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SUMMARY

We present a new method to compress and invert 3D integral operators on rectangular non-regular
grids. This method requires a small amount of memory to store the compressed matrix and in most
cases can provide a good preconditioner for the solution of linear systems with this matrix. We
demonstrate efficiency of this method for the solution of some model discrete problems associated with
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where A(Z,§) such as is considered on a non-regular grid. The arithmetical complexity of

1z — 9l
matrix-vector and preconditioner-vector multiplications are about N*/? operations and there are only

about N?/3 words of memory to store.
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1. INTRODUCTION

We discuss the approximation by small-rank structures of matrices generated by integral
operators on rectangular non-regular grids. The grid is a parallelepiped with different lengths
of edges as shown in Fig. 1. This problem is important because the integral operator generates
dense matrices — if we have a 3D problem on the N = n X n X n mesh, the matrix elements
need n® words of memory. If the integral operator depends only on the distance such as

1
|z -yl
and the regular grid is used, then it is possible to use a Toeplitz structure of this matrix and
store this matrix in n® words of memory and multiply it for n>log, n arithmetical operations.
Nowadays there are several well known approaches working with different types of integral
operators: the multipole method of Rokhlin [1], the mosaic-skeleton approximation method of

Received 5 Oct 2001
Copyright © 2002 John Wiley & Sons, Ltd. Revised 25 Feb 2002



2 ILGHIZ IBRAGHIMOV

Figure 1. An example of a rectangular non-regular grid.

Tyrtyshnikov [2], the panel-clustering method [3, 4] and H-matrix approach [5, 6] of Hackbusch
and some other methods [7, 8]. All these methods are based on the idea of splitting discrete
matrices generated by the integral operator to the set of blocks with a small rank, then each
block is decomposed to factors by SVD-like approximation or by special type of functions
(in the multipole method). If the rank of these blocks is small enough, SVD factors require a
smaller amount of memory to store the matrix than the original block. In addition, it is possible
to reduce the number of arithmetical operations required for one matrix-vector multiplication.

In this work we present a new idea for splitting the initial matrix. Suppose the initial matrix
is presented as follows:

ninan3z Xninan
ERIQS ina2ns

A(‘f7g) = A(x17x27x37y17y27y3)
T = (Il?xQ’ 3)3), Zj = (yla y27y3) S IRnln2n3-

)

We decompose this matrix in the following form:

Az, g) =Y bi(zr,y1)a(w2, y2)di (23, ys), (1)
=1

then we need to store only 3rn? words of memory instead of n8. If r is small enough, it gives
us an extremely high compression rate.

Here and later we use n = n; = ns = n3 in some cases to demonstrate the general behavior
of arithmetical complexity.

In this article we discuss the main properties of this decomposition:

e how to create this decomposition if we know all matrix elements or only parts of them
(if we need all matrix elements stored at the same time, then this method requires n°
words of memory which is not advisable);

e how to make matrix-vector and preconditioner-vector multiplications.

Copyright © 2002 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2002; PRISM’01:1-16
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APPLICATION OF THE THREE-WAY DECOMPOSITION FOR MATRIX COMPRESSION 3

2. KRONECKER PRODUCT DECOMPOSITION

We need a well known Kronecker product technique to understand how to perform the
decomposition (1). If B € R™**™ and C € R™**"2 then their Kronecker product B ® C
is an my x ng block matrix whose (4, j) block is the ma X ny matrix b;;C. The basic properties
of the Kronecker product are well known:

(B®C)* = B*®C*
(BoC)! = Blgcl,

(BeC)D®F) = BD®CF,
B (C®D) = (BRC)®D

In 1992 Van Loan and Pitsianis [9] showed how to solve
min|lA—B®Clr,

where A € R™™*™"™ B e IR™*™ C € IR™*". This problem then becomes the following
problem:

min ||P(A) — vec(B)vec(C)*||r,
B,C
where P is a matrix operator which permutates entries of A, and vec(B) € ]R”%, vec(C) € R"2

are vectors containing all entries of B and C' respectively, so it is possible to approximate A
by

Z B ®
=1

and if good accuracy is achieved for the sum of r Kronecker products of matrices, then the
compression factor is equal to

2,2
ning

r(nf +n3)’
If we approximate our matrix by one Kronecker product matrix, we can easily invert it

within n3 arithmetical operations using the basic properties of the Kronecker product. For the
class of pairs of Kronecker products we can use the following idea:

(Bl RCL+ By ® Cg)(Xl ® Xz) = [BgXl(Dl + I)] ® [CQXQ(DQ + I)]7

B X, = BX Dy, C1 Xy = CoXoDo,

then we should first solve a generalized eigenvalue problem twice and invert X, Xo, Bo X3
and CyX5. Again, this takes about n® arithmetical operations.

In this article we generalize this approach for the 3-dimensional case. We are searching for
the decomposition of the initial array A(Z,y) € IR™M"2"3X™M"2M3 a5 follows:

Copyright © 2002 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2002; PRISM’01:1-16
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4 ILGHIZ IBRAGHIMOV

i A-— B D
BI%,I})H ; 1 ® Cr® Dil|F,

Let us join all pairs of indeces of (z1,y1), (z2,y2), (z3,y3) to new 3 indeces 1, j, k, then this
problem assumes the following form:

2

aijk — »_ bacjidy (2)

=1

min
B,C,D
1,5,k

Actually, it is a three-way decomposition problem [10, 11] and it is well known in statistics.
In the next chapter we will discuss how to find this decomposition for two cases:

e All entries of A are given; r is given or should be as small as possible. This problem we
call the dense three-way decomposition.

e We have a priori information that r is small enough; we can compute any entry of
A, but we do not want to compute and store all of them because of the degree of
arithmetical complexity and memory requirements. This problem we call the sparse
three-way decomposition.

Suppose we can compute factors B, C, D in (2). Can we multiply fast A to the vector
t(y1,y2,y3) € IR™M™™? The answer is shown in the following formula:

At =
D> Alwy, e, w3, y1, Y2, y3) (Y, Y2, ys) =
Y1,Y2,Y3
kA
S0 buw,yn)elwa, yo)di(xs, ys)t(yr, ya, ys) =
=1 y1,y2,y3

sz(m,yl)Zpl(yl,ﬂiz,ﬂfs), (3)
=1 Y1

(Y1, v2,23) = Z a2, y2)qu (Y1, y2, x3),
Y2

a(y1,y2,23) = Y di(w3,ys)t(y1, y2, y3).

Y3

Hence, the arithmetical complexity of this matrix-vector multiplication is rninans(ni+na+ns)
operations.

Let us generalize an inverse 3D Kronecker product. We are searching for the following exact
decomposition:

Vi=1,...R:
BeCeoD =(X10Xe®X3)(Z1,® 22, ® Z3,;)(Y1 ® Y2 ®Y3), 4)
Copyright © 2002 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2002; PRISM’01:1-16
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APPLICATION OF THE THREE-WAY DECOMPOSITION FOR MATRIX COMPRESSION b)

If Z; ; are diagonal, we can easily invert this matrix with only n3 arithmetical operations. This
decomposition can be found the following way:

By~ X7y ,Y1,
Cr~ X9Z5,Ys,
Dl >~ X3Z3)l}/3.

Here the sizes of matrices B;, C;, D; are small enough and there is no reason to discuss the
sparse three-way decomposition.

The solution of the linear system with this preconditioner is based on the idea of multiplying
the compressed matrix by the vector shown in (3). The multiplication to this preconditioner
requires only ninans(1+42(n1 +ng +ns)) arithmetical operations, but the computation of X7,
X, X3, Y1, Y5, Y3 requires 3 times the three-way decomposition and 6 times the computation
of the inverse matrices. Here we should remark that the matrices X and Y should be well
conditioned and we need the three-way decomposition to be restricted to the condition number
of the matrix.

Thus we have demonstrated the techniques which we are going to use to create the
compressed matrix form and the preconditioner. Now we need to discuss how to create the
three-way decomposition.

3. DENSE THREE-WAY DECOMPOSITION

In this chapter we will make a short overview of the methods and properties of the dense
three-way decomposition. Suppose the three-way array is

aijk, i=1,...,m1, mlzn%,
j=1,...,mg, mg = n3,
k=1,...,ms, ms = n3.
Suppose a triad is a;;r = ab;c;dy. Let
BZ{bd} z:l,...,ml
CZ{le} jzl,...,mz l:17...,r
DZ{dkl} k‘zl, , M3
E = diag(ay, ..., ),
o]z = [leillz = [ldi]]2 = 1,
then
A=[B,C,D,E],
ie.
ks
Qi = Zalbilcjldkl-
=1
Copyright © 2002 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2002; PRISM’01:1-16
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6 ILGHIZ IBRAGHIMOV

In 1977 Kruskal [12] proved the following theorem:
Theorem 1. Suppose every Iy columns of B are independent, every Jo columns of C are
independent and every Ky columns of C are independent. Suppose

Iop+ Jo+ Ko > 2r + 2.
Then

[B,C,D,E] = [BP,CP,DP, E|.

where P is only a matrix of transposition.
This result is contrary to 2D decomposition — SVD:

BC* = (BT)(T~'C*),

where T is any nonsingular matrix.
At present there are several approaches for computation of the three-way decomposition.

3.1. Parallel Factor method

Harshman and Lundy [13] suggested a monotonically converging algorithm called Parallel
Factors for minimizing (2). Let r be definite, freeze any two of B, C, D, and the functional is
linear in the third. For example, if we temporarily fix the matrices C' and D, then we seek B
SO

min| A~ BQ"|}

is minimized. Here A € IR™*™2™3 ig constructed from the original 3D array A joining the
second and the third dimensions, Q@ = (¢ ® d1,...,¢, ®d,) € R™2"3%" The new B and E

are then defined by B = BE, where B’s columns have unit lo norms. This is a standard least
squares problem, which can be simplified as follows:

B*=|(C*C)® (D*D)) ' H, hy = Z i1 Ci1drg, (5)
ik

where ® means the element-wise product of matrices.

3.2. Regularization

The Parallel Factor approach has poor convergence properties. Sometimes it runs in local
minima [14] and/or it needs an extremely large amount of iterations. Usually it happens when
two || become very large, and when corresponding triads are almost collinear to each others
but have different signs.

In this work we suggest a new approach to improve the convergence. We perform a
Tikhonov’s regularization [15] and instead of problem (2) we solve the following problem:

2 T
+ ﬂZa%.
=1
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APPLICATION OF THE THREE-WAY DECOMPOSITION FOR MATRIX COMPRESSION 7

where 3 > 0 is Tikhonov’s parameter of the regularization. Hence, the computation of each
step (see (5)) will follow the formula:

B* =[(C*C) ® (D*D) + 1] " H.

In this method [(C*C) ® (D*D) + B1] is far from the singular matrix, then it prevents the
deadlocks with large || during convergence. This method can considerably reduce the total
amount of iterations. Control of 3 is the subject of a different paper, but it should be large
enough at the beginning and decrease during iterations.

Problem (4) needs X and Y to be well conditioned. In our current notations there are C

and D, so we will consider (2) with a penalty function being definite as the sum of condr(C)
and condp(D):

2

B,Iél,ill)l,a 2 Qijk — ; albileldkl +y (COndF(O) + COndF(D)) . (6)
1,7, =

The minimization procedure for this functional is nontrivial. We suggest a new approach for
it: express D and a analytically and minimize them by only two matrices:

réngHAZH% + 7 (condp(C) + condp(D)).

where Z € R"*"™2™3 contains an orthonormal subspace of the matrix ). Now we can compute
the minimum using quasi Newton methods, but we need to compute the gradient for these
methods. It is possible to apply the Baur-Strassen algorithm for analytical computation of the
gradient [23], but it will take  times more memory than during computation of the function.

Recently the computation of gradients for similar kinds of functionals was discussed in
[25] and it was shown that it is possible to compute the gradient by all entries of B and C
analytically and that the arithmetical complexity and memory requirements will be only 3
times bigger than the computation of the function.

3.3. Tucker approach

If r is much smaller than mi, mg or mg, then, for given 71, ro and rs:

B=UgB', UgecR™*, B cR™™, r<r <m,
C=UcC', UgcR™*™  C'cR™*, r<ry<mag,
D=UpD', UpecR™*, D cR™®*", r<r3<ms,
where Up, U, Up are unitary matrices. It is possible to compute B’, C’, D’ and Ug, Ug, Up

independently. This idea was originally introduced by Tucker [16] and developed by Kronenberg
and de Leeuw [17]. Consider that (2) decomposes to the following two problems:

2
1 T2 T3

min Qi — U '/k/UB,A Uc__ UD~ . 7
G,Us.Uc.Up E : ] %/ : EJ : Ek/:giﬂ il Ji’ kk’/ ( )

0,5,k i
r 2
i g k! =1
Copyright © 2002 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2002; PRISM’01:1-16
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8 ILGHIZ IBRAGHIMOV

If (7) is exactly zero, then the solution of (8) and (7) gives the same result as (2), otherwise
it could be a good approximation to the solution [18]. Here the array gy ;4 is called a core
array. The problem (8) is equal to (2) but contains smaller dimensions.

The algorithm that computes the core is similar to Parallel Factors: freeze any two of Up,
Uc, Up, and the functional is linear in the third. For example, if we temporarily fix Uc and
Up matrices, then we seek U B and, as Uz and Up are orthonormal, it leads to

2

gllljlé Z aijxUc,, Up,,, — Z Us,, girjk
Tk \ gk i’

It is easy to see that this problem is again a least squares problem, where Up contains left

singular vectors of the matrix

Wiy = Zaiijcjj/ Up,,.
ik

and the core can be obtained from its right singular vectors. In the Tucker’s algorithm 71, 9
and r3 should be given. We do not need the regularization because Up, Ugx, Up are unitary
matrices. The main advantage of this algorithm is better convergence: during computations of
the core it is usually better than in Parallel Factors because B’, ¢’ and D’ can be chosen as
orthonormal.

Statement 1. If the initial data have no noise at all, then Ug, Uc, Up can be computed as
the left singular vectors of matrices created from A by joining (2nd and 3rd), (3rd and 1st),
(1st and 2nd) dimensions respectively.

This statement is evident if we remark that in the case of no noise the problem (7) is exactly
zero. In the general case, Tucker’s algorithm still has only monotonical convergence. One
iteration of the Parallel Factors algorithm depends linearly on the size of the initial problem.
If ryraors is reasonably smaller than mqmamsg, then the three-way decomposition with Tucker’s
approach works much faster [18].

A very important problem in nonlinear minimization is to compute an initial approximation.
This subject was discussed by Leurgans, Ross and Abel [19]. The most popular initial
approaches are based either on one iteration of Tucker’s algorithm or on the generalized
eigenvalue decomposition of A, and A, [24].

8.4. Parallel Decomposition method

Recently, the author suggested a new approach [20] to solve the three-way decomposition in
the case where R is given and any pair out of B, C' and D have full column rank. If A has
an exact decomposition then this algorithm has a linear convergence. This approach can be
written with the help of the following two statements [20]:

Statement 2. If an ezact solution of the three-way decomposition of {ai;} with size
mi1 X mo X mg contains at least two matrices with full column rank r, then it is possible
to transform this problem to another three-way decomposition {x;jr} with size r X r X mg and
the corresponding factors of the solution of new problem will be quadratic nonsingular matrices.
Statement 3. Suppose {ai;r} with the size r x r X m3 has an exact three-way decomposition
with two quadratic nonsingular factors B and C. Then there is an algorithm to compute
independently at least one triad.

Copyright © 2002 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2002; PRISM’01:1-16
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APPLICATION OF THE THREE-WAY DECOMPOSITION FOR MATRIX COMPRESSION 9

The main idea is to transform the problem (2) to

2 2

min > aijrtpo; !t —bady| . and Juin > aijrsueyt = cidi|
iLk| j Lk | i

where S = B™*, T'= C~*. Then we have to solve r optimization problems with 2r unknowns
instead of one minimization problem with 72 unknowns and several local minima. These
optimization problems are simple, because if we compute at least one local minima, then
we find a corresponding triad and can subtract it from the initial data using Statement 2
and finally repeating the decomposition. Another advantage of this method is the implicit
computations of B™* and C'~* which are needed for the preconditioner (see (4)).

The computational complexity is 74 log, r arithmetical operations with a big constant and
r® with a small constant. Since the Kronecker rank of the initial problem is small enough, the
great computational complexity only affects the creation of the preconditioner.

4. SPARSE THREE-WAY DECOMPOSITION

Our main goal is to compress large n® x n3 matrices and avoid, if possible, the storage and
computation of all n® matrix elements. Since the rank of the three-way decomposition is small
enough, we should define only 3rn? unknowns. Nowadays, there are some approaches described
in the review [18] where it is possible to handle three-way arrays with some elements missing.
However those methods are not suitable for our purposes because they deal with 10 — 20% of
missing data. In our case we want to compute only about n? matrix elements which can be
considerably less than 1% of the total amount.

In this work we write down the Parallel Factor algorithm and its high performance
implementation for the sparse case. In addition we suggest a new approach to deal with the
sparse three-way decomposition when the total number of triads are considerably less than n2.

4.1. Parallel Factor algorithm for sparse three-way decomposition

We assume that {a;;,} array has some elements missing, so the problem is to compute:

, 2

B%I}Bﬂ Z Gijk (aijk - Z albilcjldkl> ;
.5,k =1

where gi;x = 0,1, #{gijr =1} = s.

Suppose A € R®, I € IN®, J € IN®, K € IN? are arrays containing nonzero entries and their
three-dimensional indices of a;j1gi;x. Then, to compute this approximation, we will use the
Parallel Factor algorithm, so freeze any two of B, C, D, and the functional is linear in the
third. For example, if we temporarily fix the matrices B and C, then we seek D and « so

Algorithm 1.

dok=1,mg
for pyv=1,....m

Copyright © 2002 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2002; PRISM’01:1-16
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10 ILGHIZ IBRAGHIMOV

huw =
A

S

5(K>\7 k)blx,#ch,#blx,VcJMV

—

forpu=1,... r
Z (KN, k)Axbr, uciy

s
Solve the linear system: Z hw(divow) =t,, p=1,...,r
v=1

enddo

where J is a discrete d-function.

Here we need sr? + (my + mg + m3)r® arithmetical operations. During most of the
computational time we should fetch data randomly from the memory sr? times. Since this
does not produce good computational performance we suggest transforming this algorithm to
an equivalent algorithm with a better performance. Then we need additionally mq + mo 4+ ms3
index arrays Ind;(§), Ind;(¢), Indg(§) to point to A when 6(Ix,%), 6(Jx,j) and §(Kx, k) are
nonzero respectively. It is easy to see that the total memory requirement for them is 3s — the
same as for I, J, K arrays. Finally, the algorithm looks like the following;:

3

Algorithm 2.

dok=1,mg
H=0
t=20
do & =1, Size-Of(Indy,)
A= Indk (f)
dop=1,r
wy = br, uCiy
by =ty + Axbr,
enddo
H = H +ww*
enddo ,
Solve the linear system: Z hyw(divow) =t, p=1,...,r
v=1
enddo

Hence, all three steps for updating B, C, and D need 4sr+sr2+4(m1+mao+mg3)r3 arithmetical
operations, but only 4sr arithmetical operations need random fetches from memory.

We compared both algorithms on AMD Athlon 1200 and obtained the following
computational performance (Table I). We can see that the second algorithm is almost 5-
10 times faster (when r is big enough) and reaches 400 MFlop/s which is good enough for
the real applications (the peak is 1200 MFlop/s). The same type of Tikhonov’s regularizator
can be applied, so we need to substitute the matrix in the “solution of linear system” step as
follows:

T

> (hw + B)(diwon) = s, p=1,...,r

v=1

Copyright © 2002 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2002; PRISM’01:1-16
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APPLICATION OF THE THREE-WAY DECOMPOSITION FOR MATRIX COMPRESSION 11

Table I. Computational performance (in MFlop/s) for one iteration by different algorithms for different
problem size on AMD Athlon 1200

| r n s | Algorithm 1 | Algorithm 2 |
1 30 2700 0.39 0.22
1 30 270 0.27 0.14
1 100 3x10° 4.1 2.7
1 100 3x10* 4.0 2.6
10 100 3x10° 23 84
10 100 3 x 10* 22 81
100 100 3 x 10° 53 487
100 100 3 x 10* 53 483

4.2. Tucker-like reduction for sparse three-way decomposition

In this article we suggest a new approach for dealing with sparse three-way decomposition. It
contains the following steps:

1) computation of Tucker’s factors for the sparse data;

2) computation of a dense core array for the sparse data;

3) application of all methods described in the previous section to compute three-way
decomposition for this core array, and finally compute the three-way factors for the
original sparse three-way data.

We will now discuss how to perform the first and the second steps. To compute the Tucker’s
factors we can use the idea from Statement 1. Suppose we are going to compute the factor
Up, then we should compute an orthonormal subspace of the left singular values of the
matrix {/L,{jyk}} € R"1™" | where {j, k} means the 2nd and the 3rd indices are joined. To
compute the orthonormal subspace of the left singular values we need no more than r linearly
independent columns of A. The last problem is similar to problems discussed in [2, 7, 8] where
it was suggested to pick the biggest r 4+ € columns, so that e is smaller than an order of r.
Hence, we can compute all factors of Tucker’s decomposition.

Since we consider that (7) is exactly zero, we can take any linearly independent 71,73, 73
rows of Up,Uc,Up and restrict the initial array {a;;r} by the array {@; ;- } with the size
71 X 9 X 73. Since r1, 9,73 are the order of r we need to compute no more than 73 matrix
elements.

As U is a unitary matrix, we can suggest the following idea to compute 7, linearly
independent rows: first we take a row with the biggest I norm; each new row should be
taken so as to be maximally far in the ls norm from the subspace of all previously taken rows.

The total requirements for calculating the sparse three-way decomposition are summarized
in the following items:

e we need to compute 7(72 + 3n?) matrix elements;
e to make 372 (72 + n?) arithmetical operations;
e to store no more than 7(72 + 3n?) words of memory;

where 7 =7 + €.

Copyright © 2002 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2002; PRISM’01:1-16
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12 ILGHIZ IBRAGHIMOV

5. NUMERICAL EXPERIMENTS

To approximate the matrix by triads we

e approximate the sparse data by Tucker’s algorithm for sparse data;

e compute three-way decomposition by the Parallel Decomposition algorithm;

e and tune the result by the Parallel Factor algorithm for sparse data with Tikhonov’s
regularization.

To create the preconditioner

e for each level we compute three-way decomposition by the Parallel Decomposition
algorithm;

e tune the result by the Parallel Factor algorithm with condy regularization;

e compute the final factors by formula (4) and invert it.

To demonstrate the efficiency of this method we take the following integral kernels:

1
A: K(&9) =z
B K(ﬂ’c7z7)=10gllf—ﬂl),
C: K(#.3) = 7=

We take a non-regular grid with small steps in the middle, the difference between the smallest
and biggest steps being 10 times. This type of grid for case A is desired for Hartree-Fock
equations [26]; cases B and C were taken only as examples. For cases A and B we can
take the regular grid (we refer to those experiments as A’ and B’ cases) and use Toeplitz
matrices and multilevel circulant preconditioner [21], so we can compare the quality of our
new preconditioner. We use a finite-element method with constant finite elements to remove
any singularity in matrix elements. The results are presented in Tables II-VII (computational
time was measured at AMD Athlon 1200).

6. DISCUSSION

We can summarize the main properties of this method in the following statements:

1) The memory requirements for the storage of compressed matrix or preconditioner is only
O(N?/3) words.

2) The number of arithmetical operations required for one matrix-vector and preconditioner-
vector multiplications is O(N*/3), for the generation of the compressed matrix — O(N*/34-r%)
and the generation of the preconditioner O(N°/3).

This method is not asymptotically optimal with regards to the arithmetical complexity,
but it is suitable for practical computations. If we compare our approach on the regular grid
with multilevel Toeplitz and Circulant methods [21], we see that those methods have the best
asymptotical estimations O(N log, N) (i.e. H-matrix approach has O(N logh N), k& > 1) and
observe the following:

Copyright © 2002 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2002; PRISM’01:1-16
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APPLICATION OF THE THREE-WAY DECOMPOSITION FOR MATRIX COMPRESSION 13

e The memory requirements for the storage of a compressed matrix and the preconditioner
are very small, and this allows us to solve huge problems with non-regular grids with up
to 200% on the PC (Tables II-III).

e On regular grids the computational time of matrix-vector and preconditioner-vector

multiplications with compressed matrices are comparable with the Toeplitz matrices
and circulant preconditioners respectively. Thus the computational time for one
preconditioned iteration with three-way compressed matrix is smaller than one
preconditioned iteration with a Toeplitz matrix (Table V).
On non-regular grids the new method retains the same arithmetical complexity, but it is
impossible to use the Toeplitz approach for this case. Other approaches such as H-matrix
approaches have worse estimations O(N logg N) than the Toeplitz approach O(N log, N)
on the regular grid, so our new method is reasonably faster than other approaches.

e When the preconditioner is computed, the quality of the new preconditioner is very high.
It can solve most problems for few iterations (Tables VI-VII), and is considerably better
than the circulant preconditioner on regular grids. Since we did not find in the literature
any practical implementation of H-matrix preconditioners [27] where the computational
time and memory requirements are linearly dependent on the size of the matrix, we did
not compare our approach for non-regular grids with any other method.

e The main disadvantage of this method is a high level of arithmetical complexity for
creating the preconditioner (Table IV). It can be hundreds or thousands of times bigger
than for the circulant preconditioner, but if we consider the problem where we should
solve a linear system with several right-hand sides and non-regular grids where the
circulant preconditioner is not applicable, then this method can help us to solve major
problems.

The program that implements the method described in this work is freely available from the
author on http://www.ilghiz.com/.
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Table III. The average total amount of main memory required to store compressed matrix (Triads),

to compute this compressed matrix and to create the preconditioner (Work) and the average ratio

between the amount of matrix elements required for sparse three-way decomposition and the total
amount of matrix elements (Ratio)

| Problem size | Triads (Mb) | Work (Mb) | Ratio |

10 x 10 x 10 0.03 0.9 3.1 x 1072
20 x 20 x 20 0.13 2.3 7.6 x 1073
50 x 50 x 50 0.92 23 4.8 x107*
100 x 100 x 100 4.58 66 6.0 x 107°
200 x 200 x 200 19.2 201 7.5 x 107°

Table IV. The average computational time required to approximate the initial matrix by triads
(Triad), the generation of the preconditioner (Prec.) and the generation of the circulant
preconditioner (Circulant)

| Problem size | Triad Prec. | Circulant |
10 x 10 x 10 15 ms 0.2s 0.2 ms
20 x 20 x 20 0.1s 5.8s 2 ms
50 x 50 x 50 23 s 2.7 m 40 ms
100 x 100 x 100 18 s 19 m 0.4 s
200 x 200 x 200 71ls 2.1h 3.5s

Table V. The computational time required for matrix-vector multiplication with one triad (Triad),
preconditioner-vector multiplication (Prec.), Toeplitz matrix-vector multiplication (Toeplitz) and
circulant preconditioner-vector multiplication (Circulant)

| Problem size | Triad Prec. | Toeplitz Circulant |

10 x 10 x 10 0.03 ms 0.1 ms 3 ms 0.4 ms
20 x 20 x 20 0.5ms 1.2 ms 32 ms 4 ms
50 x 50 x 50 21 ms 50 ms 0.6 s 84 ms
100 x 100 x 100 0.3s ls 6s 0.8s
200 x 200 x 200 5s 12's 55 s 7s
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Table VI. The residual in (6) for approximation of the preconditioner

| Problemsize | A B c | A B’
10 x 10 x 10 0.0153 0.0101  0.0096 | 0.0115 0.0089
20 x 20 x 20 0.0081 0.0066 0.0059 | 0.0054 0.0051
50 x 50 x 50 0.0058 0.0042 0.0041 | 0.0029 0.0040
100 x 100 x 100 | 0.0047 0.0039 0.0038 | 0.0022 0.0036
200 x 200 x 200 | 0.0038 0.0038 0.0037 | 0.0017 0.0033

Table VII. The convergence (in the total number of iterations) of GMRES for the 10~° residual on the
l> norm for problem A’ with three-way preconditioner (Prec.) and multilevel circulant preconditioner

(Circulant) [21]

| Problem size

| Prec. | Circulant |

10 x 10 x 10

20 x 20 x 20

50 x 50 x 50
100 x 100 x 100
200 x 200 x 200

6
8
10
14
16

26
32
43
51

* the convergence was not achieved in 20 iterations, but the total memory requirements go above 1.5

Gb (available main memory)
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