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HEURISTIC CHOICE OF THE REGULARIZATION PARAMETER FOR OPTIMAL
STABILIZATION OF THE FINITE ELEMENT APPROXIMATIONS

The problem of the optimal choice of the regularization parameter in the stabiliza-
tion scheme of the finite element method for the singularly perturbed diffusion —
advection — reaction problem is considered. Stabilization is based on the combina-
tion of Tikhonov-type regularization with the auxiliary Cauchy problem. The be-
havior of perturbations in the approximate solution with respect to change in the
regularization parameter is studied. On the basis of performed analysis the he-
uristic criterion for the optimal choice of the regularization parameter is construc-
ted. The criterion is formulated as a local problem of minimization for correspon-
ding function constructed in a view of composition of a linear functional and the
obtained finite element approximation. The proposed approach is developed for
one-dimensional problems and then generalized for 2D problems. The possibility of
using the Harrow — Hassidim — Lloyd quantum algorithm in combination with the
swap test to implement the computation of the obtained loss function on quantum
computers also is discussed.
Key words: finite element method, diffusion — advection — reaction model, stabilization
schemes, Cauchy problem, discrete Laplace operator, Harrow — Hassidim — Lloyd
algorithm.

Introduction. The diffusion — advection — reaction (DAR) model plays an
important role in simulating air pollution migration [2, 14]. There are cases
when advection is much faster than diffusion. Problems of this kind are called
singularly perturbed. The efficient application of the finite element method
(FEM) to the DAR model in this situation is complicated due to the special
structure of the solution of this model. Advection-dominated problems always
lead to the existence of thin boundary layers in which the gradient of the
solution is very large. For such a solution structure, it is impossible to achieve
adequate accuracy using the FEM on uniform coarse meshes due to the high
rate of parasitic oscillations in the obtained approximations on the entire do-
main of the problem. The classical a priori error estimates for FEM [2, 4, 16,
18] always depend on the diameter of the mesh elements and some norms of
the derivatives of the exact solution. This fact gives us the chance to obtain
an accurate approximation of singularly perturbed problems by using
uniformly refined meshes with the elements of smaller diameter. Actually, the
count of elements which we need in this case is very large, and this makes
the practical algorithm very computationally intensive.

There are currently two general approaches to solving the advection-do-
minated problems. The first of them is to use mesh adaptivity [1, 2, 4, 7]. In
this approach we use monuniform meshes, which are adapted to the exact
solution to represent its structure: they use smaller elements around the bo-
undary layer and larger elements in the rest of the domain (or even elements
with a different polynomial order as in p- or hp -adaptivity [7]). The second

approach is to apply stabilization schemes [1, 6, 18]. In this case we modify the
Galerkin FEM scheme with additional penalty terms to add some dummy ar-
tificial diffusion component [3]. This approach often leads to quite smooth and
accurate approximate solutions. Special words can be said about discontinuous
finite elements [3, 4, 9], which also add some penalty terms to the Galerkin
scheme, but the role of these penalty terms is more related to the connectivi-
ty between the elements, rather than to overcoming singular perturbations.

In [8] we proposed the new FEM scheme which is somewhat similar to
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known stabilization procedures, but on the other hand, it tries to incorporate
more a posteriori knowledge about the exact solution. The proposed scheme
combines a regularization procedure similar to the standard Tikhonov-type
[13] regularization with an auxiliary Cauchy problem corresponding to the
initial DAR model. The proposed scheme has one real positive regularization
parameter A, which plays a crucial role in obtaining an accurate approxima-
tion. The seminal article [8] does not provide any guidance on how we should
choose this parameter.

In this article, we present a simple optimization-based heuristic strategy
for choosing the regularization parameter based on the analysis of numerical
experiments and some theoretical observations. The proposed algorithm leads
to a fully automatic finite element stabilization procedure.

The proposed approach has certain benefits compared to adaptive sche-
mes, which we will discuss later. One of them is the fact, that it is suitable for
implementation on quantum computers, which will be discussed later in the
article.

The paper is structured as follows: first, we define the DAR model prob-
lem; then we present and review the algorithm from [8], after which we dis-
cuss the main problem of this article and introduce a new algorithm; then we
provide some numerical results for the one-dimensional DAR problem; next,
we provide generalization for 2D problems and a corresponding numerical
example; and finally, we discuss the possibility of using quantum computers
to automatically choice of the regularization parameter.

1. Model problem. We consider the following boundary value problem
(BVP) for the diffusion — advection — reaction equation:

find function: u:Q — R such that
—pAu+B-Vu+ou=f in QcR?,

u=0 on I =0Q. (1)

Here Q is a bounded domain with a Lipschitz boundary I'=0Q, u=
=const >0 and o =const >0 are coefficients of diffusion and reaction, re-
spectively, function f = f(x) and vector B = {B;(x)}>., represent the sources
and advection flow velocity, respectively. We will consider an incompressible

~ 04,05 o
flow, ie, V B_&x‘l B1+6xz By, =0 in Q.

The boundary value problem (1) admits the following variational formu-
lation:

find function: ueV = H[l) (Q)  such that
a(u,v) = {{,v) YveV, (2)
where

a(u,v):I(uVu-Vv—l—Bv-Vu-i-Guv)dx Yu,veV,
Q

<£,U>:jfvdx YveV.
Q

Here and below we assume that the problem data are quite regular and
satisfy the hypotheses of the Lax — Milgram lemma. Under these conditions,
problem (2) has a unique weak solution u € V , moreover, its bilinear form
generates a new (energy) norm in the space of admissible functions V that is
equivalent to the standard norm of the Sobolev space H L©Q).

It is well-known that the large values of the Péclet number
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Pe:=p! | B, diam ©

or/and the Strouhal number St:=o|B[,' diam Q, where |B|, =

2 1/2
= (Zess sup|Bi(x)|2j , indicate, that problem (2) may be singularly pertur-

i=1 reQ)
bed [2, 4, 19]. This fact shows a small margin of stability of the sought solu-
tion and, as consequence, warns of excessive computational costs when finding
high-quality finite element approximations of this solution. Actually, a num-
ber of adaptive and stabilized finite element schemes have been developed for
the successful solution of the singularly perturbed problems, for details see
[1-3, 7, 8, 19]. Below we present one of the stabilized schemes recently pro-
posed by the authors [8] for advection-dominated problems, i.e. problems with
large values of Péclet number.

2. Finite element regularization and auxiliary Cauchy problem. To deal
with large Péclet numbers, in [8] we proposed the following stabilization pro-

cedure. Let I'j == {x € oQ | n(x) - B(x) < 0}, and n is a unit vector of outward

normal to the boundary of the domain Q.
Let us consider the following reduced problem:

find function: u; € C'(Q) such that

B-Vu, +ou, =f m Q,
Yy, =0, (3)
and replace the original variational problem (2) with the following one:
given: parameter A =const>0 and solution of (3) Uy ,
find: function u' eV such that
a(u’,v) + Mu’,v)y =L v) + Myy,v), VYveV. 4)

Problem (3) is actually Cauchy problem restricted to the domain Q. We
suppose that there are no closed integral curves of the vector field B that are

entirely contained in domain Q.

For the numerical solution of (3), in [8] it is proposed to use the method
of characteristics in combination with some methods such as Runge — Kutta
to solve the obtained system of ordinary differential equations. Let us briefly

describe the algorithm from [8]. Consider the case when B # 0 at any point on
Q. Let define a function [0,mesT;]>n p(n) = (pl(n),pQ(n)) S fo that maps
a parameter m bijectively onto the 1:0’ that is, we constructed a parametriza-
tion of the set I';. Let assume that the direction of increase of the parameter
n corresponds to the movement along the I'; in the counterclockwise direc-
tion with respect to Q. For each value of 7, we can find the integral curve

x(t,m) = (xl(t,n),xQ(t,n)) € Q of the vector field B as a solution of the follo-

wing Cauchy problem for the system of two ordinary differential equations
(ODE) written in vector form:

ox(t,n) _
at - B(J,‘(t, T])) )
x(0,m) = p(n) . ()

Let us define the function z(t,n) = u,(x(t,n)). Taking into account (5) and
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using the chain rule for total derivatives, we can derive the following:

) _ Bt m) - V gt ).

Using the last equality and (5), we can rewrite problem (3) as a Cauchy
problem for a system of three scalar ODEs:

ox(t,n) _

Y B(x(t,m)),

PN~ flae,m) - ozt

x(0,m) = p(m),

z(0,m) =0. (6)

In the literature, the method used by us to reduce the first-order PDE to
the system of ODEs is called the method of characteristics [10]. Let us sum-
marize the steps.

Algorithm 1. Solving reduced problem.
1°) Generate some one-dimensional mesh of points on the curve I .

2°) For each of the generated points, construct an approximate solution
of (6) using some methods such as Runge — Kutta or similar.
3°) Interpolate the solutions to obtain a single approximation (for
example, we can use splines for this. A more efficient interpolation
can also be constructed for this case, but that is beyond the scope
of this article).
Taking into account the previous algorithm, we can introduce the follo-
wing finite element regularization scheme.

Algorithm 2. FEM regularization.
1°) Solve Cauchy problem (3) to obtain an approximation wu, using

Algorithm 1.
2°) Choose a parameter A in some way.
3°) Apply the FEM to obtain the numerical solution of (4) and obtain

the numerical approximation u, .

Note, that in this paper we consider only linear finite elements.

The choice of the regularization parameter on step 2° is a key step to
successful application of the described algorithm. The Péclet number for
problem (4) can be calculated as

Pe,, = (u+2)"|B|, diam Q. (7

By adding positive A we will reduce the effect of high-frequency oscilla-
tions and this will allow us to use coarse meshes in Algorithm 2. Using a
small number of elements will not ensure the ability to precisely reproduce
the boundary layer of the computed solution. In practice, when we model the
distribution of air pollution, we are much more interested in having an eno-
ugh accurate approximation that cover the structure of exact solution, and it
is not critical not to have a precise representation of the boundary layer, since
it will be very thin and concentrated only on those finite elements, which
touch a certain part of the boundary.

Problem (4) represents the necessary balance between using the solution
of the original problem (1) and the solution for its limit case as p — 0, that is,

the reduced problem (3). Later, we will construct an example, where neither
the computed u, nor the FEM approximation on a coarse mesh, nor the re-

gularized approximation with set u, =0 on a coarse mesh are able to appro-
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ximate a sufficiently accurate exact solution in contrast to Algorithm 2 with a
specially chosen A.

3. Optimal choice of regularization parameter. In this section we estab-
lish some heuristic rules based mostly on the numerical experimental observa-
tions used by us to construct the loss function and the appropriate optimiza-
tion problem for regularization parameter optimal choice procedure. Next, we
present a practical algorithm for solving this optimization problem.

First, we consider the one-dimensional DAR model problem:

find: function u:Q —> R  such that

—(uul)' + Bu' +ou=f in Q=(0,1),

u(0) =u(l) =0, (8)
where p, B, o, f are some functions. The corresponding variational formu-

lation (2) of problem (8) has the following bilinear and linear forms:
1
a(u,v) = I(uu'v' +Bu'v + ouv)dx,
0

liv = j-fvd.x'.
0

Having analyzed many examples of numerical solutions of equation (4)
for different singular perturbed problems and different A on coarse meshes,

we arrive to the observation that the dependence of u; on A always has the

same properties. Let us demonstrate this on one case of an advection-domina-
ted problem. Consider problem (8) with constant coefficients: p=oc=1, B =

= f =10°. The exact solution has a boundary layer at the right end of the do-

main [0,1]. Equation (4) we solved using the FEM based on the Galerkin me-
thod with linear basis functions. All approximations are obtained on a uniform
mesh of 20 finite elements. Fig. 1 shows the plots of FEM approximation for
an increasing sequence of the values of A (vertical scaling may be different
for each subplot). The exact solution of the problem is shown by a dashed line
on each of subplots. The topmost approximation (for A = 0) corresponds to the
classical FEM approximation without regularization. The basic property of this
approximation is that it has high-frequency oscillations spread far from the
boundary layer — in this particular case, in the entire domain of definition of
the problem, ie, a sign of the approximation derivative changes on each
consecutive finite element.

Fig. 1. Finite element approximations of problem (6) with p=oc=1,
B=f=10° for different X =0, 1,5, 15, 25, 35, 50, 80 (top to
down). The dashed lines represent the exact solutions.
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Evolution of u;, when A increases, may be considered as a certain smo-

othing. Consider part of the graphs in Fig. 1 without the last finite element,
containing the boundary layer with high value of gradient. As we can obser-
ve, the smoothing process has three phases:

I — uniform smoothening of the high-frequency component. During this
phase, gradient jumps decrease almost uniformly to 0 over all elements (not
taking to account last element);

II — further smoothening starts: some increasing gradient jumps near the
boundary layer to smooth corner-like graph rightmost part;

IIT — further smoothening by spreading this process from the boundary
layer to the entire domain. This results in reducing of gradient jumps over all
elements.

The phases described above can be characterized as the consecutive eli-
mination of oscillation frequency. The smoothing process removes the high-
frequency components first, followed by the lower and progressively lower
frequencies. Note, that such frequency elimination behavior can be described
theoretically in terms of singular value decomposition for some cases of classi-
cal Tikhonov regularization [11].

To obtain an adequate and valuable approximation we actually need to
somehow catch the point between phases I and II. At this point all parasitic
high-frequency per-element oscillations are eliminated, but further smoothing
does not yet take effect. To find this point, we construct some quantity that
will represent phases I-III and it will measure per-element oscillations which
we want to eliminate from approximation.

Assume that we have n linear finite elements. Let [x,_,,x;] be the do-
main of the 7th element. Suppose, we computed the approximation u; of
problem (4) on this mesh with some regularization parameter. Denote by
g; = u; (x;)— u; (x;_;) the derivative (gradient) of the approximation on ¢th
element. Consider the vector of gradient jumps

3= 01005 Tna)s 9)
where j, =g,,,; — g, is actual jump of derivative between the elements. Note

that we excluded the last element as in our description of smoothing process
above. This will be clarified later. Also note, that jump can be reformulated as

+ +
iy = (9k+1 9 29k+1j _ (gk 9 29k+1
ge of gradient on element crossing with respect to average tangent coefficient.
The vector j measures gradient jumps over all elements except the last
one. We need to somehow extract from this vector the integral quantity
which will indicate how much these jumps oscillate with the change of sign.
To do this, we first define the reference oscillating vector:

e:=(1,-1,1,-1,...,(-1)"%). (10)

n-2

) , showing that it measures the chan-

This vector includes per-element oscillating pattern. Now we simply measure
the similarity between jumps vector j and e by computing some kind of
“correlation” in the form of inner product:

FL) =[G, e)| (11)

By expanding the last expression, we get

n—2
F(L) = (1" 8% (1) (12)
k=1
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where by 8%uj (x,;1) we denote the second-order central difference in appro-
priate point:

SZu;(xk;k) = up (X, M) — 2up (x5 h) + up (20,15 A) (13)

and by u; (x;A) we denoted the approximation u;(x) computed for some A.

Note, that formula (12) can be used also for non-uniform meshes and thus
allows to combine adaptive schemes with the proposed approach in a certain
way.

Fig. 2 demonstrates the general structure of the graph of F(LA). The
graph always consists of three parts that directly correspond to the smoothing
phases described above and they are marked with the corresponding num-
bers. So, the curve F(A) consists of the following three parts:

1) high-gradient descending part, which corresponds to the elimination of
the parasitic oscillations. Such a high descending rate is explained by the uni-
form decrease of oscillations over entire domain,;

2) ascending part, which corresponds to the smoothening of the rightmost
corner-like part of FEM approximation (ie., the smoothening will eliminate
the representation of the boundary layer in the approximation structure);

3) final descending part, which corresponds to the final smoothing of the
entire approximation.

Due to the special structure of the curve F(LA), we can choose optimal

value of A as the point, in which F(A) has its local minimum immediately

after phase I. The corresponding minimizing value is denoted in Fig. 2 via A".

Fig. 2. Schematic graph of typical F(1). Graph segments are marked with
smoothening phase numbers.

Remark 1. We excluded the last gradient jump in (12). Note that the bo-
undary layer was assumed to be located inside the last element. If it is inside
the first element, we have to exclude the first jump j,. In general, such an
exclusion is necessary to ensure the special shape of the curve F(A), which
we actually described above. Excluding the last gradient jump will add the
described phase II to the smoothing process. Without such an exclusion we
will have more shallow drop in F(A) during phase I, since the last gradient is

relatively large due to the presence of boundary layer. Also phase II of the
smoothening process will be not present, as if this last gradient will decrease
and compensate the other increasing gradients during smoothening the right
part of the graph of u; (x;A). The described behavior will change the graph
of F(A) to L -shaped, without a clearly identifiable corner, which will make
the choice of optimal A more ambiguous and, therefore, complicated.

Let us define some enough large maximum value A, > 0 for the regu-

larization parameter A. We can consider the following optimization problem:
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given: A >0,

find: r=A" such that

F(\) > local min on (0, A (14)

The last component we need to have a fully formulated optimization
problem is a method for choosing A ... It is well known from standard FEM
a priori estimates [18] that to obtain an accurate approximation using uniform
meshes in one-dimensional domains we need to have the following relation-
ship between the Péclet number Pe and the number of finite elements n:

Pe = O(n), (15)

that is, we may consider Pe = C-n for some constant C > 0. Most often, in
practice, C > 1. Applying this relation to the regularized problem (4) and
using expression (7) we get

Pe., = (u+2)"|B|, diamQ ~Cn,

max) :

and, therefore, we can intentionally get a slightly rough estimate:
B diam© _ ~_2[B|, diam©

* Cn n
So, we suggest to use
2|, diam O
Mpax = — (16)

In the next section we propose a practical algorithm for solving (14) with
Amax defined as (16).

It can be noted that the presented approach is somewhat similar to the
well-known approach using the so-called L -curve [11] for Tikhonov regulari-
zation. The last one is not applicable to our case because it is directly related
to problems, when we have classical Tikhonov regularization problem based
on least squares distance minimization. Here, for advection-dominated prob-
lems we will always have a nonsymmetric problem, so the variational problem
will not be related to the corresponding minimization problem.

4. Solving the optimization problem. In this section we present simple
algorithm based on bisections method. Still, this algorithm uses some heuristic
rules, since the structure of F(A) does not allow to localize the zone near the
minimum, in which it is a unique extremum point. The algorithm consists of
two steps.

Algorithm 3. Solving optimization problem.
1°) Find a point A, € (0,A,, ] such that F'(A,,.) > 0.

2°) Solve optimization problem (14) on the interval (0,A,..).

max loc

Step 1° tries to localize zone around the point of local minimum, in which
this minimum is the only point of extremum. This is necessary, because as can
be seen from Fig. 2, the local maximum is between zones 2 and 3. For this

step, we use two heuristic procedures. The step 1° can be detailed as follows:
Algorithm 4. Solving optimization problem (Algorithm 3 — Step 1°).
1°) A, := ProcSimple (A
2°) if A, >0 then
3°) return A
4°) else
5°) return ProcRefined (A

In “simple” procedure we use bisections with choosing left intervals to
try to find the ascending part of F(A):

max )

loc

max)'
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Algorithm 5. Procedure ProcSimple (A
Require: 6 > 0; MaxIter e N

1°) initialization: A =X, ;

max)'

2°) while F(A,,, —08) > F(A,. +98) and MaxlIter > 0
30) }\’loc = }\’loc /2 )

4°) MaxlIter .= MaxIter —1;

5°) if MaxIter < 0 then

6°) return 0

7°) return A .

The refined procedure includes the same steps, but it extends step 3° to
take additional “back steps” to the right of current parameter value:

Algorithm 6. Procedure ProcRefined (A
Require: 6 > 0; MaxIter € N;

max)'

1°) initialization: A =14 . ;

2°) while F(A . —3)>F(A,, +93) and MaxIter >0
3°) Apaex = ProcRefinedBacksteps (), .)

4°) if A, >0, then

5°) return A

6°) Moe = A /25

7°) MaxIter := MaxIter —1;

8°) if MaxIter <0, then

9°) return 0
10°) return XA

loc*
Algorithm 7. Procedure ProcRefinedBacksteps(},,.).
Require: 6 > 0; MaxIter € N
1°) initialization: k :=1;
2°) initialization: A, =24, /2;
3°) while F(A, ., —08)2=F(A,,., +90) and k < MaxIter

bac
k
4°) kback = }\’loc (1 - %(%) j ;
5°) k=k+1;
6°) if k > MaxlIter, then
7°) return 0
8°) return A, .

k
Remark 2. Formula A, =X, (1—%(%) j represents bisection, with

the right section always chosen for the next step and a midpoint always shif-
ted to the left.

For step 2° of Algorithm 3 we use standard bisections to find the mini-
mum with a given precision:
Algorithm 8. Solving optimization problem (Algorithm 3 — Step 2°).
Require: 6 > 0; Tol > 0; MaxIter € N;
1°) initialization: a :=0;
2°) initialization: b := A
3°) while b—a > Tol

loc ’
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4°) Mg = (@ +b)/2;
5°)  if F(h —8) < F(h, +9), then

6°) bi=Xa
7°) else

8°) a=2A, 4
9°) return 0

10°) return A, .

In the next chapter we demonstrate some numerical results.

5. Numerical experiment. Let us consider a one-dimensional singular
perturbed DAR BVP with the following data:

n=1 p=10*  o©=10°, f=10°%cos4.5mr. 17

Note, that in this problem we havePe = 10%.

To solve this problem, we used Algorithm 3 with 40 linear finite elements
and obtained the optimal regularization parameter A =105.713. In Fig. 3 we
present four plots. The first (upper) curve corresponds to the solution of the
auxiliary Cauchy problem (Fig. 1a), the next one to the classical finite element
approximation without any regularization used (Fig. 1b). The last two plots
represent the regularized solutions with the optimal A with the function
u, =0 (Fig. 1c) and one calculated from the Cauchy problem (Fig. 1d), re-
spectively. We can clearly see that the bottommost graph is the most accurate.
This example demonstrates the case also mentioned in the article, when for a
large value of Pe it may happen that the solution of the Cauchy problem
cannot be used as an adequate approximation to the original BVP solution.
The third and fourth subplots demonstrate the importance of using a special
function u;, computed as a solution of the auxiliary Cauchy problem compa-

red to the classical Tikhonov regularization.

Fig. 3. Results of Algorithm 3 for DAR model with data (17): a) function u, ;
b) the finite element approximations without regularization; ¢) the finite
element approximations with optimal A and u, = 0; d) the finite element
approximations with optimal A and u, calculated as the solution of the

Cauchy problem (3). By dashed lines are denoted the exact solutions.
Remark 3. In this article we focus on qualitative estimation of finite ele-
ment approximations and do not consider any a priori or a posteriori error

estimates. Note, that the stabilized problem (4) actually has a different exact
solution than the original variational problem (2). This lead to the conclusion
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that to derive some residual-based error estimates [19], we should combine
the obtained approximation for (4) with the residual of equation (2).

Remark 4. 1t is interesting to compare the proposed scheme with typical
adaptive algorithms. For example, in h -adaptive schemes [1, 2] we construct
a sequence of approximations, starting from one built on some coarse mesh.
At each iteration, we make some refinements by adding new degrees of free-
dom. At each iteration we need to find a finite element approximation, com-
pute a posteriori error estimates for each element based on this, and then re-
fine the mesh. Thus, computational power is mainly consumed by solving a
linear system of equations at each iteration on more and more refined mesh.
Also, for such an approach, we need an efficient way to store and rearrange
the matrix of the linear system and the right-hand vector. In our stabilization
technique, we need to solve the linear system several times, but the size of
this system will not grow. Also, the matrix at each step will be of the form
A+AM, where A and M are the matrices of the same sparse structure, so
we can compute them only once and simply construct a storage scheme based
on some known schemes for sparse matrices to store each pair of elements

(Aij,Mij) as one cell in this scheme that provides an efficient procedure for
accessing this cell.

6. Computational complexity. Let us estimate the number of atomic
operations that Algorithm 3 can achieve in the average case where a simple
localization procedure is successful. In this case, we can consider our algorithm

as a sequence of subsequent bisections of the interval (0,A_ . ). Therefore, if
we define some tolerance ¢ >0 for finding A, the algorithm stops when ite-

max

/2™ < ¢. Taking into account
that the solution by the FEM in one-dimensional case has the complexity
O(n), where n is an element count (and the same complexity of the numeri-
cal solution of the Cauchy problem (3) can also be taken into account), we can
derive that the total number of elementary operations would be:

2l dam

ration number m satisfies the inequality A .

O(nlog2 e

7. Generalization to 2D problems. In order to implement the constructed
algorithm for two-dimensional problems we can not simply use the provided
framework directly. First of all, we need to provide an appropriate generaliza-
tion to formula (12). The second thing to consider is the appropriate estima-

tion of A ,, for the optimization problem (14) for 2D problems. The given es-

timate (16) was derived specifically for one-dimensional problems, since the
asymptotic relation (15) for the Péclet number holds only for the one-dimensi-
onal case.

We keep the general structure (12) in the form (11) for 2D problems, that
is, we consider F(A) to be an absolute value of the scalar product between so-
me vector representing the oscillating pattern of the non-regularized solution
and a vector consisting of some quantities that approximate the Laplacian of
the original solution at mesh nodes. As in the one-dimensional case, we exclu-
de from the calculation those nodes that are adjacent to a certain boundary
part of the mesh.

To construct a discrete Laplacian using a (generally) irregular mesh we
use the cotangent formula [6] which can be derived by manually computing
the piecewise-linear solution of Poisson’s equation using the FEM. Let us con-
sider a triangular mesh. Consider the indexing of the nodes: x,,x,,...,x, . For

the 7th node and a function u, the approximation of the value (Au)(x;) of
the Laplace operator can be calculated as:
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Alw, i) = 2114 Y (cotay +cotP,)ulx,) - ulx,)),

v j€Nmesh (2)
where A, is one third of the sum of the areas of the adjacent triangles,
N esn () is the set of all adjacent nodes for the ith node, Oy and Bij are the

angles opposite to the edge (,j) (see Fig. 4).

Fig. 4. Components of cotangent formula.

Similar to (16), denote by u; (x;A) the approximation u,:(x) computed for
some A. Denote by M < Q the set of all nodes (points) of the mesh and by
I, =0Q\T,. For some set of node indices S, we define N__,(S):=

= U Npea,(7). If RcQ, then we can extend the last definition to the form:
jesS

N esn(R) = x[ U RNmesh(j)} , where x[S]:= {xj |jeS}.

jixje
Let us define a set of nodes @ := M\(FO UNmesh(Fout)), that is, @ con-

tains all internal nodes, except for those nodes that are adjacent to any nodes
from I'_, . The concept of excluding these nodes is a direct generalization of
the same from one-dimensional case, since we predict that the boundary layer
is located near T'_ .

Let us now define the quantity F,,(A), which is a generalization of F())
to the 2D case:

Fop ()= 3 sgn(Aduy (500, )A(un( - 54), )
je@
where u;(- ;A) is a function of one (first) independent argument and fixed
second argument.

F,,(A) has the same form as F(A), that is, it is constructed as a scalar
product of the vector e, :=[sgn (A(u; (- ;0),))];.o, which represents the os-
cillating pattern of the original non-regularized solution in the similar manner
to the vector e from (10) and the vector j,,(A):=[A(u; (- ;k),j)]jeQ, which
represents a measure of local “curvature” and gradient jumps similar to j in
(9).

Experiments have shown that the behavior of the quantity F,,(A) is
completely the same as in the one-dimensional case, that is, it has the same
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structure as shown in Fig. 2. Due to this fact, we can now use the algorithms
described for one-dimensional problems to find the optimal value of A.
The last thing left is to find A . . For the 2D case, we use a less accurate
estimate. From formula (9) we can get
B ., diamQ B ., diamQ
Pe Pe

reg reg

A (18)
Now we can simply substitute to (18) some (user-defined) fixed small number

Pe ., instead of Pe,, for which we know, that FEM with a coarse mesh

g
will give us an adequate non-oscillating approximation. For example, in our

experiments we used Pe . =10.So, we will have

_ B ,diamQ

max - Peuser

A

8. Numerical experiment (2D problem). Let us consider the following
model problem data:

Q=001 p=1 By =010°10°), o=10°%,
flx,y) = 10° cos (4.5mx/2)cos (4.5mty/2).

To construct Delaunay triangulations, we used J. R. Shewchuk’s library.
For this experiment, we construct a mesh of 319 triangles. Fig. 5 shows the
non-regularized approximation (Fig. 5a) and the corresponding distribution of

the components of the vector e, (Fig. 5b). Dots denote the nodes which are
not contained in e, , “plus” and “cross” markers denote the nodes which cor-
respond to 1 and -1, respectively, in the corresponding components of e,,.

Fig. 6 depicts the regularized approximation after finding the optimal A
according to our algorithm.

Remark 5. The computational complexity in the 2D case will depend to a
greater extent on the algorithm for solving the system of linear equations
(SLEs) obtained from the Galerkin method. The number of iterations required

to find A will be O(log (diam Q Pe)).

a) b)
Fig. 5: a) non-regularized approximation; b) corresponding distribution of the
components of the vector e, .
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a) b)
Fig. 6: a) regularized approximation graph; b) corresponding heatmap plot.
Computed optimal A =20.0195.

9. Possibility of using quantum computing to estimate regularization
parameter. The most computationally intensive part of the proposed
regularization algorithm is the solution of SLE. We need to solve the SLE
several times, but in fact we only need the entire solution at the last step —
when we have already calculated the optimal regularization parameter and
want to finally solve our problem with this parameter. All previous calls to
the linear system solver procedure will be used only to calculate the scalar
product of the obtained solution and some fixed vector to obtain the quantity
of interest — F(A). Previous observations lead to the conclusion that we can
apply the Harrow — Hassidim — Lloyd (HHL) quantum algorithm [12] to solve
the SLE and calculate F(A) (with some modification).

The important thing, which we need to modify (to be suitable for certain
quantum qomputations) is actually the expression for F(A) (12). Since on qua-

ntum register we will operate with quantum state u;(k) which will encode

in its amplitudes the actual nodal values of the FEM approximation, it is clear
that we need to introduce normalization to F(A). We can rearrange the terms

of the sum in the expression for F(A) and rewrite it as F(A) = (p,u:L) for

some constant vector p. Since overall scaling does not affect the distribution
of F, we can assume that p =1. For real quantum computing we can

estimate the quantity Fq M= p u;(k) using, for example, the swap test [5].
This quantity does not correspond to F but to the modified
quantity (p, u;) / u; . Due to the oscillatory nature of the obtained

approximations and the described evolution under changing of A, we can
suppose, that this quantity will have the same form, which is also observed in
numerical experiments, that is, we can use it in the same manner for our
parameter estimation algorithm.

The actual implementation of the described approach for a real quantum
computer will not be effective yet, but the general concept is very important
for the future. It shows the possibility of using quantum computing and obta-
ining a potentially exponential increase in the performance of the regulariza-
tion parameter estimation procedure.

The matrices in our SLEs are sparse, and it is known that we can pro-
bably simulate the corresponding unitary evolution operators efficiently, but
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even this does not guarantee an efficient implementation with currently ava-
ilable hardware. Also, we need to efficiently prepare arbitrary states for the
right-hand side of the SLEs, which requires the generation of the appropriate
quantum circuits. In [17] it was shown that a real implementation of the full
procedure of solving SLE obtained from FEM for Maxwell’s equation lead to a
very large number of used quantum gates. For example, the authors con-
structed a circuit to solve the SLE of size N =332 020 680 and the actual to-

tal width and depth of the quantum circuit were of order 10® and 10*’, re-
spectively. In real quantum computing you will also need to include some
schemas for error correction to ensure stable error-tolerant computations.
Also, taking into account the probabilistic nature of quantum computing, we

will need to run the computations several times to estimate <p‘u;(k)> using

the swap test. These facts show that an actually usable implementation can
not be constructed at least for now, but due to asymptotic estimates showing
an exponential speedup of HHL compared to classical algorithms for solving
SLEs, we may be able to exploit this power in the future.

Remark 6. One note regarding implementations of the unitary operators

(which we need in the HHL algorithm), where A is the (extended) mat-
rix of the system (we assume that we have already extended the matrix to be
Hermitian, as suggested in [12]). For our SLEs we will have a bit special case,
because all matrices are of the form A +AM . The matrices A and M are fi-
xed. In general, [A4,M] # 0. In such a case, we can probably generate circuits
iAt

eiAt

for simulating €™’ and ™' only once, and then, taking into account Trotter’s
formula [15], combine both circuits in the actual computation.

Conclusions. In this article we constructed a heuristic procedure for fin-
ding the optimal value of the regularization parameter for a stabilized finite
element scheme, based on a combination of Tikhonov-type regularization and
the auxiliary Cauchy problem. We analyzed the behavior of perturbations in
the approximate solution with respect to the change of the regularization pa-
rameter. Based on this, we derived a local minimization problem for the sui-
table loss function constructed as a composition of a certain linear functional
and the corresponding finite element approximation. The obtained function
acts as an indicator of high-frequency parasitic oscillations, which we want to
eliminate from the final approximation. We proposed a practical heuristic
method for finding the local minimum point of the constructed loss function.
In this work we did not consider any a priori and a posteriori error estimates.
The construction and investigation of such estimates is the topic for further
research. The proposed approach is developed for one-dimensional problems
and then is generalized for 2D problems. For both cases numerical results are
presented. We also note that the proposed approach is suitable for partial
implementation on quantum computers by using the Harrow — Hassidim —
Lloyd quantum algorithm together with the swap test to implement the com-
putation of the obtained loss function.
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EBPUCTUYHUA BMBIP NAPAMETPA PEFYNAPU3ALIT ANA ONTUMAIBbHOI CTABIMI3ALI
AMPOKCUMALIM METOAY CKIHYEHHUX ENEMEHTIB

Pozeasnymo 3adauy onmumaibHozo subopy napamempa pesyiiapusdayii y cremi cmadi-
A13aYil mMemody CKIHUEeHHUX enemenmis 0ai CuHYaapHo 36ypenux 3adayw Oughysii — ad-
sexyii — peaxyii. Cmabinizayis 6a3yemscs Ha NOeOHanHT peeyaspusdayii Tuxonosa 3 do-
nomixcHoto 3adauero Kowi. IIpoananizosano nosedinky 36yperd HAOAUNCCHO20 PO38’A3KY
w000 3MIHU mapamempa pezyaspusdayii. Ha ocnosi mpogedenozo ananidy mnobdydosarno
egpucmuuHuUl Kpumepiti ONMuUMALbHO20 8ubOPY napamempa pezyasspudayii. Kpumepii
Popmyaroemses aK A0KAABHA 3a0aya MIHIMI3ayil 8i0n08i0HoT Pynryil, nodydosaro: Y
8uU2AA0T KOMNO3UYLE ATHITUHO020 PYHKYIOHALAL MA OMPUMAHOT CKIHUEHHO-eAeMEHTHOL AN~
pokcumayii. 3anpononosaru nidxid po3podbieHo Oas o0HosumipHux 3adar, a nomim
Y3azanvHeno 0as 0gosumipHux. TaKoxi moxa3aHro MONHCAUBICMD BUKOPUCTNAHHSL KBAHMO-
8020 anzopummy I'appoy — I'accuduma — Jlrouda Yy nOeOHAHHT 31 SWapP-mecmom Oas pe-
ani3ayli 00UUCACHHA OMPUMAHOT PYHKYLL 8MmPam HA K8AHMOBOMY KOMN tOMmepi.

Kaiouoei caosa: memod cxinueHnux eaemenmis, modeav Ougysii — adsexyii — peakyii,
cremu cmadinizayii, 3adava Kowi, duckpemnuil onepamop Janaaca, arzopumm
T'appoy — I'accuduma — Jlrotida.
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