬂcVa pI;V; ll‘) = Vg H(fof\iv Vppllc\/; H) Va, BN(Xf\/; H) = VZ B<VmX’JCV7 /J’) Vo,
En (x}; 1) = Vy E(Vox}; ), gn(xiip) = VI g(Vaxiy; p).

5.2. Computational efficiency: offline-online decomposition. The (hope-
fully small) dimension N < N}, of the linear system (5.6) to be solved at each Newton
step does not warren subsantial computational savings, as the assembly of the reduced
Jacobian matrix and residual vector still involves computations whose complexity de-
pends on N”. However, if the state equation features a low-order polynomial nonlin-
earity and the parametric dependence is affine, the assembly of the residual Gy (-; p)
and the matrix dGy(-; ) admits an efficient offline-online decomposition. For in-
stance, in the case of quadratic nonlinearity (as for the Navier-Stokes equations, see
Section 10) we can express the residual as

G(W;p) = G(W, W;p),

C-"(~; ;i) being linear w.r.t. the first two arguments. Then, thanks to the affine
parametric dependence, we can assume the reduced residual to be expressed as

N
(5.9) Gy(Wy;p) = Zeg Z WxniWhj VTGq(¢ia¢j)a

i,7=1

for some suitable smooth functions 67 : D — R and p-independent vectors éq(-, )€

RN (denoting by ¢; the elements of the basis V). Similarly, we can express the
Jacobian matrix as

N
(5.10) dGN(Wy; p) = Zed )> Wi VTG (:)V

i=1

for suitable smooth functions 95 : D — R and p-independent matrices dGy(¢y,) €

RN"*N"The NQ, reduced matrices VTdG,(¢;)V and the N2Q, vectors VTG, (¢;, ¢;)
can be precomputed offline, so that online the reduced problem can be assembled and
solved with complexity independent of N*.

On the other hand, if the problem features a higher (or nonpolynomial) nonlinear-
ity and possibly a nonaffine parametric dependence, we must introduce a further level
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of reduction — called hyper-reduction or system approximation [13] — by suitably em-
ploying techniques such as EIM [5, 22], DEIM [14] or gappy POD [13] to approximate
the nonlinear/nonaffine terms and recover an affine structure. All these approaches
are aimed at obtaining an affine approximation of the residual of the form

M
(5.11) G(Wyip)~ Y af (1 W) G

m=1

being {G,, }}1_, a basis for a suitable subspace of Mg = {G(VUx(u); ) : p € D}
and o, (;+) some interpolation coefficients to be determined!.

6. A posteriori error estimates. In order to derive an a posteriori error esti-
mate for the error on the state, control and adjoint variables, we take advantage of
Brezzi-Rappaz-Raviart theory [11, 12], as applied originally in [34, 58] to the reduced
basis approximation of the Navier-Stokes equations.

We start by introducing all the involved quantities. First,

G(Un; W,
(6.1) en () = [GUN: |y = sup ZUWiR)
o T W

is the dual norm of the residual of the optimality system (5.1). Next, we need the
inf-sup constant B} (u) of the Fréchet derivative dG at Uy

| AG[UN () (V. W 1)
6.2 N(p) = inf ,
(6:2) Oilu) = ol ooy e W

and an upper bound Kflv(u) for its Lipschitz constant? such that, for all V € E(UN (n),
2en (1)/ B (1))

(6.3) [l dGUNIC, 5 1) = dGIVIC, s w)ll e, a) < Ki () Un (1) = Vlx

Here B(x,«) C &), denotes a closed ball with center  and radius a. Finally, we define
the proximity indicator

(6.4) ™~(p) =

A straightforward application of [12, Theorem 2.1] (see also [34, 58]) provides the
following bound for the norm of the error En () = Up(t) — Un(p).

PROPOSITION 6.1. If 7iv(p) < 1, then there exists a unique solution Up(p) €
B(Un (), 2en (1) /B3 (1)) of (3.3). Moreover,

(6.5) [EN(p)llx < An(p) =

!Note that (5.9) can be written in this form with M = Q¢N?, G, = éq(d)j,d)j) and
am (W) =05 (L)W niW ;.
2The Lipschitz continuity of dG follows from assumption (H2).
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6.1. Error estimate on the cost functional. In order to obtain a bound
for the error on the cost functional, we combine the error bound (6.5) with some
results from goal-oriented a posteriori error analysis. Let us first define the following
estimator

A% = 3 An () en(p)

PROPOSITION 6.2. For the reduced basis approzimation (5.1) of the full-order
problem (3.3) with nonlinear state equation and quadratic cost functional, if T () < 1
there holds

(6.6) \Tn(zn: ) — Tn(ans p)| < AL () + [R(Ex(p); )],

where the remainder term R(En(w); pb) can be estimated by

6.7)  [R(Ex(p)im)| < sup  [|PGW(En(p), En(k), En(p); p)l.
WeUn,Up)

Proof. We adapt here the result proved in [6, Prop. 6.1]. If the ROM (5.1) pre-
serves the Lagrangian structure (assumption A2), we have that Jp (xp; o) —Tn(xn; 1) =
Ln(Up; ) — Ly, (Un; ). By applying the mean value theorem we then obtain,

1
Ln(Unsp) = Lp(Unip) = / VLL(Un+ s(Unv —Up); ) (En)ds.
0

Approximating the integral with the trapezoidal rule and by the problem statement
(3.3) we get,

Ly(Un; 1) = Ln(Un; ) = 5VLL(Un; p)(En) + R(En (); ),
where the remainder term R is given by
R(En:;p) = — 5 ViALW; w)(Ex, En, Eni ) = —3d°GW](BEn, En, Ex; ),

for some W lying between Uy, and Uy. Then, since VL, (Un; ) (Exn) = G(Un; En); p),
if Tz () < 1 we can bound the first term as,

IVLL(Un; p)(En)| = [G(Un; En);p)] < en(p)|En(p)llx < en(p)An(p),

which yields (6.6). O
REMARK 7. If the state equation is linear, we recover the error estimates obtained
in [45] by means of Babuska stability theory:

en(p)
Br(p)’

since Ay(p) = AL (n) and the remainder term is identically zero. Moreover, in
the nonlinear case, if the ROM is consistent, en(p) tends to zero as N increases
and therefore also TN () tends to zero, so that the nonlinear error estimator An(w)
reduces to A% (p). The latter can thus be conveniently used as error indicator in place

of An ().

1Bx ()l < Ak () =

(Tl ) — Tl )] < 5 A ()en (),
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7.1. Efficient evaluation of the error estimate. The error estimates (6.5)-
(6.6) admit the usual efficient offline-online decomposition [51], that we briefly sum-
marize here. We start by evaluating the dual norm of the residual ey () efficiently,
thanks to the affine decomposition (5.11):

M
en(1)? = [GVUMm3 = S af (wUy)ad, (uUy) GL X "G,

mi,ma=1

online offline

X € RN XNn heing a matrix realizing the Aj,-norm.

The second step involves the evaluation of the stability factor 3 (u), for which we
provide the heuristic approximation proposed in [41]. As 8 () converges to B () as
Un(p) approaches Uy (p), the latter quantity represents a N-independent surrogate
for B} (p). Then, B;,(p) is approximated by an interpolant 3;(p) obtained through
an adaptive Radial Basis Functions interpolation procedure. As a result, B,sz (n)
is approximated by a surrogate B;(u) whose online evaluation has a computational
complexity independent of the dimension N®. For the details of this procedure we
refer to [41].

Finally, we have to provide an upper bound K }]LV (-; i) to the Lipshitz constant of
dG, which however depends on the problem at hand. We shall see an example dealing
with the optimal control of Navier-Stokes equations in Section 10.

7.2. Error estimate for the control variable. An alternative bound for the
error in the control variable can be obtained by considering the following (equivalent)
reduced-space formulation of the optimization problem (3.1):

(7.1) min  Jy (un; ) = Tn (yn (uns m), un; ),

up EUR

where we have denoted by up, — yr(up; pt) the solution operator of &, (yp, up; pu) = 0.
The first order optimality condition for the unconstrained optimization problem
(7.1) reads: given p € D, find up, € Uy, such that

(7.2) T} (up;p) =0 in U],

The first derivative of fh is given by

o~

Tn(un; 1) = Enu(Yns un; ) Pr + Tnou(Yn, un; 1),

where yp, = yp(un; p), and pp, = pp(up; p) satisfies the adjoint equation

Eny (Yn, uns 1) Pr = —Tny(Yn, un; 1)-
By applying Brezzi-Rappaz-Raviart theory (or equivalently Newton-Kantorovich
theorem, see e.g. [60]) to the nonlinear problem (7.2) we obtain the following bound?
2 ~
(7.3) llun (1) = un ()l < s T (v (1) )l
n (1)

where

Noo e (T (un (p); ), v)
M () = nf 2

3More rigorously, the bound only holds if ux () satisfies a prozimity condition similar to the
one of Proposition 6.1.
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is the coercivity constant of the Hessian f,;’ . For any v, € U}, the latter is given by
[29, 33]

T (0n; 1) = Ti(vn; 18)* L (U (Wn; 1), 0n, p(0n; 11); ) Th(vp; ).

with

_ . -1 .
Th(’l}h;[,l.) _ ( gh,y(yh(vhau)7vh}u gh,u(yh(vhvl‘l’)avh)> c £(Uh7Yh ~ Z/{h)
h

and Iy, : U — Uy, the identity operator.

The error bound (7.3) was already obtained in different forms in [57, 35, 36, 20, 44].
However, since j/b(uN(u); p) is an implicit operator, we cannot set up a straightfor-
ward offline-online strategy for the computation of its norm. For this reason, in the
following we rather rely on the full-space estimates (6.5)-(6.6).

8. Reduced bases construction. For the practical construction of the reduced
space Xy, different strategies can be employed. The first option is to rely on the
well-known greedy algorithm [49, 51] guided by the a posteriori error estimate (6.5).
At each iteration N, we select the parameter ! which maximizes Ay (u) over
a training set =iain C D, and then enrich the current basis V using Uh(uN ). The
algorithm stops when a desired accuracy (or a maximum number of iterations) is
reached. The procedure requires to solve only N full-order optimization problems;
however the update (at each iteration) of the ingredients required to evaluate the dual
norm of the residual can highly affect the offline costs (both in terms of computational
time and memory storage), especially for large N, Qq4, Qq.

An alternative approach relies on Proper Orthogonal Decomposition, see e.g.
[53, 31]. First, a set of N, snapshots {Uj(u")}Y=, is computed for some configu-
rations p" € D (selected either a priori guided by physical intuition or by sampling
techniques like latin hypercube sampling (LHS) or sparse grids). Then, the basis
V is constructed by retaining the first N left singular vectors in the singular value
decomposition of the snapshot matrix S = [Up(u!)---Up(uN+)]. With respect to
the previous option, here we usually have to solve a higher number (Ngy > N) of
full-order optimization problems. However, since the error estimate in this case only
serves for the online certification, its ingredients are assembled only once and for all
after the ROM construction. Then, the error estimate can be evaluated over a test
sample E¢est C D to check whether the maximum (or average) error is below a desired
tolerance. If not, the POD basis can be suitably enriched by either including some of
the discarded singular vectors or computing new snapshots.

The choice between these two strategies is influenced by several factors: besides
the dimension N” of the problem, the number of affine terms Qg and Qq and the
dimension of the parameter space D, also the software implementation and the avail-
able computational resources play an important role. However, in both cases the
availability of a tight error estimate is crucial to (i) avoid oversampling in the offline
phase and (ii) effectively quantify the accuracy of the reduced approximation in the
online phase. We further address these aspects in the next section.

9. Tight error indicator by Gaussian Process regression. The sharpness
of the error estimator Ay () is measured by the effectivity factor

An(p)

) = T w)x
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PROPOSITION 9.1. If Ty () < 1, we have the following bounds on the effectivity
factor

(9.1) L<nn(p) <4

where v} (@) denotes the continuity constant of the Fréchet derivative dG at Uy ().

Proof. The lower bound directly follows from Proposition 6.1. We now prove the
upper bound (omitting the p-dependence for clarity). Using equations (3.3), (5.1)
and the mean value theorem, we have for all V € A},

G(Un; V) = —dG[Un](Up — Un, V)
1
-l-/o [dG[UN](Uh - UN, V) - dG[UN + S(Uh — UN)KUh - UN, V)] ds.

Then, since U, € B(Uy,2en/BY) and 7y < 1,

KN 1
ev < IIEN|x + ThHENch <WIEN|x + 26N

whence ex < 2v}||Ex||x. Thus,

2 € N
Ay = - §4’YLN||ENHA%
2—7’N Bh A

which proves the second inequality in (9.1). O

The upper bound of the estimate (9.1) is closely related to the condition num-
ber k() = yn(p)/Bn(p) of the Hessian dG. Since PDE-constrained optimization
problems are known to be often severely ill-conditioned (see, e.g., [1] and references
therein), we cannot expect the error estimator Ay (u) to be sufficiently tight. How-
ever, as already mentioned, over-conservative error estimates lead to the construction
of unnecessary large reduced spaces, thus affecting both the offline costs and the online
efficiency.

To overcome this shortcoming, we resort to the ROM Error Surrogates (ROMES)
method proposed in [21] (see also [47, 42]). The key assumption, that will be nu-
merically verified in Sections 11 and 12, is that both Ay(p) and A% (u) strongly
correlate with ||En(p)|lx. Exploiting this property, the ROMES method allows to
generate a tight estimate A ~n(p) of the error by approximating the one-dimensional
map AL (p) — ||[Ex(p)||x using Gaussian Process (GP) regression [50]. We briefly
summarize here how to construct such an estimator, referring to [21] for further de-
tails.

For the time being, we assume to have a set Ty of M, > 2 training points

92) T = {(AL@™), [ Ba(w)lx) : {(n, )} C{1,..., N} x D} CR?,

obtained by evaluating the error and its estimate for different parameter values and
dimensions of the ROM; we will discuss later how to generate this training set. Based
on Tn, we construct by means of Gaussian Process (GP) regression [50] a statistical
model of the unknown deterministic error || En (u)||x as a function of A% (p). To this
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end, let us denote by d = log A% the independent variable and by f = log || Ex | x the
dependent one. Moreover we define a vector of training points d € RMr and a vector
f € RMr of training targets as

d; = log(r;), f; = log(ss), (ri;8:) € Tn, i=1,..., M,.

Using these training data, for any given test point d, € R, the GP method generates
a predictive Gaussian distribution

(9-3) fild, £, di ~ N(v(ds), 0(d.))
with mean v(d.) and covariance 5(d,). These latter are given by
v(d,) =kl (K+o3, D7'f,  o(d)=K-kl (K+o3, ) 'k,

where the matrix K € RMrxMr a1( the vector k., € RMr are defined as

2
Kij = k(di7dj)7 kz = k(diad*)a k(x,y) = 02 exp <_ |x QZQy‘ ) :

The free parameters (I, 0, oy, ) are determined as the maximizers of the log-likelihood
function (see e.g. [50])

g(l,o,00,) = 37 (K(L,0) + 03, )7 — Llog [K(L, 0) + o3, 1| — 2= log(2n).

We can now define a probabilistic upper bound f;” : R — R of the unknown error as
the 100(1 — «)% upper predictive interval of the GP regression model

f(d,) = v(d,) +V2erf 1 (1 — o) a(d,).

This latter implicitly defines the error indicator A N :D = RT,

(94)  Aw(w) = exp (vlog AR () + VZert™ (1 - a) (log Ak(w))).

No oo oo NCeGooobo@ o o
‘o © o o [o] [6] o o [0 o [6] o [6] o [6] [0]
o o o [o] [e] [e] ool o[c] o o[c][6e] © o
nfo o [0l 0] 0] [0]] n|[o]l[c] o [0] o [6] © o o [0]

oM@ EBE |oo@omoosome
HedmeE MeckitopEe e

F1G. 9.1. Scheme for the construction of the regression data set Ty when the using greedy algo-
rithm (left) and POD (right). The blue circles represent the points where the exact error ||En(p®)|| x
is available, while red squares represent those used to build Ty .

[t

The training set 7Ty is constructed in a different way depending on the strategy
used to build the ROM. In the case the greedy algorithm is used, at the generic
iteration N we have N? candidate training points (AL (u™), || E.(u™)]), 1 <n < N,
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where both the estimate and the exact error are available.* However, thanks to
assumption (A1), || E,(u%)||x ~ 0 for n > i. On one hand, the points where the error
vanishes are not as important as the ones corresponding to unexplored regions of the
parameter space; on the other hand, discarding all these points from the training set
would yield a very poor estimator in these (untrained) regions. We thus propose to
discard the points corresponding to the first n — 1 training inputs of the ROM of
dimension n, so that Ty is only made of the following M, = N(N + 1)/2 points (see
also Fig. 9.1)

(9.5) Tv = {(Aﬁ(u’y IEn(u))]lx), n=1,...,0, i= 1,...,N}.

The GP regression model is then embedded in the usual greedy procedure [49, 51] as
described in Algorithm 1.

Input: Maximum number of iterations Nmax, stopping tolerance e¢; > 0, training
sample Eiain C D, starting point u! € D
1: N =0, (502694—1,\/:@,7—0:@
2: while N < Npax and 6y > €5 do

3: N+ N+1

4: compute Uy (V) by solving the FOM (4.5)

5: update reduced basis V < VU Uy (")

6: set Tn = Tv-1

7 forn=1:N do

8: Tn T U (A5 (™), 1En (0™) ] %)

9: end for

10: if N>2 R
11: build surrogate error model and associated upper bound Ay (u)
12: else

13: An(p) = An(p)

14: end if R

15 [ V) = maxes,, A ()

16: end while

Algorithm 1: Greedy algorithm guided by the error indicator A N(p).

If a POD approach is used, the regression model is built only once and for all
after the snapshots collection and the construction of the ROM. In this case, there
are Ny;N candidate training points where computing the exact error and its estimate
is relatively cheap. In fact, already for a moderate number of snapshots and basis
functions, say Ng ~ 100 and N = 20, generating the entire training set 75 and the
corresponding regression model can be quite time-consuming. Therefore, we define
Tn as a random subset of the available NsN points (see also Fig. 9.1)

9.6) 7w € {(ALW), IBa(u)llx), =1, N, i=1.. N}

10. Dirichlet boundary control of the Navier-Stokes equations. As a
notable instance of problems which fit into this framework, we consider the following

4Given a ROM of dimension N, all the ROMs of dimension n = 1,..., N —1 are readily available
as long as the reduced spaces are hierarchical. This is the case when using both greedy and POD
procedures.
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parametrized boundary control problem [32, 24, 27]: find a triple (v, 7, u) such that
the cost functional

(10.1) J(v,m ;) = Fi(vi p) + Fa(u; p)

is minimized subject to the steady Navier-Stokes equations

(102) —VAV+ (v-V)v+Vr=0 %n Q(p)
V-v=0 in Q(p),

with boundary conditions

v=u onT¢(p)
(10.3) v=0 onT(u)
—m+v(Vvin=0 on I'y(p).

Here Q(p) € R? (d = 2,3) is a parametrized spatial domain with Lipschitz boundary
0 =TcUl'yUT',, being I'p = I'cUT',, the Dirichlet portion of the boundary and I' iy
the Neumann one; the state variables v and 7 denote the velocity and pressure fields,
respectively, while u acts as a Dirichlet boundary control. In the cost functional 7,
F1(v; u) represents the objective to be minimized, while F»(u; ) is a regularization
term ensuring the coercivity of the functional. Possible choices for F are the viscous
energy dissipation, vorticity or velocity tracking type functionals [28].

In view of the application presented in Section 11, we also consider an additional
constraint on the control variable, described by a bounded linear functional I(-; u) € U’

(10.4) l(u;p) = C(p) Yu e U,

C(p) € R being a given function of the parameters. The constraint (10.4) can be
used for instance to impose a desired flux on the control boundary I'¢.

10.1. Weak formulation. In order to cast the optimal control problem (10.1)-
(10.3) in the general formulation (P,)-(2.1), we first define the velocity space V'

V= Hb(@) = {v e (@) v = 0on Tp),

the pressure space M = L?(Q), and the state space Y = V x M. While the natural
choice for the control space would be U = HY/?(T¢) = [H'/?(T'¢)]¢, we rather assume
higher regularity by defining i/ = H'(I'¢) (U = H{(T'¢) if T¢ has a boundary), in
order to avoid the involved calculation of the H'/?(I'¢)-inner product. To account for
the Dirichlet control, we split the velocity field as v = v +R(u), where vy € HL (),
R: U — HL(Q) is a bounded extension operator such that R(u) € HL(Q) and
R(u)|r. = u. For the sake of simplicity, we still denote v with v, as no ambiguity
occurs.

We define the following bilinear and trilinear forms associated with the differential
operators:

a(v,\; p) ::/ Vv - VAdQ, b(v,m; u) ::7/ nv - vdS, Vv, €eV, neM,
Qp) Q(p)

c(vi,va, A; ) 5:/ (vi - V)va - AdQ, Yvi,va, A€V,
Q(p)

d(Vl,VQ,X; /J’) = C(V17V2a/>\\§ll) + C(V27V17;\§H)7 vvlav2ux7 € ‘/7
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and a compound bilinear form S(-,; u): Y XY — R representing the Stokes operator
(10.5) S(v,m A p) = a(v, A p) + b(A, 5 ) 4 b(v, m; ).

Since the Navier-Stokes equations can be considered with values in @’ =Y, we set
@ =Y and define the operator & (;u): X — Q' as

(106)  5(E(win), g = S(v + R(w), m XA, 7 ) + c(v + R(w), v + R(w), X; o).

Then, we define the operator & (;u): U — R as E(z;p) = l(u; ) — C(pw). This
fits the abstract formulation (2.1), upon defining the operator £(; u) : X — @', with

Q= @ X R, as
Er(z; 1)
10.7 Elasp) = )
(107) (i) = (G0t
Finally, let us express the quadratic functionals F; and Fy appearing in (10.1) as
1 o
Filvin) = gm(v,vip)  Fa(wp) = on(u, u;p),

where m(-,-;u): Z x Z — R is a symmetric, continuous, non-negative bilinear form
over an Hilber space Z D V, ¢ > 0 is a given constant, while n(-,;p): U x U — R is
a symmetric, bounded and coercive bilinear form.

From the existence of solutions of the steady Navier-Stokes equations (10.2) (un-
der the assumption of small data), see e.g. [25, 55], and the properties of 7, it follows
by standard arguments (see e.g. [19, 27, 28]) that for each p € D there exists at least
one optimal solution z € X.

10.2. Optimality conditions. Let us introduce the Lagrange functional® £(-; ) :
Xx@Q xR—=R,

(10.8) L(z,p,k;p) = T (@ 1) + (p, E1(w; 1)) + £ Ea(w; p).

In order to ensure the existence of Lagrange multipliers associated to an optimal
solution Z, we have to verify the fulfillment of assumptions (H2) and (H3). As regards
the former, we start by computing the Fréchet derivatives of £; at « € X in directions
dx,8%x € X (we omit the p-dependence of the variational forms for clarity):

(&1(w; p)dz,p) = S(5v + R(6u),6m; A, 1) + d(v + R(6u),v + R(u),A), VpeQ,
(& (x5 ) (82, 0%x), p) = d(0v + R(Su), 6>v + R(6%u), A), Vp € Q.

As the nonlinearities are quadratic, all higher derivatives are identically equal to zero.
For the linear constraint &£, it holds

Ey(myp)dr = 10w p), & (x;p)(0w,6%x) =0.

Therefore, £ is twice continuously differentiable and its second derivative is Lipschitz
continuous since it does not depend on x € X. The first and second derivatives of J
at x € X are given by

(10.9) J'(x; p)dz = m(v + R(u),6v + R(du); ) + on(u, du; ),
(10.10)  J"(x; p)(6x, 6%x) = m(6*v + R(6%), 0v + R(6u); p) + on(6u, du; p),

5Here we denote with p the Lagrange multiplier associated to £1 rather than £ as in the previous
sections, as no ambiguity occurs.
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so that also J satisfy assumption (H2). Finally, assumption (H3), i.e. the surjectivity
of the linearization of the constraint £, can be proved by following the arguments in
[27, 28]. We end up with the following

ProOPOSITION 10.1. Suppose that, for a given u € D, & € X is a local solution
to (10.1)-(10.2). Then there exist unique Lagrange multipliers p € Q,k € R such that

(z,p, k) satisfy
T(z3p) + EL(T )P+ E3(T )R =0, inX
(10.11) E1(z; ) =0, inQ
Eo(T; ) =0, inR.

This means that, given p € D, solving the optimization problem (10.1)-(10.3) requires
to find (v,m;u; A, m; k) €Y XU X Q X R such that

SE.mAN) +dV,v+R(u),A) =-m(v+R(u),v), VF,7)eY

on(u,@) + d(R(@), v + R(w),A) + m(v + R(w),R@) . _
(10.12) = —l(@; p) — S(R(@), 0; A, m),

S(v+R(u), ;A7) + ¢(v + R(u), v + R(u),A) =0, V(A1) €Q

l(u;p) = C(p).

For the proof of the coercivity of the Lagrangian (necessary for the fulfillment of
condition (H4)) we refer to [19, 28] and references therein. We simply report the
expression of the Hessian of the Lagrangian at x € X in the direction §z € X

(Low(z,p; p)dx, 02) = T (z; u) (5, 02) + (£] (3 p) (02, 6%x), p) = on(du, du; p)
+ m(dv + R(0u), év + R(0u); u) + d(dv + R(du), dv + R(du), A; ).

10.3. Full-order discretization. For the full-order approximation of (10.1)-
(10.3), we use PL1-P! finite element spaces with Dohrmann-Bochev stabilization [10] to
approximate velocity and pressure variables, as well as P! finite elements to discretize
the control variable. Note that since the pressure stabilization is symmetric, optimize-
then-discretize and discretize-then-optimize approaches commute in this case.

Moreover, for the numerical experiments discussed in the following sections, a
continuation strategy with respect to Reynolds number (see e.g. [32, 9]) demonstrates
to be sufficient to globalize Newton method, without resorting to suitable line search
or trust region algorithms.

10.4. Reduced spaces definition. In order to build reduced spaces satisfying
assumptions (A1)-(A3), we employ a slightly modified version of the aggregated strat-
egy proposed in [44]: we use aggregated pressure and velocity spaces for the state and
adjoint variables as in [44], but without enriching the velocity space by supremizer
solutions. Indeed, in all our numerical experiments the pressure stabilization demon-
strates to guarantee the solvability of the state operator also at the reduced level,
without the need of enriching the velocity space.

We first describe the construction using the greedy algorithm. We denote by
Sy = {u',...,uN} the parameter samples selected by the greedy algorithm and
consider the corresponding (suitably orthonormalized) full-order solutions (z,(p™),
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pr(p™)), 1 <n < N. We define the aggregated pressure and velocity spaces My, Vi
as

My = span{m, ("), m(u™) ), Vi = span{va(u"), An (™)}

n=1"

Then, we define the reduced space Uy = span{uy,(u™)}_, for the control variable.

If a POD approach is used instead, we first compute full-order solutions (xp (t;),
pr(pei)), i =1,--+ , Ng of the optimality system for N, parameters value p; chosen by
LHS sampling. Then, we perform POD separately on each variable in order to obtain
(i) the reduced state velocity and pressure spaces V3, M%; (ii) the reduced adjoint
velocity and pressure spaces V&, M%; (iii) the reduced control space Uy. Finally, we
define the aggregated spaces as:

My = My UMy, VN =Vy UVyx.
In both cases, we finally set
YN = VN x My, XN =YnN XU, Qn = Yw, Xy =Xy X Qn xR,
so that the reduced space Xy has dimension 9N + 1.

10.5. Error estimates. Let us denote by p, = pn(Q) the discrete L*(Q)-H'(Q)
Sobolev embedding constant [40]; moreover we denote by V}, a suitable finite element
subspace for V. Then, the continuity of the trilinear form c(, -, ; p) yields

c(vi,va, A p) < ppMe(p)llvillvivallvIXlv,  Vvi,va, A €V,

where M. (p) is a function depending on the parametrization (see [40] for further
details).

PROPOSITION 10.2. The Lipschitz constant of the Fréchet derivative dG[](-,-; )
associated to problem (10.1)-(10.2) is bounded by the positive function

(10.13) K (1) = 6p7 M ().
Moreover, the error on the cost functional is bounded by

(10.14) | Tn() = Tn ()] < A% (1) + 695 M (1) (An (1)),

Proof. In order to estimate the Lipschitz constant K }]LV (p) it is sufficient to exploit
the continuity of the trilinear form c(-,-,-; u) and the definition of d(-, -, -; u),

[dG[U)(6U, U ) = dG[US)(8U, U )| = |dG[Uy — U2)(0U, U )|
< |d<5V + R((su)a V] — Vg + R(ul) - R(u2)7 X; l"’)|
+|d(v + R(1),0v + R(du), A1 — Ag; )|
+1d( + R(5), vi — v2 + R(ur) — R(uz), 67 )|
< 693 M(p) Uy = Uzl |60 [T
so that K} (p) = 6p>M.(p) (which actually does not depend on N). In order to esti-

mate the remainder term in (6.7), we first compute the second derivative of G(-, -; )
at U,

P*GU)(U,U,U; p) = 3d(¥ + R(Q), ¥ + R(@), A; ).
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Then, by the continuity of d(-, -, -; ) we obtain

IR(Ex(n);p)| < sup  |d*GIW](En(w), En(p), En(p); )|
WE[UN,Uh]

< 6p2 M ()| Ex ()%,

and (10.14) easily follows. O

11. Application to a bypass graft design problem. Bypass grafting is a
surgical procedure to create an alternate channel for blood flow, bypassing an ob-
structed or damaged portion of a vessel. However, it is well known (see, e.g., [46])
that arterial bypass grafts tend to fail after some years due to restenosis formation.
Therefore, the design of bypass grafts seeks to minimize suitable haemodynamics indi-
cators of the restenosis risk, such as the wall shear stress or the vorticity downstream
the anastomosis. The optimization process is typically performed with respect to some
geometrical design variable like the anastomosis angle or the graft-to-host diameter
ratio. As recently proposed in [39], we rather follow a different approach which is
based on the solution of a suitable optimal boundary control problem, for which the
control function is the Dirichlet boundary condition representing the flow entering
into the artery from the graft on the boundary I'c (see Fig. 11.1). Thus, the geomet-
rical properties of the bypass graft are synthesized into the velocity profile u imposed
at the bypass anastomosis, so that the shape optimization problem is turned into an
optimal control one.

We consider an idealized two-dimensional partially occluded artery as in Fig.
11.1. The optimal control problem reads: seek (v, 7, u) such that the cost functional®

1 1
(111)  Jvwp) = f/ IV x v[2d9 + 7/ Vruldr
2 J e (1) K3 JTo ()

is minimized subject to the steady Navier-Stokes equations (10.2) together with the
following boundary conditions:

—mm+v(Vvin=20 on I'y
=0 onI’
(11.2) M n Ly (k)
v = gres(u’) onI'p
v=u on I'e(p).

Moreover, in order to obtain a physically meaningful problem, we enforce the total
conservation of fluxes by adding the following constraint on the control variable

(11.3) / u-ndl'=C(u) :=Cr — / Gres(p2) dT,
Lo (p)

I'p

being C7 = 1 the physiological flow rate of the host artery.

We consider the following parameters: the inverse of the kinematic viscosity p; =
1/v € [40,100]; the percentage po € [0,40] of residual flow gres(p2) = 6p2/100y(1—y)
in the host artery; the penalization parameter s € [0.05,10] in the cost functional;
the length of the control boundary us € [0.5,1.2] (modeling the graft diameter).
To handle the geometric parametrization and provide an affine decomposition of the

6Here Vr denotes the surface gradient operator on T'c(u), see e.g. [18].
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'y [ Ty
— b

Fic. 11.1. Domain and boundaries for the bypass problem.

problem, we divide the domain £2(u4) into three subdomains 91, Q2(ps) and Q3(u4),
see Figure 11.1. Provided this decomposition of the domain, we can easily build an
affine geometrical mapping such that, by tracing the problem back to the reference
domain Q = Q(ji4) with 4 = 0.8, we obtain the affine decomposition (5.9)-(5.10)
with @4 = 19 and Q4 = 28.

For the finite element approximation, we use a mesh made of 30926 triangular
elements and 15843 vertices, so that the total number of degrees of freedom is N =
92239; the dimension of the control space is dim(Uy) = 104.

11.1. Strong form of the optimality system. After integration by parts,
it can be shown (see [9, 27] for similar problems) that system (10.11) constitutes
the weak formulation for the coupled boundary value problem formed by the state
equation (10.2)-(11.2), the adjoint equation

(11.4)
1
_/TA)\ F(VV)IA = (v- VA + VN = xobsV X (V x V) in Q(p)
1
V-A=0 in Q(p)
—m+v(VA)n+ (v-n)A=0 onT'n
A=0 on 9Q(p) \ I'n,

the optimality equation?,

1
—usAru+sn=m1n— —(VA)n onI’
(1L5) p3Ar U] ul( ) c(p)

u=20 on l'c(p),

and the integral constraint (11.3) expressing the conservation of fluxes.

11.2. Assessment of the error estimates. As a first test case we consider
as parameter only the inverse of the viscosity u; € [40,100], fixing the others to®
pue =30, uz =1, pg = 0.8. We first compute an approximation of the stability factor
by constructing the interpolant surrogate: using the adaptive procedure detailed in
[41], Br(p) is built by RBF interpolation of () computed in 5 interpolation points.
Then, we run the greedy algorithm to construct the ROM, using An(p) as error
estimate. Through this procedure, we select Nyax = 12 sample points with a fixed
tolerance &40, = 107° so that Ay, . (1) < €101 VIt € Etrain, being Zgpain a training set
of 250 random points.

In Fig. 11.2 we compare, for N = 1,..., Npax, the error bound Ay (p) with
the true error between the full and reduced-order solutions: the estimate correctly
reproduce the convergence of the error, however it shows a large effectivity ny ()

“We denote by Ar the Laplace-Beltrami operator on I'c (), see e.g. [18].
8In this case the affine decomposition reduces to Qg =6 and Q4 = 3 terms.
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FiG. 11.2. Bypass problem, 1 parameter case. On the left: average absolute error and estimate
over a testing set of 80 random points in the parameter space (vertical azis in log scale). On the
right: plot of the error |[En(p)||x versus the linear estimator AL (p) (computed for N =1,4,8 and
80 random parameter values).
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F1G. 11.3. Bypass problem, 1 parameter case. Error |En(p)||x (dashed blue line) and linear
estimator AL () (solid red line) for N =1,4,8 as functions of p1.

of order 103. Moreover, the proximity indicator 7y (p) is smaller than one only for
(on average) N > 9, so that the error bound Apn(p) is not available even when
the true error is considerably small (for instance below 1072). In Fig. 11.2 we also
report a pool of 240 test points (AL (w),||En(p)||) for different parameter values,
while Fig. 11.3 shows the distributions of the error || En(p)||x and the distribution of
the linear estimator Ak (p) as functions of y; for different values of N. It is rather
evident the strong correlation of the error with A% (u), which can therefore be used
as a reliable error indicator in combination with the regression model described in
Section 9.

Thus, considering the same setup, we now employ Algorithm 1 to build the re-
duced spaces. Thanks to the improved sharpness of the error indicator, the procedure
selects only Ny.x = 7 sample points to achieve a tolerance g4, = 10~° on the maxi-
mum error over Zi,in. From a computational standpoint, we gain both in the offline
phase, where 5 iterations of the greedy algorithm are avoided, and in the online phase,
where a smaller system has to be solved. As a result, the solution of the reduced opti-
mization problem takes less than 0.1 s, while the high-fidelity one requires on average
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90 seconds to be solved?.

In Fig. 11.4 we report the error behavior versus N, as well as its distribution
in the parameter space for N = 7. The final regression model obtained at N = 7
is reported in Fig. 11.5 (left), where a set of 560 test points (generated from the
convergence analysis of Fig. 11.4, left) is also shown. We observe that the regres-
sion model slightly underestimates the true error in the untrained region correspond-
ing to AL € [1074,107!]. This is mainly due to the reproductive training points
{(AE (™), || En(u™)]))}T _,, which distort the regression model at some extent. For
this reason, we also report in Fig. 11.5 the regression model built upon the following
set of M, = N(N — 1)/2 predictive training points

(11.6) TN:{(Aﬁ(ui), 1Bn()l|z), n=1,...,0i—1, izl,...,N}.

Even though in this case it never underestimates the true error, the regression model is
so poor in the untrained region A% < 1074 that it could possibly lead to the selection
of snapshots that are already included during the greedy algorithm. Therefore, we
recommend the use of the training set (9.5).

|| Ave BN ()] s — Error |E-(p)]| ||
== Avg. An(p) — A7(p)
[ 95% pred. int. -10 |- 95% pred. int. [|
_ | | | | | T T
6 2 4 6 40 50 60 70 80 90 100
N %1

F1G. 11.4. Bypass problem, 1 parameter case. On the left: average (over a testing set of

80 random points in the parameter space) absolute error |En(p)|| and error indicator Ay () for
N = 1,...,7 (vertical axis in log scale). On the right: error and error indicator for N = 7 as
functions of p1.

11.3. Parameter space exploration. We now let all the four parameters free
to vary in D. Due to the extent of the parameter space and the high number of terms
in the affine decomposition, in this case we adopt a POD-based approach to build
the ROM. We start by constructing the interpolant Sr(p) of the stability factor by
computing Sy (p) in 40 interpolation points. Then, we solve the full-order model in
correspondence of Ny, = 200 parameter values selected by LHS sampling. We build
the reduced spaces following the procedure detailed in Section 10.4 retaining N = 45
POD modes; the singular values of the snapshots matrix are shown in Fig. 11.6.
Once the ROM is built, we compute the ingredients required for the evaluation of the
dual norm of the residual. Finally, we generate the regression model (9.4) using as
training points a random subset of T (as defined in (9.6)) of dimension 200. This

9The research code used in this work has been developed in the MATLAB®) environment. For the
bypass problem all the full-order linear systems are solved in one-shot using the sparse direct solver
provided by MATLAB. Offline computations are performed on a node (with two Intel Xeon E5-2660
processors and 64 GB of RAM) of the SuperB cluster at EPFL. Online computations are performed
on a workstation with a Intel Core i5-2400S processor and 16 GB of RAM.
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Fic. 11.5. Bypass problem, 1 parameter case. Comparison between the 95% prediction intervals
obtained using Ty as defined in (9.5) (on the left) and the one defined in (11.6) (on the right). In
both cases, the set of test points is the one generated from the the convergence analysis of Fig. 11.4

(left plot).

latter and the resulting regression model are shown in Fig. 11.7, where we also report
the convergence with respect to N of ||Ex(p)|lx and Ayx (). In Fig. 11.8 we show
the optimal state velocity obtained by solving the reduced optimization problem for
different values of the parameters.

100 T T T T
g 1071 10'g

10-3

10—4 10—2

—6
10 10—-7 1075

—9 —10 -8
100 10! 10? T 10! 102 0700 10! 10?
(a) state velocity (b) state pressure (c) control

Fi1Gc. 11.6. Bypass problem, 4 parameters case. Decay of the singular values (denoted by o)
of the state velocity, state pressure and control snapshot matrices. Red squares correspond to the
retatned modes, while black circles correspond to the discarded ones.

As regards the computational aspects, we notice a significant degradation of the
online performances with respect to the previous case: the solution of the reduced
optimization problem now takes on average 3 seconds. This is mainly due to the cost
of assembling the reduced Jacobian matrix at each Newton iteration. Indeed, the
assembly of dG y(+; i) requires to perform 5NQ. additions of dense, square matrices
of dimension 9N + 1, yielding a computational complexity of O(Q.N?3). As a result,
at each Newton iteration, the 95% of the time is spent assembling the reduced op-
erator, and only the remaining 5% solving the linear system. A first remedy to this
computational bottleneck would be to exploit a suitable parallel implementation of
the operator assembly. On top of this, a more intrusive approach would rely on the
use of local reduced bases (see e.g. [23, 2]) in order to lower the N3 leading term in

the operations count.
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As a matter of fact however, even relying on an inefficient implementation, the
reduced model provides a speedup of at least one order of magnitude, which is expected
to further increase as the size and complexity of the underlying full-order model

increase.
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Fic. 11.7. Bypass problem, 4 parameters case. On the left: training set Ty, 95% predictive
intervals and test points. On the right: convergence of the relative error and error indicator averaged
on a test sample of 150 random parameter values.
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Fic. 11.8. Bypass problem. Optimal state velocity obtained by solving the ROM for different

values of .

12. Vorticity minimization around a bluff body. In this section, we deal
with a problem of vorticity minimization through suction/injection of fluid on the
downstream portion of a bluff body, see e.g. [24, 16, 44]. In particular, we consider
a body embedded in a three-dimensional viscous flow modeled by the steady incom-
pressible Navier-Stokes equations. The goal consists in minimizing the viscous energy
dissipation in the wake of the body, by regulating the flow across a portion of its
boundary I'c. We minimize the following cost functional,

1
(12.1) T (v,u; ) = 7/ |Vv|?dQ + — |vruy2 dr,
2 obs (H1) 2/1’3 Te(p1)
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Fic. 12.1. On the left: domain and boundaries for problem (12.1)-(12.2). On the body boundary
we impose a no-slip condition except that on the control region; on the top, bottom and lateral
boundaries of the domain we impose symmetry conditions. On the right: computational mesh and
its decomposition into 8 subdomains used for the preconditioner (12.3).

subject to the steady Navier-Stokes equations (10.2) together with the following
boundary conditions:

v.t=0,v-n=u on e ()
v =ypst only,
(12.2) v=0 on I'y,
v.n=0, (Vv)n-t=0  on(u)
—m+v(Vvin=0  onTy,

where n and t are the outward normal and tangential unit vectors to the boundary.
We impose an horizontal constant velocity profile on the inflow boundary I';;,, no-slip
conditions on I'y,, symmetry conditions on I's, no-stress conditions on Iy and Dirichlet
conditions on the control boundary I'c. In particular, we consider suction/injection
of fluid through the control boundary only in the normal direction, while we impose a
no-slip condition in the tangential one. See Fig. 12.1 for the details of the geometry.

The parameters are given by: the length py € [0.1,0.3] of the control bound-
ary, the magnitude ps € [0.5,3] of the inflow velocity profile and the inverse of the
penalization factor pg € [1,800]. The kinematic viscosity v is fixed to 0.03. We
employ a decomposition of the geometry into three subdomains to obtain an affine
decomposition with @, = 27 and Qq = 18.

12.1. High-fidelity solver. Using a mesh made of 92 280 tetrahedral elements
and 17478 vertices, the total number of degrees of freedom is N = 140441; in par-
ticular, the dimension of the control space is dim(iy) = 617. For any given p, we
solve the resulting nonlinear system employing the full-space Newton-Krylov-Schwarz
solver proposed in [48], i.e. we use the GMRES method with a two-level Additive
Schwarz (AS) preconditioner to solve the linear system arising at each Newton step
(4.7). To build the AS preconditioner for the Hessian matrix K = dG(-;-), we first
partition the domain € into overlapping subdomains Qf, i = 1..., M, featuring an

79

overlap of size 6 = h (see Fig. 12.1 on the right). We then build suitable restriction
matrices R; € RVmXN" 6 that the local matrices K., = R,KRL € RNmXNo. cor-

respond to the restriction of K to the subdomains Q2 . Finally we build a suitable
coarse correction matrix Ko = ROKROT € ReMxnoM (5 being the number of vari-

ables), whose restriction matrix Ry € R™M*N " is obtained by aggregation [52]. The
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AS preconditioner is then defined as
M
(12.3) Pis =D RoK, 'R,
m=0

K ! being the inverse of K,,, here computed by means of an exact LU factorization;
each local preconditioner is then applied in parallel.

Using 8 subdomains, the GMRES method converges on average in 50 iterations
up to a tolerance of 108 on the relative norm of the residual. The outer Newton loop
takes on average 7 iterations to reach a tolerance of 10~7 on the relative norm of the
increment. Overall, solving the full-order problem for a given u € D takes about 5
minutes.

12.2. Reduced-order approximation. We adopt a POD-based approach to
build the ROM: we solve the full-order model in correspondence of Ny = 100 param-
eter values selected by LHS sampling and then retain N = 30 POD modes. Once
the ROM is built, we compute the ingredients required for the evaluation of the dual
norm of the residual. Finally, we build the regression model (9.4) using as training
points a random subset of Tn (as defined in (9.6)) of dimension 200. This latter
and the resulting regression model are shown in Fig. 12.2, where we also report the
convergence of ||En(p)]|x and Ax(p) with respect to N.

T T T L T T T I I
8 0 == Avg. [|[En(p)] |
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= -1
z
=2
g2 i -2
o Test points
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—a} x Ty (My=200)| 3
| | T T
-2 0 2 4 5 10 15 20 25 30
log Ak N

Fic. 12.2. Bluff body problem. On the left: training set T, 95% predictive intervals and test
points. On the right: convergence of the relative error and error indicator averaged on a test sample
of 100 random parameter values.

Figure 12.3 shows the streamlines of the optimal state velocity around the body
obtained by solving the reduced optimization problem for g = (0.15,3,1) and p =
(0.15,3,800). The benefits of the optimization in reducing the vorticity are clearly
visible, as the small vortices occurring for us = 1 (which yields an almost uncontrolled
velocity field) disappears for u3 = 800. Moreover, solving the reduced problem takes
only 2 seconds, leading to a speedup of about 150.

13. Conclusions. In this work, we developed a general model reduction frame-
work for the solution of parametrized quadratic optimization problems governed by
nonlinear PDEs. By adopting a full space (or all-at-once) formulation, the ROM was
generated through a Galerkin projection of the high-fidelity optimality system onto
a low-dimensional space. It was demonstrated how a simultaneous reduction of the
state, control and adjoint spaces can be achieved employing a Reduced Basis greedy
approach as well as Proper Orthogonal Decomposition.
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Fi1c. 12.3. Streamlines of the optimal state velocity around the bluff body obtained by solving
the ROM for p = (0.15,3,1) (left) and p = (0.15,3,800) (right).

In both cases, the availability of a tight error estimate is crucial to bound the
offline computational costs and effectively quantify the accuracy of the reduced ap-
proximation in the online phase. To this end, we first derived a rigorous — yet too
pessimistic in practice — error bound, which was then used to generate a much tighter
error indicator.

The entire procedure was equipped with a suitable offline-online computational
strategy, ensuring the efficiency of the online computations. As a result, our numerical
tests on two different boundary control problems constrained by the Navier-Stokes
equations showed that significant speedups can be achieved, still ensuring a good
accuracy.
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