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AnoTrAuis. Posriasmaerbesa Momudikarisi eBpUCTHYIHOIO KPUTEPII0 ONTHMAJIBHOTO BHOODPY Iapa-
MerTpa crablmizaril B MeBHIN CKiHYEeHHO-eIEMeHTHIN cxemi /s CHHTYJIsApHO 30ypenol 3amati mndys3ii-
amsektii-peakiii. Ileit xkpurepiit 6a3yerhcs Ha 3amadi MiHiMizamil (yHKIT mapaMmerpa crabimisarmii
Ta BiANOBITHOMY aJITOPUTMI 3HAXOMXKeHHd MiHiMyMy. @DyHKIA 3a3BHYail JeMOHCTPYE IBI TOUKU
eKCTPEMYMY: JIOKAJbHUU MIHIMYM 1 JIOKaJgpHUN MakcmMyM. lLle 3MyImmye aaropuTM HEOTHOPA30BO
BUKODHCTOBYBATH [I0/IATKOBY KOHTDPOJIROBAHY €BPUCTUYHY MPOIEIYyPY <«CIpoOyii i mepesip», ska B
IesdKUX BHIIQAKAX MOXxe OyTu HeeeKTHBHOWO. Y IHil CTATTi MH NPOIOHYEMO MPOCTI €BPUCTHUYHI
Momudikarii KpuTepio Ajaf YCYHEHHS APYrol MAKCHMAJIbHOI TOYKHU, POOJISYM 3BUYAMHUI METOJ PO3-
JiJIeHHS HaBIMiJ 3aCTOCOBHHUM [0 MPOIEAYPH MOMYKY MiHIMyMY.

ABSTRACT. We consider a modification to a heuristic criterion for the optimal choice of the stabi-
lization parameter in a certain finite element scheme for the singularly perturbed diffusion-advection-
reaction problem. This criterion is based on a minimization problem of the function of the stabilization
parameter and the corresponding algorithm for finding the minimum. The function generally exhibits
two extremum points: a local minimum and a local maximum. This forces the algorithm to repeat-
edly use an additional controlled heuristic "try-and-check" procedure, which can be inefficient in some
cases. In this article, we propose simple heuristic modifications to the criterion to eliminate the second
maximum point, making ordinary bisection method applicable to the minimum-finding procedure.

1 INTRODUCTION

In this article, we consider the Dirichlet problem for the diffusion-advection-reaction (DAR)
equation with dominant advection. Problems of this kind are called singularly perturbed. Classical
finite element schemes [2, 14] using coarse uniform meshes do not provide meaningful results for
such problems [13-15|. The main reason is the presence of artificial parasitic oscillations in the ap-
proximate finite element solutions obtained. Various finite element algorithms have been developed
to address this issue, including adaptive schemes [5,13, 15], discontinuous finite elements [§8], and
stabilized schemes [1,14].

Although adaptive schemes are mostly used for this purpose, we study one stabilization scheme
here due to certain benefits. In short, the main idea of stabilization is to add additional penalty terms
to the corresponding variational formulation to compensate for advection dominating over other
processes, thereby mitigating the parasitic high-frequency oscillations. Naturally, such stabilization
procedures may involve some parameters. These parameters determine the balance between the
level of applied smoothing of the solution and the overall accuracy.

In [6], we constructed a stabilization scheme for the finite element method based on Tikhonov-
type regularization [10]|. The scheme involves one positive regularization parameter, which must
be chosen appropriately to obtain meaningful results. To select this parameter, we proposed a
heuristic criterion in [4], formulated as an optimization problem for a loss function constructed as
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a composition of a certain linear functional and the obtained approximation. Since the introduced
function exhibits a special structure with several extremum points, we employed a simple heuristic
search algorithm to locate the interval where bisection method can then be used to find the needed
minimum. However, this procedure may not converge in some cases, resulting in an infinite loop.

It is important to note that the proposed parameter estimation algorithm was designed with
the potential for quantum computing applications in finite element methods. Specifically, it allows
for the possible use of the Harrow-Hassidim-Lloyd (HHL) linear solver [9] in certain parts of the
algorithm, which we will point out later.

In this work, we present several comparable and straightforward ways to modify the mentioned
heuristic criterion’s loss function, making it suitable for direct application of the bisection algorithm.

The paper is structured as follows: First, we define the model DAR problem. Next, we present
and review the algorithm from [6]. Then, we introduce the heuristic algorithm from [4]. Finally,
we provide the proposed heuristic modifications and test them on the same sample problem, which
was used in the numerical experiment in [4].

2  DIFFUSION-ADVECTION-REACTION PROBLEM

We consider the following Dirichlet problem for the diffusion-advection-reaction equation
find function u:Q — R such that:
—pAu+B-Vut+ou=f in QCR™, m=1,2, (2.1)
u=0 on I'=09,

where 2 is a bounded domain with a Lipschitz boundary T = 09, u = const > 0 and
o = const > 0 are coefficients of diffusion and reaction respectively, function f = f(x) and vector
B = (B1(z), B2(z)) represent the sources and advection flow velocity respectively. We will consider
incompressible flow, i.e., V- 5 =0 in €. In case of m = 1 we consider Q = (0,1) and the condition
of flow incompressibility can be omitted.

The boundary value problem (2.1) admits the following variational formulation

find u €V := H}(Q) such that,
(2.2)

a(u,v) = (l,v)y Yv eV,

where
a(u,v) = /(,uVu -V + fv - Vu+ ocuv)ds Yu,v €V,
Q

(lv) = [ fvdx YveV.
/

Here and below, we assume that the problem data satisfy the conditions of the Lax-Milgram
lemma, ensuring that it has a unique weak solution v € V.
Main numerical quantity, that indicates, that the problem may be singularly perturbed is well-
known Péclet number
Pe := M—IHEH diam €.
oo

Large values of this number indicate high domination of advection process over diffusion (which
is expressed by the term with second-order derivatives). This means that the equation is nearly
degenerate to a first-order hyperbolic equation. Such a structure induces boundary layers with high
gradients in the solution.
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3 STABILIZATION PROCEDURE

Let us recall a stabilization scheme, proposed in [6] for problems with large values of Pe. Let
Ly :={z € 09Q]ii(z) - f(x) < 0}, and 7 be an outward unit normal vector to the boundary of domain
Q. Consider the following reduced problem

find function uy € C*(Q) such that:
B-Vug+oug=f in Q, (3.1)
uolp, =0,
and replace the original variational problem (2.2) with the following one
given parameter A\ = const > 0,
given wug is the solution of (3.1),

(3.2)
find v* € V such that:

a(u®,v) + Au*,v), = (I,v) + Aug,v), Vv eV

To numerically solve the (3.2), we use the finite element method with linear elements. In 2D
space, we employ a quasi-uniform mesh with triangular elements. In the 1D case, we use a uniform
mesh. Additionally, in both cases, we definitely use coarse meshes.

To use the equation from the (3.2) we need to solve two additional problems. First of all, we
need to find uy from (3.1). The second problem is to choose the value of the parameter A. In the
following chapters, we discuss both.

We should note that the provided stabilization procedure is similar in some ways to Tikhonov
regularization. The purpose of the introduced procedure is to overcome the oscillatory nature of the
finite element solution of the singularly perturbed problem obtained on coarse meshes. That is, we
use stabilization /regularization to make the approximate solution precise enough and suitable for
researchers without requiring any mesh refinement. Additionally, since we use a coarse mesh and the
singularly perturbed problem will have a boundary layer, we will not be able to fit our approximation
to that boundary layer structure. This is a drawback of the provided scheme compared to adaptive
schemes, but when we consider, for example, air pollution migration problems modeled by the DAR
equation, we may be primarily interested in the general solution structure, and having it imprecise
only in the thin boundary layer zone is acceptable.

4  SOLVING AUXILIARY CAUCHY PROBLEM

The problem (3.1) is actually Cauchy problem restricted to domain . We suppose that there
are no closed integral curves of field 5 which are entirely contained within the domain 2. If there
is a closed integral curve contained within the domain, it can be shown that, in general, a problem
of this kind may not be well-posed.

To numerically solve (3.1), it is proposed in [6] to use method of characteristics to decompose
the problem to a system of ordinary differential equations (ODEs) and then use some methods
like Euler or Runge-Kutta for solving obtained system with some interpolation to calculate the
solution value between the obtained curves. Algorithm is the following. Consider 5 # 0in Q. Let
us define parametrization of curve I'g [0,mesTo] 3 1 — p(n) = (p1(n), p2(n)) € Ty which maps
parameter 7 bijectively onto the TI'g. For each value of 7 we can find integral curve of vector field

—

B: x(t,n) = (x1(t,n), x2(t,n)) € Q as a solution of the following Cauchy problem
{wi(t, n) = Blx(t,n)),

(4.1)
z(0,7) = p(n).
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Let us define the function z(¢,n) = ug(x(t,n)). Taking into account (4.1), we can derive the following
zi(t,n) = B(x(t,n)) - Vyuo(x(t,n)). Using the last equality and (4.1), we can rewrite problem (3.1)
as a Cauchy problem for the following system parametrized by n

z(t,m) = f(z(t, ) — oz(t,m), (4.2)
z(0,n) = p(n),
z(0,n7) = 0.

We have just presented a well-known method of characteristics [7].

Now, we can consider the discrete set of points {n1,...,mx} € [0, mesl'o] and apply the Runge-
Kutta method to solve (4.2) for each of the values n;. In that way we obtain the set of curves,
which are lying on the surface up(x) defined by (3.1). The last step would be to introduce some
interpolation technique to interpolate found curves onto entire domain to obtain approximation to
uQ.

5 OVERVIEW OF THE STABILIZATION PARAMETER CHOICE ALGORITHM

The aforementioned stabilization procedure relies on the parameter A. Choosing this parame-
ter is critical for providing an adequate approximation for advection-dominated problems. If the
parameter is set too small, it will lead to an approximate solution with high-frequency oscillations,
making it impractical. Conversely, if the parameter is set too large, it will result in a very smoothed
solution that loses some of the structure of the exact solution.

That is, we need to choose the parameter as a point between the mentioned cases. For this
purpose, in [4], we propose a certain heuristic optimization problem in which the minimum point
of the defined loss function is the exact value of the parameter A.

We consider the following optimization problem

given Apax > 0,
find A = A" such that (5.1)
F(X\) = localmin on (0, Amax),

where

HEH diam

)\maa: L

(5.2)

Peyser

and Peyger 1s a user-defined value of some "ordinary" Pe value, i.e. for which finite element method
on coarse uniform mesh should work fine. For example we can use Peyse, = 10. Loss function F'()\)
is defined as follows.

Consider some triangulation of the domain €2 and the ordering of triangulation nodes: z1, x2,
..., zn. For node i and function u let us define discrete Laplace operator approximation to (Au)(z;)
as [3]

Alu,i) = 2; S (cotay + cot By (ulz;) — ulx)), (5.3)
" €N mesn (i)
where A; is 1/3 of sum of areas of adjacent triangles, Nyesp(7) is a set of indexes of all adjacent
nodes for node i, a;; and f;; are angles opposite to edge (i,j). Defined discrete operator is an
approximation to the continuous Laplace operator in selected point.

Let us denote by ujy(x;\) approximation ujy(x) computed for certain A. Let us denote by

Niesh (1) := Npesn (i) U {i}. Let us denote by M C Q the set of all nodes (points) of the mesh and
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by out := 002\ T'g. If S is some set of node indexes, then we define N,,cen(S) 1= Ujestesh(j). If
we have R C Q, we can extend definition of Ny,esn to the form Nyeon(R) := x[Uj:xjeRNmesh(j)],
where z[S] := {z;]j € S}.

Let us define set of nodes Q := M \ (I'o U Npesh(Tout)), i-e. @ will contain all internal nodes,
excluding those nodes, which are adjacent to any nodes from I'y;. Note, that 'y in the case of
large Pe values will be the part of boundary, adjacent to the boundary layer with high gradient.

Let us define now loss function F(\)

PO : !

= T s M oeet sign(A(up(-50), 7)) Aus(-3A),5)| (5.4)

JeQ

where by uj(-;A) we denoted u} as a function of first independent argument and fixed second
argument. By [|u}||vect we denote the Euclidean norm of the vector of coefficients of the finite
element approximation uj (-;\).

The general structure of the function F'(A) and a minimum point is depicted on the Fig. 5.1.

Fig. 5.1. General structure of the loss function [4]

Note, that for 1D case in the sum in expression (5.4) we use divided differences as an approxi-
mation to the Laplace operator.

6 MOTIVATION AND HEURISTIC OPTIMIZATION

In this section, we briefly review the idea behind the proposed optimization strategy [4].

The main component of this optimization problem is the loss function (5.4). Let us analyze its
structure. It is, in fact, a weighted sum of the values of the discrete Laplace operator, calculated at
the triangular mesh nodes, excluding the zone with the boundary layer.

The common normalizing multiplier 1/[|u}(-;\)||lvect is necessary for the possible computation
of this loss function on a quantum computer, which we will discuss later.

Let us recall that for singularly perturbed problems with large Pe number, oscillations typically
spread over the entire domain, making the finite element approximation on a coarse mesh completely
unusable. As A increases, we will observe a decrease in uniform oscillations. In Fig. 6.1, we show
the typical evolution of the solution with increasing values of A.

Since the Laplace operator measures the curvature of the function graph in a certain sense,
the set of all weights {sign(A(uf(-;0),7))} represents the actual oscillation pattern of the original
(non-stabilized) finite element solution with A\ = 0. We use this pattern as a reference. On the
other hand, the values {A(u}(-;\), )} represent the actual oscillation pattern (and its amplitude)
of the stabilized solution for a given A.
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Fig. 6.1. Finite element approximations of 1D problem on unit interval with p = =1, = f =103
for different A: 0, 1, 5, 15, 25, 35, 50, 80 (top to down). Dashed line represents exact solution

Thus, the sum in the expression for the loss function is simply an inner product between the
vectors of the reference oscillation pattern (with a high rate of oscillation) and the oscillation pattern
for the stabilized solution. This inner product measures the "correlation" between the oscillation
pattern that we want to avoid and the actual oscillation.

Taking this fact into account, we can predict the general structure of the function, which should
have a short, rapidly descending part corresponding to the decrease in uniform oscillation amplitude
as A increases, followed by a long, slowly descending part after a certain point when high-frequency
oscillations have already been eliminated.

Note that the graph in Fig. 5.1 also contains a zone depicted as "2". Adding this relatively short
but slowly increasing zone is achieved by excluding the nodes from the sum in the loss function
that are adjacent to the finite elements containing the boundary layer. This approach is precisely
analyzed in [4].

Also, note that such an ascending zone is necessary to locate the required point (minimum),
which, as experiments show, corresponds to the optimal A value. This is the value for which we
have already eliminated parasitic oscillations, while the solution structure corresponds to the exact
solution over the entire domain, except for the thin zone consisting only of finite elements containing
the boundary layer.

7 POSSIBILITY OF COMPUTING THE LOSS FUNCTION ON A QUANTUM COMPUTER

An important note should be considered regarding the computation of F(\). The discrete
Laplace operator (5.3) is constructed from the values of the finite element approximation at the
mesh nodes. If we expand each term A(u}(-;\),j) with that operator in the expression (5.4) and
regroup the sum, we will obtain the normalized inner product of a constant vector (with respect to
the mesh) and the vector of nodal values of the approximation uj (-;A).

Now, taking into account that the vector of nodal values of the approximation is obtained from
the linear system of algebraic equations, we see that the loss function F'(A) is actually proportional
to the projection of the solution of the linear system onto a fixed predefined direction.

Let us recall the problem of solving the linear system on the quantum computer, specifically the
well-known Harrow-Hassidim-Lloyd algorithm (HHL) [9]. Suppose that we have built a quantum
scheme that can represent our matrix in a suitable form for the mentioned algorithm. After applying
HHL, we will obtain a vector proportional to the solution of the linear system encoded as a quantum
state.
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From the nature of quantum computations, we know that it is not possible to practically re-
construct all individual components (amplitudes) of the obtained vector (quantum state), but it
is possible to compute some integral quantity — specifically, the inner product with a predefined
vector. For that purpose, we can use the SWAP test [11]. This is exactly what we need, as the
structure of F'(\) defines the same inner product.

& HEURISTIC METHOD FOR OPTIMIZATION PROBLEM

In short, to solve (5.1) in [4], we proposed using two phases. The first phase is to find the upper
bound a of the interval (0, a), which lies somewhere below the zone "2" of the curve in Fig. 5.1. The
second phase involves running bisections to find the minimum on (0, a).

For the first phase, we employ a simple heuristic geometrically stepped approach to move the
point sequentially to the left until we find the ascending part "2" of the loss function.

To be more precise, we will next cite the chapter from [4]| that describes the simple heuristic
algorithm we used. This algorithm employs certain heuristic rules because the structure of F()\)
does not allow us to localize the zone near the minimum, in which there is a unique extremum point.
The algorithm consists of two steps

Algorithm 1 Solving optimization problem
1: Find point A\jpe € (0, Amax] such that F'(Ajoe) > 0;
2: Solve the optimization problem (5.1) on interval (0, \joe).

Step 1 tries to localize zone around local minimum point, in which this minimum is the only
extremum point. This is needed, since from Fig.5.1 we see that local maximum between zones 2
and 3. For this step we use two heuristic procedures. The step 1 can be detailed as follows

Algorithm 2 Solving optimization problem (Algorithm 1 — Step 1)

. Aloe :=ProcSimple(Apax)
if Ajpe > 0 then
return A\,
else
return ProcRefined(Apyax)
end if

Oy O e W N

In "simple" procedure we use bisections with selecting always left subintervals to try to find
ascending part of F'(\).

Algorithm 3 Procedure ProcSimple(Apax)
Require: § > 0, Maxlter € N;

1: initialization: Aje := Amax;

2: while F(A\jpe —0) > F(Ajoe + 9) and MazxIter > 0 do
3 Aloc = Aloc/2;

4 Mazlter := MaxlIter — 1;

5: end while
6
7
8
9

. 1f MaxIter <0 then
. return 0

: end if

: return Ay

Refined procedure has the same steps, but it extends step 3 to make additional "backsteps" to
the right from current parameter value.
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Algorithm 4 Procedure ProcRefined(\yax)
Require: § > 0, Maxlter € N;
. initialization: Ape := Amax;
while F(\joc —0) > F(Njoe +9) and MaxIter > 0 do
Aback ‘=ProcRefinedBacksteps(,.)
if A\pger > 0 then
return Apgck
end if
Aloc 1= Aloc/2;
Mazlter := MaxIter — 1;
end while
if MaxIter <0 then
return 0
. end if
: return A

@OO\]C%U‘%DJ[\D»—‘

I e
w N = O

Algorithm 5 Procedure ProcRefinedBacksteps(\jo.)
Require: § > 0, Maxlter € N;

1: initialization: k := 1;

2: initialization: Apgek := Ajoe/2;

3: while F(Apger — 0) > F(Apaek +0) and k < MaxIter do
4: Aback = Aloc (1 - % (%)k>7

5: k:=k+ 1;

6: end while

7. if k > MaxlIter then

8 return 0

9: end if

10: return Apger

Note, that formula Apger = Aloc (1 — % (%)k) used in ProcRefinedBacksteps represents bi-

section, with choosing always right subinterval for next step with midpoint always shifted to the
left.

For Algorithm 1 step 2 we use standard bisections to find minimum with given precision.

9 MODIFICATIONS TO THE LOSS FUNCTION

We can see from Fig. 5.1 that to apply a simple bisection algorithm to find the minimum, we can
somehow eliminate the part "3" from the F'(\) graph. Experiments show that the part "2" can be
quite small, so capturing it through the stepped point movement (which resembles a "brute force"
search) described in Algorithm 2 can, in some cases, skip that "2" region, thus leading us to an
infinite loop (which we will technically stop by maximum iteration condition, resulting in stopping
the search). Additionally, when the ascending part of the graph is short and lies near the left side,
we have a long tail behaving like a convex function that converges to a horizontal asymptote. It is
not hard to see from the stabilization procedure that the function needs to have that asymptote.

To change the shape of the loss function, we propose using simple graph shifting. Note that
such a modification should not significantly change the minimum point of the function.

We can shift the graph in different ways.
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Algorithm 6 Solving optimization problem (Algorithm 1 - Step 2)
Require: § >0, Tol > 0, MaxIter € N;
1: initialization: a := 0;
2: initialization: b := Aj¢;
3: while b —a > Tol do
4: Amid = (ZT—H)
5: if F(/\mid — 5) < F(/\mid + (5) then
6
7
8
9

b = )\mid
else
a := Amid
. end if
10: end while
11: return A4

9.1 LINEAR SHIFTING

Let us introduce three points A\; = Apaz(i + 1)/4 for ¢ = 1,2, 3. Consider positive user-defined
constant "shifting factor" K which is relatively large. For example, we can use K = 10.
We define now linearly shifted loss function in the following manner

Hy()\) := F(\) + KXmax{|F'(\)|}2,.

In H; we just add linear function based on some slope coefficient, which we want to set much
greater than average slope coefficient on the tail part of the graph of F()\), to progressively com-
pensate and overcome the negative slope of the F'()).

To calculate F'()\;) we can just use finite difference approximation.

Note, that if we detect that any of the values F'()\;), i = 1,2,3 is greater than zero, we can
reassign Amqr to that value and start bisections algorithm for the corresponding interval.

9.2 (QUADRATIC SHIFTING

Another way of shifting is the following. As in previous case, if we detect that any of the values
F'(N\;), i = 1,2,3 is greater than zero, we can reassign A\pq. to that value and start bisections for
the corresponding interval. Otherwise, let us define values y; := F()\;), where \; are the same as
for linear shifting. K is also the same user-defined constant. Let us define

_ 16(2y2 — y1 — y3)

Kq = 2)\2 )

max

Cq = 2y1 — Y3 — Kq)\Q /2

maxr

If K, > 0 we fallback to usage of the linear shifting, otherwise we introduce auxiliary quadratic
function
Ky

?(Amaw - A)(Q)\ - )\max)

Q()\) = Cq — Y1 — (y3 - yl)(2>\ - Amax) -

)\ma:c

and define new loss function

Hy(\) = F(\) + KQ(N).

If we have a function F'()\) with a relatively larger maximum (see Fig. 5.1) between zones "2"
and "3", then the curvature of the function in zone "3" will also be larger. Applying linear shifting
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requires a larger shifting factor K, which can lead to greater changes in the minimum point of A to
the left. To overcome this effect, we first build a quadratic interpolation function g(A) that fits the
F(X) curve exactly at the points (A;, yi)?zl to approximately "capture" the curvature of F'(\) in its
tail zone "3". Then we consider the function Q(\) = K(g(0) — g()\)), which is defined as above.
It is, in fact, a vertically reflected function of g(A) that passes through the origin. This vertical
reflection is intended to compensate for the curvature of the descending part "3" of the F'(\) graph.

9.3 ROTATION-PROJECTION SHIFTING

The last approach is to apply a clockwise rotation to the coordinate system and then express the
function graph in terms of that rotated system. This rotation should compensate for the descending
part "3" of the graph of F'(\).

Consider a user-defined small positive angle . Let s consider the line y = —k\, where k := tan~
and y is the coordinate in which we show the values of F'(\). We will treat this line as the new,
rotated A axis. We can calculate the projection of the point (A, F'(A)) onto that line as follows

A—kF())
)\PTOJ()‘) = 1+ k2 )
FP”OJ' O‘) = _k)‘PTOj(/\)~

Now we define new loss function in the following way
Hp(A) = [[(A, F(X) = (Aproj (A), Fproj (M),

where we used Euclidean norm ||(y1, 2)|| := 1/ 7, ¥2 in the second term to calculate the distance
between the point and the rotated A axis.

10 NUMERICAL EXPERIMENTS

We consider two experiments: one for a 2D problem and another for a 1D problem. In both
cases, the main purpose of the experiment is to observe how the optimal A point changes when
different types of shifting are applied with various values of the parameters. For each case, we
provide the obtained optimal A. In both numerical examples, we used Runge-Kutta method for the
solution of obtained system of ODEs.

In the 1D experiment, we additionally provide graphs of the approximate solutions along with
the corresponding exact solution graph, as the 1D case is more illustrative. We also demonstrate
the influence of X in the 1D example.

Let us consider as example 2D problem data from [4]

Q=(0,1%pu=1,08xy) = (10°,10%),0 = 10%,

(10.1)
f(z,y) = 10° cos(4.5mx/2) cos(4.5my/2).

Table 10.1. Optimal parameter calculation results for the problem (10.1)

shifting type || K=10 | K=100 [ v =10° [ v =20° |

linear 20.117 | 20.117 - -
quadratic 20.117 | 20.117 - -
projection - - 20.117 | 20.117

We use Peyser = 5, making Ajqe = 400. The tolerance for finding optimal A is Az / 10%. Mesh
is quasi-uniform with maximum triangle area 0.005. Without shifting we found Agptimar = 20.117.
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With different types of shifting and with different values of parameters we obtained the data placed
in Table 10.1. The code is written in Python.

For solving linear systems we used standard function numpy.linalg.solve from NumPy lib, which
under the hood calls LAPACK routine "gesv". This routine uses LU factorization to solve the linear
system.

Obviously, due to tolerance selection as Apqaz/ 103, for all cases mentioned in Table 10.1 the
number of bisections is equal to 10.

By bolding, we indicate the cases where, after shifting, only the bisection algorithm was used
without additional steps to find the interval. As we can see, the minimum point does not change
with the application of different shifting strategies. This can be explained as follows. Despite
being singularly perturbed, this problem does not have a particularly "hard" singular perturbation.
Therefore, the optimal A is located close to the 0 point, making it less sensitive to those shifts, which
are progressive in the increasing A. We also observe that the algorithm’s behavior may depend on
the configurable constants.

Consider another example — similar 1D problem but with larger Pe number

Q=(0,1),p=1,3(x) =10* 0 = 102, f(z) = 10° cos(4.5mz). (10.2)

Computed Apmae = 103. We used uniform mesh with 20 elements. Obtained optimal
Aoptimal = 232.910. The same experiment data is shown in Table 10.2.

Table 10.2. Optimal parameter calculation results for problem (10.2)

shifting type | K=10 [ K=100 | y =10° | y = 20° |

linear 232.91 | 145.99 - -
quadratic 232.91 | 133.30 - -
projection - - 228.02 | 184.08

As in 2D example, we choose the tolerance for finding lambda, in the same way, as Amnaz/103,
making bisections count equal to 10.

For solving linear system we used Thomas algorithm, since obtained matrices are tridiagonal.

In all cases where shifting was applied, we obtained a function that has one extremum point,
meaning that only the bisection method was used to approximate that minimum point. We observe
that for larger values of Pe, the obtained A\ values are more sensitive to the shifting. For linear
and quadratic shifting with K = 100, as well as for projection shifting with a larger angle, we see
a decrease in the obtained parameter.

In Fig. 10.1, we present the finite element solution graphs for Table 10.2.

As we see on Fig. 10.1, the graphs of obtained finite element approximations uj (- ; Aoptimal) are
slightly different only around the last element near the boundary layer. Other part of the solution
still keep the same shape. Due to our recent ongoing investigation, we can combine h-adaptivity
with described stabilization, making the overall algorithm much less sensitive on the parameter
value, since we will neglect that by using adaptivity.

In general, introduced shifting strategies are comparable and can be used with some automatic
code, which will try different methods and use them appropriately on demand (as many popular
systems like Wolfram Mathematica do).

It is not clear what is the best way to choose parameters of the shifting. At least, we can see
from the experiments that there is way less ambiguity in selection of those parameters, rather then
manually selecting A. For now we leave the selection of those parameter to the researcher.
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Fig. 10.1. Finite element approximations of 1D problem with data (10.2) with different type
of shifting used (corresponding to Table 10.2). Dashed line represents exact, solution

11 ADVANTAGES OF THE METHOD AND GENERAL REMARKS

Nowadays, the primary and most commonly used approach to dealing with singularly perturbed
problems is mesh adaptation. This approach is widely adopted due to its universality. On the other
hand, the development of quantum computing has sparked natural interest in investigating the
possibility of combining it with the finite element method. Since the most computationally intensive
part of the finite element method is solving linear systems, it is natural to attempt to exploit the
currently available algorithms for solving linear systems on a quantum computer. Despite this,
the probabilistic nature of quantum computations, particularly wave function collapse, makes it
impossible to use the quantum linear solver directly in the same way as it is used in classical FEM
schemes. These and other related questions are extensively discussed in the articles [11,12].

The main point regarding the quantum linear solver is that the solution is encoded in the
amplitudes of the quantum state. Thus, we can obtain some integral quantity by measuring, but
not the entire vector of all individual amplitudes at once.

To overcome the oscillatory nature of the solution to the singularly perturbed problem, a typical
adaptive scheme implements a loop of mesh refinement. In each iteration, we calculate the finite
element solution on the current mesh by leveraging a linear solver. Then, we find the distribution of
error indicators and refine the mesh based on that. In the next iteration, we start with the solution
on the new, refined mesh, and so on. The process finishes when some stopping criterion, based on
a posteriori error estimate, is met.

For the researcher, each of the intermediate steps of the adaptive scheme may not be interesting.
Despite this, we still need to have the entire set of individual nodal values at each step, since we need
to compute per-element error indicators based on the local values of the finite element solutions.
Moreover, we need to implement a comparison procedure to select the appropriate subset of elements
based on their error indicator values. Therefore, the direct use of the HHL algorithm in adaptive
schemes seems impractical.
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In the proposed Algorithm 1, similarly to adaptive schemes, we also have a loop, at each step of
which we need to compute the value of the loss function F'()\) and the approximation uy (-; ). As
discussed previously, we can leverage the HHL algorithm together with the SWAP test to compute
the value of F'(\). Thus, the value of the loss function is the only quantity based on the finite
element solution uj (-;A) that we wish to extract at each step. Therefore, we definitely do not need
to extract the entire vector of nodal values at the intermediate steps. Only in the final step we need
to solve the FEM linear system on a classical computer to provide the researcher with the solution.
Note that, due to the use of a fixed coarse mesh, the dimension of the linear system in the final step
will be the same as in the initial step of the adaptive algorithm, making the proposed algorithm
more computationally efficient even in the classic sense.

Thus, in the proposed algorithm, each of the intermediate linear slover steps for obtaining the
finite element solution can be implemented on a quantum computer, which is its main advantage
compared to the most widely used adaptive schemes.

It is important to note that the implementation of this algorithm on a real quantum computer
is not yet practical due to limited resources. The currently available number of qubits in existing
hardware is insufficient to handle computations for real problems. Additionally, implementing
error-tolerant computations with error-correcting codes presents challenges due to the large depth
of overall circuits and the relatively short lifespan of quantum states.

One general note on the asymptotic number of steps that the algorithm will take: due to the
expression of the form (5.2), we can see that the overall number of steps will be O(log(Pe)).

12 DRAWBACKS OF THE ALGORITHM AND NOTES ON ERROR ESTIMATES

We encounter three main drawbacks of the algorithm.

The first drawback of the algorithm is that it is heuristic. Despite all the steps being logically
derived and making sense, there is no strict proof of the structure of the graph of the loss function.

The second drawback is that by using coarse meshes, we cannot fit the approximation to the
thin boundary layer. We would say this is not a drawback, but rather a property of the stabilization
scheme, which by definition uses a fixzed mesh with a low element count. Further improvement of the
approximation is achieved not through mesh adaptation, but by changing the variational problem
with added penalizing terms. This limitation can be mitigated by the limited use of h-adaptivity
in combination with the described algorithm, and this is a topic of our ongoing research, with some
results currently under review.

The last drawback is the absence of general a priori estimates for the stabilization procedure
itself. So far, we have not derived any a priori estimates. Despite this, in the same ongoing research,
we have derived some special a posteriori error estimates to guide the combined stabilization-
adaptation process. In short, those estimates combine the standard technique of obtaining residual-
based estimates simultaneously with two variational problems, (2.2) and (3.2), to yield a single
vector of per-element error indicators.

13 CONCLUSIONS

In this article, we constructed a modified heuristic procedure for finding the optimal value of the
regularization parameter for a certain stabilized finite element scheme. We proposed three similar
shifting strategies to improve the structure of the loss function and prevent the overall procedure
from entering infinite loops.

Numerical results are provided for both 2D and 1D problems.
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