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Abstract

In this article we present a generalized version of the Cross Approximation for 3d- ten-
sors. The given tensor a € R™"*™*" is represented as a matrix of vectors and 2d adaptive
Cross Approximation is applied in a nested way to get the tensor decomposition. The main
focus lies on theoretical issues of the construction such as the desired interpolation property
or the explicit formulas for the vectors in the decomposition. The computational complexity
of the proposed algorithm is shown to be linear in n.

AMS Subject Classification: 41A80,41A63,15A69
Keywords: Adaptive Cross Approximation, tensor decompositon, pivot strategy, maximum
norm

1 Introduction

The approximation of multidimensional arrays (tensors) generated by the evaluation of functions
by some tensor product structures is nowadays one of the major issues in numerical analysis. It
has many applications in areas like chemometrics, electronical engineering, quantum chemistry,
etc. A thorough survey by T. G. Kolda and B. W. Bader in [9] provides an overview of higher
order tensor decompositions. The general aim when working with these large objects is to
reduce the computational complexity significantly. For the latest developements in this area,
one can look at [3, 6, 7, 8, 11].

The main focus of this paper is on the method of Cross Approximation. It is one of the
methods that proved its success in low dimensions, see [2] also for references to other methods.
It was introduced for d = 2 by Bebendorf in [1] as adaptive cross approzimation (ACA), with
forerunners by Tyrtyshnikov and others (see for instance [5]). It uses only a small portion of the
original array entries for the corresponding approximation and constructs a sum of products of

one-dimensional restrictions of a two-dimensional function

k
Flxy) ~ Y cif (i y) f(z,y5)
ij=1

with points x;,y; and coefficients ¢;;. This procedure has a lot of advantages, for instance the
so-called rank and interpolation properties, see [12], where the algorithm was called CA2D.
Therefore, it is desirable to extend the method to functions of more than two variables. This
was done in different ways, see for instance [3, 10]. A natural extension of the bivariate method
to functions of three or four variables is proposed in [2] and can be seen as nested ACA.

In the present article we will investigate another version of three-dimensional Cross Approxi-
mation. Let us briefly explain the basic idea of our approach to approximate a 3d-tensor, which
also works in case d = 4, where it was originally born, but that is outside the scope of this
paper.

We consider a tensor ¢ € R#*X"X"

generated by a function f(x,y,z) defined on [0, 1]?, where



the grid in each direction consists of n points, i.e., we have a;ji, = f(x(i),y(j),2(k)) for
1 < 4,5,k < n. The main motivation is to save as much as possible from the nice proper-
ties of CA2D, such as rank and interpolation properties mentioned above. We follow the simple

idea of interpreting a as matrix

An - A
a= : : R
Anl Ann
where all the entries A,, = (au1, ..., aun) are now vectors of length n for all 1 < p, v < n.

Looking at a as matrix to approximate, we can immediately apply CA2D. Since the entries are
now vectors, we have to use an appropriate kind of multiplication, so we rely our method on the
pointwise (or Hadamard) product, denoted by ®. We choose A,, as our first pivot and define

the first approximation to a = a(©) by

1 1
A A
oM = : : with Al(tly) = Ay © Ay © inv(Ayw) (1)
A’Ell].) T A’l(’LlTB

for all 1 < u,v < n, where inv(A) denotes the vector of pointwise inverted entries of A. This,
of course, is only allowed, if

12;/%1” |auvk| > 0,

or in other words: there must not a single entry be equal 0. In the language of functions formula

(1) reads as

f(xlayvz)f(xaylvz) (2)
f(a1,91,2)
for fixed pivot coordinates (z1,y1) with the restriction f(z1,y1,2) # 0 for all z € [0, 1]. That is

fO(a,y,2) =

a strong restriction for the pivot element and we treat it within our discussion concerning the

pivot strategy in section 3. One can easily see that the remainder
r) = ¢ —qM (3)

contains a cross of O-vectors. That is the first step on the way to the interpolation property.

Let’s go on with this idea in a more compact notation and define recursively for 1 <t < T

A Al
o= | : with A®) = R,V © R4V @ inv(RY,D)
AD Al

for all 1 < p,v < n (R is here always a vector and denotes an entry in r, which is the error

matrix of vectors), where we always chose Ri(ft;tl ) as t-th pivot with

(t=1)

utvrk

. -1 .
min |R”Ebtt'vt)| - 1I<I?’l€1£1n |T ’ >0

in order to ensure pointwise multiplication. That gives the remainder

T
MCA PG, B S PON
t=1



which in entry-wise notation looks like

T
Z RIZV o REY @ inv(RYLD) (4)

and because of its recursive character we have

RD) = RT-D _ RI"D o RI-D @ inv(RE D). (5)

224 224 urv por urvr

On the level of functions this looks like

T(T_l) (xTv Y, Z)T(T_l) (:I"7 yr, Z)
T(T_l) (xTa yr, Z)

rM(z,y,2) =rT " D(z,y,2) - : (6)

where we can see that the scheme follows the same structure as CA2D. More general, we realize
that (6) is an example for incremental approzimation as it is called in [2]. This procedure results

in the approximation
flz,y, 2 th , 2)hi(y, 2), (7)

with special functions g, hy that are still two—d1mens1ona1 and therefore another approximation
by CA2D is required to get the complete decomposition (i.e to represent f as a sum of products
of one dimensional functions). This is done with a linear complexity in n. Explicit formulas are
derived for the vectors in the tensor decomposition. The details of the complete algorithm are
described in section 3.

In Section 2, basics of the adaptive cross approximation in two dimensions are discussed. The
explicit formulas for the vectors in the decomposition of a 3d-tensor for the existing algorithm
from [2] are also deduced. In Section 3, the proposed algorithm is derived and its computational
complexity is discussed. The details of the pivot strategy are shown. Finally, in Section 4 we

present a few numerical examples to show the efficiency of the method.

2 Preliminaries

In this section we want to settle the theoretical background for our method. For simplicity we

start again with the two-dimensional case. Let f : [0,1]> — R, then the recursion Ry(x,y) =

f(z,y) and

R -1\, Y R 1\ Tk, Y

with points x, yr chosen such that Ry_1(zk,yr) # 0, is the heart of CA2D, compare [1, 12]. It
gives the remainder after k iteration steps of the approximation Si(x,y) = f(x,y) — Ri(z,y).

for k € N, (8)

If we set ug(x) = Rg—1(z, yx) and vi(y) = Ri—1(xk,y), then using (8) we get

Sk(‘T’y) = f(li’y)_Rk(xay)
= ) - (Rk_xx,y) G vk<y>)

ug(T)




where we realize that it has the desired tensor product structure of separated variables. By a

similar calculation one can even derive the explicit formulas

u(z) = Fla ) - jjj((jl)) o) (10)
=1
and . .
w®) = fewy) = > Lo su), (11)
=1
see also [2].

Now we turn to the three-dimensional case. As mentioned in the Introduction, in [2] Bebendorf
proposed a natural way to extend the above procedure to functions f(z,y, z). Here we restrict
the domain of definition to [0,1]3. Let us start with the following recursion to describe his
method: Ry(z,y,2) = f(x,y,2) and

Rk—l(gja Yk, Zk)
Ry_1(zr, yr, 2k)

Ri(z,y,z) = Rx—1(z,y, 2) — Ry_1(xk,y,z) for k €N, (12)

where the analogy to (8) is obvious and the points xg, yk, zx are chosen such that
Rp—1(wk, Yr, 2) # 0. We set ug(x) = Rp_1(w, yg, 2) and Vi(y,2) = Rp_1(7k,y,2), so we get

analogously to the above calculation

Sk(l',y,Z) = f:U,y,Z)—Rk(LE,y,Z)

(
(

= f(z,y, Z) - <R0(l’, Y, Z) - 511((.;1)) Vi ( ’Z) - ;k(fk)) Vk(yv Z))
_ Sw@)
= D) (13

where in contrast to (9) the functions V; are still two-dimensional. We will now investigate the

explicit formulas for u; and Vi. In analogy to (10) and (11) we get

ug(z) = f(z, Yk, 21) — Vi(yk, 21) (14)

and

~—

uy (g
ul(xl)

Vk(yvz) = f(xkayaz) - W(y7 Z)‘ (15)

=1

Since V}, are bivariate functions the complexity can not be reduced to be linear in n while working
with them directly. That is why Bebendorf ([2]) uses the following recursion: Ry(z,y,z) =
f(z,y,2) and

_ Rk—l(x7 Yk, Zk)
Ri—1(zk, Yk, 21)

Rk(x7y7z) = Rk*l<m7yuz) A(Rk71)<mkay7 Z) for k € N7 (16)

where he substitutes the functions Vi (y, z) = Rg—1(xk,y, z) by their approximations via ACA,
denoted by A(Rg_1)(xk,y, z). In each iteration step k = 1,2, . .. of the recursion (16) he performs
a two-dimensional Cross Approximation for the function Vj, with &’ steps in the inner loop.

Since that separates the variables y and z it gives the desired tensor product structure of the



approximant. Now we also investigate the explicit formulas for this relation. For the inner
recursion we introduce the following notation: r(()k) (y,z) = Vi(y, 2) and

k k
e :2) =il (0:2) = U ’

Ty (Yps s 2

with points y,(j) z,(j) chosen such that r,(j) 1(y,i’f), 2y ) =% 0. Then, following the usual scheme,

we set v,(j) (y) = r,(j) (s zl(j)) and w,(j)(z) = r,(j) 1(y,(€,), z) and get

s®(y,2) = Vi, 2) —rP(y, 2)

LA )
= Y (?k)) w (=) (18)

p=1"Yu )(yu )
for the inner approximation of V. Also here we can get the following explicit formulas:

K'—1 ()

k W),
v () = Vi(y, =) Z ,3 ()§-><z,i,>> (19)
Jj=1 J
and
k) o yk’) k;
W (2) = Vil 2) = Y ;k (2). (20)
j=1"Yj )

But these equalities take only the ongoing inner approxnnatlon into account and not all the
previous steps, but that can be merged and be described explicitly: Starting with the formulas
(14), (19) and (20) and substituting V}, with its representation (15) while the functions V; from
all the previous steps are substituted with its inner approximations (18), we end up with the

final constructive formulas for the functions u(x), v,(j) (y) and wgf)(z)

k—1 0

B0) = o) - 3 10 52 WO o) N0 w00
'Uk/ Yy) = $k,y,2k, — w k' - Zk/
=1 (1) p=1 U/(j)( ;Sl)) ' j=1 U]('k)@;'k)) !
k—1 Ko (), (k) K—1, (k) (k)
uy(x v () v (yp)
) = fau 5 3 S U0 - 3 S ), e
=1 ur(1) =1 U (Yp") j=1Y; (yj )

which can be used directly to implement the method. Putting (18) also into (13), we finally see
that the original function f is approximated by

/

k 'L
r2 wi( v(i)( (i)) “
i=1 u 1V \Yp

within this concept.



3 Our approach
3.1 The outer loop

As indicated in the Introduction (formula (6)) we follow a different way to generalize the re-
cursion (8) for three-dimensional functions. To describe this we start with the recursion for the

outer loop, it reads as Ro(z,y,2) = f(z,y, z) and

. Rk:—l(xa Yk Z)Rk_1($k, Y, Z)
Ri—1(xk, Yk, 2)

Ry(z,y,2) = Rip—1(z,y, 2) (25)

for £ € N. This again is a possible analogue to (8), where the points zy,yr are chosen such
that Rp_1(zg,yx,2) # 0, for all z € [0,1]. Setting Ug(z,2) = Ri—1(x, yk, 2) and Vi(y,z) =
Ry_1(xk,y, z) and following the same kind of calculation we have already done several times

before, we get

" Uiz, 2)
Sk(x7yvz) :f<m7yvz)_Rk(xayaz):Zm%(yuz) (26)
’Lzl K (3]
with - Uio2)
Un(@2) = flayw: =) = 3 5o Vilw: 2) (27)
=1 ’
e < Ui(an, 2)
Vk‘(ya Z) = f(xk’aya Z) - Z m‘/}(ya Z)' (28)
=1 ’

Now both Uy and Vj are still two-dimensional and have to be approximated by CA2D again
in order to ensure linear complexity in the problem size n. This will be explained in the next
subsection.

Now, for a moment, we keep the point of view, that calculations with the matrices Uy, Vj, would
not be to expensive and we are focusing on the accuracy of the approximation (26), in other
words, we use the exact matrices and not their approximations to end up with a structure like
(7). Then we can preserve some of the nice properties of CA2D (compare [12]), mentioned in
the Introduction and state their analogues here. We start with the interpolation property using

the vector-wise notation introduced before:

Proposition 3.1 Whenever u € {uy,...,ur} orv € {vy,...,vp} we have
R =o.

Proof For T =1 formula (3) gives the assertion. Now, by induction, assume that Rgfl) =0,
whenever p € {uq,...,upr_1}. Then we find by (5)

RI) =RID - RITV o RIY @ inv(RETD)=0-0 (29)
for 1 <t <T — 1. Furthermore, we have

Rip, = RiY = RV o REL) © nv(REL)
= RiLY - Ry =0

Since the same arguments hold for v instead of y the proposition is proved.



Remark 3.2 In the language of functions this looks more familiar to us and also more readable,
e., Rp(x,y,2) = f(x,y,2) — Sr(x,y,2z) = 0 for all z € [0,1] whenever © € {x1,...,xp} or
y € {y1,...,yr}, compare with Proposition 3.1 in [12].

This interpolation property is the point we are most interested in preserving within our concept.
We will come back to this task in the next subsection.
Now we want to prove the analogue to the so-called rank property of CA2D as it is stated in

Proposition 3.2 in [12].

Proposition 3.3 If the function f can be written in the form

T
fla,y,2) = gz, 2)hi(y, 2), (30)
t=1
with arbitrary functions g, hy, then the above procedure gives f — St = 0 on the whole cube
[0, 1]3.

In the case, where T' in the formula above is the smallest possible number of summands for such

a representation, we say that f has (x,y)-separation rank 7.

Proof We will prove that Ry = f — Sy has (z,y)-separation rank T'— 6 for 6§ € {0,1,...,T}
by induction. For # = 0 there is nothing to prove, so let for § < T the function Ry have
(x,y)-separation rank T' — 6. For fixed z € [0, 1] we define

V= sz = span{Rg(-,y, Z) 1y € [07 1}}

and
V' = V! =span{Rg41(-,y,2) : y € [0,1]}.

We know that dimV = T — 6 and want to show dim V' =T — (6 + 1). For each y € [0,1] we

have by construction

) _ R@('a Yo+1, Z)RQ(.%'9+1, Y, Z)

R R
9+1( ) 0( R9($9+17?J9+17 Z)

and verify that both terms on the right hand-side belong to V, hence V' C V. In partic-
ular Ry(-,yp+1,2) € V, but because its value at the point xg,; does not vanish, whereas
Roi1(zoy1,y,2) = 0 for all y € [0, 1], there is no representation of Ry(-,yg+1,2) as a linear
combination of functions Ry (-, 9y, z), hence Ry(-,yp+1,2) ¢ V'. It follows dim V' < dim V' and
because those dimensions can d1ﬂfer at most by one, we get dimV’ =dimV —1=T -6 — 1.

Now we know that for all y € [0, 1] we have for Rgy1(-,y,2) € V' a representation

T—9—1
Rosa(w,y,2) = Y auly, 2)pu(x, 2) (31)
=1

with coefficients o and basis functions ¢;. So we conclude that Ryq has (x,y)-separation rank
—(0+1).
O

Remark 3.4 [t is obvious that condition (30) is crucial for some kind of rank property because

it coincides with the structure of the approzimant given in (26).

7



These properties could easily be verified by numerical experiments. When implementing those
kind of methods one always has to think about an appropriate pivot strategy, see [1, 12]. In
this outer loop we have to fix the coordinates xy,y; in each step, compare (25). We choose
them completely randomly, except for the first one, where we always set z1 = 1/2,y; = 1/2.

Of course, for all £ =1,2,... we have to ensure that
Ry_1(xk,yk,2) #0 for all z € [0,1], (32)

but if that accidently fails we just try another random point. If this condition cannot be satisfied
by any choice of pivots, the algorithm stops. As a consequence of this random pivot strategy the
number of possible iterations may vary. Still we mainly focus on the accuracy of the method,
therefore we test it on small grids only (n = 129). Table 3.1 illustrates that the outcome is not

always satisfactory.

/ g h

err iter err iter err iter
5,82¢e—13 | 12 | 1,24e—02 | 10 | 2,84e —01 1

2,37e —13 | 10 | 2,39¢e—02 | 10 | 2,84e — 01

5,0le—13 | 10 | 1,78 —02 | 10 | 2,84e — 01

2,086 —13 | 12 | 2,09¢e —02 | 11 | 2,84e — 01

8,94e —13 | 12 | 2,15e—02 | 11 | 2,84e — 01

—_ = =

Table 3.1: Outer loop with random pivots

Here we used the following notation:

f@,y,2) =1/(1+ 2 +y+2),

g(@,y,2) = exp(=101/(z — 1/2)2 + (y — 1/2)2 + (» — 1/2)?) and
h(z,y,z) = exp(—zyz).

The column labelled ”err” shows the maximum error

max |Ri(x,vy,z

after the corresponding number of iterations, which column is labelled by ”iter”. We see that for
f the method produces a very accurate approximant. For g the number of possible steps is too
small to reach a better accuracy, where for h the algorithm stops after the first iteration already,
because there are no points xs,ys such that Ry(z2,y2,2) # 0 for all z € [0,1]. Therefore, we
have to find a way to circumvent condition (32). Our way to do that is very simple. Since we are
interested in accuracy up to e = 10716, we just substitute all entries in the pivot vector having
absolute value smaller than € by . Of course, we do that only, if no pivot that fulfills condition
(32) can be found. In that case we choose as pivot the vector with the largest maximum
norm and substitute all entries that are too small. Now the algorithm stops when a prescribed
maximum error g = 107! is reached. Table 3.2 shows the satisfactory consequence of the
supplemented pivot strategy, where we used the same notation as before.

Here the accuracy is fine in all three cases because the algorithm can run long enough to reach
a small error. The deterministic outcome for h grounds on the fact that by the above strategy

the pivots after the first step are always found as the vector with the largest entry.



f g h

err iter err iter err iter
8,82¢—14 | 14 | 1,50e—14 | 24 | 3,12¢—15| 9

8,68¢—14 | 14 | 8,29e—15| 24 | 3,12e — 15

7,02¢ —14 | 13 | 7,44e—14 | 23 | 3,12e — 15

4,82e —14 | 11 | 6,53e—14 | 23 | 3,12¢e — 15

6,58¢ —14 | 11 | 2,60e —14 | 24 | 3,12e — 15

O © © ©

Table 3.2: Outer loop with refined pivot strategy

In terms of accuracy and stability we could be satisfied with the results shown in Table 3.2,
but of course the question arises, what happens if we increase the grid size enormously. Then
working with the exact matrices generated by Uy and Vj is not cheap anymore because the
complexity involves n?. That is why we add in each step of the outer loop an inner loop which
approximates the corresponding matrix by a sum of products of vectors via CA2D, as will be

described in the sequel.

3.2 Adding the inner loops

The modified recursion for the outer loop now reads as Ro(z,y, 2) = f(x,y, z) and

A(Ry—1) (@, yi, 2) A(R—1) Tk, Y, 2)

Ri(z,y,z) = Rp_1(x,y,2) — , 33
k( Yy ) k 1( ) ) A(kal)(xknylmz) ( )
for k € N, where the points x, yx are chosen such that

AR 1) (2r, yr, 2)| > ) >0, forall 2 € [0, 1], (34)

and A(g) denotes again the approximation of the two-dimensional function g by CA2D. In
contrast to (25) we perform here in each step k = 1,2, ... the approximation of the bivariate
error functions Ry_1(x, yk, z) and Ry_1(xg,y, z) within &’ steps of an inner loop. For simplicity
we keep k' to be constant for our theoretical investigations.

One of our main questions was about the interpolation property. How much of it is preserved

now in this nested application of CA2D 7 The answer is given by the following Proposition.

Proposition 3.5 Let J C {1,...,k'}. If 2\ = 2V = 2% for alli =1,... k and all j € J, then

Ri(v,y,2;) =0 fori=1,...,k and j € J,
whenever x € {x1,...,2;} ory € {y1,...,vi}

This interesting result tells us the following: If one chooses for all the outer loops some of
the pivot coordinates (maybe all) in z-direction to be equal in both inner loops , say equal to
z;-‘, then one gets vanishing errors on the crosses of the outer pivot coordinates on the faces
determined by those 2.
Proof The proof follows the same idea as used for Proposition 3.1. First we check that for
i =1 we have
A(f) (21,91, 2))Af) (21, y, 25)

A(f) (@1, 91, 25)
= f(z1,9,2) — A(f)(21,9,2]) =0

Rl(xlvyuz;) = f(xhy:z;f)_

9



because of the 2d-interpolation property in the inner loop. Then, by induction, we assume that

Ri1(2,y,2;) =0 for all @ € {z1,...,2;-1}. Now for those = we find

A(Ri—l)(xa Yi, Z;)'A(Rz—l)(xla Y, Z;)
A(Ri—1)(@i, yi, 2])

Rifl(xiaya z;k)

Ri—1(zi, yis 25)

Ri($7yvz;) = Ri—l(x7y7z;<)_

= O_Rifl(xayiaz;) =0

because of our induction assumption. Here we used the 2d-interpolation property again for the

inner approximations. It remains to check the case x = x;, but that is easy, since

" % A(Ri—l)(miay%Z%)A(Ri—l)(xhy) Zx'()
Ri(xivyvzj) = Ri—1(x,v, Zj) - A(R; 1;($ v 2) 2
11— 1y Iy J

- Ri—l(l'i,y7 Z;) - Ri—l(xi7y’ Z;) = 0’

by the same 2d-interpolation argument. Since the analogue way is possible for y instead of x

the proof is finished.
O

Remark 3.6 Proposition 3.5 seems to suggest a preferred pivoting strateqy in z-direction for
the inner loops, namely, to keep as many z-coordinates for the pivots as possible from the first
inner loops to all the succeeding loops. But that might not always be the best choice. So, what
happens if we violate the condition in the previous result ? It turns out that the following weaker
version s still true:
Fori=1,...,k let J; C {1,... ,K'}. Ifz ](‘) for each particular i =1,...,k and all j € J,
then
Ri(x,y,z](»i)) =0 fori=1,...,kand je€ J;,

whenever

r=ux, € {x,...,z;} wzthz() eJy
or

Y=y, €{y1,...,yi} with zj(-i) e J,.
Propostion 3.5 and Remark 3.6 show that it is at least partially possible to preserve the inter-
polation property of CA2D. What about the rank property ? As indicated in Remark 3.4 it is

determined by the structure of the approximant constructed in our method. This structure is

given by the following Theorem.

Theorem 3.7 Let the function f(x,y, z) be given on [0,1]2. Then the above procedure generated

by the recursion (33) produces after k steps in the outer and k' steps in each inner loop the

approximation
koK K (4) (@) (@) ¢ 5
uy, (7) Vs (Y) Wy (2)wps (2)
k(@2 ZZ 2. W, Oy O, 0N w ) (35)
i=1 po=1p1=1 (33 7 Upa (ym) Z ul) () w(i)(z)
(1) () ¥
V:luu (@)
where
ul(@) (1), ()
() 1 el o) e, @)
7 7 m=1 ~ (1 7 %
Um(x):f(ﬂfvyiazﬁl))— o qu(l)( (l))w()(th)) ZW% (Zfbl))a (36)
EEREICAIWOPNUNITS NG i=1t5
(U( (l)) v M1

10



uld) (z;) (l)(Z( ))

. w
i—1 ugl)(mirll)) m 2

. uld () (1)
i—1 Z o <l>)wm () K’ (l)(
1

/ : vi) ol ()
wi (2) = F () i, 2) =Y 7= D 50— S L D0y (38)
K1 K’ (l)( (l)) K . (_2)( (Z)
=1 NS W@ 0,y A= =1 Uy (T
WD (2)
- wy,’ (zy7)
and
uld (@) (1)
i1 MOFmON (=) OYNO) pa—1 (i), (i)
(@) m=1 """ O (Ypua) - ) v (Wes) )
iy (2) = (2 y), 2) =D 75 'Zvu)( ) O () NOMNON (=) (39)
=1 ) (z,) p=1Vu " \Yp j=1 Y; "\Y;
Z <z>(x<z> w!
for py, o = 1,.... k' and the inner pivots x,&f,ylgg), ffl), ?332)

Remark 3.8 From formula (35) we see that the total rank of the approzimation is k(k')?,
provided that k' is constant for each inner loop. In our numerical examples we will see, that it

1s possible to decrease the number of inner iterations for higher outer loops.

Proof The proof follows the same idea as for the explicit formulas at the end of section 2.
Formula (33) has the structure of (25) where we now substitute U;(z,2) = Ri—1(x,y;, 2) and
Vi(y,z) = Ri—1(x;,y, 2) in each outer loop i = 1,...,k by their approximations via CA2D in

an inner loop with k" steps. First we concentrate on the inner loop to decompose U;. For the

(4)

corresponding recursion we introduce the following notation 7’ (x, 2) = Us(x, ) and
(i) (i)
i Tt (@ 20i) i
rfi(,2) = i)y () — Bl 2) for =1, K. (40)
7”,“—1< B> Zpin )

Setting ugfl) (z) = rf}f 1 (z, Z;(u)) and ! )( ) = 7“;(;1_1(@}172) we get for the inner approximation

of Ui

M1 ()
i i um (¥)
55“)(?3 z) = Uiz, z) — 7“;(‘1)(9372) = qu(n)(z) (41)
=1 Um (T )
with 0
m—1 1
W) = Ui, o) — Y~ 000 (42)
=1 Uy (@57
and 0 ()
1 7 — u ! (I”Zl ) 7
w7(n) (2) = Ul(x1(n)7 z) — Z Zl) (i) w](‘ )(Z) (43)
=1 Uy (@57

Now we do the same calculations for the decomposition of the function V; and end up with

M2 (4)
a(i NG _ Z v (Y)
Sl(,l/z)(y7 Z) - Vi(yv z) - T;Sz)(yv Z) = (l;( () w( )(2) (44)

I
y,l y,u)
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for us = 1,..., k', where fffg) (y, 2), vfj) (y) and wff)(z) are defined analog to (40), furthermore,

il U(i)(y) (4) (i
j=1Y; (yj )
and 1@ )
. v (y ) ) (i
W)(2) = Vily, 2) = 3~y (2) (46)
j=1Y; (yj )

Now we just have to put everything together. Starting with formula (26) and inserting for
U; and V; their approximations s,(fl) with p; = k' from (41) and §,(f2) with pg = k' from (44)
respectively, we arrive at (35). To get formulas (36) and (38) we start with (42) and (43) with
m = p1, insert for U; its representation (27) with ¢ = k and substitute there the functions U

(2)

and V} from the former steps by its approximations s,; with ¢ = [ and g = £’ from (41) and
éffg) with ¢ =1 and p2 = k' from (44) respectively. Analogously we get (37) and (39), by taking
(45) and (46), inserting (28) and finally substitute U; and V; as before. That finishes the proof.

|

Remark 3.9 Looking at formula (35) shows us, that in order to prove a rank property, as indi-
cated in Remark 3.4, the condition would be very restrictive. So, in contrast to the interpolation

property we don’t claim now that something worth to be called rank property holds here.

The complete procedure is described in the following Algorithm.

Algorithm 1 (The Generalized Cross Approximation)

1: Choose the pivot strategy for the outer loop (i.e x;,y; fori=1,.., k)
2: do nk =1,..., k (outer loop)

3: for nk =1

3a: Consider Uy, V] and obtain ugl), wj(l), J(l)and w( ) for j=1,...,k by applying
CA2D.
4: for nk # 1
5: do mk =1,...,k’" (inner loop)
ba: for mk =1
Choose pivot points in the inner loop (acgnk), y§ k) gnk) and A(nk))
Obtain the vectors u&nk), wgnk), vgnk)and w(nk).
5b: for mk # 1
Choose pivot points in the inner loop ( g ), y](nk), ](-nk) and z( ) for j=2,.,K).
Obtain the vectors u§nk), wj(nk), vj(-nk)and 12)]( ®) for j=2,., K.

6: end do (inner loop).
7: end do (outer loop).

The pivot strategy for the outer loop and inner loops in the Step 1, Step Ha and 5b is de-

scribed later in this section. Since we know the pivot points x; and y; and the pivot points
SRNCING

j 7

be obtained easily by using CA2D w1th hnear complexity in n (look at (10) and (11)). The

in the first inner loop, the vectors u; and 12);1) in the step 3a of the Algorithm 1 can

12



Z(-nk), wgnk), vi(nk) Z(nk) in step 5a and 5b can be easily obtained from the equations

(34),(35),(36) and (37). Since these equations involve Uk, Vik (Upnk, Var to be evaluated at

some fixed points), we need the information from all the previous outer loops. These can be

vectors u and w

implemented efficiently and inexpensively in the algorithm during the computation. The com-

putational complexity of the algorithm is discussed below.
Error analysis

In [2] Bebendorf developed a systematic machinery to analyze the error behavior in the frame-
work of incremental approximations gradually, even for nested algorithms. The fundamental

relation for all these methods is the recursion 7¢[f] = f and

 rh=1[f] (k)
le(zk)

with functions [ at our disposal such that lx(x) # 0. The remainder r[f] can be connected

relf] = re—1(f] Iy

to the error

fa) 17
Elfl=1f- : Ui
f(zg)
of a linear approximation in an arbitrary system ¥y = [¢1,..., wk]T of continuous functions.

Fortunately, our method fits into this framework and we can exploit his results, where we partly
adapt the notation now.
For fixed y,z € [0,1]? we set r;[fy:] = Ri(-,y,2) (from formula (25)), l; = r;_1[fy] for i =

1,..., k. Furthermore, we define

l1($1) ll(xk)
. I
My, = 0 and W =pt |
. . . . lk

0 - 0 Ix(wg)

The terms entering the estimates are finally set as

k J
or=sup Y M (@) and Giy= sup D €D (@) (G10=0)

z€[0,1] ;5 z€[0,1] =

for i,j = 1,...,k, where the &s and corresponding M’s are given by substituting ! with its
approximation [ in the lines above, for more explanation see [2].

After all these notational adaptions we can state:

Theorem 3.10 Let ¢ > 0 be sufficiently small and we assume

sup  |Ri—1(@, i, 2) — A(Ri—1) (2,91, 2)] < ¢ (47)
(z,2)€[0,1]2
sup  |Ri—i(z4,y,2) — A(Ri—1)(24,v,2)] < € (48)
(y,2)€[0,1]2
fori=1,.... k. Then
|Ri(z,y,2)| < (14 o) max Hgk[fT} Hoo,[0,1]2 + ckE (49)

re{z,z1,....o1 }
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for (z,y,2) € [0,1]3. Here

k k
. . i . G A
k=01 +2 2(0173_1 +1) H(c;z)v +1)(6ik+1), with cin-)ﬂ = sup | A

j=1 i=j v® Crin

The proof follows the same lines as for Theorems 2 and 3 in [2] with further adaptions according

to the notation there.
Pivot strategy

The accuracy and efficiency of the Cross Approximation rely on the pivot strategy. There are
different ways of choosing the pivot points and we did not make to much effort to find something
optimal. As explained from the beginning the choice of pivot points are such that condition
(34) holds, where we follow the same substituting strategy as explained before Table 3.2. While
in section 3.1 the algorithm produced completely random pivots during the performance for the
outer loop, here we updated the error on the diagonal after each step k£ of the outer loop and
found the position of the maximum entry in modulus for the coordinates xyi1,yi+1. In the
inner loops we basically follow the partial pivoting strategy, compare [1] or [12]. For the matrix
(1) (1)

1 >

Uy we choose x;’,...,z;,” randomly and find the positions of the maximum error entry after

each iteration in the corresponding z-depending vectors. According to Proposition 3.5 we keep
those z%l), ey z,(;) as inner pivot coordinates for all the succeeding matrices to approximate.
In the other direction (either x or y) again we find the position of the maximum error entry
in the corresponding vectors as next pivot coordinate. These error vectors have to be updated

at each iteration step, which can be implemented in the algorithm with a linear complexity in n.
Computational complexity

As explained earlier, the approximation has been constructed in two steps. &’ inner loops are
involved in each of the k outer loops. The first outer loop requires O(n(k’)?) operations (Step
3a: Only two adaptive Cross Approximations in two dimensions are involved). Further, &’
inner loops require O(n(l — 1)(k’)?) arithmetic operations in each outer loop | = 2,3, ..k (Step
5a and 5b). Therefore O(nk?(k’)?) arithmetic operations are required to construct the complete

approximation. So the complexity is linear in n.

4 Numerical results

To show the performance of the proposed algorithm, here we present a few numerical examples,
where we always used a AMD Opteron 8220 with 2800 MHz and 256 GB RAM where the code
was written in Fortran 90.

In contrast to our theoretical investigations in the previous section, now we allow the number
k' of inner steps to vary from one outer iteration to another and denote it by k{,...k}. The
stopping criterion for the inner loop now reads as

ul? A
M : Hw,i?Hoo < e,

T
Ky Tk,
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where the inner precision € is up to our choice. Mainly because of symmetry of our test
functions for i = 1,...,k we always run k] inner iterations to decompose both U; and V;.

Let us consider n = 501 uniformly divided points on the interval [0,1] in each direction. A
tensor is generated by the function on the uniform grid (tensor product of the n grid points in
each direction on the interval [0,1]). Our pivot strategy is described in the previous section.
The approximation is obtained and the error of the approximation is calculated in the maximum
norm. As explained earlier, we rely our algorithm on the pointwise (or Hadamard) product and
therefore we are sometimes forced to use a substituting strategy. In those cases we replaced the
entries which are less than or equal to 5.0e-16 by 9.0e-16.

The tables below show (from left to right) the iteration step k, the corresponding error bound for
the stopping criterion of the inner loop ), the resulting numbers of inner iterations &}, ... Ky,
the relative approximation error in the maximum norm and the time (measured in seconds)

needed to compute the tensor decomposition plus the time taken for partial pivoting.

Example 1: Consider the smooth three dimensional function

1

=———— on]|0, 1]3
l+z+y+=2

f(z,y,2)
from section 3.1. As expected the result is very satisfactory and one can observe a signifi-
cant decrease in the number of inner iterations, which results in a smaller rank of the final

decomposition compared with k(k)2.

e®) AN A error time
9e-02 2 8.333e-02 0
5e-03 3,2 2.32129e-03 | 0.009
oe-04 4,3,2 4.03437e-05 | 0.01
le-05 5,4,3,2 7.942e-07 | 0.029

1le-06 |  6,5,4,3,1 1.6383¢-07 | 0.05
1e-07 | 6,554,222 | 3.4534e-09 | 0.069
1e-09 | 7,7.6,5,4,3,1 | 4.2992e-11 | 0.119
5e-12 | 9,8.,8,6,6,5,3,2 | 1.76025e-13 | 0.25

O 3O Ui Wi

Table 4.3: Approximation error of f for different k
Example 2: Now we consider
h(z,y,2) =e ¥ on [0,1]?

as it was called in section 3.1. There we had to use the substituting strategy after the first
iteration in each step to get a good approximation. The following table shows that it is also

working very well here. The decreasing inner ranks are also visible.
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1e-07 | 6,554,442 | 4.445e-08 | 0.088
1e-09 | 7.6,6,54,4,1 | 3.297e-10 | 0.149
2.5e-11 | 8,7,7,7,5,6,4,1 | 5.133e-11 | 0.248

El e® AT A error time
1 0.1 3 0.284 0

2| 5e-02 3,2 6.778e-02 | 0.009
3| b5e-03 4,3,2 5.55114e-04 | 0.019
4| 5e-04 4,4.3,1 6.8267e-05 | 0.038
5| 1605 | 54431 | 3.2136¢-06 | 0.049
6

7

8

Table 4.4: Approximation error of h for different k

Example 3: Now we consider the function

9z, y,2) = exp(=10y/(x = 1/2)2 + (y = 1/2)2 + (- = 1/2)2)  on [0,1]%,

using the same notation as in section 3.1. Here we see that for better approximations one needs
large ranks because of the bad smoothness behavior in the neighborhood of the center of the

domain, which also results in a more irregular behavior of the inner ranks.

k] e® ki, ... Kk error time
1 0.1 3 0.12685 0

2 | 5e-02 3,2 6.016e-02 0.009
3 | 5e-03 6,4,2 2.931249e-02 | 0.019
43603 | 6446 1.2158¢-02 | 0.04
5 | 4e-05 | 12,11,7,9,11 6.312e-03 0.25
6| 5e-06 | 12,11,7,0,11,4 | 3.2983¢-03 | 0.32

Table 4.5: Approximation error of g for different k

Example 4: Now we consider the function

1

= 0,1
ooitzrgre O

w(x7 y’ Z)

which shows how the method works close to singularities. Here again one needs larger ranks

for better precision and the decrease of the inner ranks is very slow.

k] ® ki, ...,k error time
1 0.9 4 9.01662e-02 0

2| 04 5,3 2.533e-02 | 0.009
31 0.3 6,3,3 8.4734e-03 | 0.019
4 | 4e-03 9,7,7,7 4.3482e-03 | 0.089
5 | 3e-03 9,7,7,7,7 1.091e-03 | 0.139
6 | 5e-04 | 10,7,7.7.7.7 6.222¢-04 | 0.26
7 | 3e-05 | 12,11,10,9,10,9.9 | 3.455e-04 0.76

Table 4.6: Approximation error of ¢ for different k
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Conclusions

As mentioned in the very beginning, the original idea was born in four dimensions, where one
can interpret a 4d-tensor as matrix of matrices and apply CA2D to this matrix. The result-
ing approximation would be a sum of products of 3d-tensors and one would have preserved
the corresponding interpolation and rank properties again. But since linear complexity with
respect to the system size n has highest priority, now even two more levels of nested Cross
Approximations would be neccessary. A simpler way was proposed by Bebendorf in [2] (which
is the four-dimensional analog to the method discussed in section 2), where he even presented
an error analysis. The explicit formulas for the building blocks in his method are also possible

to derive by our procedure used in sections 2 and 3.

The quality of our numerical results is of the same kind as those presented in [2] and [10]. But
we believe that our more symmetric format together with the obtained theoretical results give

another perspective for the extension to higher dimensional problems and applications, see [7].

As described in section 3, to ensure that the pointwise product with 1/Ry_1(xg, yk, z) for all
z € [0,1] is well defined, we had to impose a substituting strategy, which proved to work fine

in practice. To find a theoretical justification for it is still an open problem.
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