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Abstract

The randomized Kaczmarz (RK) method is an iterative method for approximating the
least-squares solution of large linear systems of equations. The standard RK method
uses sequential updates, making parallel computation difficult. Here, we study a paral-
lel version of RK where a weighted average of independent updates is used. We analyze
the convergence of RK with averaging and demonstrate its performance empirically.
We show that as the number of threads increases, the rate of convergence improves
and the convergence horizon for inconsistent systems decreases.
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1 Introduction

In computed tomography, image processing, machine learning, and many other fields,
a common problem is that of finding solutions to large linear systems of equations.
Given A € R™*" and b € R™, we aim to find x € R” which solves the linear system
of equations

Ax =b. €))

We will generally assume the system is overdetermined, with m > n. For simplicity,
we assume throughout that A has full rank so that the solution is unique when it
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exists. However, this assumption can be relaxed by choosing the solution with least-
norm when multiple solutions exist.

When a solution to Eq. (1) exists, we denote the solution by x* and refer to the
problem as consistent. Otherwise, the problem is inconsistent, and x* instead denotes
the least-squares solution

*

def 1
x*E argmin—||b — Ax||%.
xeR”

The least-squares solution can be equivalently written as x* = ATh, where AT is the

. . def
Moore-Penrose pseudoinverse of A. We denote the least-squares residual as r* =
b — Ax*, which is zero for consistent systems.

1.1 Randomized Kaczmarz

Randomized Kaczmarz (RK) is a popular iterative method for approximating the least-
squares solution of large, overdetermined linear systems [16,29]. At each iteration,
an equation is chosen at random from the system in Eq. (1) and the current iterate is
projected onto the solution space of that equation. In a relaxed variant of RK, a step
is taken in the direction of this projection with the size of the step depending on a
relaxation parameter.

Let x* be the kth iterate. We use A; to denote the ith row of A and || - || def Il 1l2-
The relaxed RK update is given by
k+1 k Ajxt — by, T
X =x —ok———— A, 2)

A, 112

where i; is sampled from some fixed distribution D at each iteration and oy are
relaxation parameters [4]. Fixing the relaxation parameters oy = 1 for all iterations
k leads to the standard RK method in which one projects the current iterate x* onto
the solution space of the chosen equation A;, x = b;, at each iteration [29]. Choosing
relaxation parameters o 7 1 can be used to accelerate convergence or dampen the
effect of noise in the linear system [4,13,14].

For consistent systems, RK converges exponentially in mean squared error (MSE) to
the solution x* [29], which when multiple solutions exist is the least-norm solution [19,
32]. For inconsistent systems, there exists at least one equation A ;x = b; that is not
satisfied by x*. As a result RK cannot converge for inconsistent systems, since it will
occasionally project onto the solution space of such an equation. One can, however,
guarantee exponential convergence in MSE to within a radius of the least-squares
solution [21,23,32]. This radius is commonly referred to as the convergence horizon.

1.2 Randomized Kaczmarz with averaging

In order to take advantage of parallel computation and speed up the convergence of
RK, we consider a simple extension of the RK method, where at each iteration multiple
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independent updates are computed in parallel and a weighted average of the updates
is used. Specifically, we write the averaged RK update

1 Aixk —b;

k+1 k i i AT

= ——§ wj— AT, 3)
q oAz

€T,

where 7y is a random set of g row indices sampled with replacement and w; represents
the weight corresponding to the ith row. RK with averaging is detailed in Algorithm 1.
If 74 is a set of size one, i.e. Ty = {ix}, and the weights are chosen as w; = 1 for
i =1,...,m, werecover the standard RK method.

Algorithm 1 Randomized Kaczmarz with Averaging

1: Input A € R"*" p ¢ R™, X0 e Ry, weights w € R™, number of maximum number of iterations K,
distribution D, number of threads ¢

2:fork=0,..., K —1do

3: 1 < g indices sampled from ’D

4:  Compute § « % Yien w, ’AT in parallel

HA 112
5:  Update xk*1 « xk —
6: Output xX

1.3 Contributions

We derive a general convergence result for RK with averaging, and identify the con-
ditions required for convergence to the least-squares solution. These conditions guide
the choices of weights and probabilities of row selection, up to a relaxation parameter
o«. When ¢ = 1 and appropriate weights and probabilities are chosen, we recover the
standard convergence for RK [21,29,32].

For uniform weights and consistent systems, we relate RK with averaging to a more
general parallel sketch-and-project method [27]. We also provide an estimate of the
optimal choice for the relaxation parameter «, and compare to the estimated optimal
relaxation parameter for the sketch-and-project method [27]. Through experiments,
we show that our estimate lies closer to the observed result.

1.4 Organization

In Sect. 2, we give a general analysis of the convergence of RK with averaging and
discuss the special case where the system is consistent. In Sect. 3, we discuss the special
case where the weights are chosen to be uniform (w; = « for all i) and derive the
optimal relaxation parameter o* for consistent systems. In Sect. 4, we experimentally
explore the effects of the number of threads ¢, the relaxation parameter «, the weights
w;, and the distribution D on the convergence properties of RK with averaging.
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1.5 Related work

The Kaczmarz algorithm was originally proposed by Kaczmarz [16], though it was
later independently developed by researchers in computed tomography as the Alge-
braic Reconstruction Technique [3,10]. The original Kaczmarz method cycles through
rows in a fixed order; however, this is known to perform poorly for certain orders of the
rows [12]. Other Kaczmarz variants [30] use deterministic methods to choose the rows,
but their analysis is complicated and convergence results are somewhat unintuitive.

Some randomized control methods were proposed [15], but with no explicit proofs
of convergence until Strohmer and Vershynin’s 2009 paper [29], which proved that
RK converges linearly in MSE, with a rate directly related to geometric properties
of the matrix A. This proof was later extended to inconsistent systems [21], showing
convergence within a convergence horizon of the least-squares solution.

RK is a well-studied method with many variants. We do not provide an exhaustive
review of the related literature [5,7,17,24,32], but instead only remark on some closely
related parallel extensions of RK.

Block Kaczmarz [1,6,8,23,31] randomly selects a block of rows from A at each
iteration and computes its Moore-Penrose pseudoinverse. The pseudoinverse is then
applied to the relevant portion of the current residual and added to the estimate, solv-
ing the least-squares problem only on the selected block of rows. Computing the
pseudoinverse, however, is costly and difficult to parallelize.

The CARP algorithm [9] also distributes rows of A into blocks. However, instead of
taking the pseudoinverse, the Kaczmarz method is then applied to the rows contained
within each block. Multiple blocks are computed in parallel, and a component-
averaging operator combines the approximations from each block. While CARP is
shown to converge for consistent systems and to converge cyclically for inconsistent
systems, no exponential convergence rate is given.

AsyRK [18] is an asynchronous parallel RK method that results from applying
Hogwild! [26] to the least-squares objective. In AsyRK, each thread chooses a row
A; at random and updates a random coordinate within the support of that row A;
with a weighted RK update. AsyRK is shown to have exponential convergence, given
conditions on the step size. Their analysis requires that A is sparse, while we do not
make this restriction.

Recent work of Necoara [20] analyzes a slight generalization of Algorithm 1 under
the name “randomized block Kaczmarz (RBK)”. Rather than sampling indices i.i.d.
as in Algorithm 1, RBK allows for more general sampling strategies such as sampling
from a partition of the rows of A. RBK was shown to converge exponentially in MSE
to the solution of consistent systems of equations. The convergence rate of RBK
shown by Necoara is dependent on the conditioning of the most ill-conditioned block
of the partition when a partition is used and on the most ill-conditioned block of the
entire matrix A when the indices are sampled i.i.d. as in Algorithm 1. Our analysis of
Algorithm 1 does not depend on the most ill-conditioned block of the matrix A and
applies to inconsistent systems as well as consistent systems.

RK falls under a more general class of methods often called sketch-and-project
methods [11]. For a linear system Ax = b, sketch-and-project methods iteratively
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project the current iterate onto the solution space of a sketched subsystem ST Ax—S " b.
In particular, RK is a sketch-and-project method with ST = I;, where I; is the ith row
of the identity matrix. Other popular iterative methods such as coordinate descent can
also be framed as sketch-and-project methods. In [27], the authors discuss a more
general version of Algorithm 1 for sketch-and-project methods with averaging. Their
analysis and discussion, however, focus on consistent systems and require uniform
weights. We instead restrict our analysis to RK, but allow inconsistent systems and
general weights wj;.

RK can also be interpreted as a subcase of stochastic gradient descent (SGD) [28]
applied to the loss function [22]

F(x) = Zﬁ(x) Zl(Aix—b»z.
i=1

In this context, RK with averaging can be seen as mini-batch SGD [2,25] with impor-
tance sampling, with the update

1 w;
k+1 k i
X =x" - - —V fi (%),
p E L Si(x)
et

where L; = ||A;||? is the Lipschitz constant of V f; (x) = (Ajx — bi)AiT.

2 Convergence of RK with averaging

For inconsistent systems, RK satisfies the error bound

o2 2
(A) 7|l
Be [1e 2] = (1= 2 ) et 4 @)
Al % A%
where ef def x* — x* is the error of the kth iterate, omin (A) is the smallest nonzero

x def

singular Value of A, ||A|2 5= Z = b — Ax™ is the least-squares residual,

l ] 4
andE; [ -] def IE [ | Th=1s .- to] is the expectation conditioned on the samples from
iterations O, 1, ...,k — 1 with tx = {i;} for RK [21,32]. Taking the full expectation
on both sides of Eq. (4) and iterating the error bound yields

k
2 A *12
B 1ef1?] = (1 T ) ey L
1A 02 (A)

For consistent systems the least-squares residual is #* = 0 and this bound guaran-
tees exponential convergence in mean squared error (MSE) at a convergence rate of
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2 (A . . . .
1 - Uh“:“(z) [29]. For inconsistent systems, this bound only guarantees exponential
F
convergence in MSE to within a convergence horizon ||r* 112 / O’I%in (A).

We derive a convergence result for Algorithm 1 which is similar to Eq. (4) and
leads to a better convergence rate and a smaller convergence horizon for inconsistent
systems when using uniform weights. To analyze the convergence, we begin by finding
the update to the error at each iteration. Subtracting the exact solution x* from both
sides of the update rule in Eq. (3) and using the fact that Ajek — rr = Aixk — b, we
arrive at the error update

1 Ajek —r*
Kl =k - = Z wil—2lAlT. 5)
g =" lAil
k
To simplify notation, we define the following matrices.

Definition 1 Define the weighted sampling matrix

der 1 L'
m=_2wm%’

q €T

where 7 is a set of indices sampled independently from D with replacement and I is
the identity matrix.

Using Definition 1, the error update from Eq. (5) can be rewritten as

K = X — ATMA) e + ATMr. (6)

Definition 2 Let Diag (d, d, . .., dy) denote the diagonal matrix with dy, da, . ..d,,
on the diagonal. Define the normalization matrix

def 1.
D = Diag (A, IA2]l, ..., |Anl)

so that the matrix D' A has rows with unit norm, the probability matrix
def .
P é Dlag(plv p2, ~-~7pm),
where p; = P(i = j) withi ~ D, and the weight matrix
deDiag(wl, W, ..., Wy) .

The convergence analysis additionally relies on the expectations given in Lemma 1,
whose proof can be found in Appendix A.
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Lemma 1 Let the weighted sampling matrix My, the normalization matrix D, the
probability matrix P, and the weight matrix W be defined as in Definitions 1 and 2.
Then

Ey [My] = PWD™>

and

1 1
o [M;AATMk] — —PWD2 + <1 - —> PWD2AATPWD 2.
q q

2.1 Coupling of weights and probabilities

Note that the weighted sampling matrix My, is a sample average, with the number
of samples being the number of threads g. Thus, as the number of threads g goes to
infinity, we have
g—o0 L' 5
Mk — EiND wl'—2 =PWD .
[l Al

Therefore, as we take more and more threads, the averaged RK update of Eq. (3)
approaches the deterministic update

= @ — ATPWD2A)x* + ATPWD 25,

Likewise, the corresponding error update in Eq. (6) approaches the deterministic
update
& = 1 - ATPWD 2A)e* + ATPWD 2.

Since we want the error of the limiting averaged RK method to converge to zero, we
should require that this limiting error update have the zero vector as a fixed point.
Thus, we ask that

0=ATPWD %/~

for any least-squares residual 7*. This is guaranteed if PWD~2 = gI for some scalar

B. For convenience, we choose to express 8 as T :uz for some relaxation parameter «.
F

Assumption 1 The probability matrix P and weight matrix W are chosen to satisfy

o

PWD > =_—_1.
1A%

for some scalar relaxation parameter « > 0.

2.2 General result

We now state a general convergence result for RK with averaging in Theorem 1. The
proof is given in Appendix B. Theorem 1 in its general form is difficult to interpret,
so we defer a detailed analysis to Sect. 3 in which the assumption of uniform weights
(W = «I) simplifies the bound significantly.
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Theorem 1 Let the weighted sampling matrix My, the normalization matrix D, the
probability matrix P, and the weight matrix W be defined as in Definitions 1 and 2.

Suppose P and W are chosen such that PWD ™2 = T A“HZ I for relaxation parameter
F

o > 0 (Assumption 1). Then the error at each iteration of Algorithm 1 satisfies

2 2
ATA 2 (ATA k2

]Ek |:||€k+l||2:| < Omax I —«o 3 — Ol_ 5 ||ek||2+g” ”W’
l41E ) a \IAl q 1413

where rk % b — Axk is the residual of the kth iterate, || - |3, = (-, W-) and ||A||% =

2
Zi,inj'

a IRy
. - 4 |Allx
number of threads increases ¢ — oo. Additionally, the convergence rate of the MSE
ATA
—a=—= ).
IA]7
The recent work of Necoara [20] points out that

— 0 as the

From Theorem 1, we see that the residual term decreases

E [||ek ||2] approaches or%ax <I

k2 k2
7l < [ max w; | [I7°]~.
i€[m]

Using this fact, the dependence of Theorem 1 on ¥ can be loosened to a dependence
on r* since
k2 k2 2
7507 = 1A+ =

In this way, results analogous to those in Sect. 3 may be derived without restricting to
uniform weights (W = «I).

2.3 Consistent systems

For consistent systems, Algorithm 1 converges to the solution x* exponentially in
MSE with the following guaranteed convergence rate.

Corollary 1 Let the weighted sampling matrix My, the normalization matrix D, the
probability matrix P, and the weight matrix W be defined as in Definitions 1 and 2.
o

Suppose that P and W are chosen such that PWD ™2 = AL I for relaxation parameter
F

o > 0 (Assumption 1) and that the system of equations Ax = b is consistent. Then
the error at each iteration of Algorithm 1 satisfies

2
ATA AT 2447\ A
Ek [||ek+1”2] < Omax I—O{—2 —+ EW_ 01__2 ||€k||2.
A% lAllF \ g q 1A% ) IAllF

Corollary 1 can be derived from the proof of Theorem 1 with »* = 0.
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3 Uniform weights

In this section, we simplify Theorem 1 under the additional assumption that the weights
are uniform. That is, w; = « for all i. Under this assumption, the convergence horizon
can be determined explicitly, removing the dependence on the current residual ¥ in
Theorem 1. In this case, the dependence of the convergence rate and convergence
horizon on the relaxation parameter o and number of threads ¢ becomes clear.
When we assume that the weights are uniform, the update from Eq. (3) becomes

S I Aixk —bi 1
=4 __Z—z i
q Al

i€t

1A
N
conditions, the convergence result of Theorem 1 can be simplified to remove the
dependence on . This simplification leads to the more interpretable error bound
given in Corollary 2. In particular, increasing the number of threads ¢ leads to both a
faster convergence rate and smaller convergence horizon. If the relaxation parameter
a is chosen as @ = 1 and a single row is selected at each iteration, i.e. ¢ = 1, we
arrive at the RK method [29]. Using a relaxation parameter « other than one results
in the relaxed RK method [13,14].

where i € 71 are independent samples from D with p; = Under these

12
Corollary 2 Suppose the probabilities p; = % and the weights w; = « for all i.
7

Then the error at each iteration of Algorithm 1 satisfies

2
ATA a? ATA\ ATA Y

Ex [||ek+1‘|2] <omu | (I—a—F | +—(I- 3 ;s ek 12 + “7!
Al q 1A% ) 14113 qlAI3

The proof of Theorem 2 follows immediately from Theorem 1 and can be found in
Appendix D.1.

Corollary 2 shows that the convergence horizon is proportional to ﬁ, so smaller
relaxation parameters « and larger number of threads ¢ lead to a smaller conver-
gence horizon. From the convergence rate term of Corollary 2, we see that increasing
the relaxation parameter o improves the convergence rate of the algorithm up to a
optimal relaxation parameter o* beyond which further increasing « leads to slower
convergence rates. Increasing the number of threads g improves the convergence rate,
asymptotically approaching an optimal rate as ¢ — o0.

If a single row is chosen at each iteration, with weights w; = 1 and probabilities
2 . . . .
pi = m#”z, then Algorithm 1 becomes the version of RK stated in [29]. In this case,
2
1711y = A1 + 1712, ™)

Applying Corollary 2 leads to the following result, which recovers the error bound in
Eq. (4).
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Corollary 3 Suppose the number of threads q = 1, the weights w; = 1 for all i, and

] 2 . . . .
the probabilities p; = H;. Then the error at each iteration of Algorithm 1 satisfies
7

A'A 2
Ee 1612 < oman (1 ) eI +

A% A%
2 *112
. (A
— l _ amm(z ) ||€k||2 + ”r ”2 .
A% A%

A proof of Corollary 3 is included in Appendix D.2.

3.1 Suggested relaxation parameter a for consistent systems with uniform
weights

For consistent systems and using uniform weights,Algorithm 1 becomes a subcase of

the parallel sketch-and-project method described by Richtarik and Takac [27]. They
suggest a choice for the relaxation parameter

o

RT q (8)

- 52 (A)
l+(@—-1) ”A”%:

chosen to optimize their convergence guarantee

2 (A)\\ o2 (A)
]E k412 < 1 _ 2 _ g 1 + _ 1 Gmax( min k 2' 9
G NE ( oe( ; ( G- ) ) TR |1 ©

Analogously, for consistent systems and using uniform weights, we can calculate
the value of @ to minimize the bound given in Corollary 2.

12

Theorem 2 Suppose the probabilities p; = lll‘i#”z and the weights w; = a. Suppose
F

also that the system of equations Ax = b is consistent. Then, the relaxation parameter

a which yields the fastest convergence guarantee in Corollary 1 is

__4q e o< L
a* — 1+(g—1)smin ’ Smax Smin = 1—q (10)

z—q S p— S . > —
1+(g—1) (Smin+Smax) ’ max min l—q

2 2

o (A A

where Spin = ‘“‘“(2 ) and Smax = —max (2 ).
Al Al

The proof of this result can be found in Appendix C.
When a single thread ¢ = 1 is used, we see that our optimal relaxation parameter
is @* = 1. Whereas, when multiple threads ¢ > 1 are used, we see

l<a*<g
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since
0 < Smin < Smax < 1.

Additionally, by viewing the condition Smax — Smin < ﬁ in terms of the number

of threads, g < 1 + ! —, we see that for low numbers of threads the first form
a*

Smax —Smi

= ﬁ is used, while for high numbers of threads, the second form o* =
qu ‘min )

m is used.

Note that our relaxation parameter o* differs from the relaxation parameter o
suggested by Richtarik and Takac [27], given in Eq. (8). This is due to the fact that our
convergence rate guarantee is tighter, and thus we expect that our suggested relaxation
parameter «* should be closer to the truly optimal value. We compare these two choices
of the relaxation parameter o experimentally in Sect. 4.3 and show that our suggested
relaxation parameter o* is indeed closer to the true optimal value, especially for large

numbers of threads g.

RT

4 Experiments

We present several experiments to demonstrate the convergence of Algorithm 1 under
various conditions. In particular, we study the effects of the number of threads ¢, the
relaxation parameter «, the weight matrix W, and the probability matrix P.

4.1 Procedure

For each experiment, we run 100 independent trials each starting with the initial iterate
x% = 0and average the squared error norms llek |12 across the trials to estimate the
MSEE [||ek I 2]. Shaded confidence intervals for the Sth and 95th percentiles are plotted
when appropriate. For some plots, such as Fig. 3, outlier trials cause E [||ek ||2] to lie
outside of the confidence intervals. We sample A from 100 x 10 standard Gaussian
matrices and least-squares solution x* from 10-dimensional standard Gaussian vectors,
normalized so that ||x*|| = 1. To form inconsistent systems, we generate the least-
squares residual r* as a Gaussian vector orthogonal to the range of A, also normalized
so that ||r*|| = 1. Finally, the right side b is computed as r* + Ax™*.

4.2 The effect of the number of threads

In Fig. 1, we see the effects of the number of threads ¢ on the approximation error of
Algorithm 1 for different choices of the weight matrices W and probability matrices
P. In Fig. 1a, b W and P satisfy Assumption 1, while in Fig. 1c they do not.

In ,Figs. 1a, b as the number of threads ¢ increases by a factor of ten, we see a
corresponding decrease in the magnitude of the convergence horizon by approximately
the same factor. This result corroborates what we expect based on Theorem 1 and
Corollary 2. For Fig. 1c, we do not see the same consistent decrease in the magnitude
of the convergence horizon. As ¢ increases, for weight matrices W and probability

@ Springer



J. D. Moorman et al.

— g=1 e q=100

o \ ——= g=10 —:= ¢=1000
1072 \\
%107 )
= \,\ ———————————————————
—4 Q)
10 I PP o B i
= w
107" '\‘\ ....... - — o~
10
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200

i i
(a) Uniform weights w; = 1 and proba- (b) Weights proportional to squared row

bilities proportional to squared row norms Ay .
[ DOTINS W = M7 and uniform proba-
tlAlE bilities p; = L.

— g=1 e ¢ =100
—== g=10 —-= ¢=1000

0 25 50 75 100 125 150 175 200

(¢) Uniform weights w; = 1 and uniform
probabilities p; = %

Fig.1 The effect of the number of threads on the MSE versus iteration for Algorithm 1 applied to inconsistent
systems. The weights w; and probabilities p; in a and b satisfy Assumption 1, while in c they do not. Shaded
regions are Sth and 95th percentiles, measured over 100 trials

matrices P that do not satisfy Assumption 1, the iterates x* approach a weighted
least-squares solution instead of the desired least-squares solution x* (see Sect. 2.1).

The rate of convergence in Fig. 1 also improves as the number of threads g increases.
As g increases, we see diminishing returns in the convergence rate. We expect this
behavior based on the dependence on 5 in Theorem 1 and Corollary 2.

4.3 The effect of the relaxation parameter a

In Fig. 2, we observe the effect on the convergence rate and convergence horizon as
we vary the relaxation parameter «. From Theorem 1, we expect that the convergence
horizon increases with « and indeed observe this experimentally. The MSE E [||ek ||2]
behaves similarly as « varies for both sets of weights and probabilities considered,
each of which satisfy Assumption 1.

For larger values of the relaxation parameter «, the convergence rate for Alo-
gorithm 1 eventually decreases and the method can ultimately diverge. This behavior
can be seen in Fig. 3, which plots the estimated MSE after 100 iterations for consistent
Gaussian systems, various «, and various numbers of threads q.
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a=025 —= a=20

——— a=05 a=4.0

21072
]
1073
1071
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
k k
(a) Uniform weights w; = «, probabilities (b) Weights proportional to squared row
1 P 12
proportional to squared row norms p; = norms w; — am”AlH uniform proba-
LA )2 and number of threads ¢ = 10 ' AN "
1Az’ bilities p; = %, and number of threads
q = 10.

Fig. 2 The effect of the relaxation parameter & on the MSE versus iteration for Algorithm 1 applied to
inconsistent systems

1( -1 . "
// |
1076 / /
\ / o
~11 s # W

10 B .
= '\\§__,*/ o ./
2 10710 =y
K102 N Sy

|| = g=5 o ]
10726 o e/
mm= A= », £
10731 ...... q=25 P
== ¢ =100
2 4 6 8 10 12
«
Fig. 3 Estimated MSE after 50 iterations of Algorithm 1 on consistent systems with weights w; = «, and
2
probabilities p; = ‘I‘II:\IHZ for various choices of relaxation parameter «. Shaded regions are the 5th and 95th
F

percentiles, measured over 100 trials. Diamond markers are estimates of the optimal relaxation parameter
using Theorem 2, and circle markers are estimates using the formula from Richtarik and Takac [27]

For each value of ¢, we plot two markers on the curve to show the estimated optimal
values of «. The diamond markers are optimal values of «* computed using Theorem 2,
and the circle markers are optimal values of oRT using Eq. (8) from Richtérik and
Takac [27]. These values are also contained in Table 1. In terms of the number of
iterations required, we find that the optimal value for « increases with g. Comparing
the kT values from [27] with the « that minimize the curves in Fig. 3, we find that
these values generally underestimate the optimal « that we observe experimentally.
In comparison, the optimal o* calculated using Theorem 2 are much closer to the
empirically optimal values of «, especially for high g.

We believe this is due to our bound being relatively tighter than Eq. (8). In Fig. 4a,
b, we plot the error bounds produced by Eqgs. (8) and (10) after 50 iterations for
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Table 1 Calculated optimal
relaxation parameters « for

matrix A used in Fig. 3 for oRT [Eq. (8)] [27]  3.00 4.00 5.00 572
various numbers of threads ¢
o* (Theorem 2) 4.06 6.57 7.83 8.61

qg=>5 q =10 qg=25 g = 100

107!
1076
o1
;: :: 10716
) >
=) B -2
1072
1016 || =~ Err Bound (Thu 1) 10-31 ‘ ~ == Err Bound (Thm 1)
—-= Err Bound (RT) — = Err Bound (RT)
2 4 6 8 2 4 6 8 10 12
«@ o
(a) ¢ = 10. (b) ¢ = 100.
Fig. 4 Estimated MSE after 50 iterations of Algorithm 1 on consistent systems for various choices of
relaxation parameter . Uniform weights w; = « and probabilities proportional to squared row norms
2
; = %. The first error bound is from Theorem 1, while the second is from Eq. 8 [27]
F

q = 10 and g = 100. We observe that as the number of threads increases, our bound
approaches the empirical result.

5 Conclusion

We prove a general error bound for RK with averaging (Algorithm 1) in terms of the
number of threads ¢ and a relaxation parameter «. We find a natural coupling between
the probabilities p; and the weights w; that leads to a reduced convergence horizon.
We demonstrate that for uniform weights (w; = « for all i), the rate of convergence
and convergence horizon for Algorithm 1 improve both in theory and practice as the
number of threads ¢ increases. Based on the error bound, we also derive an optimal
value for the relaxation parameter o which increases convergence speed, and compare
with existing results.

A Proof of Lemma 1

LetE; [ - ]denote E;p [ - ]. Expanding the definition of the weighted sampling matrix
T

. . . . I'L
M as a weighted average of the i.i.d. sampling matrices W, we see that

@ Springer



Randomized Kaczmarz with averaging

Er [Mi] = E IZ L' =E; 1L Z PWD 2
= A | T A it ’||A-||2_ '

€T,
Likewise, we can compute
E; [M{AATMk]
I'A;

1 1 J
=E || - w; ——— - wi———
2 e 2w A1

q et jetw

W T
4 EEAITE g A A2
I'A, Al 1 L'l T L'L;
( 1A ||2>( A ||2)} s [“”' ||Ai||2}AA & [’”"W}

[ L
q IIAII2

1
} + (1 - —) PWD 2AA TPWD 2
q
1 1
= —PWZD—2 + (1 - —) PWD 2AA "PWD 2
q q

by separating the cases where i = j from those where i # j and utilizing the
independence of the indices sampled in 7.

B Proof of Theorem 1

We now prove Theorem 1 starting from the error update in Eq. (6). Expanding the
squared error norm,

¥ = 10— ATMA)e* + ATMr*||?
= | (X — ATMGA)E |2 4 2((X — ATMEA) e, ATMr*) + |AT M™%,
(11)

Under Assumption 1, the expectations in Lemma 1 simplify to

o
Ex [Mi] = ——=-1
A%

and

w 1) AAT
B [M{AATM] = 2= 4 o (1 - —) -
q llAll% q/) IIAllp
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Upon taking expections on both sides of Eq. (11), the middle term simplifies since

o

Be [ (e, ATMer) | = (5, ATEC M1 ) = (¢, —2 - ATr) =0
Al
Thus,
Eg [ 1411
= F, [|| (I — ATMA)K ||2] ) [(ATMkAek, ATMkr*)] +E [IIATMkr*||2] (12
® @ @

Making use of Lemma 1 to take the expectation in the first term in Eq. (12),

© =B [ 10 - ATMA) |
= [<ek ,I—ATMA) T - ATMkA)ekﬂ

= (", 1= 2ATE; [My]A +ATE, [M[AATMk] A)ek>

lem.1 [ [ ATA a ATWA 2 1 ATA ? k
= <e, I 2« =+ = — ta (1——) 5 e>
IAllE g A% a/ \lIAll%

2
' ATA AT [« o> AAT\ A .
={e | [I-a——5] + W ——— | —— | )
1A% IAlF \ g q IAl% ) IAlF

For the second term in Eq. 12,

® = 2E; [(ATMkAek, ATMkr*)]
— 2(AcK, Ty [M,IAATMk] )
1
fem1 5 (Aek, (gw + o2 <1 - —) AAT> )
q q

T x__
Al=0, © 5 (AeX, Wr*).
qllAll%

Similarly, for the last term in Eq. (12),

* 112
® =5 [IaTm 2] = 410w,
4 IAI%
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Combining these in Eq. (12),

2
ATA

E[||ek+1||2] =<ek, I« 5 ek>
Al

Hlet A (gw— ZAAT)AJ>—2E<A€" Wrt) @l

A% q A% q A% q IAl%
_ <ek [ ATAN a_ ATA L9 %113y
’ A% q ||A||2 T A%
2
< o | (1- a2 —“— ATA ety 4 &1
- A% q |A||2 q A5
C Proof of Theorem 2

Proof We seek to optimize the convergence rate constant from Corollary 1 when using
uniform weights W = oI,

2
] ATA +a2 I ATA\ ATA a3)
0, —— —|l-— ) —
e A2 q A2 ) IAI3

with respect to «. To do this, we first simplify from a matrix polynomial to a maximum
over scalar polynomials in « with coefficients based on each singular value of A. We
then show that the maximum occurs when either the minimum or maximum singular
value of A is used. Finally, we derive a condition for which singular value to use, and
determine the optimal « that minimizes the maximum singular value.

Defining Q'xQ=

m AH2 as the eigendecomposition, and the polynomial

3 1
p(o) dgl—ZaJ +a? <2+<1——)02>,
q q

. T .
the convergence rate constant from Eq. (13) can be written as opax ( p ( A_A >) .Since

2
Al

T . . . S
p (ﬁ) is a polynomial of a symmetric matrix, its singular vectors are the same as
F

those of its argument, while its corresponding singular values are the polynomial p
applied to the singular values of the original matrix. That is,

ATA
P (W) =r(Q"2Q)=Q"r(®Q.
F
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Thus, the convergence rate constant can be written as

T
Omax | P A 12 = omax (P(X)) .
IAll%

Moreover, we can bound this extremal singular value by the maximum of the
polynomial p over an interval containing the spectrum of X

Omax (p (¥)) < max |p (o) subjectto o € [Smin, Smax] -

2
def o2, (A)

Here, the singular values of X are bounded from below by smin = and above

Al
def o2, . . . . . T
by Smax = %H(?) since X is the diagonal matrix of singular values of ﬁ‘A”‘? . Note that
F F

the polynomial can be factored as p(o) = (1 — oa)? + "qiz (1 — o), and is positive
foro € [0, 1], which contains [Smin, Smax |- Also, since the coefficient of the o2 term of
the polynomial p is o (1 — %) which is greater than or equal to zero, the polynomial

is convex in o on the interval [Smin, Smax]- Thus, the maximum of p on the interval
[Smin, Smax] 1S attained at one of the two endpoints Smin, Smax and we have the bound

Omax (P (¥)) = max (p (Smin) » P (Smax)) -

To optimize this bound with respect to «, we first find conditions on « such that
P(Smin) < P(Smax)- If Smax = Smin, this obviously never holds; otherwise, Smax > Smin
and

P (Smin) < P(Smax)

i 1 1

Grouping like terms and cancelling, we get

o 1
o <2 - —) (Smax — Smin) < @’ (l - —) (sélax - srznin)
q q
Since % > 0, we can divide it from both sides.
. 2 2
(2g — a) (Smax — Smin) < & (g — 1) (Smax - smin)
Since Smax > Smin, We can divide both sides by Smax — Smin-

2g —a <a(g—1) (Smax + Smin)
2q <a(l+ (q -1 (Smax + Smin))
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and since the number of threads ¢ > 1, we can divide both sides by 1 +
(g — 1) (Smin + Smax) to get

2q def ~
o > = .
I+ (g — 1) (Smin + Smax)

Thus,

P (Smax) »

a>a
Omax (P (X)) = {P (Smin) » <3

For the first term,

ad s 1
— P(Smax) = —28max + 2( H;X + <1 - 5) Srznax> o

Ja
S 1 2 ~
> —28max + 2 (% + (1 — 5) smax) o

since @ > @ and the coefficient is positive. Factoring zsqﬂ from the second term and
substituting for @, we get

2S5 max

= —2Smax + 1+ (g — 1)Smax)67

2S5max 2q
(I+(g —1) smax)
1 I + (I = q) (Smin + Smax)
2(1 4+ (g — Dsmax)
I+ (¢ — 1)(Smax + Smin)

= —2Smax +

= —28Smax + 28max

= 2SmaX |:_1 + 2 (l + (q — l)smaX) ]
1+ (g — 1)(Smax + Smin)
|:1 + (g — D(Smax — smin):|
= 2Smax
I+ (¢ — 1)(Smax + Smin)

>0

since all terms in both numerator and denominator are positive. Thus, the function is
monotonic increasing on a € [a, 00), and the minimum is at the lower endpoint, i.e.
.~
o =a.
Similarly, for the second term, @ < @ and

d Smi 1
ap(smin) = —28min + 2( I;m + <1 - 6_]> Sr%lin) o

Smin 1 2 ~
—2S'+2< +<1——>s->a
min q q min

— g |:1 —(q — 1)(Smax_smin):|
Smin
1+ (¢ — 1)(Smax + Smin)

IA
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If

1 — (g — D) (Smax — Smin) < 0, (14)

this function is monotonic decreasing on « € (—o0, «*], and the minimum is at the
upper endpoint i.e. « = o*. Otherwise, since p(smin) is quadratic in « with positive
leading coefficient, the minimum occurs at the critical point, so we set the derivative
to 0 and solve for o*

ol Smi 1 N
%p(smin) = —2Smin + 2( r:[m + (1 - ;]) srznin> o

28mi
= —28min + — (1 + (g — 1) Smin) @*
=0
28m; .
%(1 + (g = 1) Smin) @* = 2Smin
* q
O =
1+ (61 — 1)Smin
D Corollary Proofs

We provide proofs for the corollaries of Sect. 2, which follow from Theorem 1.
D.1 Proof of Corollary 2
— A2

Suppose p; = AL and W = 1. From the proof of Theorem 1,
F

2 2 5
B [1e4117] = (o 1_oATAY o7 (ATA ek>+g||"k||w.
IAIz) a \IAIG g TAI%

In this case, since ATr* = 0, (Aek, r*) = 0 and

175113y = allAe 1> 4 20 (Aek, r*) + a|lr*|?

= a (e’ ATAC) + a|r)%.

Combining the inner products,

2
ATA 2 ATA\ ATA 20 %2
Ex [||ek+1”2] - <ek7 I-a—— | + L P =2 ; ek> L@ r !
A% q 1A% ) 1A% qllAl%
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2
ATA o2 ATA\ ATA PP o
<omax [ [ T—a—F | +—(1-—— ) = | I"11” + .
IAll% q 1Al ) IAl% qlAll%

D.2 Proof of Corollary 3
_ _ — AP
Suppose g = 1, W =1and p; = .
A%
ATA I 1%
Ee [16 1] < omax (1 412 +
" 1A 1A
-G I 12
- - A 2 || ” A 2
ANl A%

From the proof of Theorem 1,
2 2

B [Ie4+112] = <ek o ATA) (AlA ek> sy

A% A% A%

Decomposing ¥,

17517 = Ak + (1712
= (F, ATACR) + |17

Combining the inner products,

ATA\ [ATA)’ ATA |2
k2] _ [k AL
k[||e ||]_e, -—2) - S+ =)+ s
Al Al Al Al

:<ek [_ATA ek>+||r*||2
1Al 1A%
ATA I
<o - —— ) 1)1 + —

_(;_ oma® mm() IR+ ||r*||2
A% A2
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