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Abstract. Linear matrix approximation problems AX = B are often solved by the total
least squares minimization (TLS). Unfortunately, the TLS solution may not exist in general.
The so-called core problem theory brought an insight into this effect. Moreover, it simplified
the solvability analysis if B is of column rank one by extracting a core problem having
always a unique TLS solution. However, if the rank of B is larger, the core problem may
stay unsolvable in the TLS sense, as shown for the first time by Hnétynkova, Plesinger,
and Sima (2016). Full classification of core problems with respect to their solvability is
still missing. Here we fill this gap. Then we concentrate on the so-called composed (or
reducible) core problems that can be represented by a composition of several smaller core
problems. We analyze how the solvability class of the components influences the solvability
class of the composed problem. We also show on an example that the TLS solvability class
of a core problem may be in some sense improved by its composition with a suitably chosen
component. The existence of irreducible problems in various solvability classes is discussed.

Keywords: linear approximation problem; core problem theory; total least squares; clas-
sification; (ir)reducible problem
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1. INTRODUCTION

1.1. The core problem theory. Let us consider a linear approximation problem
(1.1) AX ~ B, where Ae R™*" BeR™4 X e R

are matrices representing the system matrix of a discretized model, observation ma-
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trix of measurements (together forming the data matrix [B, A]), and the matrix
of unknowns, respectively. For simplicity we usually assume R(B) € R(A) and
R(B) € N(AT), otherwise the problem has either a solution in a classical sense
AX = B with X = A'B, or the column spaces of both matrices are orthogonal
ATB = 0 and it makes no sense to approximate columns of B by columns of A,
(where R(K), N(K), and KT denote respectively the range, null-space, and Moore—
Penrose pseudoinverse of K).

The core problem theory developed in [8], [4], [5] gives the following. For ev-
ery (1.1), there exist orthogonal matrices P € R™*™, PT = p~1 Q € R™*",

T=0Q ', Re R4 RT = R~! so that

An 0 } {Xu Xu] N [31 0

1.2 PTA TXR) = = (P"BR
(12)  (PTAQ)(Q XR) 0 Aw || X0 X 0 ol =¢ )
with conforming partitioning of matrices (i.e., in particular, A;; and B; have the

same number of rows) satisfying the following three conditions:

(CP1) The matrix Ay is of full column rank.

(CP2) The matrix By is of full column rank.

(CP3) Let Aq; have ¢ distinct nonzero singular values with multiplicities p; and
per1 = dim(N(A})), and let U} be matrices having orthonormal bases of
left singular vector subspaces of Ay; as their columns.

The matrix (UJ’-)TBl is of full row rank p; for j=1,...,& &+ 1.

In [8] and [4], it was shown, that (CP1)-(CP3) are equivalent to the minimality
of [B1, A11] (and maximality of Aaz) over all orthogonal transformations giving the
same zero-nonzero block structure of the system and observation matrices. Note
that [8] focuses on the case d = 1, i.e., when B and therefore also By are vectors,
while [4] focuses on the matrix right-hand side case d > 1. The minimally dimen-
sioned subproblem

(1.3) AnXn = By

is called the core problem (within (1.1)) and (1.2) is the core problem revealing
transformation.

1.2. The total least squares minimization. Problems of the form (1.1) are
solved in many applications by using plenty of different approaches, usually based
on least squares techniques. Total least squares (TLS) minimization represents one
of them. It typically seeks for

14 i E j B CR(A+FE
(1.4) GeRnglylgeRmmH[G, |l subject to R(B + G) C R(A + E)
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(where || K||7 denotes the Frobenius norm of K). Then any matrix X 'S satisfying
(A+E)X™ =B+ G

is called the TLS solution of (1.1).

The TLS problem differs from the basic (ordinary) LS in including a correction E
of the model matrix A into the minimization formulation. Problems, for which
a TLS solution represents better approximation than a LS solution have been widely
discussed in the literature in the past decades. A nice overview can be found, e.g.,
n [10], Chapter 1.2 or [7]. For example, the TLS approach is advantageous in
classical errors-in-variables (EIV) models, where the aim is to reveal the existing
unknown model (representing relations between variables) from its approximation A
rather than obtaining a precise approximation of X, or in cases where model errors
are significantly larger than observation errors. The TLS method is applied (under
various names) in areas such as experimental modal analysis, system identification,
signal processing, image processing or chemometrics, see [7] for references, where LS
often fails to give reliable approximations.

However, allowing corrections of A in (1.4) has significant impact on the solvability
of the minimization problem. While LS solution always exists (and one can uniquely
select a solution with minimum norm), this is no longer true for TLS. The existence
and uniqueness of X TS has been analyzed in many papers starting from [1], [10], [12],
[13], and in particular [14]. Moreover, the so-called nongeneric solution was defined
in [10] for cases where the standard TLS solution does not exist or is complicated to
construct (as revealed and explained later in [3]). The question of TLS solvability
of a general problem (1.4) was finally resolved in [14] and [3]. In particular, [3]
introduced a novel full classification of problems (1.1) with respect to their TLS
solvability. The problems (1.1) are there divided into four solvability classes and for
each of them the (non)existence and (non)uniqueness of the TLS solution is proved.
Thus, the solvability class of a given problem reveals how its approximate solution
can be computed, and what is the meaning of this solution in terms of the original
data.

The TLS minimization (1.4) employs the Frobenius, i.e., orthogonally invariant
norm, and the core problem revealing transformation (1.2) is an orthogonal trans-
formation. Thus the TLS minimizations applied to the original and transformed
problems result in the same minima (up to the transformation). Taking into ac-
count the zero blocks in the transformed right-hand side (1.2), it is reasonable to
put Xi2 = 0, X971 = 0, X922 = 0. Consequently, using the core reduction as a sort
of preprocessing of the data A, B, it is obvious that we in fact need to solve the
single nontrivial and typically smaller subproblem—the core problem (1.3). The link
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between the TLS solution of the core problem and the TLS or non-generic solution of
the original problem if d = 1 was explained in [8]. There it was also proved that the
core problem with d = 1 is always uniquely TLS solvable. For problems with d > 1,
the first attempts of clarification were published in [2]. In particular it was shown
that if d > 1, the core problem may stay unsolvable in the TLS sense. However, com-
plete classification of core problems with respect to their solvability is still missing.
Such knowledge would indicate in which cases the core reduction simplifies the solv-
ability of the TLS problem, and clarify the meaning of the TLS solution of the core
problem with respect to the original data. Thus we study this open question here.

1.3. Contribution of this work. In this paper we present some further pieces of
the missing mosaic. We show which solvability classes are possible for core problems
with d = 2 and d > 2, resulting in full solvability classification of core problems
with respect to the number of their right-hand sides. Then we concentrate on the
so-called composed (or reducible) core problems introduced in [2]. Such problems
can be equivalently represented by a composition of several (in some sense block
independent) core problems of smaller dimensions. Assuming the solvability classes
of the components are known, we analyze feasible solvability classes of the resulting
composed problem. We also show on an example that the TLS solvability of a core
problem may be in some sense improved by its composition with a suitably chosen
component. For completeness, examples of irreducible problems in various solvability
classes are presented.

The text is organized as follows. Section 2 recapitulates the TLS classification, the
previous TLS solvability results for core problems, and the core problem composition.
Section 3 gives the full solvability classification of core problems with respect to the
number of their right-hand sides. Section 4 analyzes solvability classes in the course
of core problems composing. Section 5 comments on the irreducible core problems,
and Section 6 concludes the paper.

2. RECAPITULATION OF KNOWN RESULTS

2.1. Classification of TLS problems. First of all we briefly recall the above-
mentioned full classification of problems with respect to their TLS solvability devel-
oped in [3]. It employs the singular value decompositions (SVD) of the data matrix
(B, A] € R™*("+4) (we assume m > n + d for simplicity; in the other case one can
add zero rows to the data matrix, which is equivalent to adding (n + d) — m zero
singular values). Let

di
(2.1) [B,A] = USV", where ¥ = w“g(al’o Outd) | ¢ gmx(nta),
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let ¢ (0 < ¢g<n)ande (1 <e<d) be the left- and right-multiplicity of 0,41, e.g.,

(2.2) On—q > On—q4+1 = --. =0Opnt1 = ... = Onte > Opntetl

(g + e)-tuple singular value

in the typical case (if ¢ = n or e = d, then o,,_4 or 0,141 do not exist, respectively).
The classification is then based on ranks of individual blocks of V|

2 v=luhn= b el

~— ~—
n—qgqt+ed—e

(if ¢ = n or e = d, then [V}1, V1] or [Vi%, VoE]T have no columns, respectively).
Then (1.1) with the minimization (1.4) belongs to the class:
F if rank([Via, Vis]) = (so—called generic problem), in particular to its sub-class:
F1 if rank(Via) =
Fo if rank(Vig) > e and rank(Vis) =d —e, or
Fs if rank(Vis) <d—e (ie., F=FL UFUF3); 0
S if rank([Viz, Vas]) < d (so-called non-generic problem).

The problem has a TLS solution if and only if it belongs to F1 U F2, as shown in [3].
Thus problems in F3US (i.e., even the generic problems in F3) have no TLS solution.
This classification has been recently extended to TLS formulations with an arbitrary
unitarily invariant norm in (1.4), see [11].

Note that the so-called classical TLS algorithm (see [10], [3]) returns the TLS
solution only for problems from /7, moreover it always returns the solution minimal
in both the Frobenius and spectral norms. For problems from 3, the algorithm
requires a small modification (see [6]), but it is not able to return the minimal norm
solution in general.

2.2. Solvability of core problems. The key result proved in [8] for d = 1 is the
following: The core problem with single right-hand side has always the unique TLS
solution X{{“5. Moreover, its back-transformation X = @ [(X{{"5)7, O}T R" (since
d=1,R becomes equal to 1 or —1) is the (unique or minimum norm) TLS solution
of the original problem (if it is TLS solvable), or the so-called (unique or minimum
norm) nongeneric solution (otherwise).

In the context of solvability classification, it was shown in [3] that a problem
AX =~ B with a single right-hand side belongs either to F; or S, and the core
problem A;; X717 = By with a single right-hand side belongs always to F;. (Recall
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that all problems in F; are TLS solvable, whereas in S they are not.) Note that
in [2] it was also shown that any core problem (i.e., with d = 1 as well as d > 1)
in F; has a unique TLS solution.

Since the solution of the original problem and the core problem within are closely
linked, authors of [8] say that for d = 1 the core problem contains only the neces-
sary and all the sufficient information for solving the original problem in the TLS
sense. Therefore, the transition from the original general problem (GP) to the core
problem (CP) is called the core problem reduction. To simplify the exposition, we
schematically describe this by the diagram:

core problem
(2.4) (GP,1, 7 or §) —— PO (¢p,1, 7)),
reduction
where the first component of each triplet identifies whether we deal with general or
core problem, the second component specifies the number of its right-hand sides d,
and the last component denotes its solvability class. In the general case d > 1, such
scheme takes the form:
core problem

(2.5) (GP,d,any class) ——————= (CP,d,unknown class), d>d>1,
reduction

since nothing is known about the resulting class of the core problem.

2.3. Composing of core problems. In [2], it was shown that we can compose
the core problems as follows. If Agll) Xl(ll) ~ By), | = o, B, represent two core problems

(i.e., each satisfies (CP1)—(CP3)), then the problem

A(a) 0 B(O() 0
(2.6) A X = (PT { 11 ] Q> X1~ (PT { ! ] R> = Bii,
0o A o BY

where P, ), R are orthogonal matrices, also satisfies (CP1)—(CP3) and therefore
represents a core problem. We call such a core problem composed or reducible.
Schematically, we describe the composition by the sign “BH” with the particular
summands indexed by small Greek letters from the beginning of the alphabet.

The relationship between X ﬁy), X 1(? ), and X1 is not clear, except for some special
cases. In particular, it was shown by examples in [2] that there exist two components
such that

(2.7) (CP,1,F1) B (CP,1,F1)3 = (CP,2,F;) or (CP,2,F,) or (CP,2,S).
Further, there exist three components such that
(2.8) (CP,1,F1)a B (CP,1,F1)s B (CP,1, F1), = (CP, 3, F3).
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Thus the core problem with d > 1 can belong to any of the four solvability classes.
Note that not every core problem with d > 1 can be written as a composition of single
right hand-side core problems. In [2], an example of irreducible F; core problem was
presented.

Even though we have excluded compatible problems (i.e., with R(B) C R(A)) and
“fully incompatible” problems (i.e., with R(B) C N (A1), or equivalently R(B) L
R(A) or ATB = 0), a component of a core problem can still have such properties. If
we try to find the core problem within a fully incompatible problem, we see that By
is square invertible, and formally A1; has no columns, i.e., the data matrix takes the
form [B1, A11] = By. Such degenerated core problem can play a role of a component
(which cannot be approximated and only increases the residual) in a composed prob-
lem. The degenerated component is always of F;. For illustration, we give examples
of the proper incompatible, compatible, and degenerated core problems (or their com-
ponents) A1 X1, ~ By, A;; € R™*", By € R™*4, with d = 1. Their so-called SVD
forms always look like

b1 S1
b | &1
bo G2
. ba G2
[B1, Al = | ; : . , and [b1],
bn n ' ’
© bn Sn
bpy1 |0 0 ... O

respectively, where b; # 0 and ¢; > ¢j41 > 0. Clearly m = n + 1, n, and 1 in these
three respective cases, and n = 0 in the last one.

3. SOLVABILITY CLASSES OF CORE PROBLEMS WITH RESPECT TO THE NUMBER
OF THEIR RIGHT-HAND SIDES

The single right-hand side core problem always belongs to the class Fi, see [8].
Examples of F», and S core problems are in (2.7) built up from two single right-hand
components, whereas F3 core problem in (2.8) is built up from three, see [2]. This
motivates a question whether the number of right-hand sides d restricts the available
classes of core problems not only for d = 1 but also for d > 1. We analyze this below.

3.1. Core problems with two right-hand sides. The following theorem gives
all possible classes for d = 2.

Theorem 3.1. Let A;1X11 ~ Bi1, B1 € R™*¢, be a core problem with d = 2 right-
hand sides. Then the core problem belongs to the class F1, F2, or S. Equivalently,
the core problem with d = 2 cannot belong to the class Fs3.
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Proof. Recalling that there exist composed core problems with d = 2 in Fj,
Fa, and S (see (2.7)), we only need to exclude Fs.

Assume by contradiction that there exists a core problem with d = 2 in F3. The
classification is based on the ranks of blocks of V' (see (2.3)), and the class F3 is
characterized by rank([Vi2, Vi3]) = d and rank(Vi3) < d — e, where e (1 < e < d) is
the right-multiplicity of the singular value o,,4+1. Since d = 2, we have e € {1,2}.
The inequality rank(Vi3) < d — e = 2 — e then implies that

(3.1) e=1, rank(Vi3) =0, and Vi3 € R**!

Because the number of columns of Vi3 is equal to the sum of multiplicities of singular
values strictly smaller than 0,41, we see that there is only one simple (possibly zero)
singular value with this property, i.e., 0,41 > 042 = 0. Here we need to use another
property of core problems that has not been mentioned yet:

(CP5) Let [By, A11] have x distinct nonzero singular values with multiplicities o;
and ¢y11 = dim(N([B1, A11])), and let V] be matrices having orthonormal
bases of left singular vector subspaces of [Bi, A11] as their columns.

The leading d x p; submatrix of Vj’ is of full column rank o; for j =
1,...,x, x + 1; see [5] and [2].
We see that [V}5, V55]" is one of the matrices V/, and Vi3 is one of the d x g; blocks.

Therefore, V13 has linearly independent columns, i.e., is of rank one which is in
contradiction with (3.1). O

Note that in the case of composed core problem (i.e., having two single right-hand
side components), this theorem directly implies that, schematically:
V(CP,1, F1)a, V(CP,1, F1)g,

(CP7 1af1)& & (CP7 1a]:1)[3 = (CP725~F1)) (CP725~F2)7 or (CP5278)5

or equivalently
(CP,1,F1)o B (CP,1,F1)s # (CP, 2, F3).

3.2. Core problems with three and more right-hand sides. First we prove
a theorem stating that it is always possible to compose a general core problem with
a single right-hand side component without changing the solvability class.

Theorem 3.2. Let AV XY ~ B A% ¢ gmoxna B ¢ gmaxda be a core
problem (that will serve as a component) and let it be in the classC € {Fy, Fa, F3,S}.
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Then there exists a single right-hand side component Agf)Xf’f) R B;B), Agf) €
R™sXn5 B§ﬁ) € R™s*1 such that the composed core problem

Ao B 0
AnXp=(PY|TY Xy~ (PT| 1 R)=B
1 X11 ( [ 0 AP Q) Xn o BY 11,

is also in the class C.

Schematically: VY(CP,dq,C)q, 3(CP, 1, F1)s such that
(CP,do,C)o B (CP,1,F1)5 = (CP,do + 1,C),

where C € {F1, Fo, F3,S}.

Proof. Let O’Ea), i =1,...nq + du, be the singular values of the a-component
(B, A1), Denote g, e; the left- and right-multiplicity of the singular value of inter-
est, i.e., 055_11. Construct a core problem representing the S-component [B§ﬁ ), Aﬁ)]
arbitrarily with the only restriction that

)] (@)

Ong+1 = Tng+1-

Since dg = 1, the singular values of the S-component are simple and thus the left-

and right-multiplicity of U,(fi )+1 is gg = 0, eg = 1. Then in the partitioning of the

V) matrix from the SVDs of the extended matrices, we get
Y= v i) s P = VDT,
—_—— N~ —— N—— ——
Na — Ga Go + €a do — €4 ng 1

here V1(36 ) does not exist (it has zero columns). Moreover, V1(é6 ) = Ui,ﬁrzﬁ 41 # 0. Then,
similarly to (3.3),

vl o
[‘/117‘/127‘/13] = RT 0 ‘/‘1(5) \117
v
e [ o [
0 Vi 0 Vi 0 I
Clearly,
V(Q) 0 a
rank(Vi2) = rank (RT [ 12 8) ]) = raﬂk(V1(2 )) +1,
? ) Ul,ng+1
[e3
Vis

rank(%B) = rank (RT |: 0 :|> = I‘a,nk(‘/vl(?)o‘))7
and rank([Viz, Vi3]) = rank([Vl(;), Vl(:),a)]) +1,
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where Vi € REX(@te) Vs e RI¥X(d=€) d=d,+1,d—e=dy—ey 50 e =eq+1,and
qg+e=(go+eq+1s0q=qy. Thus the a-component [B;a), Ag?)] and the composed
core problem [By, A1) are of the same class. O

Consequently, applying the theorem to examples of core problems with d = 2
from [2], see (2.7), we find there exist core problems with d = 3 in Fq, F» and S.
Recalling the example (2.8), we see that for d = 3 there exist core problems in all
four solvability classes. For d > 3, we can proceed analogously giving full solvability
classification summarized in Table 1. Note that for any given d > 1 and any feasible
class, we can find a composed core problem having only single right-hand side com-
ponents. This result is interesting in view of the fact that any core problem with
d = 1 belongs to F7 (the set of problems having always the TLS solution).

d Classes
1 Fi _ = —
2 Fi Fo — S

3 and more Fi Fo F3 S

Table 1. Core problem with d right-hand sides belongs to one of the following classes.

3.3. Note on composing identical components. In general, it is not known
what is the relation between the class of a composed problem and the classes of its
components. Now we show that when a core problem is composed with itself, the
solvability class cannot change. The theorem gives another way how to construct
composed core problems in selected classes.

Theorem 3.3. Let A11X11 = By be a core problem. If it is composed of two
(or more) identical components Agcf)Xl(?) ~ Bga), then the core problem and its
component belong to the same class.

Schematically:

V(CP,da,C)as (CP,da,C)a B (CP,dq,C)a = (CP,2d,,C),
k
and thus also  H(CP,dy,C)a = (CP, kda, C),

i=1

where C € {F1, Fo, F3,S}.

Proof. The statement holds trivially for compatible and degenerated compo-
nents. Therefore, we focus on the proper incompatible components. Recall that

B o o [4a% 0o o

[Bi,Aul=P"| o . 0 '
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0]@

where “®” denotes the Kronecker product; Ag(-f) € RMeXne, Bﬁy) € Rmaxda ' =
kna, m = kmg, and d = kd,. Consider the full SVD [B{*), A%)] = y(@x(@) (y(@)T
with square U(® and V(®) | with partitionings

Vl(O() }da
VM }
as in (2.3). This immediately gives the SVD of the composed problem in the form

R| o
=PT[I,® B! @@A@]{ y

(3.2) V(“’Z[ ,and VY =V, v v

0lQ) [nev”

T (@) T
[BhAnJ—(PTUk®U<“>>H>(HT(Ik®2<a>>\If)<[R‘ 0} [Ikwl F’) :

7

where IT and ¥ are permutation matrices sorting the singular values in the nonin-
creasing order on the diagonal of 3. Since the permutations realize the commutation
of the Kronecker product

Y (I @ 2w =2 @ 1,

where ¥ is square, we have simply IT = ¥, see [9]. Note that multiplicities of all
singular values are in the composed problem k-times larger than in its component.
Let us focus on V' and denote v:(j) the jth column of Vl((y). Then we get

(33)  Vi=[Vi,Viz,Vis] = R*(Iy @ V{*)w
:RTUg®J?Jk®J?~~Jk®Jﬁﬁ%]

© )

Clearly, the dimensions of V;; in (3.3) are k-times larger than the dimensions of Vig-a)
in (3.2). From the structure of the last matrix, and since R is orthogonal, we see
that

rank(V;;) = rank(RV;;) = k - 1rar11<(‘/;§a))7

i.e., also the ranks of Vj; are k-times larger than the ranks of Vig-a).

Since the solvability classification is based on multiplicities of singular values, ranks
and sizes of the blocks (in particular on the relations between these quantities), and
all these quantities are in the composed problem just k-times larger, the component
and the composed problem must belong to the same class. (Il

Theorems 3.2 and 3.3 formulate basic relations between solvability classes in the
course of core problems composing in two special cases. Further results are given in
the next section.
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4. SOLVABILITY CLASSES IN THE COURSE OF CORE PROBLEMS COMPOSING

In all cases discussed previously (see Theorems 3.2 and 3.3, and examples (2.7)),
a composition of core problems leads to a composed problem with the same or worse
TLS solvability on the scale

F1 (the best)—F—F3—S (the worst).

Recall that F; problems always have a TLS solution (that can be computed by
the classical TLS algorithm), and core problems have a unique TLS solution; Fo
problems also have a TLS solution (that cannot be simply computed by the classical
TLS algorithm); F5 problems are still generic, but they have no TLS solution; and S
problems are nongeneric and have no TLS solution. Such scale naturally corresponds
to “removing the linear independence” from the upper right corner of V' (see (2.3)
and the classification below) and motivates the question whether the composition
always worsens the TLS solvability. First we build up an illustrative example, then
some general statements follow.

4.1. Does the composition always worsen the TLS solvability? The fol-
lowing example illustrates that composition of core problems can counter-intuitively
improve the TLS solvability class. First, we give a particular example of an Fj
single right-hand side core problem. Then we start to compose it to obtain more
complicated problems.

Example 4.1. Consider the approximation problem
(4.1) {ij T~ [_GIZ)ICJ ,  where a; > b >0,
s =sin(p), ¢ =cos(y), p # ink, k € L.

T
(0] g _ ac ars a; 0 c —S
By, Aj{] = =T
By An] [—bls blc} 2 {0 bl] [s c }
is in principle the SVD of the extended matrix. Since m; =2, n; =1, d; = 1, so

JSI)H = b; is simple, so ¢; = 0, ¢, = 1, and Vl(l) = [¢, 8], Viz = [s], and Vi3 has no

Then

columns. Consequently (4.1) is of class F; and has a unique TLS solution.

To show that (4.1) is a core problem, we need to verify that it satisfies (CP1)-
(CP3). Clearly Agll) as well as By) are of full column rank, i.e., (CP1) and (CP2)
hold. Employing the SVD

A= (T Lo o )00 o
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it is easy to see that both

(U{)TBY) _ ( 1 {ms])By) _ (a7 — b?)es ’
(a15)2 + (bic)? | bic (a18)? + (bic)?

(Ué)TBy) _ ( 1 |:_blc])B§l) _ —2a;b;
(a15)? + (bie)? | @s (a18)? + (bie)?

are (one-by-one) full row rank matrices, i.e., (CP3) is satisfied. Consequently (4.1)
is a core problem of the class Fj.

Now we take two particular choices of the parameters a;, b; in the example above,
such that the composition of (4.1) with a single right-hand side degenerated compo-
nent results in a core problem in S and Fi, respectively.

Example 4.2. Consider the core problem (4.1) with I = «, a,, = 3 and b, = 2.
Consider the core problem (4.1) with | = 3, ag = 5, bg = 1. Compositions of
these problems with the same degenerated component [BEV) ,A(ﬁ)] = [BEV)] = [4]
(belonging also to F7), gives composed core problems with the following SVDs

T3 03s7 [0 1 0o1r74]l0]07 10]|c]|=-57"
(4.2) —2s 0|2 | =10 0 1{|0|3 1ol o],
Lo 4/0] L1 0 L0 [0 0] s]| ¢ |
5 0|5s7 [1 0 017[5]/0]07 [c|O|-57"
(4.3) —1s O|le|l =10 0 1| |o]4|0|]O|1] 0] ,
Lo 4/0] Lo 1 ollo]o|1]Ls|of ¢ ]

respectively. The partitioning (2.3) of the matrices V' is suggested by the lines. Then
(4.2) is of class S, while (4.3) remains in the class Fj.

Thus we have two proper incompatible core problems (both with d = 2) which we
now compose together.

Example 4.3. Consider the core problems (4.2) and (4.3). Their composition
results in a composed core problem with the following extended matrix and its SVD:

3¢ O 3s T
B o A ~25 0 2
0o BY 0 0 4 0
Bi,An] = ! =
[B1, Au] BP0 AP 5¢ 0 5s
0o BY 0 —1s 0 le
I 0 4 0]
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r 010 7([5]|0 07T c —s 7
00 1 0|4 0 1 0
- 1 0 0 410 0 c|O0 —s
|10 0[3 0 0|1 0
0 0 1 0|0 2 0|s ¢
0 1 0] Lo]o 1] Ls|o c |

The partitioning (2.3) of V' is again suggested by the lines. Clearly, we got a core
problem with d = 4 that is of the class Fj.

If we denote problems (4.2) and (4.3) as J- and e-component, respectively, the
composition above can be schematically expressed as follows:

((CP,1,F1)a B (CP,1,F1),)B((CP,1, F1)s B (CP, 1, F1),) = (CP, 4, F3).
(CP,27S)5 (CP72)*F1)6

Now we look at the whole process the other way. Having in hand a problem of
the class S (i.e., nongeneric one), its composition with a suitable F; problem may
result in a problem in Fj3 (i.e., it becomes generic). This can be seen as a form of
correction, or improvement of the d-component in terms of TLS solvability classes.
Such improvement can be done in general, which will be investigated in the next
section.

Remark 4.4. Since the core problems composition is associative and commu-
tative (up to a permutation of components), the problem from Example 4.3 can also
be expressed as follows (classes of the intermediate problems or components can be
seen directly by crossing out suitable rows and columns of the SVD in Example 4.3):

(CP,4,F3) = ((CP,1, F1)o B (CP, 1, F1)5) B ((CP, 1, F1), B (CP, 1, F1),)
(CP, 27]:1)(153[3 (CP, 27]:1)’yﬁﬂ'y
= ((CP,1,F1)o B (CP,1, F1)g B (CP, 1, F1),) B(CP, 1, F1),

(CP5378)QEBEEW
= ((CP,1,F1)a B (CP,1, F1), B (CP,1, F1),) B(CP,1, F1)s

(CP)?)?‘F?))O(BH’YBH’Y
= ((CP,1,F1)p B (CP,1,F1), B (CP,1, F1),) B(CP, 1, F1)a.
)

(CP, 3, F1 BH~yH~y

The first and the last row show that a composition of two F; (in the first row one
proper incompatible and one degenerated; in the last row two proper incompatible)
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components may result in an F3 problem. Recall that for two single right-hand side
(i.e., F1) components, such composition is not possible (see Theorem 3.1 and the
comment below), and therefore it was not observed in [2].

4.2. Improvement of nongeneric problems. The following theorem shows
that it is always possible to move a nongeneric (i.e., class §) core problem to the
class of generic problems by composing it with another problem representing a sort
of correction of the measured data, see Example 4.3.

Theorem 4.5. Let AV XY ~ B Al%) ¢ gmoxna B ¢ gmaxda be a core
problem (that will serve as a component) and let it be in the class S. Then there
exists a component Agf)Xf’f) ~ B§’B), A(f?) € Rmsxnes, B§’B) € Rms*ds guch that the
composed core problem

AY o B™ 0
A Xy = (PT [ ' } Q> X1y =~ <PT [ ! } R> = Bi1,
0o Af 0o B

is in the class F = F1 U Fa U F3.
Schematically: V(CP,dq,S)q, 3(CP,dgs,C)s so that
(CP,dw,S)a B (CP,dg,C)s = (CP,dy + dg, F),

where C € {F1, Fa, F3,S} and F = F; U Fo U Fs.

Proof. Let [B\Y, AY] = U@x@ V()T bhe the SVD with the partition-
ing (2.3) of V(®. Further, let

O'YX) > Jéa) > ... 2 sz)_qa,

be the singular values of Vl(f‘ ). Let k be the number of distinct singular values

k
of Vl(la) with the multiplicities g;, j =1,...,k; i.e., Y, 0j = o — ¢o. Consider also
j=1
a partitioning of Vl(la ) with respect to these multiplicities,
V) = (VL Vi, Vi) € REXCemae) | with VE) € Reexes

being of full column ranks. Since the a-component is nongeneric, i.e., of class S,
[Vl(; ), 1(:? )] has linearly dependent rows. Let ¢ be defined so that

(44) rank ([ ‘G(fji)ta Vl(lo,(erlv R ‘/1(10:27 ‘/1(;); Vl(?ya) ]) = dav and
rank (V{101 VIEL VS VD)) < da.
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Now we construct a suitable S-component. Consider an arbitrary S-component
such that it belongs to F; (thus [Vl(f ),Vl(f )] € R9*ds s gquare invertible and
gs = 0) and

® — (o) _  _ (o
O-nﬂ-i-l = O-gl+...+,gf,_1+1 T U.Q1+---+Qt—1+9t’

) is equal

i.e., the eg-tuple singular value of the 3-component corresponding to Vl(f
to the g;-tuple singular value of the a-component corresponding to Vl(la Z Then the
block V; € R&*("+d) with d = d,, + dg, n = nq +ng, from the SVD of the composed

problem takes the form

[Vl(loﬁa e V1(f2_1] 0

Vl = [‘/117‘/127‘/13] = |:

[V1(1a,2+17 R V1(1a,1)c]a V1(5)7 ‘/1(:;1) 0 } 7
0 vy

0t +eg (Qt+1—|—...+9k)+(do(+Q(y)+(dﬁ_eﬁ)

Vil o
0 Yy

U3

To align the blocks suggested by the vertical lines with the partitioning [V11, Va2, Vi3],

(@)
the (n+1)st (i.e., the dth last) column of V; has to be in [Vn’t (()ﬁ) ] . Equivalently
0 Vi,

d=do+dg > (0141 + ...+ 0k) + (da + ¢o) + (dg —€p), ie,
eg > (0141 + -+ 0k) + qa-

Recall that also eg < dg, see (2.2)-(2.3). Thus, put

eg =(0t+1+ .-+ 0k) +¢a+1, and

dg = (0t+1+ ...+ 0k) +qa +1+A, AZ0.
Then Vl(f) € R¥*A and Vi3 € R(@atds)x((er+1+- o) +(dataa)+(ds—es)) = Rdx(d—1)
We see that blocks are aligned and the (n 4 1)st (dth last) column of V; is exactly

the last column of V. Since (4.4) is of full row rank d, and [V1(26 ), V1(3B )] is square
invertible of rank dg,

W Vm]:[fo‘fi 0 |Vl VLV VS HI ]
’ o v 0 /A% Vs

is also of full row rank d = d, + dg, and thus the composed problem is of class F.
It remains to show that there always exists a S-component satisfying all the re-
quested properties. We take the simplest one,

(4.5) (B, A0 = B{”) = Uéﬂ...wt,l+1Igt+1+...+gk+qu+1,
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i.e.,, ng = 0 (it is a degenerated component), mg = dg = eg = (gt41+- . . +0k) +qa+1,
A =0, and U,(i)ﬂ = U§B) = aé?zr“*gtilﬂ with the multiplicity eg. The matrix V(%)

from the SVD of [B§ﬁ ), Ag/-f)] contains only the block Vl(zﬂ ) (the other blocks have no
rows or columns, see (2.3) and the classification below). Moreover, V(%) = Vl(f ) =

Tgi1+...4ont+qa+1 is obviously square invertible. O

Note that we proved slightly stronger variant of Theorem 4.5. Instead of looking
for a general S-component, we restricted ourselves first only to the class F7, and
then only to the degenerated (class F7) components. However, such restriction was
used only for simplicity and it is not necessary (see in particular Example 4.3).

Recall further the definition of ¢ in (4.4). Instead of ¢, we may use any o, and
Vl(lof )T, 1 < 7 < t, in the roles of g; and Vl(la 2 for the construction of a S-component
in the proof. In particular, we may simply use a degenerated [S-component in the
form! [B;B),Agf)] = [B§’6)] = a%a)InaH instead of (4.5). Our choice in (4.5) is in
some sense the minimal one (since ¢ is maximal among all 7’s, A = 0 is minimal
among all A’s; and both minimize the dimensions of the S-component).

Moreover, the resulting composed problem has in its SVD the block Vj3 that

(@) /(@)
contains | V12~ V13" | as a submatrix. Since [Vl(za), Vl(??)] € Riax(datda) g >0, has

linearly dependent rows and the number of its columns is larger than or equal to the
(@) /(@)
number of columns, it has also linearly dependent columns. Thus also Via” Vi ]

and in particular Vi3 have linearly dependent columns. Consequently, the problem
composed in the proof above does not belong to the classes F; and F5. We actually
proved that, schematically:

V(CP,dy,S)a, 3 (CP,dgs, Fi)s so that

(vadaa‘s)a & (vadﬂafl)ﬁ = (CPada +dﬁv}—3)a

where the S-component is degenerated. This motivates a general result as follows.
Let us return back to the original, less restricted case: If we compose the a-
component of the class S with an arbitrary S-component so that the resulting com-

(@) (@) /(@)
posed problem is in F, then (see in particular (4.4)) [Vlol,t} and [Vl()Q V103 ] have

to be submatrices of [Via,Vi3]. Since the singular value corresponding to Vl(la 2 is

(o) /(@)
strictly larger than the singular value corresponding to Vl(Qa ), Via Vld?) } is a sub-

matrix of Vi3. Consequently (as discussed above), if the composition results in an

I Note that the so-called TLS algorithm when applied to the composed problem with this
choice of a S-component returns a zero output.
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F problem, it always belongs to F3. The classes F; and F5 are not available. We
formulate this observation as a corollary.

Corollary 4.6. Let Agof)Xﬁl) ~ B§a) be a core problem in the class S, and let
Aﬁ)Xl(? ) ~ B;B ) be an arbitrary core problem. Their composition cannot result in
a problem in the class F; or Fo.

Schematically: V(CP,dq,S)q, Y(CP,dgs,C)g,
(CP.dqn,S)a B (CP,ds,C)s # (CP,do + dg, F1), (CP,do + dg, Fa),

where C € {F1, Fo, F3,S}.

In other words, we are able to move a class S (nongeneric) problem to the class F3
(generic, but without a TLS solution), but no better result is achievable by employing
the approach above. The TLS solvability of a nongeneric core problem cannot be
improved by its composition with another core problem.

4.3. Available and unavailable classes. Table 2 summarizes all the known
available compositions of two core problems in terms of classes, see (2.7), Theo-
rems 3.3, 3.2, Example 4.3, and Remark 4.4.

i Fi Fo T3 S

Fi Fi, Fa, Fa,or & * sym. sym. sym.
F2 Fo Fy  sym. sym.
I3 F3 F3  sym.
S FzorS ™ S*

Table 2. List of known available compositions of two core problems (components) in terms
of classes. Stars (x) denote cases where all four possible results have been analyzed
(cf. Table 3). The table is symmetric.

On the contrary, at the end of the previous section we have found for the first
time a combination (of classes of components and a class of the resulting composed
problem) that is not achievable. Consequently, it is clear that all 40 combinations
are not available for core problem compositions. The following theorems discuss two
more such cases. First we prove the assertion of Corollary 4.6 also for F3 problems.
Then we show that a combination of two S class core problems results in a composed
problem belonging again to S.

Theorem 4.7. Let Ag(f)Xﬁl) ~ Bga) be a core problem in the class F3, and let
Aﬁ)Xl(? ) ~ B;ﬂ ) be an arbitrary core problem. Their composition cannot result in
a problem in the class F; or Fo.
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Schematically: V(CP,dq, F3)a, Y(CP,dg,C)s,
(CPadav}—?))a H (CP,dﬁ,C)ﬂ 7é (vada + dﬂafl)a (vada + dﬂan)v

where C € {F1, Fa, F3,S}.

Proof. Firstof all note that the assertion is trivially true for F3 problems which
are composed, and contain an S component (use Corollary 4.6 and the associativity
of core problem composing). Now consider a general F3 problem as the a-component
with partitioning of the matrix of right singular vectors as usual. Then the blocks
of Vl(a) _ [V'l(la)’ ‘/'1(204)7 V'l(;‘)] c Rdax(nq"l‘da) satisfy:

[Vl(;), Vl(ga)] € Rdex(datda) s of full row rank dy, and

Vl(:? ) ¢ Rlax(da=ea)  ppq linearly dependent columns (and rows, e, > 1).
Recall that Vl(Qa ) corresponds to the singular value ng) 1 with multiplicity go + €q-
Consider also the SVDs of the S-component and of the composed core problem, in
particular the matrices Vl(ﬂ) € Rdsx(nstds) and Vi = [Viy1, Vig, Vig] € RIx(n+d),
Clearly,

Vl(a) 0 :| _ |:V'1(10() VI(QO() ‘/'1(304) 0 v

0o v o o o v®

where the permutation matrix ¥ sorts the singular values originated in both com-

|

ponents into nonincreasing order. Thus ¥ does not change the ordering of columns
of V7 originated in one particular component, it only interlaces them with the columns
originated in the other component.

Assume that the composed problem is in the class F. Then [Vig, Vi3] is of full
row rank. Since the a-component is of F3 and Vl(:? ) has linearly dependent rows,
[VS’ Vi

0 0

ing to the V15 block of the composed problem) satisfies 0,41 > o, +1. Since Vl(f )

(c)
corresponds to singular values strictly smaller than o,,41, [‘/13 is a submatrix of
0

} is a submatrix of [Vi2, Vis]. Thus 0,41 (the singular value correspond-

V13. Since Vl(; ) has linearly dependent columns, Vi3 has linearly dependent columns
as well. Consequently, the composed problem cannot belong to F; or Fa. (]

Theorem 4.5, Corollary 4.6, and Theorem 4.7 together are of particular impor-
tance. They show that while class S problems can be moved to F5 (but no better
improvement is possible), F3 problems cannot be improved further. Consequently,
the set of F3 and S core problems is in some sense closed with respect to compositions
with core problems from other classes. This indicates that the distinction between
F3 and S problems is rather artificial, as it originated in the generic—mongeneric
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classification introduced in [10]. Recall that in both F3 and S, the TLS solution
does not exist. Now we show that the class S is closed in a slightly weaker sense.

Theorem 4.8. Composition of two (or more) class S core problems always results
in a class S problem.

Schematically: V(CP,dq, S)a, V(CP,dg,S)s,
(CP,dqa,S)a B (CP,dg,S)s = (CP,do + ds, S),
or equivalently
(CP,dy,S)a B (CP,ds,S)s # (CP,dy + dg, F), F=F1UFUF;.

Proof. Let Agll)Xl(ll) ~ B;l), AYE € Rmixmy By) € R™>*d for | = a, 8 be two
core problems in the class S. Consider their SVDs [By), A(lll)] =UWxOWVO)T with
the partitionings

a0 TR HONR ORI N
V(l) — |:‘/—;(l):| = |:‘/;(}) ‘/_;(z) ‘/;(Z) }nl rank([Vl(;, Vl(?,) ]) < dl~

We are interested in the singular values Ugl) 11, | = a, 8. There are two cases: Either
o =0 ora® | >l (the third case o' < o | is essentially the

na+l = ng+1s na+1 ng+1 na+1 ng+1 y
same as the second, only with the exchanged roles of a- and S-components).

Case 1. Let ng)ﬂ = 0553)4_1. Then the SVD of

(@) ‘ (@)

B 0 A 0 R|O
B,A :PT|: 1 11 :||: :|
[B1; Au] o BP0 A9 |0@Q

gives V' with the structure

Uy

I c |Rd><(n-‘rd)7
Vi3

" :RT[vﬁ@ 0 ‘vf? 0 ‘vf;) %)

o vl o v®| o v®

where n = no + ng, d = do + dg. It remains to verify whether the vertical lines

correspond to the partitioning of Vi = [Vi1, Vig, Vi3] with respect to 0,41, i.e.,
whether o, is the singular value O',S;Z) 1= Opytt-

Vi) o

Since Vl(ll) € RUx(m=a) we have { 1 ﬁ)} € R¥*(n=4a=43)  Because ¢; > 0,

we have n — g, —gqg < n+1, i.e., the (n+ 1)th column of V; does not belong to the
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) v o
first block. Similarly, from V)i € R%u*(di=et) we get | 13
0 v
Because e¢; > 1, then d > d — eq — eg, i.e., the (n + 1)th column (which is actually

also the dth last column of ;) does not belong to this last block.

Consequently, 0,41 = 0’5;:1)4_1 = 0’553 )+1 and it has multiplicity ¢ + e, where ¢ =

:| 6 Rd)( (dfeufeﬁ) .

do + g3 is its left-, and e = e, + eg is its right-multiplicity. Since both [Vl(zl), Vl(é)]
for [ = a, B, have linearly dependent rows, [V11, V12] has linearly dependent rows as
well, i.e., rank([V11, V12]) < d. Finally, the composed problem is of the class S.

Case 2. Let O',S;Z) 1> ar(li )+1' Then the SVD of the extended matrix gives V' with

much more complicated structure of V;. Here the relations between U§B ), ceey Uﬁg)

and aﬁ:z) 1 have to be taken into account. In particular there may be singular values

strictly larger than, equal to, and smaller than Uﬁ:z) +1- To reflect this, we introduce

the formal partitioning
VP = 150, Vi Vil € wion-an

without specifying the dimensions of the individual blocks. Then

«a « «a \Illl
Vi = R" [Vl(l ) ?/3) v ?ﬂ) v (()ﬂ) (()ﬁ) ?ﬂ) I
0 VllA 0 VllB 0 ‘/llc V12 ‘/13 \1113

but the partitioning suggested by the vertical lines may not correspond to the parti-
tioning of V4 = [Vi1, Vg, Vi3] with respect to 0,,4+1. However, the number of columns
of the first suggested block is less than, or equal to n — ¢, — gg. Since ¢ > 0, we
have n — g0 — gg < n+ 1 and thus the (n+ 1)st column of V; is either in the second,
or in the third of the suggested blocks. The matrix [Vi2, Vi3] is then in general a
submatriz of the matrix formed by the last two suggested blocks.

Since [Vl(za ), Vl(?fy )] has linearly dependent rows, the matrix formed by the last two
suggested blocks has linearly dependent rows, i.e., it is of the rank strictly smaller
than d. Therefore, any of its submatrices is of rank strictly smaller than d, and in
particular rank([Vi1, Vi2]) < d. Thus the composed problem is of class S. O

Table 2 of known available compositions of core problems (in terms of classes)
can now be complemented by a list of known unavailable compositions in Table 3,
see Corrolary 4.6 and Theorem 4.8. Both tables together indicate combinations that
require further investigation.
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H Fi Fa F3 S

Fi — Sym. Sym. Sym.
Fa sym. Sym.
.7:3 .7:1 and .7:2 fl and fg fl and fg sym.

S .7:1 and .7:2 * .7:1 and .7:2 .7:1 and .7:2 .7:1, .7:2, and ]:3 *

Table 3. List of known unavailable compositions of two core problems (components) in
terms of classes. Stars (x) denote cases where all four possible results have been
analyzed (cf. Table 2). The table is symmetric.

5. EXISTENCE OF IRREDUCIBLE CORE PROBLEMS IN VARIOUS CLASSES

All particular examples of core problems discussed in the previous sections (e.g.,
when filling up Table 2) have been composed from single right-hand side components.
However, in [2] it was shown that there exists an irreducible (nondecomposable) core
problem with d = 2 in F5. For completeness, we show by examples that there exist
irreducible core problems with d = 2 also in F; and S. Recall that an F3 problem
with d = 2 does not exist, see Table 1.

Example 5.1. Consider three problems A:;X; ~ B1, A1 € R**?, By € R*x2
given in forms of SVDs of their extended matrices:

1
1
|
—_
(.
= W

(51) [BhAll] = I4

W =
|
&

Su8= L 58
Lel-g
L)L

V3

V3

3

1

\/g - T
V3

3

1

P

(52) [BhAll] = I4

A R
T L-anl-as

|
—_

| =

(5.3) (B, An) =14

O O Ok OO0 O W OO O -
O N O O OO O O NnNo o

_ 0 O O = O O o = O o o
—

S O WO OO NN o O o wo

\ 0

-1 1
V2
1

The second problem has already been presented in [3] and [2], it is included for com-

pleteness. Note that the matrix of the left singular vectors may be chosen arbitrarily,
we use I for simplicity. The partitioning of the right-most matrices of the right sin-
gular vectors corresponds to (2.3). Clearly, the problems above belong to the class
F1, F2, and S, respectively.
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Now we show that they represent core problems. Since all three matrices By, A11]
are of full column rank, A1, and B are also of full column rank. Thus the problems
satisfy (CP1) and (CP2). Matrices A;; have simple singular values

1 | 3v5 /
<1,2:§\/25i3\/§, G2 = 417\[,

respectively. It is easy to find their left and right singular vectors (e.g., by using
MATLAB with Symbolic Math Toolbox)?, and to verify that (CP3) is satisfied as
well. Consequently, all problems represent core problems with the SVD forms

bir biz|s1 O
b1 ba2 | 0 <2
bs1 bsa | O 0|’
byr bz | 0 O

(5.4)

where the only two free parameters (up to sign changes) are hidden in:

> the transformation of the right-hand side By = B GT, by some orthogonal matrix
GL = GEI € R?*2; and

> the choice of the orthonormal basis (let it be stored in the columns of the ma-
trix U}) of the two-dimensional N'(AT,), i.e., U = U,GT, GT = G;* € R?*2,

Both of them involve the left bottom block of (5.4), in particular

(5.5) [b31 bs2

] (U By = (T B G,
b41 b42

It remains to show that the problems are irreducible. In general, if a core problem
is composed, its SVD form must be composable from SVD forms of its individual
components. Recalling that any single right-hand side component in the SVD form
has the right-hand side with all entries being nonzero (see [8]), the right-hand side of
a composed core problem in the SVD form (5.4) must be orthogonally transformable
to a chess-board-like pattern of zero and (strictly) nonzero blocks. Consequently,
if [B1, A11] is composed then there exist orthogonal matrices (elementary Givens
rotations) Gz, and Gy transforming (5.5) to a chess-board structured (U})T B;. Since
(5.5) is of full row rank (see (CP3)), the only possibility is to (anti)diagonalize it.
b31 b32]

But with diagonal ((~f§)T§1, (5.5) in principle represents an SVD of [b b
41 ba

2 See for example the code included as supplementary material to [2]. MATLAB codes for
verification (by numerical and symbolic calculation) for all three problems are on request
freely available by the authors.
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Calculation of this SVD therefore fixes the free parameters represented by G, Gg.
Application of these matrices to the whole (5.4) then either reveals the chess-board
structure, if the problem is composed, or not, if it is irreducible. Now it is easy to
verify that neither of the three problem is composed.

There is no systematic method for the construction of irreducible core problems
with the given number of right-hand sides in the given class. However, the examples
above support the expectation that there exist irreducible core problems in all classes
for any d > 3.

6. CONCLUSIONS

In this paper, we have investigated solvability classes of core problems within linear
approximation problems with multiple observations. We have presented the full
solvability classification revealing that, in particular, the core problem with two right-
hand sides cannot be in the class F3. Then we have concentrated on the relations
between solvability classes while core problems composing. It has been shown that
any nongeneric (class §) problem can be moved to generic (class F3) by employing
a particular data correction represented by a composition with a single right-hand
side core problem. However, the TLS solution of the corrected problem still does
not exist. We have shown that the set of core problems without a TLS solution (i.e.,
F3US) is closed with respect to composing its elements with components from other
classes. Moreover, the set of core problems in the class S is closed with respect to
composing its elements together. Finally, we have presented examples of irreducible
core problems with two right-hand sides in all available classes.

The main results are summarized in Tables 1, 2, and 3. Results can be divided
into four types of assertions (C € {F1, Fa, F3,S}):

Existential (based on examples)

I(CP,du, F1)a, I(CP,ds, Fi)p: (CP,du, Fi)a
I(CP,du, Fi1)a, I(CP,ds, Fi)p: (CP,du, Fi)a
3(CP,de, Fi)a, I(CP,dg, F1)g: (CP,do, Fi)a
3(CP,de, Fi)a, I(CP,dg, F1)g: (CP,do, Fi)a

CP,dg, F1)g
CP,dg, F1)g
CP.,dg, F1)g
CP,dg, F1)g

(CP,do+dgs, F1).
(CP,do+dgs, F2).
(CP,do+dg, F3).
(CP,duo+dg,S).

B (
B (
B (
B (

Semi-general
V(CP,dq,C)a, 3(CP, 1, F1)s: (CP,dq,C)o B (CP,1,F1)s = (CP,dy+1,C).
V(CP,du,S)a, I(CP,dg, F1)a: (CP,dy,S)a B (CP,dg, F1)g = (CP,do+dg, F3).

General (positive)
V(CP,dw,C)a: (CP,dqa,C)o B (CP,dq,C)a = (CP,2d,,C).
V(CP,du,S)a, Y(CP,dg,S)s: (CP,da,S)a B (CP,dg,S)s = (CP,do+ds, S).
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General (negative)

V(CP,1,F1)a, Y(CP, 1, F1)g: (CP,1,F1)o B (CP,1,F1)s # (CP, 2, F3).
V(CP,du, F3)a, Y(CP,dg,C)a: (CP,do,S)a B (CP,dg,C)s # (CP,dotds, Fi).
V(CP,da, F3)a, V(CP,dg,C)a: (CP,da,S)a B (CP,dg,C)g # (CP,do+dg, F2).
V(CP,da, S)a, V(CP,dg,C)a: (CP,dn,S)a B (CP,dg,C)s # (CP,do+dg, F1).
V(CP,da, S)a, V(CP,dg,C)s: (CP,dn,S)a B (CP,ds,C)p # (CP,do+dg, F2).

We see that the TLS solvability of a core problem is strongly influenced by compos-
ing, and till now, it is not clear how to detect the possible (ir)reducibility in general.
Therefore, understanding the properties of the composed problems is important for
the analysis and solution of TLS problems in general.

Acknowledgements. We wish to thank the anonymous referee for her or
his careful reading the paper and useful comments which led to improvements of our

manuscript.

References

[1] G.H. Golub, C.F. Van Loan: An analysis of the total least squares problem. SIAM J.

Numer. Anal. 17 (1980), 883-893. MER]

[2] I. Hnétynkovd, M. Plesinger, D. M. Sima: Solvability of the core problem with multiple

right-hand sides in the TLS sense. SIAM J. Matrix Anal. Appl. 87 (2016), 861-876. MR

[3] I. Hnétynkovd, M. Plesinger, D. M. Sima, Z.Strakos, S.Van Huffel: The total least
squares problem in AX ~ B: a new classification with the relationship to the clas-

sical works. SIAM J. Matrix Anal. Appl. 82 (2011), 748-770. MR

[4] I. Hnétynkovd, M. Plesinger, Z. Strakos: The core problem within a linear approximation
problem AX =& B with multiple right-hand sides. STAM J. Matrix Anal. Appl. 34 (2013),

917-931. MR

[5] I. Hnétynkovd, M. Plesinger, Z. Strakos: Band generalization of the Golub-Kahan bidi-
agonalization, generalized Jacobi matrices, and the core problem. STAM J. Matrix Anal.

Appl. 36 (2015), 417-434. MR

[6] I. Hnétynkovd, M. Plesinger, J. Zdkovd: Modification of TLS algorithm for solving Fo

linear data fitting problems. PAMM, Proc. Appl. Math. Mech. 17 (2017), 749-750. doi
[7] 1. Markovsky, S. Van Huffel: Overview of total least-squares methods. Signal Process. 87

(2007), 2283-2302.
[8] C.C. Paige, Z. Strakos: Core problems in linear algebraic systems. STAM J. Matrix Anal.

Appl. 27 (2005), 861-875. MR]

[9] D.A. Turkington: Generalized Vectorization, Cross-Products, and Matrix Calculus.

Cambridge University Press, Cambridge, 2013. MR

[10] S. Van Huffel, J. Vandewalle: The Total Least Squares Problem: Computational Aspects
and Analysis. Frontiers in Applied Mathematics 9, Society for Industrial and Applied

Mathematics, Philadelphia, 1991. IMR]

[11] X.-F. Wang: Total least squares problem with the arbitrary unitarily invariant norms.

Linear Multilinear Algebra 65 (2017), 438-456. MR

[12] M. S. Wei: Algebraic relations between the total least squares and least squares problems

with more than one solution. Numer. Math. 62 (1992), 123-148. MR

127


https://zbmath.org/?q=an:0468.65011
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR0595451
http://dx.doi.org/10.1137/0717073
https://zbmath.org/?q=an:1343.15002
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3523076
http://dx.doi.org/10.1137/15M1028339
https://zbmath.org/?q=an:1235.15016
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2825323
http://dx.doi.org/10.1137/100813348
https://zbmath.org/?q=an:1279.65041
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3073354
http://dx.doi.org/10.1137/120884237
https://zbmath.org/?q=an:1320.65057
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3335497
http://dx.doi.org/10.1137/140968914
http://dx.doi.org/10.1002/pamm.201710342
https://zbmath.org/?q=an:1186.94229
http://dx.doi.org/10.1016/j.sigpro.2007.04.004
https://zbmath.org/?q=an:1097.15003
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2208340
http://dx.doi.org/10.1137/040616991
https://zbmath.org/?q=an:1307.15001
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3154976
http://dx.doi.org/10.1017/CBO9781139424400
https://zbmath.org/?q=an:0789.62054
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1118607
http://dx.doi.org/10.1137/1.9781611971002
https://zbmath.org/?q=an:1367.15017
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3589611
http://dx.doi.org/10.1080/03081087.2016.1189493
https://zbmath.org/?q=an:0761.65030
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1159048
http://dx.doi.org/10.1007/BF01396223

[13] M. Wei: The analysis for the total least squares problem with more than one solution.

SIAM J. Matrix Anal. Appl. 13 (1992), 746-763. MR
[14] S. Yan, K. Huang: The original TLS solution sets of the multidimensional TLS problem.
Int. J. Comput. Math. 78 (2000), 349-359. zbl MRl doi

Authors’ addresses: Iveta Hnétynkova, Department of Numerical Mathematics, Faculty
of Mathematics and Physics, Charles University, Sokolovska 83, 186 00 Praha 8, Czech Re-
public, e-mail: iveta.hnetynkova@mff.cuni.cz; Martin Plesinger (corresponding author),
Department of Mathematics, Technical University of Liberec, Studentska 1402/2, 46117
Liberec 1, Czech Republic & Institute of Computer Science, Czech Academy of Sciences,
Pod Vodarenskou vézi 271/2, 18207 Praha 8, Czech Republic, e-mail: martin.plesinger
@tul.cz; Jana Zdkovd, Department of Mathematics, Technical University of Liberec, Stu-
dentska 1402/2, 461 17 Liberec 1, Czech Republic, e-mail: jana.zakova@tul.cz.

128


https://zbmath.org/?q=an:0758.65039
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1168020
http://dx.doi.org/10.1137/0613047
https://zbmath.org/?q=an:0949.65037
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1756273
http://dx.doi.org/10.1080/00207160008804902

		webmaster@dml.cz
	2020-07-02T15:15:23+0200
	CZ
	DML-CZ attests to the accuracy and integrity of this document




