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1. Introduction

The Total Least Squares (TLS) problem is a well known technique for solving the fol-
lowing over-determined linear systems of equations

Ar~b AceR™", beR, m>n

in which both the matrix A and the right hand side b are affected by errors. We consider
the following classical definition of TLS problem, see [1]

Definition 1.1: (TLS problem).

The Total Least Squares problem with data A € R™*"™ and b € R™, m > n is given by

min [|E | f|lr subject to b+ f €Im(A+ E) (1)

where £ € R™" and f € R™. Here, ||E | f||r denotes the Frobenius matrix norm and
(E | f) denotes the m x (n + 1) matrix whose first n columns are the columns of E, and
the last column is the vector f. In various engineering and statistics applications where
a mathematical model reduces to the solution of an over-determined, possibly inconsistent
linear equation Ax & b, solving that equation in the TLS sense yields a more convenient
approach than the ordinary least squares approach, in which the data matrix is assumed
constant and errors are considered right-hand side b

The TLS problem was firstly introduced by Golub and Van Loan in [1],[2] motivated by
the idea of statistical literature on orthogonal regression, errors-in-variables, and 'measure-
ment error’ methods and models. Their numerical algorithm for solving the TLS problem
was based on the singular value decomposition of the matrix (A | b). That algorithm, which
requires about 2mn? + 12n3 arithmetic operations [4] and can also solve problems with mul-
tiple right hand sides, is still today one of the reference methods for the solution of general
TLS problems. Van Huffel and Vandewalle [3], [4] extended the algorithm of Golub and
Van Loan in order to deal with TLS problems having non-unique solutions, the so called
non-generic problems.

Since then, many variants and solution methods have been introduced on the basic TLS
problem because of its occurrence in many different fields [5].In [6] authors developed a
Gauss-Newton algorithm for solving the TLS problem.



2. Main Result

Let us make some assumptions before deriving the update formula of Total Least Square
problem using Randomized Kaczmarz algorithm.
Let 0;(A) denote singular value j of A, organized in decreasing order so that

o1 (A) > 02(A) > 2 Omin{m,n}

In their analysis [7],[8] Strohmer and Vershynin use the extra assumption that o,,(A) > 0.
This implies that m > n, that A has n independent columns, and that there can be at most
one solution x.

Update formula Using Randomized Kaczmarz

We will use another characterization of the the solution of the total least squares problem
with data A and b for our formulation. The other definition of TLS problem is given in terms
of the minimization of the function 7n(z),

Az —b|?
n(x) = MmN (2)
Indeed, it was shown in [3] that, under well posedness hypotheses, the solution x7pg can
be characterized as the global minimum of n(x), by means of arguments based on the SVD
of the matrix (A|b), and n(xrLs) = Opi1-

In their analysis of Total Least Square problem [2] Golub proved the equivalence defini-
tion for solving the Total Least Square problem in terms of Linear system as

(ATA —n(z))z = ATb (3)
Now component wise we can write the above linear system as

e —nx)elr=alz

where a; is the ith column of A and ¢! = [(a;, a1), (a;, a9), ..., {a;, a,)]
Now we rewrite the iteration formula as follows

1
Ty = argmin §||x —a]|? st clx—n@)elr=alx (4)
x

which is strongly convex (the solution is unique). For deriving the solution of the above
problem let us derive the Lagrangian as



1
L(xz,\) = §||x —zi|*+ A (C;‘Fm —n(z)el v — a?x)

Now taking the gradient with respect to x and A we get

Tpe1 — T + Ac; — An(xg)e; =0

¢ 1 — N(xx)e] Thr — af Ty =0 (5)

Now solving the equation (5) for A we have

cz-Txk — n(mk)eiTxk — ain

||Cz' - ﬂ(xk)ez‘HQ

(ci —n(aw)es) (6)

Tk4+1 = T —

Now by letting d; = ¢; — n(zx)e; we van simplify the above update formula as

dfx), —ald
Tpy1 = Tp — W d; (7)

which is the required update formula for Total Least Square problem. Using the update
formula we get the following iterative algorithm for TLS problem:

Algorithm 1 TLS Algorithm: x;,; = TLS(A,b, zo, K)
Initialize k < 0;
while £ < K do
Choose i = i(k) from 1,2, 3, ..., m with equal probability

dl xp—al, b
e 100) i g
Update zp1 = o G2 ik

k<« k+1,;
end while
return z

Convergence analysis of Algorithm 1 with uniform sampling:

Let us take x* to be the optimal solution then we have

oy — 2|1 = [log — zpgr + 20 — 212

= [log — 2 |* + llonn — 2*° = 2(ap — @pp1, 0 — 27) (8)

Now for this algorithm the last term is 0 because xy — xp,1 and ;1 —2* are orthogonal,
this means

<$k = Tht1, Th+1 — I*>
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Using this (8) is simplified as

ks — 211 = llow — 27| = l|l@ksr — 2| (9)

The simplest randomized scheme for selecting 7 is to choose each possible column ¢ with
probability 1/n. With this choice by taking expectation of equation (9) we have

E [Jleis — o' [7] = llee — 2| — E [[leass — o]
dfx, —alb
— o -2~ B IS e
s |2
(dek - de*)2
= llzx —a"[]* = E | = Z (10)
s[>
Here we used alb = d? z*. Now by using the definition of expectation we have
B foues = 1) = o - o1 - Y- A2 "

=1

Now let us define a norm for matrix B

1B1% 2 = max;|| fil|*

with f; denotes the ¢ th row of B. For our case the matrix B = ATA—n(z)[isanxn
symmetric matrix, so the corresponding rows and columns are same for our case. And also
the i th row/column of B = ATA — n(z)I is given by d;. So
IBII%2 = 1A"A = n()I|[%, » = max;|| ;|

Using the fact [[A"A —n(z)I||%,, > [|d;||* for all 1 <4 <n in equation (11) we have

. . "1 (dfwy—dla)’
E [[lzke — 2" |7] < o — 2" = D n IIA(TA - W(xk)lﬁz
00,2

=1

(12)

Now For any vector z € R" we have

n

| (ATA =) 2 =3 (dF2)*

=1

Using this in equation (12) we have



I (ATA — n(a)I) (2 — 2*)|)?
n||ATA — n(ze) 12,5
B | (ATA = n(x)I) (xp — 2*)|| 2
=(1- |2k — ¥
n||ATA — n(xp) 1|2, o llzk — 2*]|?

_ (1 1B — 2)|? > o — o2 (13)

| BlIZ ollwk — o*?

E [[|z5s1 — 2*)*] < |l — 2*|)* —

In the last line we denoted AT A — n(xx)I = B for simplification. Now if we denote

1B, — =)
| Bll% allewe — 212

=1-=

at each iteration, then using successive iteration we have from (13)

E [lore1 — 2"I1”] < yallor — 27

< VYot l|Tr1 — 2|

< VeVt - - -5 YollTo — |7
k
ZH% o — 2*||* = y|lzo — 2*|? (14)

=1

Now for the algorithm to converge we need 0 < v = Hle v < 1. If we can prove
0 < <1foreach 1 <<k, then we are done. Now for any z € R™ we have

Thus for z # 0 we have

B
B2l -, (g

[El

Now for our case xj — z* # 0 is trivially true. As if z; —x* = 0, Bx,, = Bx™* the x;, solves
the problem, we don’t need to proceed to the next iteration. By using above result we have

0,(B)

n

Ve < 1 — ———5—
S nlBlE,

For 0 < v < 1 we need to prove that

0 <o, (B) <nlBl%.
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Now the lower bound holds as our assumption o,(B) > 0. Now by using the definition

of Frobenious norm we have

As our matrix B is symmetric n X n we have m = n. Then we have

3

n n

on(B) < 01(B) < - o2 = \ ZZb?j

i=1 j=1

/N

n maXiZb?j
s
< v/n max;||di]|2 = Vn||Bllso2 (15)

This implies 0 < 7, < 1 irrespective of k and z. As a consequence 0 < v < 1. Therefore

using (14) we can say this algorithm converges.

3.

Conclusion

In this short report we have developed and analyzed the convergence of Randomized

Kaczmarz algorithm for solving the Total Least Square problem. We have calculated the
expected error bound for uniform sampling data. We can also consider non-uniform sampling
and calculate the bound same way.
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