PANM 22

Adam Razi¢ka; David Hordk
Comparison of preconditioning and deflation techniques of FETI methods for problem of 2D linear
elasticity

In: Jan Chleboun and Jan PapeZ and Karel Segeth and Jakub Sistek and Tomas Vejchodsky (eds.): Programs and
Algorithms of Numerical Mathematics, Proceedings of Seminar. Hejnice, June 23-28, 2024. , Prague, 2025.
pp. 137-148.

Persistent URL: http://dml.cz/dmlcz/703225

Terms of use:

Institute of Mathematics of the Czech Academy of Sciences provides access to digitized documents strictly for
personal use. Each copy of any part of this document must contain these Terms of use.

This document has been digitized, optimized for electronic delivery and stamped with
digital signature within the project DML-CZ: The Czech Digital Mathematics Library
\J http://dml.cz


http://dml.cz/dmlcz/703225
http://dml.cz

Programs and Algorithms of Numerical Mathematics 22
J. Chleboun, J. Papez, K. Segeth, J. Sistek, T. Vejchodsky (Eds.)
Institute of Mathematics CAS, Prague 2025

COMPARISON OF PRECONDITIONING AND DEFLATION
TECHNIQUES OF FETI METHODS FOR PROBLEM
OF 2D LINEAR ELASTICITY

Adam Ruzicka'?, David Horak!?

! Department of Applied Mathematics, FEECS, VSB-TUO
17. listopadu 2172/15, Ostrava, Czech Republic
adam.ruzicka.st@Qvsb.cz, david.horak@vsb.cz

2 Institute of Geonics, Czech Academy of Sciences
Studentskd 1768/9, Ostrava, Czech Republic

Abstract: This paper deals with the basic preconditioning and deflation vari-
ants of the FETI-1 and TFETI-1 methods, with (T)FETI-1 with deflation
being called (T)FETI-2. It also presents the results of numerical experiments
performed on a simple benchmark 2D problem of linear elasticity to compare
the computational efficiency of FETI-1 and TFETI-1 and each variant of their
preconditioning or deflation in terms of number of executed CG iterations.
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1. Introduction

The Finite element tearing and interconnecting (FETI) methods are probably
the most commonly used domain decomposition methods for a parallel numerical
solution of PDEs. In Section 2, the mathematical formulations of basic FETI meth-
ods: FETI-1 and TFETI-1 are presented. The basic ways of their preconditioning
are introduced in Section 3. In Section 4, the principle of the deflated conjugate
gradient method is presented. In Section 5, mathematical formulations of applied
methods of deflation are introduced. In Section 6, the results of numerical exper-
iments performed on the simple benchmark 2D FEM-discretized problem of linear
elasticity are presented.

2. FETI-1 and TFETI-1 methods

In all methods of the FETI-type, the global problem of linear elasticity discretized
by FEM, defined on discretized linear elastic domain, is decomposed into several
local problems defined on non-overlapping subdomains which are then glued via
conditions of displacements continuity across their mutual interfaces, which leads to
the constrained minimization problem of quadratic programming [1]:
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min (1/2)u" Ku —u”f st. Bu=o (1)
K:dlag(Kl Kz KN5)7 K € R (2>
wu=[ul oul G ] f= [T T R w e RV fERDT(3)

where blocks K, u;, f; are blocks associated with ¢th subdomain denoting its stiffness
matrix, vector of deformation parameters of nodes of the subdomain, and vector of
external loading concentrated into the subdomains nodes.

Equality conditions: Bu = o, B € R™*" ensure the continuity of node dis-
placements by gluing its subdomains on their interfaces. The Dirichlet boundary
conditions (BCs) are prescribed by modifying K and f in corresponding columns
and rows (FETI-1), or by adding Dirichlet BCs to the problem constraints expressed
by Bu = o (TFETI-1). The constraints Bu = o are then enforced by the vector of
Lagrange multipliers \, where A\ € R™*1,

Problem (1) can be expressed as the following saddle-point problem:

K BT u f
5 o l[3]-10] 8
The vector of solution u can be expressed from the first equation in (4)

U=tk +uker = K7(f = B'A) + Ra, RER™", a e R™ (5)

where KT is some form of a generalized inverse of K, and R is the matrix whose
columns are the basis of KerK, so it should also hold: RT(f — BT)\) = o.
Dualizing this problem and using the standard FETI notation [2]:

F=BK'BT;d=BK"f;G=—-RT'BT:e = —RT¥, (6)

the following problem is obtained:
F GT A d
e o ][a]-1F] "
After homogenizing: G\ = e using \g = GT(GGT)_le, Ao € ImG”, the remaining
part of A is p in KerG, and the following minimization problem is obtained [2]:
min (1/2) p" Fu — p* (d — FXo) s.t. Gu = o. (8)
The equality constraint can be enforced by dual penalty or more efficiently by the
orthogonal projector P onto Ker G, P € R™*™ [2]:
P=1-G"GG")'q, (9)
so that the minimization problem is equivalent to the problem of finding the solution
z of the system of linear equations

Az =b;A= PFP;z = u;b=P(d— F\y), (10)

which is solved iteratively, typically by the conjugate gradients (CG).
The primal solution @ can be reconstructed as follows: [2]

a= (GG 'G(d—F(+7); u=K"(f —B"(\+7))+ Ra.  (11)
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3. Preconditiong and preconditioned conjugate gradients (PCG) method

There exist two basic FETI preconditioners for FETI-1 and TFETI-1, both ap-
proximating the inverse of the matrix F'. To assemble these preconditioners, the
stiffness matrix K has to be divided into 4 blocks [3]:

o= |k k] 12
where K;;, and K, are composed of elements of K associated with subdomains’
internal, respectively boundary nodes, etc. Likewise, the gluing matrix B should be
divided into blocks B; and By: B = [Bi Bb]. The block B;, associated with internal
nodes of subdomains, is always a zero matrix, since the conditions of equality of the
deformation parameters, respectively Dirichlet BCs of the problem, are expressed
only between or for boundary nodes of the subdomains.

3.1. Dirichlet preconditioner (DP)
The Dirichlet preconditioner is expressed as follows [3]:

O O
O Sw

where Sy, is the Schur complement of the block Kj;.

_ BT _
FP - [B; By) { ] { B;T] = BySwBi, Sy, = Ky — K, K;;* K, (13)

3.2. Lumped preconditioner (LP)

The matrix of the lumped preconditioner is an approximation of the Dirichlet

one with only the first term in the relation for computation of Sy, used [3]:
1 O O][BF Ki; Kyl [BF

Ff = [Bi By [0 Kbb] { B;T} = [B; B { KT Kblj { BZT} = BKBT. (14)
The lumped preconditioner is less accurate and less optimal approximation of the
inverse of F', so its effect as a preconditioner on improving the spectral properties of
the system matrix and reducing the number of PCG iterations is smaller than with
the Dirichlet preconditioner, but its computation is significantly cheaper [3].

4. Deflation and deflated conjugate gradient (DCG) method

When solving the system of equations Ax = b using the CG method, the kth ap-
proximation xj of the solution vector is found as the minimizer of quadratic function
f(x) = $2T Az — 27 over the kth Krylov subspace Ky (A, ).

The basic idea of the DCG method is to enrich the Krylov subspace Ky by some
subspace W, the so-called deflation subspace. If W is defined conveniently, a faster
convergence of the CG method, solving the system, can be anticipated [4], [5].

Let the subspace W be spanned by column vectors w; forming the matrix W:

W=[w ... wj ... wy] (15)

then the projector Pp on A-conjugate complement of the deflation subspace W can
be formulated as follows [4], [5]:
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Pp=1-QA=1-WW'AW)'wTA. (16)

In the DCG method, the process of a solution can be split into 2 parts: solution on
the deflation subspace W and solution on its A-conjugate complement. It is achieved
using the fact that in a classical CG method it holds that the vector rj of the residual
in the kth iteration is orthogonal to kth Krylov subspace Kx(A, ), over which the
quadratic functional f(z) is minimized in the kth iteration [4], [5].

If some arbitrary initial guess x_; is given, then the corresponding vector of
residual is r_1 = b — Ax_4, and the correction xy of the initial guess in the deflation
subspace W is then computed as follows [4], [5]:

To=0 1+Qry=x_ +WWIAW)'Whr_,. (17)

If the last equation is multiplied by W7 A from the left, then
WTAzg = WHAz_, + WTAW (WTAW) "W (b — Ax_,) (18)
WTb — W' Azg = Whr, = o, (19)

so that the vector ry corresponding to x satisfies the condition of its orthogonality
to W, i.e., it has no components in W, and thus xzq is the exact solution in W.

If columns of the deflation matrix W are exact eigenvectors of the system matrix
A computed in exact arithmetics, it holds: W7A = AW, where A is a diagonal
matrix with eigenvalues of A, with the kth entry corresponding to the kth column
of W, i.e., to the kth of the chosen eigenvectors. Thus, in such case also the kth
Krylov subspace Kj(A,rg) is orthogonal to W since WT Ak~1 = AR=1))/T,

Since the residual ry in the kth iteration of the CG method belongs to Kx11(A, ro),
k=0,1,..., then r; is orthogonal to and thus has no components in W.

However, since the computations in reality cannot be performed in exact arith-
metic and W generally does not consist of exact eigenvectors of A, the residual 7
is not A-conjugate to W, in general. Thus, conjugate directions p; are generally
not A-conjugate to W since in standard CG it holds: pyy1 = 7541 + Brr1pr, which
is a problem since the approximations xj, of a solution are searched only on the A-
conjugate complement of V. Thus, some sort of correction has to be performed in
the iteration process to make the vectors py A-conjugate to W, so that the approxi-
mations xj are searched only in the A-conjugate complement of W.

The correction is performed in a way that in relation used to compute the vector
pr in the standard CG method, the vector of residual r; is projected onto the A-
conjugate complement of W, by multiplying it by the projector Pp defined in (16),
so the relations for computing py and pgy1, £ =0,1,... get the following form:

po = Ppro; pra1 = PpTiy1 + Ber1Pe- (20)
By ensuring that the approximations x; of the solution during the iterative process
of DCG are searched only on the A-conjugate complement of the deflation sub-
space W, the required splitting of the solution into components on W (in the form

of correction of the initial guess) and on its A-conjugate complement is achieved.
The CG, PCG, and DCG algorithms are presented in Table 1.
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CG

PCG

DCG

Input : A, b, 29,k =0

ro = b— AiE()

Pbo=To
while (some ending criterium)
s = Apy,
ar = (rire)/(s"pr)
Th+1 = Tk + QkPk
Tk4+1 =Tk — LS

Br+1 = (r,fﬂmﬂ)/(?“fm)
Ph+1 = Tht1 + Brt1Pk
Output : x

Input : A, b,x9, M1, k=0

To = b— Axo
20 = M717’0
Po = <0

while (some ending criterium)
s = Apg
ay, = (rf ) /(s pr)
Tht1 = T + QkPk
Tk4+1 =Tk — QS
Zhp1 = M g
Brrr = (rf 1 2w1)/ (1 21)
Ph+1 = 2k+1 + Br+1Dk
Output : xg

Input: A,b,z_1, W, k=0
Q=wwTaw)-twt
Pp=1-QA
r_1=b—Ax_y

ro =21+ Qr

rog =b— Axg

po = Ppro
while (some ending criterium)
s = Apy,
ag = (rgri)/(s"pr)
Th+1 = Tk + QkPk
Tk+1 =Tk — OkS

Br+1 = (T‘g+17‘k+1)/(7"kTTk)
Pr+1 = Ppris1 + Brrap
Output : xg

Table 1: CG, PCG and DCG algorithms

5. (T)FETI-2 — deflated variant of (T)FETI-1

In this section, it is considered that deflation is applied on the CG method solv-
ing the final system of equations obtained by decomposition of the FEM-discretized
problem of 2D linear elasticity by (T)FETI-1. It is also presumed that both the dis-
cretization and decomposition of the analyzed linear elastic domain are conforming.

5.1. Deflation by equality of displacements in corner nodes (CE)

Equation Beu = o expresses the equality conditions of the corresponding dis-
placement components of mutually corresponding corner nodes on the interfaces of
neighbouring subdomains in two perpendicular directions x and y.

Since conditions Bou = o are already included in conditions Bu = o using the
matrix B, the matrix Bo can be obtained by splitting B into two parts as follows
B=[BL B;ﬂT, with Bp expressing the equality conditions of displacements of the
remaining nodes by Bru = o, which are not in corners of subdomains.

The deflation matrix W is: W = BBL = [BL BHT BL = [BeBL BCBﬂT =
[BeBE OT]T, where in case of orthonormal rows of B it holds: W = [/ OT}T.

5.2. Deflation by equality of the displacement averages and by moment
equilibrium of gluing forces on subdomains’ interfaces

In this method of defining the deflation subspace W, at first the matrix B4 has
to be defined. This matrix will be divided into two vertical blocks By 4 and B4y,
ie. By = [Bj 4 Bng}T for purposes of following formulations.

141



The block B4 _4 in the relation B4 q4u = o expresses the conditions enforcing the
equality of the averages of values of displacement components of each node along
opposite sides of each corresponding interface of 2 subdomains.

The block B4 s is used to express the conditions of moment equilibrium of the
force system of solitary forces of contributions of the notional total gluing force,
acting on the interfaces of two subdomains, distributed continuously and uniformly
along their length, as contributions concentrated in each corresponding node on
either side of the interface, with the total force distributed uniformly (averaged)
among the contributions, in terms of their magnitude and direction. The moments
of the forces of contributions concentrated in corresponding nodes are all related to
the same reference point, here always the point with the global coordinates [0,0].

The moment of the corresponding component, in direction of axis x, or y, of the
solitary force of corresponding contribution of the total gluing force, concentrated
into the node on interface, denoted as 12, of two subdomains: 1 and 2, related to
the point [0,0] is equal to the corresponding element of the vector of the product of
transpose of the corresponding row of matrix B4 s, with the corresponding element,
denoted e.g. as Aa_ng, of the vector Ay s, where sum of all the elements of the
product equals zero, i.e., the moment equilibrium of the force system is ensured.

The deflation matrix W is computed as W = BBY.

5.2.1. Conditions of averages equality (AE)

The formulation of the conditions of equality of averages of displacement compo-
nents in two directions x and y, of nodes lying along opposite sides of the interface,
denoted as 12, of two subdomains: 1 and 2, of decomposed domain, is following;:

1 RS
T E ;ulkz - u2k,z = 07y : E ;u;lky - u2kfi’/ = 0’ (21>

where n is the number of nodes on side of the interface and w2 ha(y) is the displace-
ment component of the k-th node in the z(y) direction. The structure of the two
corresponding rows of the B4 4 matrix expressing these two conditions is then:

1 11,3: 1Ly lk,x 1k:,y ln,:c ln,y 21,9c 21,y Qk,x 2k,y 2n,:c 271,4/
-lo1 0 -1 0 -1 0O-1 0 -1 0 -+ -1 0 O] (22)
"too 1 -0 1 -0 1060 -1--+ 0 —-1-- 0 =10

The conditions of equality of displacement averages on the interface are implicitly
also the conditions of equilibrium of the force system of solitary forces of discrete
contributions of the total gluing force into corresponding nodes on that interface.

5.2.2. Conditions of moment equilibrium (ME)

The condition of moment equilibrium of the discrete contributions of the total
gluing force acting along entire length of the interface 12 of two subdomains: 1 and 2,
concentrated and uniformly distributed in each node on either corresponding side of
the interface, with moments all related to the reference point [0,0], is enforced using
the corresponding row of B4 j; of the following structure:
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11,.% ll,y lk,'r 1k',y 171,,r 1n,y 21,27 214/ Zk,:c 2k,y 2n,.'1c 2n,y (23)
O -y1 x1 -+ =y Tk~ —Yn Tn O Y1 —x1  Yp Tk 0 Yo —Typ O
where, z(y)1(k,n) is the z(y)-coordinate, in the global coordinate system, belonging
to the first (k-th, last) node on each side of the interface.

5.3. Deflation by the eigenvectors of the system matrix (EIG)

As it was mentioned in Section 4 concerning the DCG method, the deflation
matrix W should be in an ideal case composed of the (exact) eigenvectors of the
system matrix A. If the columns W are exact eigenvectors of the system matrix A
computed in exact arithmetic, then WTA = Ay, W7, where Ay, is a diagonal matrix
with eigenvalues of A, where the kth diagonal entry (kth eigenvalue) corresponds to
the kth column of W.

To achieve the desired effect of deflation in significantly improving the spectral
properties of the spectral operator PpA in the iterative process of the DCG method,
and thus speeding up convergence of the iterative process, the eigenvectors of the
matrix A that slow down convergence the most should be deflated, which are usually
those corresponding to the extremal, usually the lowest, eigenvalues of A. If the
eigenvectors of A, which form W, are favourably selected, then the desired effect of
deflation can be reached for a relatively small number of eigenvectors of A, which
leads to a small matrix W7 AW of the coarse problem (CP) in the DCG method and
thus to a computationally cheap solution of CP [4], [5].

However, the process of obtaining the eigenvalues and eigenvectors is generally
very costly, and thus the solution of the system of linear algebraic equations Ax = b
by the CG method with a good preconditioner is often faster, in terms of the total
time needed for the assembly of the preconditioner, or the deflation matrix, and the
subsequent solution of the system using the PCG, or DCG method.

5.4. Deflation by discrete wavelet transform (DWT)

In the following text, it is considered that the discrete Haar wavelet, as the
structurally simplest, is applied during the DWT. The Haar wavelet has two filters,
the “low-frequency” and “high-frequency”, which are used to obtain the components
of some signal corresponding to the low /high frequencies.

The process of splitting 1D signal, represented by vector x, into its low- and high-
frequency components, is in kth level of forward DW'T represented by decomposition
of the vector ay_q, with ap = x, lying in so-called (k — 1)th discretized scaling sub-
space Vi_1, on its so-called approximation coefficients a;, (corresponding to the lower
frequencies), lying in kth discretized scaling subspace Vj, and detailed coefficients d,
(higher frequencies), in so-called kth discretized wavelet subspace W, as orthogonal
complement of Vi in V},_4, is carried out by the gradual application of corresponding
orthogonal projectors Hy (from Vi_; onto Vi) and Gy (from Vj_; onto Wy).

This means that in the k-th level, where k = 1,..., M, with M being the given
chosen total number of levels of DW'T performed, it holds:
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ap = Hkak_l, dk == Glak_l, [ Caik :| = |: gk :| Qp—1- (24)
k k
Thus the vector aps obtained after M compressions (M levels of forward DWT)
applied on the vector x, of length equal to N/2™ or to its closest higher or lower
integer to N/2M _ of original signal « (of length N) can be expressed using the matrix
H of the total projector from the space Vy = [?(N) to the V), in the following way:

CLM:HMHM_l...Hk...HQHll’:HZE. (25)

The inverse DW'T of a,, is then given by multiplication of ay; by transpose of H,
i.e. by H”, where the vector obtained by applying M levels of inverse DWT using
HT on the vector obtained by M levels of DWT on  using matrix H, only the trend
part of the signal represented by x is preserved.

If DWT is applied to square matrices A in order to obtain only its components
corresponding to its lower eigenvalues, the projector H is applied to the columns and
its transpose H” on transformed rows, so that the matrix obtained by 2D FDWT of
A is a matrix Ap = HAH". The deflation matrix W is obtained as W = H7.

The matrix Hj, of the orthogonal projector from Vj_; onto Vj has structure:

11100
Hk—\/ﬁl 001 1" ] (26)

The vector (matrix) on which the projector Hy, without modification, is applied
at the kth level of DWT must have the length (dimensions) divisible by 2. If it does
not hold, then some adjustment of the structure of Hy has to be performed; see [6].

In numerical experiments, the case where the structure of matrix of orthogonal
projector Hy was adjusted with regard to the fact that 2D decomposed discretized
problem of linear elasticity is solved in a following way (27), was also tested:

1 [ 1010
Hypop = —
ﬁ[ 0101

so that HQD = HM,2DHM—1,2D N Hl,?D and WQD = H2TD

; (27)

5.5. Deflation by discrete Fourier transform (DFT)

DFT of some vector x € [*(N) is in fact the computation of its coordinate vector
¢ in complex orthonormal discrete Fourier basis of the vector space [?(N). The kth
component ¢, of the vector ¢ as the DFT of the vector x can be computed as the
complex inner product of x, with the kth Fourier basis vector having the structure:

1 . , , T
F. = 1 e27TZ/N k... 627rz/N nk . 627rz/N (N-1)k ) 28
F= % [ 1 ) ( ) ( ) ] (28)
The deflation matrix W is then composed of the first M vectors Fj, of a discrete
Fourier basis, where £ = 0,1,..., M — 1 as follows:
W:[FD F o Fyo-e FM—l]- (29)
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The deflation matrix W can again have its structure adjusted with regard to
solution of 2D elasticity problem, where the block Fjop of the deflation matrix W,
replacing the kth discrete Fourier basis vector, is constructed using kth discrete
Fourier basis vector of the vector space [?(N/2), and it has the following structure:

) 2mi(nk) 2mi(N/2—1)k T
1 0 --- e N2 0 o€ N/2 0
Fk,2D = = 2mi(nk) 27i(N/2—1)k (30>
vN o 1 --- 0 e NZ o ... 0 e Nz

The deflation matrix, with structure adjusted with regard to solving the 2D decom-
posed discretized problem of linear elasticity, denoted as Wsp, is defined as follows:

Wop = | Foep Fiop -+ Fiap -+ Fu—12p |- (31)

5.6. Deflation by discrete cosine transform (DCT)

DCT works on similar principle as DFT, only the complex discrete Fourier basis
is replaced by real discrete cosine basis, whose kth vector has following structure:

R . BUE RS TCTEI O ERPSIEIES e

and the deflation matrix W is then composed of the first M vectors of this discrete
cosine basis Cy, k=0,1,.... M —1:

W:[CO ¢y - Gy o--- C’M,l]. (33)
The structure of the deflation matrix W, respectively of the vectors C}, as the columns
of W can be again adjusted with regard to solving 2D problem of elasticity

T

5 s cos (n+1/2)kn 0 N
Chop = 4| 20 N/2 ,n=0,1,...,——1, (34
k,2D N/2 o 0 cos (n+1/2)kn 2 ( )
N/2
resulting in Wsp with the structure:
Wap = [ Coep Cigp -+ Crap -+ Cum-12p ] : (35)

6. Numerical experiments

As the benchmark problem used in numerical experiments, model 2D linear
elasticity problem, see Fig. 1, defined on 2D linear elastic domain, decomposed
into (1/H)? identical square non-overlapping subdomains with edge lengths H =
1/2,1/4,1/8,1/16, was chosen. The subdomains were discretized by 2D identical
finite elements of shape of isoscleses right-angled triangle with length h. There are
presented the results of numerical experiments only for value of the ratio H/h = 8.

All algorithms were implemented and numerical experiments were performed in
Matlab, as the stopping criteria was used: ||rg|| < €||b||, where always: € = 1079,
and the initial guess xy was always zero vector.

Table 2 presents the corresponding dimensions of the problems for given H using
FETI-1/TFETI-1. The dimensions of the deflation subspace W for each tested
variant of deflation are presented in Table 3 .
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thickness=1  Domain Q

Continuously uniformly distributed
force loading in plane x-y:
f(x,y)=(0;-100)
Problem of plane strain
Linear elastic material of domain,

with elastic constants:
E=10"5 MPa; v =0,3

| X 1

(a) Definition of the problem (b) Solution of the problem

Figure 1: The benchmark: 2D problem of linear elasticity

H 1/2 1/4 1/8 1/16
Primal dimension 648 2592 10368 41472
Dual dimension (dim(A)) 70/104 414/480 1918/2048 8190/8448
dim(KerK) = (dim(KerA) 6/12 36/48 168/192 720/768
rank(A) = dim(A) — dim(KerA) 64/92 378/432 1750/1856 7470/7680
Table 2: Problems dimensions (A = PFP, H/h = 38)
H 1/2 1/4 1/8 1/16
CE1/CE2 6/14 54/78 294/350 1350/1470
AE/AE+ME 8/12 48/72 224/336 960/1440
EIG 1/2/4/.../32/64  1/2/.../256/378  1/2/.../1024/1750  1/2/.../2048/4096
~ DWT1 36/18/10/6 208/104/52/26 960/480/240/120  4096/2048/1024/512
E DWT2 35/18/9/5 207/104/52/26 959,/480,/240/120 40952048 /1024
2 DFT1 2/4/8/.../32/64  2/4/.../256/378  2/4/.../1024/1734  2/4/.../2048/4096
DFT2 1/2/4/.../32/64  1/2/.../256/376  1/2/.../1024/1728  1/2/.../2048/4096
DCT! 2/4/8/.../32/64  2/4/.../256/3T8  2/4/.../1024/1738  2/4/.../2048/4096
DCT?2 1/2/4/.../32/64  1/2/.../256/376  1/2/.../1024/1730  1/2/.../2048/4096
CE1/CE2/CE3 6/14/16 54/78/84 294/350/364 1350/1470/1500
AE/AE+ME 8/12 48/72 224/336 960/1440
EIG 1/2/4/.../64/92  1/2/.../256/432  1/2/.../1024/1856  1/2/.../2048/4096
) DWT1 52/26/14/8 240/120/60/30 1024/512/256/128  4224/2112/1056/528
% DWT2 52/26/13/7 240/120/60/30 1024/512/256/128  4224/2112/1056/528
E DFT1 2/4/8/.../64/92  2/4/.../256/432  2/4/.../1024/1854  2/4/.../2048/4096
DFT2 1/2/4/.../64/92  1/2/.../256/432  1/2/.../1024/1854  1/2/.../2048/4096
DCT!1 2/4/8/.../64/92  2/4/.../256/432  2/4/.../1024/1854  2/4/.../2048/4096
DCT2 1/2/4/.../64/92  1/2/.../256/432  1/2/.../1024/1855  1/2/.../2048/4096

Table 3: Dimensions of the deflation subspaces

The numbers of performed iterations of (P)CG method with no, lumped and
Dirichlet preconditioners, and of the DCG method for each tested variant of deflation,
solving the system of equations obtained by (T)FETI-1, are depicted in Table 4.
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H 1/2 1/4 1/8 1/16
FETI-1 (NO/LP/DP)  23/14/8 37/20/13 45/24/17 56/29/25
TFETI-1 (NO/LP/DP)  25/14/8 34/16/8 34/16/11 33/16/11
CE1/CE2 18/15 22/20 25/24 26/26
AE/AE+ME 16/14 24/20 25/21 26/22
EIG 28/23/19/  46/46/47/32/27/ 56/56/56/58/44/29/ 72/70/70/70/62/52/
16/12/7/0 22/15/9/6/0 27/22/15/10/6/0 29/28/27/22/16/11/7
DWTI1 25/21/13/9 53/36/19/11 67/49/27/15 89/61/34/16
~ DWT2 22/18/15/— 38/29/26/— 49/36/32/— 62/48/35/—
E DFT1 27/26/19/  62/5954/2262/1079 74/7186/—/8522/9267 95/—/—/—/~/—/~/
= 15/13/0 /215/49/23/16/0 /~/2285/148/46/23 /5 —/-/231/61/33
DFT2 28/1029/640 58/5183/—/6069/5471 67/7443/T904/8719/9251/  84/7788/9757/7437/9456/
/5T/24/17/0  /3946/335/54/14/2  9190/8404/-/1193/134/25/7 9979/~ //—/—/2799/308/33
DCTI1 29/23/19/ 59/80/102/66/ 74/98/213/221/236/ 93/140/231/242/238/280
13/8/0 44/29/16/8/0 238/116/50/25/13 /4 /289/336/343/70/33/15
DCT2 27/34/32/  57/67/114/103/110  66/85/148/148/156/155  87/108/155/165/165/182/
23/19/15/0  /75/49/30/19/2 /165/191/102/47/24/7  198/211/231/261/169/69/30
CE1/CE2/CE3  23/19/18 26/22/20 28/24/20 28/25/20
AE/AE+ME 22/21 30/27 31/28 31/29
EIG 25/24/22/19  33/33/32/31/29/ 34/34/33/33/33/32/ 33/33/33/33/33/33/
/16/11/7/0 24/17/12/8/0 30/25/17/12/8/0 33/32/30/25/18/13/8
DWTI1 22/19/15/10  31/25/17/11 32/26/18/11 32/28/18/11
o DWT?2 22/19/17/- 29/26/25 31/28/27/- 31/29/27/-
= DFT1 25/25/21/ 33/34/33/33/ 34/34/34/34/34/ 34/34/34/34/34/34/
2 19/16/13/0  31/23/21/19/0 34/33/24/22/20/2 34/34/33/28/23/22
DFT2 25/24/23/22  33/33/33/33/32/ 34/34/34/34/34/34/ 33/33/33/33/33/33/
/21/18/10/0  29/29/27/16/0 33/30/30/30/20/2 33/33/33/30/30/30/25
DCT1 25/23/21/ 33/33/33/32/ 34/34/34/33/33/ 34/33/34/34/34/34/
18/12/7/0 30/22/14/9/0 33/32/25/15/10/2 33/33/33/29/18/10
DCT?2 25/24/23/21  33/33/33/33/31/ 34/34/34/34/33/33/ 33/33/33/33/33/33/
J18/17/12/0  28/25/24/18/0 33/30/27/25/22/1 33/33/33/31/29/26/22
Table 4: Number of performed iterations of the (P)CG and DCG methods
In numerical experiments the following variants of deflation were tested:
e CE1 (CE with displacement equality conditions between corner nodes on the bound-

ary of the domain not included in W), CE2 (CE with conditions between corner
nodes on the domain boundary included), CE3 (only TFETI-2 — CE2 + Dirichlet
BCs assigned in corner nodes on the domain boundary),

AE (with displacement components of no corner nodes on the interface included
into the computation of averages on the interface), AE+ME ((T)FETI-2 — with no
corner nodes of interface included into averages, solitary forces of contributions of
total gluing force concentrated into the corner nodes on the domain boundary in case
of FETI-2, inside the domain in case of TFETI-2, not included)

EIG1 (deflation by a given number of eigenvectors of the system matrix A),

DWT1 and DWT?2 (4/3/2/1 levels of 2D DWT applied on A with and without the
modification of W with regard to solving 2D problem of elastictity),
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e DFT1, DFT2 (deflation by first M vectors of discrete Fourier basis with and with-
out the modification of W with regard to solving 2D problem of elastictity),

e DCT1, DCT2 (deflation by first M vectors of discrete cosine basis with and without
the modification of W with regard to solving 2D problem of elastictity),

7. Conclusion

This paper provides experimental evidence of an effect of standard FETI-1 and
TFETI-1 preconditioners and various types of deflation resulting in FETI-2 and
TFETI-2 variants for a model 2D linear elasticity problem. This effect consider-
ing the numbers of iterations should always be taken into account with its costs.
A detailed analysis in parallel environment is work in progress.

It should be mentioned that the benchmark 2D plane strain linear elasticity
problem discretized by FEM on which the numerical experiments were performed
was well-conditioned and thus the effect of the deflation was not that significant.
If deflation were applied, for example, to a decomposed problem of linear elasticity
with plates or shells, or to a decomposed problem without dualization, the effect of
the deflation would be even more considerable. A more significant effect of deflation
could also appear in the case of nonconforming and irregular subdomains’ meshes
resulting in a worse conditioned system matrix.
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