KACZMARZ ALGORITHM IN HILBERT SPACE AND
TIGHT FRAMES

RYSZARD SZWARC

ABSTRACT. We prove that any tight frame in Hilbert space can
be obtained by the Kaczmarz algorithm. An explicit way of con-
structing this correspondence is given. The uniqueness of the cor-
respondence is determined.

1. INTRODUCTION

Let {e,}22, be a linearly dense sequence of unit vectors in a Hilbert
space H. Define
zo = (, €o)e€o,
Ty = Tp—1 + <:E — Tp—1, 6n>en~
The formula is called the Kaczmarz algorithm ([2]).

It can be shown that if vectors the g, are given by the recurrence
relation

i
L

(1) go = €0, Gn = €n — <6n7 ei>gi

=

o

then gq is orthogonal to g, for any n > 1 and
i=0
By (1) the vectors {g,}52, are linearly dense in H. Also by definition
of the algorithm the vectors x —z,, and e,, are orthogonal to each other.
Hence
z]|* = [lz — xo|* + [{z, go) %,
(3) |2 = zpa|® = llz = zal? + [z, 90) ", n>1.
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For n > 1 let S,, denote the finite dimensional operator defined by
the rule

n

(4) Swy =Y (y.e)g; yeM.

=0
Observe that the formulas (1) and (2) can be restated as

(5) (I - Sn—1>€n = 0n
(6) (I —SHe =x—x,.

Moreover by (3) it follows that
(7) Iz = 2all* = 11 = S}z ||* = [l2]* = Z\ z, 95)]

In particular

oo

8) ST ga)? < lal® zeH.

n=0

The sequence {e,}2, is called effective if z, — x for any = € H.
By virtue of (7) this is equivalent to ||z[> = > "7 [|(x, gn)|?* for any
x € 'H, which means {g¢,}5°, is a normalized tight frame. We refer to
[3] and [4] for more information on Kaczmarz algorithm.

Acknowledgement. I thank Wojtek Czaja and Pascu Gavruta for
pointing my attention to Lemma 3.5.1 of [1].

2. BESSEL SEQUENCES

Definition 1. A sequence of vectors {g,}52 in a Hilbert space H will
be called a Bessel sequence if (8) holds. The sequence {gn}s, will be
called a normalized Bessel sequence if in addition ||go|| = 1.

Let P, denote the orthogonal projection onto e the orthogonal com-
plement to the vector e,. By [4, (1)] we have

(9) ]_S:L:Pnpn—l---Pm
(10) I-S,=PF...P,_1P,.
Theorem 1. For any normalized Bessel sequence {g,}2> in a Hilbert
space ‘H there ezists a sequence {e,}22, of unit vectors such that (1)

holds. In other words any normalized Bessel sequence can be obtained
through Kaczmarz algorithm.
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Proof. We will construct the sequence {e, }>° , recursively. Set ey = go.
Assume the unit vectors eq, ..., ey_1 have been constructed such that
the formula (1) holds for n = 0,..., N — 1. We want to solve in y the
equations

(11) (I =Sv—)y=gn, lyll=1.

By (10) we have (I —Sy_1)ex—1 = 0, i.e. the operator I —Sy_; admits
nontrivial kernel. Hence the solvability of (11) is equivalent to that of

(12) (I =Sv-1)y=gn, |yl <1

By the Fredholm alternative the equation (I —Sy_1)y = g is solvable
if and only if gy is orthogonal to ker(/ — S% _;). We will check that this
condition holds. Let z € ker(I — S%_;). Then by (7) and (8) we have

0=[I(I = Sy_y)zll* = =] - Z\ 951 2 (w,9;)]
j=N

In particular (z,gn) =0, i.e. gy L ker(I —Sy_,).
Let y denote the unique solution to

(I - SN—l)y =dJgn, Yy 1 ker([ - SN—1)~

The proof will be complete if we show that [|y|| < 1. Again by the
Fredholm alternative we have y € Im (I — S%_;). Let y = (I — Sx_1)x
for some x € H. We may assume that x L ker(/ — S} _;). In particular
(x,g0) = 0, as (9) yields gy € ker(I — SX_;). By (7) we have

Iyl = I = Sy-)=ll* = [l* - Z\ z, 95)]

One the other hand
Iyl = (z, (I — Sn-1)y) = (z, gn)-

Therefore
lyll> = llyll* = ll)|* — Z\ ,g;)> >0,

which implies |Jy|| < 1. O

Corollary 1. For any normalized tight frame {g,}3>, in a Hilbert
space H there exists an effective sequence {e,}5°, of unit vectors such
that (1) holds, i.e. any normalized tight frame can be obtained through
Kaczmarz algorithm.
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For a sequence {e,}>°, of unit vectors the normalized Bessel se-
quence {g,}5%, is determined uniquely. However a given normalized
Bessel sequence may correspond to many sequences of unit vectors due
to two reasons. First of all for certain N the dimension of the space
ker(I — Sy-1) may exceed 1. Secondly, if we fix a unit vector u in
ker(I — Sy_1) the vector ey can be defined as ey = y + Au for any
complex number such that |A|? + ||y||? = 1. In what follows we will in-
dicate properties which guarantee one to one correspondence between

{entnZo and {gn )20

Definition 2. A sequence of unit vectors {e, }5°, will be called stable if
the vectors {e, }5  are linearly dense for any N. A normalized Bessel
sequence {gn}o will be called stable if the vectors {go} U{gn} v are
linearly dense for any N.

Proposition 1. Let sequences {e,}>, and {g,}5°, satisfy (1). The
sequence {gn }5° is stable if and only if {e, }22, is stable and (e, €n11) #
0 for any n > 0.

Proof. Assume {g,}22, is stable. First we will show that the kernel
of I — Sy_1 is one dimensional and thus consists of the multiples of
the vector ex_; (see (10). Assume for a contradiction that dim ker(/ —
Sn—1) > 2. By the Fredholm alternative we get dimker(/ —SX_;) > 2.
Hence there exists a nonzero vector z such that x L gg and (I —
Si_1)z = 0. By (3) we obtain

N-1
2> = [z, gn)|*-
n=1

This and the condition (8) imply that z is orthogonal to all the vectors
go and {g,}52 5, which contradicts the stability assumption.

Assume (ey_1,eny) = 0 for some N > 1. Then by (10) we have
en_1, en € ker(I — Sy_1) which is a contradiction as the kernel is one
dimensional.

Concerning stability of {e, }°° , assume a vector y is orthogonal to all
the vectors {e, }°° y. In particular y is orthogonal to ey. Since ker(I —
Sy) = Cey by the Fredholm alternative y belongs to Im (I — S%).
Let y = (I — S¥)z for some € H. We may assume that x L gy as
go € ker(I — S%). By (9), since y is orthogonal to e, for n > N, we get
y=(I—Sz = (I—Sy)xfor n > N.On the other hand by (2) and
(6) we obtain that (z,g,) = 0 for n > N 4 1. Since = L gy by stability
assumptions we obtain x = 0 and thus y = 0.
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For the converse implication assume {e,, }°°  is stable and (e, €,4+1) #
0. By the inequality (see [3])

[ =zl = en, en)llz = 2n]

we get that © — x, # 0 for any = L ey. Since x — z,, = (I — S})x the
kernel of I — S} consists only of the multiples of eq = go.

Let = be orthogonal to {go} U {gn}n>n+1 for some N > 1. By (2)
we obtain that x,, = xy for n > N. By the definition of the Kaczmarz
algorithm we get x — xy L e, for n > N + 1. Now stability of {e,}>2,
implies * — zx = 0. By (6) we obtain (I — Sy )x = 0. This implies
x = 0 since the kernel is one dimensional and consists of the multiples
of go. O

For sequences {e,, }5°, and {o,e,}22,, where 0, are complex numbers
of absolute value 1, the Kaczmarz algorithm coincide. Therefore we will
restrict our attention to admissible sequences of unit vectors {e, }°°,
such that (e, e,41) > 0.

Theorem 2. Let {g,}>°, be a stable normalized Bessel sequence. Then
there exists a unique admissible sequence {e,}>°, of unit vectors such
that (1) holds. Moreover the sequence {e,}22, is stable.

Proof. The proof will go by induction. The vector eq is determined by
eo = go. Assume the vectors eg,...,en_1 were determined uniquely.
We have to show that the problem

(I—=Sv-1)y=gn, lyl=1 (y,en-1)=>0

has the unique solution y.

By the proof of Proposition 2 the kernel of —Sy_; is one dimensional
and thus consists of the multiples of the vector ey_;. By the proof of
Theorem 1 there exists the unique solution yy to the problem

(I = Sv-1)y =gn, y Lker({ —Sy-_1)
and ||yn|| < 1. Moreover by this proof ||yy|| = 1 if and only if

N
l=]> = > [z, 95)* =0,
j=1

where yy = (I — Sy_,)z and = L ker(I — S%_,). This leads to a
contradiction because by inequality (8) we get that x is orthogonal to
all the vectors go and {g,}>° y. Hence [Jyn|| < 1.

At this stage we know that any solution to the equation

([ — SN_l)y =0
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is of the form
y=yn+dey_1, AeC
because ker(I — Sy_1) = Cen_1. Since ||yn|| < 1 and yy L ey there

exists a unique solution y satisfying ||ly|| = 1 and (y,enx—_1) > 0 namely
the one corresponding to A = /1 — [|yn||?. O

Corollary 2. Let {g,}22, be a stable normalized tight frame. Then
there exists a unique admissible effective sequence {e,}22, of unit vec-
tors such that (1) holds. Moreover the sequence {e,}5%, is stable.

3. ALGORITHM

The proof of Theorem 1 can also be given by using Gram matrix of
the sequence {g,}>2,. This argument can be used for constructing an
underlying sequence of unit vectors {e,}>° ;. This will be done below.

The next lemma follows from [1, Lemma 3.5.1].

Lemma 1. The collection {gn}:>, is a Bessel sequence if and only
if the Gram matriz G = {(gi, 9;)}35=¢ corresponds to a contraction

operator on (*(N). The sequence {g,}°", s a tight frame if and only if
it is linearly dense and G corresponds to a projection on (*(N).

Let {e,}5°, be a sequence of unit vectors in a Hilbert space H and
let {gn}5°, be the corresponding normalized Bessel sequence. Let M
be the strictly lower triangular part of the Gram matrix of the sequence
{en}r, and U strictly lower triangular matrix defined by

I+U)[I+M)=1.
By [4] the matrix U is a contraction on the Hilbert space ¢*(N).

Lemma 2. For any 1,7 we have
(9i,95) = ((I = UU")d;, 0i) 2wy

Proof. Let
0 0 0 00 00 0O0O0.
mio 0 0O 00 ... C10 0 0O0O0.
M = Moo M2y 0 00 ... , U = Cop C21 00O0.
00 00 ..

mgo 131 M32
By [4, (6)] we have

i—1
(13) g; =€ + Z CikCk-
k=0
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Set ¢pp = My, = 1 and let 1 < k < n. By taking inner product with g,
in (13) we get

i J
(9i,95) = Z Cik Zﬁjz(ek, er)
k=0 =0

— (I +U)(I + M + M)(I +U*)5;, 60,
Taking into account relations between the matrices M and U gives
(14) I+U)(I+M+M)YI+U")=1-UU".

The product of these matrices is well defined since U* leaves the space
F(N) =span{d, | n > 0}) invariant. Therefore

(9i,95) = (I = UU*)0;, i) 2y
0

Remark. Lemma 2 can be used to give a shorter and simpler proof
of Theorem 1 in [4]. Indeed, by Lemma 1, a linearly dense sequence
{90152, constitutes a normalized tight frame if and only if the matrix
G = {(9:,9j) }i5=0 13 a projection. In view of Lemma 2 the latter is
equivalent to U being a partial isometry. Moreover in this case we have

dimH =Y [lgall* = Tx (I - UU").
n=0

We are ready now to give an alternative proof of Theorem 1. Let
{9:}325 be a normalized Bessel sequence. By Lemma 1 the matrix
A =1 — G is positive definite. Moreover A(0,7) = A(z,0) = 0 because
lgoll = 1 and gy L ¢; for i > 1. Let A denote the truncated matrix
obtained from A by removing the first row and the first column. Clearly
A corresponds to a positive definite contraction on ¢?(NT). The next
lemma is probably known and provides infinite dimensional version of
the so called Cholesky decomposition of positive definite matrices.

Lemma 3. For any positive definite matriz B = {b(i, j)}i5=, there
exists a lower triangular matriz V = {v(i, j) }5-, such that B =VV*.

Proof. By the well known fact there exists a Hilbert space M and a
linearly dense sequence of vectors {h;}5°, in M such that

b(i, j) = (hi, hy).

By applying the Gram-Schmid procedure to this sequence we obtain
an orthonormal sequence {n;}¥,, where N = dim M, such that h; €
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span {ny, M2, ...,n;} for i < N + 1. In particular there are coefficients
v for ¢ > k and N + 1 > k for which we have

hi =) v
)

Set v = 0 for 4 > k and for kK > N. Then
min(z,5)

b(i,§) = (hihy) = > vadj, = (VV)(i, ).

k=1
O

By Lemma 3 there is a lower triangular matrix V' = {v;;}75_, such

that A = VV* Let U = {cij}55—0 be the strictly lower triangular

matrix obtained from V' by adding a zero row and a zero column, i.e.
Vi—1j-1 1] >0,
Cij = .
0 17 = 0.
In this way we obtain
(15) I-G=A=UU".

Since G corresponds to a contraction on ¢*(N) so does U. Let M =
{mi;}75-0 be the strictly lower triangular matrix determined by (I +
M)(I +U) =1.Set my; =1 and define (cf. (1))

[
€; = E Mk G-
k=0

We claim that e; are unit vectors and moreover (e;, e;) = m, ; for i > j.
This will give (1) and thus conclude another proof of Theorem 1. By
(15) we have

% 7

<€27 6_] Z Z mzkm]l<gk7 gl Z Z mlkm_]l [ UU*)(k l)

= ([+M)(I— Uu*)(I + M*)(i,7)

On the other hand (14) yields
(I+MI-UU I +M)=1+M-+ M.
In particular for ¢ > j we obtain

v 1 i=7.
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This way of proving Theorem 1 provides an algorithm for construct-
ing a sequence of unit vectors {e,}>2, for a given normalized Bessel
sequence {g,}>,. Indeed, it suffices to determine an algorithm for
proving Lemma 3. When B is strictly positive definite then the solu-
tion can be given by the so called Cholesky algorithm. When B is not
necessarily strictly positive definite this algorithm fails and we have to
find a different way of constructing the decomposition.

We will construct a sequence of indices {n;,}2_; in the following way.
Let ny be the smallest number ¢ such that b;; > 0. If such number does
not exist then B = 0. Assume nq, na, . ..,n; have been constructed in
such a way that the determinant

Then let ngy1 be the smallest number such that

det(bn,n, )i 12, > 0.

If such number does not exist the procedure terminates and N = ny.

The matrix B gives rise to a positive definite hermitian form on the
space F(N,) =span{d, |n > 1} by the rule

1,j=1

Lemma 4. For any n there exist i with n; < n < n;y 1 and numbers
Ak for 1 < k <1, such that

(16) <5n = Ak, 5m> =0, m>1.
k=1

Proof. If n = n; for some ¢, then statement follows as 6, = 0,,.
Otherwise we have n; < n < n;;; for some . By plugging in m =
ni,Na, ..., n; to (16) we obtain a system of linear equations

> Nkbngn, = banyy 1=1,2,... i,
k=1

The main determinant of this system is A;. Therefore the system has

the unique solution A, 1,..., A, ;. By definition of n,;; we have
bnlnl bnlng e bnlm bnln
bn2n1 bn2n2 te bngni b’ng’ﬂ
= 0.
bnn1 bnng e bnnZ bnn
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As A; > 0 the first ¢ rows of this matrix are linearly independent.
Therefore the last row of this matrix is a linear combination of the
first 7. The coefficients must coincide with A,1,..., A,;. In particular
considering the last entry of the rows gives

k=1

This is equivalent to (16) with m = n.

Since (16) is valid for m = n,ny,...,n; then
k=1 k=1
By Schwarz inequality this implies (16) for any m. O
Define the sequence of vectors {n;}Y, by the formula
bn1n1 bn1n2 U bnlni
1 1 bn2n1 bTLQTLz T bnzni
=y M= e
771 Al 1 77 Al_lAl
bni—lnl bni—1n2 bni—lni
On.  Ony cr On

It can be checked easily that

(17) (mi,ms) = 55
Obviously from the definition we have

e
n A kz:; kOn,,

for some explicitly given coefficients ;. Therefore

(18) One = Y Biks
s

for some coefficients ;. By (16) and (18) we get that for any n there
exist ¢ with n; < n < n;;; and numbers v, for 1 < k <1, such that

<5n — Zvnknk,5m> = 0, m Z 1.

k=1
Setting v, = 0 for i < k < n gives

(19) <5n - zunkm,am> —0, m>1.

k=1
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Therefore by (16) and (19) we have

n n min(n,m)
0= <Z Un,kMk 5m - Z Umknk> = <5n7 5m> - Z Unk@mk

k=1 k=1 k=0
min(n,m)
= bnm - E UnkUmk-
k=0

Therefore B = VV* where
V11 0 0 O
Va1 V29 0 0
V = | V31 V32 U33 0
V41 Vg2 V43 Vg4

o O OO

By analyzing the entire construction we may conclude the coefficients
vUnt can be computed in an algorithmic way.

4. EQUIVALENT SEQUENCES

Any sequence of unit vectors {e, }>°, leads by Kaczmarz algorithm
to a normalized Bessel sequence {g,}>2,.

Definition 3. Two normalized Bessel sequences {g,}o>, and {g},}>2,
will be called equivalent if there is a unitary operator V- such that g, =
Vgn for n > 0. Similarly two sequences {e,}22, and {e/,}>>, of unit
vectors will be called equivalent if there is a unitary operator V such
that e, = Ve, forn > 0.

It is easy to see that if the sequences {e, }5°, and {e], }22, are equiva-
lent so are the corresponding sequences of normalized Bessel sequences
{gn}>, and {g},}>2,, with the same unitary operator V. The converse
is not true, as the normalized Bessel sequences do not correspond to se-
quences of unit vectors in one-to-one fashion. Nevertheless by Lemma
1, the equivalence relation between normalized Bessel sequences can be
described in terms of Gram matrices of the corresponding sequences of
unit vectors.

Assume sequences of unit vectors {e, }°°, and {e}, } >, are associated
with normalized Bessel sequences {g,};2, and {e,}2,, respectively.
Let M and M’ be the strictly lower triangular part of the Gram ma-
trices of sequences {e, }>°, and {e/ }>° . respectively. Let U and U’ be

strictly lower triangular matrices defined by

I+U0)(I+M)=I+UYI+M)=1.
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By [4] the matrices U and U’ are contractions on the Hilbert space
*(N)

Corollary 3. The sequences {g,}>2, and {g},}>2, are equivalent if and
only if UU* = U'U"™.

Proof. By Lemma 1 we get that UU* = U'U" if and only if (g;, g;) =
(9, 9;) for any i,j > 0. Obviously the latter, along with the linear

density of vectors {g,}>2, and {g/,}>°,, is equivalent to the existence

a unitary operator U such that ¢, = Ug;. U

Remark. It would be of interest to determine when two sequences
of unit vectors {e, }2°, and {e/,}>° , lead to the same normalized Bessel

sequence {g,}>2,.
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