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Abstract

We study an iterative matrix conditioning algorithm due to Osborne (1960). The goal of the algorithm
is to convert a square matrix into a balanced matrix where every row and corresponding column have
the same norm. The original algorithm was proposed for balancing rows and columns in the Lo norm,
and it works by iterating over balancing a row-column pair in fixed round-robin order. Variants of the
algorithm for other norms have been heavily studied and are implemented as standard preconditioners
in many numerical linear algebra packages. Recently, Schulman and Sinclair (2015), in a first result of
its kind for any norm, analyzed the rate of convergence of a variant of Osborne’s algorithm that uses the
L norm and a different order of choosing row-column pairs. In this paper we study matrix balancing in
the Ly norm and other L, norms. We show the following results for any matrix A = (a;;) resolving
in particular a main open problem mentioned by Schulman and Sinclair.
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1. We analyze the iteration for the L; norm under a greedy order of balancing. We show that it
converges to an e-balanced matrix in K = O(min{e 2logw, e 'n3/2log(w/e)}) iterations that cost
a total of O(m + Knlogn) arithmetic operations over O(nlogw)-bit numbers. Here m is the
number of non-zero entries of A, and w = Z” |aij]/@min With amin = min{ja;;| : ai; # 0}.

2. We show that the original round-robin implementation converges to an e-balanced matrix in
O(e~2n?log w) iterations totalling O(e~2mnlogw) arithmetic operations over O(n log w)-bit num-
bers.

3. We show that a random implementation of the iteration converges to an e-balanced matrix in
O(e~? log w) iterations using O(m+ €~ ?nlogw) arithmetric operations over O(log(wn/€))-bit num-
bers.

4. We demonstrate a lower bound of Q(1/4/€) on the convergence rate of any implementation of the
iteration.

5. We observe, through a known trivial reduction, that our results for L; balancing apply to any L,
norm for all finite p, at the cost of increasing the number of iterations by only a factor of p.

We note that our techniques are very different from those used by Schulman and Sinclair.
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1 Introduction

Let A = (a;j)nxn be a square matrix with real entries, and let || - || be a given norm. For an index i € [n], let
l|la;, || and ||a. ||, respectively, denote the norms of the ith row and the ¢th column of A, respectively. The
matrix A is balanced in || - || iff ||a_;|| = ||a;, || for all i. An invertible diagonal matrix D = diag(ds,...,d,)
is said to balance a matrix A iff DAD™! is balanced. A matrix A is balanceable in || - || iff there exists a
diagonal matrix D that balances it.

Osborne [8] studied the above problem in the Lo norm and considered its application in preconditioning
a given matrix in order to increase the accuracy of the computation of its eigenvalues. The motivation is
that standard linear algebra algorithms that are used to compute eigenvalues are numerically unstable for
unbalanced matrices; diagonal balancing addresses this issue by obtaining a balanced matrix that has the
same eigenvalues as the original matrix, as DAD™! and A have the same eigenvalues. Osborne suggested
an iterative algorithm for finding a diagonal matrix D that balances a matrix A, and also proved that his
algorithm converges in the limit. He also observed that if a diagonal matrix D = diag(ds,...,d,) balances
a matrix A, then the diagonal vector d = (dy, ... ,d,) minimizes the Frobenius norm of the matrix DAD~!,
Osborne’s classic algorithm is an iteration that at each step balances a row and its corresponding column
by scaling them appropriately. More specifically the algorithm balances row-column pairs in a fixed cyclic
order. In order to balance row and column i, the algorithm scales the ith row by +/[|a_;||/]|a;. | and the
ith column by +/||a; ||/||a. ||. Osborne’s algorithm converges to a unique balanced matrix, but there have
been no upper bounds on the converges rate of Osborne’s algorithm for the Lo norm prior to our work.

Parlett and Reinsch [9] generalized Osborne’s algorithm to other norms without proving convergence.
The Ly version of the algorithm has been studied extensively. The convergence in the limit of the L,
version was proved by Grad [4], uniqueness of the balanced matrix by Hartfiel [5], and a characterization
of balanceable matrices was given by Eaves et al. [3]. Again, there have been no upper bounds on the
running time of the L; version of the iteration. The first polynomial time algorithm for balancing a
matrix in the L; norm was given by Kalantari, Khachiyan, and Shokoufandeh [6]. Their approach is
different from the iterative algorithm of Osborne-Parlett-Reinsch. They reduce the balancing problem to
a convex optimization problem and then solve that problem approximately using the ellipsoid algorithm.
Their algorithm runs in O(n*log(nlogw/e)) arithemtic operations where w = > i 1031/ @min for amin =
min{|a;;| : a;; # 0} and e is the relative imbalance of the output matrix (see Definition [IJ).

For matrix balancing in the Lo, norm, Schneider and Schneider [11] gave an O(n?)-time non-iterative
algorithm. This running time was improved to O(mn +n?logn) by Young, Tarjan, and Orlin [T4]. Despite
the existence of polynomial time algorithms for balancing in the L; and L., norms, and the lack of any
theoretical bounds on the running time of the Osborne-Parlett-Reinsch (OPR) iterative algorithm, the
latter is favored in practice, and the Parlett and Reinsch variant [9] is implemented as a standard in almost
all linear algebra packages (see Chen [2, Section 3.1], also the book [10, Chapter 11] and the code in [I]).
One reason is that iterative methods usually perform well in practice and run for far fewer iterations than
are needed in the worst case. Another advantage of iterative algorithms is that they are simple, they
provide steady partial progress, and they can always generate a matrix that is sufficiently balanced for the
subsequent linear algebra computation.

Motivated by the impact of the OPR algorithm and the lack of any theoretical bounds on its running
time, Schulman and Sinclair [I2] recently showed the first bound on the convergence rate of a modi-
fied version of this algorithm in the L., norm. They prove that their modified algorithm converges in
O(n3log(pn/e)) balancing steps where p measures the initial imbalance of A and e is the target imbalance
of the output matrix. Their algorithm differs from the original algorithm only in the order of choosing
row-column pairs to balance (we will use the term variant to indicate a deviation from the original round-
robin order). Schulman and Sinclair do not prove any bounds on the running time of the algorithm for
other L, norms; this was explicitly mentioned as an open problem. Notice that when changing the norm,



not only the target balancing condition changes but also the iteration itself, so we cannot deduce an upper
bound on the rate of convergence in the L, norm from the rate of convergence in the L., norm.

In this paper we resolve the open question of [12], and upper bound the convergence rate of the OPR
iteration in any L, norml] Specifically, we show the following bounds for the L; norm. They imply the
same bounds with an extra factor of p for the L, norm, by using them on the matrix with entries raised
to the power of p. (Below, the O() notation hides factors that are logarithmic in various parameters of
the problem. Exact bounds await the statements of the theorems in the following sections.) We show that
the original algorithm (with no modification) converges to an e-balanced matrix in O(n?/€?) balancing
steps, using O(mn/e?) arithmetic operations. We also show that a greedy variant converges in O(1/€2)
balancing steps, using O(m) + O(n/e?) arithmetic operations; or alternatively in O(n/?/¢) iterations,
using O(n5/ 2 /¢) arithmetic operations. Thus, the number of arithmetic operations needed by our greedy
variant is nearly linear in m or nearly linear in 1/e. The near linear dependence on m is significantly
better than the Kalantari-Khachiyan-Shokoufandeh algorithm that uses O(n*log(nlogw/e)) arithmetic
operations (and also the Schulman and Sinclair version with a stricter, yet Lo, guarantee). For an accurate
comparison we should note that we may need to maintain O(n) bits of precision, so the running time is
actually O(m + n?lognlogw/e?) (the Kalantari et al. algorithm maintains O(log(wn/e))-bit numbers).
We improve this with yet another, randomized, variant that has similar convergence rate (nearly linear in
m), but needs only O(log(wn/e)) bits of precision. Finally, we show that the dependence on € given by our
analyses is within the right ballpark—we demonstrate a lower bound of €(1/4/€) on the convergence rate
of any variant of the algorithm to an e-balanced matrix. Notice the contrast with the Schulman-Sinclair
upper bound for balancing in the Lo, norm that has O(log(1/¢)) dependence on € (this lower bound is for
the Kalantari et al. notion of balancing so it naturally applies also to strict balancing).

Osborne observed that a diagonal matrix D = diag(d,...,d,) that balances a matrix A in the Ly norm
also minimizes the Frobenius norm of the matrix DAD~!. Thus, the balancing problem can be reduced to
minimizing a convex function. Kalantari et al. [6] gave a convex program for balancing in the L; norm. Our
analysis is based on their convex program. We relate the OPR balancing step to the coordinate descent
method in convex programming. We show that each step reduces the value of the objective function. Our
various bounds are derived through analyzing the progress made in each step. In particular, one of the main
tools in our analysis is an upper bound on the distance to optimality (measured by the convex objective
function) in terms of the the L; norm of the gradient, which we prove using network flow arguments.

For lack of space, many proofs are missing inline. They appear in Section [7l

2 Preliminaries

In this section we introduce notation and definitions, we discuss some previously known facts and results,
and we prove a couple of useful lemmas.

The problem. Let A = (a;j)nxn be a square real matrix, and let || - || be a norm on R™. For an
index i € [n], let ||a;.|| and ||a_;||, respectively, denote the norms of the ith row and the ith column of
A, respectively. A matrix A is balanced in || - || iff ||a ;|| = ||a;,.|| for all i. An invertible diagonal matrix
D = diag(dy,...,d,) is said to balance a matrix A iff DAD™! is balanced. A matrix A is balanceable in
|| - || iff there exists a diagonal matrix D that balances it.

For balancing a matrix A in the L, norm only the absolute values of the entries of A matter, so we
may assume without loss of generality that A is non-negative. Furthermore, balancing a matrix does not

Tt should be noted that the definition of target imbalance € in [I2] is stricter than the definition used by [6]. We use the
definition in [6]. This is justified by the fact that the numerical stability of eigenvalue calculations depends on the Frobenius
norm of the balanced matrix, see [9].



change its diagonal entries, so if a diagonal matrix D balances A with its diagonal entries replaced by
zeroes, then D balances A too. Thus, for the rest of the paper, we assume without loss of generality that
the given n x n matrix A = (a;;) is non-negative and its diagonal entries are all 0.

A diagonal matrix D = diag(dy,...,d,) balances A = (a;;) in the L, norm if and only if DP =
diag(di?,...,d,"”) balances the matrix A" = (a;;”) in the L; norm. Thus, the problem of balancing
matrices in the L, norm (for any finitie p) reduces to the problem of balancing matrices in the L; norm;
for the rest of the paper we focus on balancing matrices in the L; norm.

For an n x n matrix A, we use G4 = (V, E,w) to denote the weighted directed graph whose adjacency
matrix is A. More formally, G4 is defined as follows. Put V' = {1,...,n}, put E = {(4,j) : a;; # 0}, and
put w(i, j) = a;j for every (i,j) € E. We use an index i € [n] to refer to both the ith row or column of A,
and to the node 7 of the digraph G 4. Thus, the non-zero entries of the ith column (the ith row, respectively)
correspond to the arcs into (out of, respectively) node i. In the Ly norm it is useful to think of the weight of
an arc as a flow being carried by that arc. Thus, [la.;[|1 is the total flow into vertex ¢ and ||a;,.[|1 is the total
flow out of it. Note that if a matrix A is not balanced then for some nodes i, ||a_;||1 # ||ai, |1, and thus the
flow on the arcs does not constitute a valid circulation because flow conservation is not maintained. Thus,
the goal of balancing in the L norm can be stated as applying diagonal scaling to find a flow function on
the arcs of the graph G4 that forms a valid circulation. We use both views of the graph (with arc weights
or flow), and also the matrix terminology, throughout this paper, as convenient.

Without loss of generality we may assume that the undirected graph underlying G4 is connected.
Otherwise, after permuting V' = {1,...,n}, the given matrix A can be replaced by diag(Ay,..., A,) where
each of Ay,..., A, is a square matrix whose corresponding directed graph is connected. Thus, balancing
A is equivalent to balancing each of Aq,..., A,.

The goal of the iterative algorithm is to balance approximately a matrix A, up to an error term e. We
define the error here.

Definition 1 (approximate balancing). Let € > 0.

iff Vi (laill —laq..]11)2 <e.

Zz,] Qij

1. A matriz A is e-balanced

2. A diagonal matriz D with positive diagonal entries is said to e-balance A iff DAD™! is e-balanced.

The algorithms. Kalantari et al. [6] introduced the above definition of e-balancing, and showed that
their algorithm for e-balancing a matrix in the L; norm uses O(n*In((n/€)Inw)) arithmetic operations. In
their recent work, Schulman and Sinclair [12] use, in the context of balancing in the Lo, norm, a stronger
notion of strict balancing (that requires even very low weight row-column pairs to be nearly balanced).
Their iterative algorithm strictly e-balances a matrix in the Lo, norm in O(n>log(np/e)) iterations where
p measures the inital imbalance of the matrix. In this paper, we prove upper bounds on the convergence
rate of the Osborne-Parlett-Reinsch (OPR) balancing.

The OPR iterative algorithm balances indices in a fixed round-robin order. Schulman and Sinclair
considered a variant that uses a different rule to choose the next index to balance. We consider in this paper
several alternative implementations of OPR balancing (including the original round-robin implementation)
that differ only in the rule by which an index to balance is chosen at each step. For all rules that we
consider, the iteration generates a sequence A = AN, A@) A®  of n x n of matrices that converges
to a unique balanced matrix A* (see Grad [4] and Hartfiel [5]). The matrix A1 is obtained by balancing

an index of A® . If the ith index of A® is chosen, we get that AU+ = D AW D 7" where D® is a

diagonal matrix with d(t \/ Ha(t H1/Ha(t 1 and d() =1 for j # i. Note that a(t) (a(z), respectively)

denotes the ith row (ith column, respectively) of AW, Also putting DM = T,,..,, and D(t) D=1 ... p)
for t > 1, we get that A®) = D" A(D®)~1



The following lemma shows that each balancing step reduces the sum of entries of the matrix.

Lemma 1. Balancing the ith index of a non-negative matriz B = (bij)nxn (with bj = 0) decreases the
total sum of the entries of B by (\/][b_illx — /10i,.]1)%

Proof. Before balancing, the total sum of entries in the ith row and in the ith column is ||b; ||1+]|b.:]|1. Bal-
ancing scales the entries of the ith column by +/||b; ||1/]|b..i||1 and entries of the ith row by /|61 /]/bi,.||1-
Thus, after balancing the sum of entries in the ¢th column, which equals the sum of entries in the ith row,
is equal to \/]|b;, |1 - ||b.i][i. The entries that are not in the balanced row and column are not changed.
Therefore, keeping in mind that b; = 0, balancing decreases > _; - bij by [[b_i[[1 +b;, [l —=2+/[|b;, [l - [[b.i[[1 =

(VIbille = /110i, 112)?. O

A reduction to convex optimization. Kalantari et al. [0], as part of their algorithm, reduce matrix
balancing to a convex optimization problem. We overview their reduction here. Our starting point is
Osborne’s observation that if a diagonal matrix D = diag(dy,...,d,) balances a matrix A in the Lo norm,
then the diagonal vector d = (dy,...,d,) minimizes the Frobenius norm of the matrix DAD~!. The
analogous claim for the Lj norm is that if a diagonal matrix D = diag(ds,...,d,) balances a matrix A
in the L; norm, then the diagonal vector d = (d1, ..., d,) minimizes the function F(d) =}, ; aijj—;. On
the other hand, Eaves et al. [3] observed that a matrix A can be balanced if and only if the digraph G 4 is
strongly connected. The following theorem [6, Theorem 1] summarizes the above discussion.

Theorem 1 (Kalantari et al.). Let A = (a;j)nxn be a real non-negative matriz, a;; =0, for alli=1,...n,
such that the undirected graph underlying G4 is connected. Then, the following statements are equivalent.

(i) A is balanceable (i.e., there exists a diagonal matriz D such that DAD™! is balanced).
(ii) Ga is strongly connected.
(iii) Let F(d) = Z(i,j)eEaijg_;' There is a point d* € Q@ = {d € R" : d; > 0,i = 1,...,n} such that
F(d*) =inf{F(d): d € Q}.
We refer the reader to [6, Theorem 1] for a proof. We have the following corollary.

Corollary 1. d* minimizes F over Q if and only if D* = diag(d],...,d},) balances A.

Proof. As F attains its infimum at d* € €, its gradient VF satisfies VF(d*) = 0. Also, % =0 if and
only if Y7 a;; - (df /df) = 3°7_ aji- (d}/d}) for all i € [n]. In other words, VF(d*) = 0 if and only if the
matrix D*AD*~! is balanced where D* = diag(dj,...,d;). Thus, d* minimizes F' over Q if and only if
D* = diag(dj,...,d}) balances A. O

It can also be shown that under the assumption of Theorem [, the balancing matrix D* is unique up to
a scalar factor (see Osborne [§] and Eaves et al. [3]). Therefore, the problem of balancing matrix A can be
reduced to optimizing the function F'. Since we are optimizing over the set € of strictly positive vectors,
we can apply a change of variables d = (e®*,...,e") € R" to obtain a convex objective function:

Fx) = fa(x) = aye™ . (1)
ij=1

Kalantari et al. [6] use the convex function f because it can be minimized using the ellipsoid algorithm.
We do not need the convexity of f, and use f instead of F' only because it is more convenient to work



with, and it adds some intuition. Notice that the partial derivative of f with respect to x; is

of(x = g s
(2 ]:1

j=1

which is precisely the difference between the L; norms of the ith row and the ith column of the matrix
DAD™!, where D = diag(e®,...,e*"). Also, by definition, the diagonal matrix diag(e®,...,e*") e-
balances A iff

2
fx D Gige T

We now state and prove a key lemma that our analysis uses. The lemma uses combinatorial flow and
circulation arguments to measure progress by bounding f(x) — f(x*) in terms of ||V f(x)|1 which is a
global measure of imbalances of all vertices.

<e. (3)

Lemma 2. Let f be the function defined in Equation (), and let x* be a global minimum of f. Then, for
allx e R", f(x) = f(x") < 5 - [[Vf(x)]1

Proof. Recall that f(x) = fa(x) is the sum of entries of a matrix B = (b;;) defined by b;; = a;; - €™ %3.
Notice that f(x) = fz(0), and f(x*) = fp(x*™*), where x** = x* — x. Alternatively, f(x) is the sum of
flows (or weights) of the arcs of Gp, and f(x*) is the sum of flows of the arcs of a graph G* (an arc ij
of G* carries a flow of a;; - % ). Notice that Gp and G* have the same set of arcs, but with different
weights. By Equation @), ||V fa(x)[l1 = Y1y [[6.illt = [|bi.[[1] i-e., it is the sum over all the nodes of G
of the difference between the flow into the node and flow out of it. Also notice that G p is unbalanced (else
the statement of the lemma is trivial), however G* is balanced. Therefore, the arc flows in G*, but not
those in G, form a valid circulation.

Our proof now proceeds in two main steps. In the first step we show a way of reducing the flow on
some arcs of Gp, such that the revised flows make every node balanced (and thus form a valid circulation).
We also make sure that the total flow reduction is at most & - ||V fa(x)||1. In the second step we show that
sum of revised flows of all the arcs is a lower bound on f(x*). These two steps together prove the lemma.

We start with the first step. The nodes of G are not balanced. Let S and T be a partition of the
unbalanced nodes of Gp, with S = {i € [n]: ||b ;|1 > ||bi |1} and T = {i € [n] = ||b.il[1 < ||bi,.|l1}. That
is, the flow into a node in S exceeds the flow out of it, and the flow into a node in T is less than the flow
out of it. We have that

Dbl =100 = > Wil = 119.0) = D lboall = l1bi, 1) = 0.

€S €T 1€[n]

Thus, we can view each node ¢ € S as a source with supply [|b_;|l1 — ||b;.||1, and each node i € T as a sink
with demand [|b; |1 — ||b.i]|1, and the total supply equals the total demand. We now add some weighted
arcs connecting the nodes in S to the nodes in T'. These arcs carry the supply at the nodes in S to the
demand at the nodes in T'. Note that we may add arcs that are parallel to some existing arcs in Gg. Such
arcs can be replaced by adding flow to the parallel existing arcs of Gg. In more detail, to compute the
flows of the added arcs (or the added flow to existing arcs), we add arcs inductively as follows. We start
with any pair of nodes ¢ € S and j7 € T, and add an arc from ¢ to j carrying flow equal to the minimum
between the supply at ¢ and the demand at j. Adding this arc will balance one of its endpoints, but in the
new graph the sum of supplies at the nodes of S is still equal to the sum of demands at the nodes of T', so
we can repeat the process. (Notice that either S or T" or both lose one node.) Each additional arc balances



at least one unbalanced node, so Gp gets balanced by adding at most n additional arcs from nodes in S
to nodes in 7. The total flow on the added arcs is exactly > ,c([[b.illv — [|bi 1) = & - IV F(x) |1

Let E’ be the set of newly added arcs, and let G g/ be the new graph with arc weights given by B’ = (b;J)
Since Gpr is balanced, the arc flows form a valid circulation. We next decompose the total flow of arcs into
cycles. Consider a cycle C' in Gp/ that contains at least one arc from E’ (i.e., C N E’ # (). Reduce the
flow on all arcs in C' by a = min;;cc b;j. This can be viewed as peeling off from Gp: a circulation carrying
flow a. This reduces the flow on at least one arc to zero, and the remaining flow on arcs is still a valid
circulation, so we can repeat the process. It can be repeated as long as there is positive flow on some arc
in £'. Eliminating the flow on all arcs in E’ using cycles reduces the total flow on the arcs by at most n
times the total initial flow on the arcs in E (i.e., 2 - |V f(x*))[|1), because each cycle contains at most n
arcs and its flow « that is peeled off reduces the flow on at least one arc in E' by a. After peeling off all
the flow on all arcs in E’, all the arcs with positive flow are original arcs of Gg. Let G~ be the graph
with the remaining arcs and their flows which are given by B” = (b};). The total flow on the arcs of Gp»
is at least £(x) + &+ VGO — & - VAl 2 £(0) — & - VA

Next we show that the total flow on the arcs of Gg~ is a lower bound on f(x*). Our key tool for
this is the fact that balancing operations preserve the product of arc flows on any cycle in the origi-
nal graph Gp, because balancing a node ¢ multiplies the flow on the arcs into i by some factor r and
the flow on the arcs out of i by % Thus, the geometric mean of the flows of the arcs on any cycle is
not changed by a balancing operation. The arc flows in Gg~» form a valid circulation, and thus can be
decomposed into flow cycles C1,...,C, by a similar peeling-off process that was described earlier. Let
ni,...,nq be the lengths of cycles, and let aq,..., o, be their flows. The total flow on arcs in G is,

therefore, Zzzl ng - . Notice that, by construction, b;’] < bj;, and the decomposition into cycles gives that

by = Y pijec, k- Thus, f(x*) =370 byye™ % > 370 ble™ T =30 Y o, ke T =
ok kok Kk 1/nk

) ZijECk age” T >3y (Hije(Jk ape’i T = >0 npoy = szzl ;’J, where the last

inequality uses the arithmetic-geometric mean inequality. Notice that the right-hand side is the total flow

on the arcs of Gr, which is at least f(x) — % - [|[Vf(x®)[1. Thus, f(x*) > f(x) — 2|V f(x)|]1, and this

completes the proof of the lemma. O

3 Greedy Balancing

Here we present and analyze a greedy variant of the OPR iteration. Instead of balancing indices in a fixed
round-robin order, the greedy modification chooses at iteration ¢ an index i; of A®) such that balancing
the chosen index results in the largest decrease in the sum of entries of A® In other words, we pick i,
such that the following equation holds.

2
o = g W 1911 - maif?Hl) )
1€

We give two analyses of this variant, one that shows that the number of operations is nearly linear
in the size of G4, and another that shows that the number of operations is nearly linear in 1/e. More
specifically, we prove the following theorem.

Theorem 2. Given an n x n matriz A, let m = |E(G )|, the greedy implementation of the OPR iterative
algorithm outputs an e-balanced matriz in K iterations which cost a total of O(m + Knlogn) arithmetic
operations over O(nlogw)-bit numbers, where K = O (min {6_2 log w, e 1n3/2 log(w/e)}).

The proof uses the convex optimization framework introduced in Section Bl Recall that A®) =

— = = (t) (t)
DWADMY=1 If we let DO = diag(exlt e ,ex"t ), the iterative sequence can be viewed as generating a



sequence of points x(I),x2 .. x® . in R" where x(t) = (azgt), .. Sf)) and A® = l_?(t)A(l_)(t))_1 =
() _ @)
(a;je” 2~z Jnxn. Initially, x(1) = (0,...,0), and x(t+1) = x®) 4 oe;, where ay = ln(d( )) and e; is the ith

vector of the standard basis for R". By Equation (), the value f (X(t)) is sum of the entries of the matrix
A® | The following key lemma allows us to lower bound the decrease in the value of f (x(t)) in terms of a
value that can be later related to the stopping condition.

Lemma 3. If index i; defined in Equation (@) is picked to balance A®, then f(x®) — f(xt+1)) >

17 £ )13 a
10

Corollary 2. If matriz A® is not e-balanced, by balancing index iy at iteration t, we have f(x(t)) —

FxEFD)) > % CF(x®).

Proof of Theorem[2. By Corollary 2, while A® is not e-balanced, there exists an index i; to balance such
2
that f(x®) — f(xt+1)) > % - f(x®). Thus, f(x®+D) < <1 - %) - f(x®). Tterating for ¢ steps yields

t
f(xEHD)) < (1 — é) - f(xM). So, on the one hand, f(xM) = > i j—1 @ij since f(xM) is the sum of entries

in AM. On the other hand, we argue that the value of f( (t+1) ) is at least min(; jyep aij. To see this,
consider a directed cycle in the graph G 4. It’s easy to see that balancing operations preserve the product of
weights of the arcs on any cycle. Thus, the weight of at least one arc in the cycle is at least its weight in the

¢ t
input matrix A. Therefore, ami, < f(xt+1)) < (1 — %) F(xM)) = (1 — %) 'ZZj:l aij. Thus, t < 5 4 nw
and this is an upper bound on the number of balancing operations before an e-balanced matrix is obtalned.
The algorithm initially computes ||a_;||; and ||a;, _||; for all i € [n] in O(m) time. Also the algorithm initially

computes the value of (y/[la;, |1 — \/\|a,7i\|1)2 for all 7 in O(m) time and inserts the values in a priority

2
queue in O(nlogn) time. The values of Ha&?Hh Haﬁ?”l for all ¢ and \/|]a§t)|]1 - \/Ha(tl)\h) are updated

after each balancing operation. In each iteration the weights of at most n arcs change. Updating the

2
values of Ha H1 and Ha Hl takes O(n) time and updating the values of <\/Ha(t Il — \/Ha(tZ)H1> involves

at most n updates of values in the priority queue, each taking time O(logn). Thus, the first iteration takes
O(m) operations and each iteration after that takes O(nlogn) operations, so the total running time of the
algorithm in terms of arithmetic operations is O(m + (nlognlog w) /€2).

An alternative analysis completes the proof. Notice that |V f(x®) | < |[V£(x®)|1 < va-||[V£(x®)|-.

Vv F(x(®)]|2 x(®) x(t) *
Therefore, f(x(*)— f(x*+1) > rEele > PR 19 F () > g Gl () = (),

where the first inequality follows from Lemma 3], and the last inequality follows from Lemma[2 Therefore,

while A? is not e-balanced (so % > ¢), we have that f(x(®) — f(xt+1) > 5577 ° (f(x®) — f(x*)).

Rearranging the terms, we get f(x®+1)) — f(x*) < (1 - 27;5/2) (f(x®) — f(x*)). Therefore, f(x®+1)) —
Foe) < (1 5 ) - (F®) — FG). Notice that by Lemma B f(x(D) — (') > fx+D) -

S (t+1) 2 S (t+1) 2 .
Fcer2)y > (IgHele ) (b)) > (U6 6. On the other hand, f(x(M) - f(x") <
f(xM) < > i j=1@ij- Thus, for t = 2¢1 - n3/2In(4w/€?), we have that % < ¢, so the matrix is

e-balanced. 0




4 Round-Robin Balancing (the original algorithm)

Recall that original Osborne-Parlett-Reinsch algorithm balances indices in a fixed round-robin order. Al-
though the greedy variant of the OPR iteration is a simple modification of the implementation, the conver-
gence rate of the original algorithm (with no change) is interesting. This is important because the original
algorithm has a slightly simpler implementation, and also because this is the implementation used in al-
most all numerical linear algebra software including MATLAB, LAPACK and EISPACK (refer to [13],[7]
for further background). We give some answer to this question in the following theorem.

Theorem 3. Given cm n X n matrix A, the original implementation of the OPR iteration outputs an e-
balanced matriz in O(e~2n?log w) iterations totalling O(e~*mnlogw) arithmetic operations over O(nlogw)-
bit numbers (m is the number of non-zero entries of A).

5 Randomized Balancing

In Theorem 2 the arithmetic operations were applied to O(n In w)-bit numbers. This will cause an additional
factor of O(nlnw) in the running time of the algorithm. In this section we fix this issue by presenting a
randomized variant of the algorithm that applies arithmetic operations to numbers of O(In(wn/¢)) bits.
Thus, we obtain a algorithm for balancing that runs in nearly linear time. While the greedy algorithm
works by picking the node i that maximizes (1/[la; || —+/[la.i])?, the key idea of the randomized algorithm
is sampling a node for balancing using sampling probabilities that do not depend on the difference in arc
weights (the algorithm uses low-precision rounded weights, so this can affect significantly the difference).
Instead, our sampling probabilities depend on the sum of weights of the arcs incident on a node.
We first introduce some notation. We use O(In(wn/e)) bits of precision to approximate x;-s with Z;-s

Thus, z; — 2-9WMw/9) < 2. < ;. In addition to maintaining X(*) = (ﬁ:gt),if( ) x%)) at every time t.

N L NOMNO
The algorithm also maintains for every ¢ and j the value of ag) which is ag) = a;;e" ~%;" truncated to

O(In(wn/e)) bits of precision. We set the hidden constant to give a truncation error of r = (e Jwn)Camin, so

al(;) A(]) () The algorithm also maintains for every ¢, ||a || =y i,a Z(]) and ||a || =0 1A§?.

For every i, we use the notatlon Ha H =) E;) and |ja_;|| = Z? La Ei) Note that the algorithm does
2l

not maintain the values a Ha H or [a;’
The algorithm works as follows (see the pseudo-code of Algorithm [Ilthat appears in Section [7]). In each

(8 )1y ()

iteration it samples an index ¢ with probability p; = W If 4 is sampled, a balancing operation
i.j Qi

is applied to index i only if the arcs incident on ¢ have Signiﬁcant weight, and i’s imbalance is sufficiently

large. Put M; = maX{HA(t Il, HA(t |} and put m; = mln{Ha H, H’dF? |I}. The imbalance is considered large if
m; = 0 (this can happen because of the low precision), or 1f m; # 0 and % > 1+ 7. A balancing operation

is done by adding « to x( )| where a = %111(”6?? I/ H’dl(t? ), unless 7; = 0, in which case we replace the 0
value by nr. This updates the weights of the arcs incident on 7. Also, the Ly norms of changed rows and
columns are updated. (For convenience we use in this section || - || instead of || - ||; to denote the L; norm.)

Note that in the pseudo-code, < indicates an assignment where the value on the right-hand side is
computed to O(In(wn/€)) bits of precision. Thus, we have

a— (e/wn)® <2 _ 31 < o (5)

n
and A(t+1) A(t+1) (t+1) A(t+1) A(t+1)
a,]el ¥ —-r<a; <a”el R A



LD s (t+1) (t+1) S _ (t+1)
aﬂel ¥ —rgaji <a]el

Theorem 4. With probability at least 2
an e-balanced matrix.

15, Algorithm [ returns in time O(mIn}_,; a;;+e€” Znin(wn/e) Inw)

The idea of proof is to show that in every iteration of the algorithm we reduce f(.) by at least a factor
of 1 — §(e?). Before we prove the theorem, we state and prove a couple of useful lemmas

Fix an iteration ¢, and define three sets of indices as follows: A = {i : Ha H + Ha H > €amin/10wn},
B = {i:1; #0AM/in; >1+¢/n}, and C = {i : 1; = 0}. If the random index 7 satisfies ¢ ¢ A or
i€ A\ (BUCQ), the algorithm does not perform any balancing operation on i. The following lemma states
that the expected decrease due to balancing such indices is small, and thus skipping them does not affect
the speed of convergence substantially.

2
Lemma 4. For every iteration t, } ;¢ snpuc) Pi <\/Ha(t - \/||a(?||> < % - f(x®), where p is the

probability distribution over indices at time t.

We now show a lower bound on the decrease in f(-), if a node i € AN (B UC) is balanced.

2
Lemma 5. Ifi € AN(BUC) is balanced in iteration t, then f(X(+1))—f(x®) > % <\/Ha(t - \/Ha(t2)|]> :

Proof of Theorem[§] By Lemmal[d the expected decrease in f(.) in iteration ¢ is lower bounded as follows.

2
BAGY) (&) = 5 ey (Vi1 - 171

1€ AN(BUC)

" 2
- W sz"(%llaEf.’||—¢||aFf2||) -
1=1

i (V11 - maﬁ?u)z

z@éAn(BUC

2
The second term can be bounded, using Lemma i by ;4 4-pucy <\/||a§t)|| - \/||a(t2)||> < % - fEW),

For the first term, we can write
n 2 n () ®)\2
@ @ (la; "I = lla’7 1)
Zpi-(wai,. H—ma.,iu) > Y
= = 2]+ a1
- i”a Hw“ I a ) = a1
= o2yual 2(lal”) + )
1 & (el - ua“)H)?

z 16
=1 Zz] zj
16 f(§<t>) ~ 16 ’
: : . AT () [5l od A , :
where the penultimate inequality holds because ;- > 3, so m anr = 1, and the last inequality
1 a a 1



[V f&ED)]2

holds as long as the matrix is not e-balanced, so > e¢. Combining everything together, we get

&)
1 n 2 2
Sy _ pra(t+1) - . @y _ (t) _ . @y _ (®)

B/ &) = o (o (V- VI) = 2 e (V11 1a7)

i=1 i¢ AN(BUC)

1 €2 2¢2 €2
o L (€ ey 2€ @) s € e
> g (55 TR =20 @) 2 2 &)

where the last inequality assumes n > 64. This implies that the expected number of iterations to obtain
an e-balanced matrix is O(e 2 Inw). Markov’s inequality implies that with probability % an e-balanced
matrix is obtained in O(e~2Inw) iterations. It is easy to see that each iteration of the algorithm takes
O(nln(wn/e)) time. Initializations take O(mIn}_;; a;;) time. So the total running time of the algorithm
is O(mIn} ;. a;; + e 2nln(wn/e) Inw). O

6 A Lower Bound on the Rate of Convergence

In this section we prove the following lower bound.

Theorem 5. There are matrices for which all variants of the Osborne-Parlett-Reinsch iteration (i.e.,
regardless of the order of indices chosen to balance) require Q2 (1/\/€) iterations to balance the matriz to the
relative error of e.

Before proving this theorem, we present the claimed construction. Let A be the following 4 x 4 matrix,
and let A* denote the corresponding fully-balanced matrix.

01 0 0 0 1 0 0
e 1 0 B+¢ O o 1 0 e(B+e) O
0e 0 1|7 0 Ve(B+e) 0 1
0 0 1 0 0 0 1 0

Here € > 0 is arbitrarily small, and 8 = 100e. It’s easy to see that A* = D*AD*~! where

Dzdiag(l,l,\/ﬁ—i_e,ﬂﬂ—i_E).
€ €

To prove Theorem [ we show that balancing A to the relative error of € requires Q(1/4/€) iterations,
regardless of the order of balancing operations. Notice that in order to fully balance A, we simply need to
replace as3 and agg by their geometric mean. We measure the rate of convergence using the ratio ass/as3.
This ratio is initially Bie = ﬁ. When the matrix is fully balanced, the ratio becomes 1. We show that
this ratio increases by a small factor in each iteration, and that it has to increase sufficiently for the matrix

to be e-balanced. This is summarized in the following two lemmas.

agy (1+7ﬁ).ﬁ

Lemma 6 (change in ratio). o < .
+1 t
i =)
al) 1
Lemma 7 (stopping condition). If A® is e-balanced, then % > 100
o3

Before proving the two lemmas we show how they lead to the proof of Theorem [l

10



oD t t
Proof of Theorem[d. By Lemma [, - (t+1) < <1JEZF\6/B> . % - (“51\5/3) . Bie' By Lemma [7] if AGHD g

TTc Bie‘ Using 8 = 100¢, we get the condition

that (14 7v/B)" > 13, which implies that t = Q(1/\/€). O

(t+1)
147 . t
e-balanced, then s < “i(’ftiﬂ) < < + \/_> g < (L+7VE)

Proof of Lemmal@. Using the notation we defined earlier, we have that f(x(1)) = Zf jo1 @iy =442+

and f(x*) = Z?]:l aj; =4+ 2y/e(B +¢), so f(xM) — f(x*) < B. We observe that at each iteration t,

g aél) = g;) ag?z =1 and agg aéz) = €(f + €) because the product of weights of arcs on any cycle in G4 is

preserved (for instance, arcs (1,2) and (2,1) form a cycle and initially aj3a2; = 1).

The ratio ag /agtg) is only affected in iterations that balance index 2 or 3. Let’s assume a balancing
operation at index 2, a similar analysis applies to balancing at index 3. By balancing at index 2 at time ¢
we have

(®) (®)

t+1 t

afy" _ as) _ | @21 tay (6)
t t+1 t t)’

R o

Thus, to prove Lemma [0 it suffices to show that

agrl) agg) _ agl) + agg 1+7VB
t t+1 t = :
of T dral] " T

By our previous observation, ag agtl) =1, so0if a(t) =y, then ag = 1/y. Similarly agg ai(;;) = ¢(+¢€) implies

that there exists z such that agg = (B +¢€)z and a:(,fz) = €/z. Therefore:

(7)

agtl) + agtg) _ oyt (B+e€)z
agtz) + a:(,fz) (1/y) + (¢/2)

We bound the right hand side of Equation (8] by proving upper bounds on y and z. We first show that
y < 1+ 2y/B. To see this notice that on the one hand,

(8)

Zaw = aiy + ay) + agg + §3+a<”+a<”>y+ Lo ro e ()
,j=1

where we used aéi) + afg > 2 and aé?ag > 2y/€(B + €), both implied by the arithmetic-geometric mean
inequality. On the other hand,

FE®) < FW) < F(x) + B =4+2V/e(B+e) + 5. (10)

Combining Equations (@) and (I0) together, we have y + (1/y) — 2 < (. For sufficiently small €, the last
inequality implies, in particular, that y < 2. Thus, we have (y — 1)? < yB < 23, and this implies that

y <1+ 2yp.
Next we show that z < 1. Assume for contradiction that z > 1. By the arithmetic-geometric mean

inequality ag + aé’? > 2 and aéil) + af@ > 2. Thus,

1
Za(t >2+(B+e)z+ - +2_4+5z+e<z+ >>4—|—B—|—26:f(x(1)),
t,j=1

11



where the last inequality follows because z > 1, and z + 1/z > 2. But this is a contradiction, because each
balancing iteration reduces the value of F, so f(x®)) < f(x(1).

We can now bound (aétl) + aé?) /(a 52) + ag;)) By Equation (8], and using our bounds for y and z,

o) +af) yr@Breor _(1+2B+B+e9 __ 1+4/B  _1+7/B
a0 W) T (2 = I ST T STive
1+2Vp 1428 1428
The last line uses the fact that /8 > 8 = 100¢ > €, which holds if € is sufficiently small. O

Proof of Lemma[7. Let t — 1 be the last iteration before an e-balanced matrix is obtained. We argued
that there is z < 1 such that ag) = (8 + €)z and aé';) = €/z. Assume for the sake of contradiction that
a32 /a < 1/100. This implies that (¢/z)/((8 + €)z) < 1/100, and thus z? > 100/101. So, we get

Oy x> 40,0 o e 0 _ () o > 1y
FE®) = f(x) > a8 +af) —2y/afaly a3 a3y af ( 100)
100
= 081-(B+€2z>081-(B+e¢)- 101281 (11)
By Lemma 2, the left hand side the of above can be bounded as follows.
F®) = f(x*) <l VFED) L <0V £ (12)

7)<
Note that for Sufﬁmently small €, f(x®) < f(x()) < 5. Combining Equations (II)) and (IZ), and using
n=4and f(x®) > 5 we get that

7\\Vf(;(t)))llz > % €> e (13)

By Equation (3]), this contradicts our assumption that ¢ — 1 is the last iteration. O

7 Proofs

Proof of Lemma[3. The value f(x®)) is the sum of the entries of A®). By Lemma [I balancing the i-th

2
index of A® reduces the value of f(x®) by <\/ Ha.(i-) Il — \/ Hag’t? H1> . To simplify notation, we drop the

superscript ¢ in the following equations. We have
2 N 2
<\/Ha zHl _ \/H ai., H > (Ha zHl H(M || ) > (HCZ.,ZHI Haz,.Hl) ) (14)
(VTaalh + Tah)? ~ 2Ualh +llas, l1r)

It is easy to see that

2 2
il = Jlai, [11) > > i1 (lailly — llai.Jl)
et (laills + i d) — iy (laall + llai. 1)
But the right hand side of the above 1nequahty (after resuming the use of the superscript t) equals

x(®) .. ) . . . .
%. This is because for all i, (Ha(t IEt Ha ||1> is by Equation (@) the i-th coordinate of V f(x(®)),

and in the denominator ) , <||a Il + ||a || ) = 2f(x®). Together with Equations (IZ)) and (I5),

(15)

this implies that balancing i, = arg max;c, { (\/Ha(t = \/ ||a ||1> } decreases f(x®)) by the claimed

value. O

12



Proof of Corollary[2. From Equation (38)), we know that the diagonal matrix diag(e®,...,e"") balances

(t)
A with relative error € if and only if M < €. Thus, if A® is not e-balanced, 7||Vf(x IE > €. By
f(x) ; F(x®)
Vf(x(®)]2 x(t) e
Lemma@, f(x®) — f(xt1)) > % =1 (%) ) > g (), O

Proof of Theorem[3. In the original Osborne-Parlett-Reinsch algorithm, the indices are balanced in a fixed
round-robin order. A round of balancing is a sequence of n balancing operations where each index is
balanced exactly once. Thus, in the OPR algorithm all n indices are balanced in the same order every
round. We prove a more general statement that any algorithm that balances indices in rounds (even if
the indices are not balanced in the same order every round) obtains an e-balanced matrix in at most
O((nlogw)/€?) rounds. To this end, we show that applying a round of balancing to a matrix that is not
e-balanced reduces the value of function f at least by a factor of 1 — ¢2/16n.

To simplify notation, we consider applying a round of balancing to the initial matrix A®) = A. The
argument clearly holds for any time-t matrix A®. If A is not e-balanced, by Lemma B and Corollary [
there exists an index i such that by balancing i the value of f is reduced by:

2 62
7o) = 1) = (el = o) = S0 (16

If 4 is the first index to balance in the next round of balancing, then in that round the value of f is
reduced at least by a factor of 1 —¢2/4 > 1—¢2/16n, and we are done. Consider the graph G 4 corresponding
to the matrix A. If node i is not the first node in G4 to be balanced, then some of its neighbors in the
graph G4 might be balanced before . The main problem is that balancing neighbors of i before ¢ may
reduce the imbalance of i significantly, so we cannot argue that when we reach ¢ and balance it the value of
f reduces significantly. Nevertheless, we show that balancing ¢ and its neighbors in this round will reduce
the value of f by at least the desired amount. Let ¢ denote the time that ¢ is balanced in the round. For
every arc (j,1) into 4, let §; = |aj; — a%) |, and for every arc (i, j) out of ¢ let o = |a;; — al(;) |. These values
measure the weight change of these arcs due to balancing a neighbor of i at any time since the beginning
of the round. The next lemma shows if the weight of an arc incident on ¢ has changed since the beginning
of the round, it must have reduced the value of f.

Claim 1. If balancing node j changes aj; to aj; + 96, then the balancing reduces the value of f by at least
6% /aji. Similarly if balancing node j changes a;; to a;; + 6, then the balancing reduces the value of f by at
least 6% /a;.

Proof. To simplicity notation we assume that j is balanced in the first iteration of the round. If balancing
J changes aj; to aj; + 6, then by the definition of balancing,

aji+6 _ [llajlh

aji llaj, lli

(17)

Thus, by Lemma [I] the value of f reduces by

2 o .\ N 5\2 52
a _\/a._ _ S} s |l = L_1> a; :<_> ai |l > L
(\/H ille =/ lag, H1> ( 1o ) llaj. [l < ” llaj, [l - llaj, [l p”

The proof for the second part of the claim is similar. O

13



Going back to the proof of Theorem [3] let ¢ denote the iteration in the round that i is balanced. By

Claim [T, balancing neighbors of i has already reduced the value of f by

> 'f‘*' E:

iGaer 9 jger 9

(18)

2
Balancing i reduces value of f by an additional <\/ Ha.(i.) [ — \/ ”ag’t? ”1> , so the value of f in the current

round is reduced by at least:

TSI N Ma“ —VllaEf’ul)z

J:(4,9)EE i J:(4,4)EE i

Assume without loss of generality that ||a; |1 > ||a_s]|1. To lower bound R, we consider two cases:

case (i) Z d; + Z oj > ||a2 Ili — Jla.i|l1). In this case,

J:(JA)EE j:(i,4)EE
R> rn D Dl >
(i (3 . ](

> 5 0'2,
nuaznl ._Z T s \h( 2 )

j:(i,5)EF

2”1

where the last inequality follows by Cauchy-Schwarz inequality. By assumption of case (i),
1
max( Y b, Y oj) = 7 lai iy = lla.lly)
JUNEE  ji(ij)EE
Equations (I9) and (20]) together imply that
(Csiend) + Ciaper)® 1 (lailh ~lla.ih)?

R > _
= nmax(ﬂa.,z-nl,uai ) —16nmax<uai||1,uai )
_ (Tl = Ve )" (VIalh + vl i)’ N TN
16nmax<ua.,zul,Haz,.uo —16 - n
case (ii) Z 0; + Z oj < Ha, lli = lla_ill1). By definition of §,’s and o;’s:
J:(GA)er J:(i,5)eE
lailh— > &< a@lh < llaglh+ > 6
J:(G)er J:(Ji)eE
t
lai i — > oy <lallh <llai i+ > oy
J:(4,5)€EE J:(4,5)€EE

Combining Equations (2I]) and (22]), and the assumption of case (ii) gives:

t t
a1+ a0y < Nlag s+ llaglh + > o5+ > 6 <2(lai. 1+ la.ill)

j:(i,5)€E J:(Ji)eE
t t
a1 — Nla > llas s — ol = > 05— > &> ch h = llail)-
J:(4,5)€E Jj:(Gi)er

14
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Using Equations (23) and (24]), we can write:

2
2 [y el 112
R> <\/”az(,t.)”1_\/Ha.(fi)‘h) _ ( o - > s> (Hau(.t‘)‘l Ha_7l(!)1)
(V11 +/ Ha§“ul) 8 i1 + 1)

ol e L ¢ )
> 5. - ) .
> 16 T+ el = 16 (V1900 = el

Thus, we have shown in both cases that in one round the balancing operations on node 7 and its neighbors

reduces the value of f by at least
1 2
o (Vi = i) (25)

which in turn is at least Q(% f(xM)) by Equation (I6). Thus, we have shown that if A is not e-balanced,
one round of balancing (where each index is balanced exactly once) reduces the objective function f by

a factor of at least 1 — ) (% f (x(l))). By an argument similar to the one in the proof of Theorem [2,

we get that the algorithm obtains an e-balanced matrix in at most O(e~2nlogw) rounds. The number of
balancing iterations in each round is n, and the number of arithmetic operations in each round is O(m), so
the original OPR algorithm obtains an e-balanced matrix using O(e~?mn log w) arithmetic operations. [

Proof of Lemma[j. Notice that for every i,

2
: lai2 1l = a1 2
0521+ 190 - (V121 - 1a1) < 01+ 18- (ua@mua@\\) < (I = 120"

because Ha H + HA(t | < Ha H + Ha H We first bound the sum over i ¢ A.

2 + ||la 2
oo (VID1- 1) = y o L (V121 = i)

1¢A 1¢A 2 Ez,] ij

L3 (162 = 1)’

2 Zzy Ay igA

< S (1801 + 190 + 2nr)’

2 Zm A5 igA

IN

1
S ﬁ . Z(2€amin/10wn)2
Zm Ay igA
1 ¢? ¢
< -n- (eamm/5wn)2 < oo Omin S 5 f(x(t))

where the second inequality follows because, for every j, a ( ) < a( ) + r and a§) < agtl) + 7, and the third
inequality follows because Ha H + HA(t || < €amin/10wn and nr < eamm / 10wn
Next, we bound the sum over i € A\(BUC). Recall M; = max{”a H Ha H} and m; = mln{Ha H Ha H}

Put M; = max{[a”], @]} and m; = min{lal” ], ¥} Let k = arg maxsem sucy(M; — ms)>. We

15



Algorithm 1 RandomBalance(A4, ¢)

Input: Matrix A € R™*" ¢
Output: An e-balanced matrix

I: 7= Gmin - (6/wn)1°
2: Let a(]) = a(]) for all ¢ and j
3: Let Ha H = Ha H and Ha H = Ha H for all
4 fort =1 to O(e 2Inw) do
a(t) a®
5: Pick ¢ randomly with probability p; = %
i,7 “ig
6 if @] + [@)|l > €amin/10wn then
> A~ t A~ t
7 1, = max{[[a . [, = ming |2 8 )
8: if ; =0 or Ml/m, 2 1+ ¢/n then
9. if 1i; # 0 then o = S In(a"}|/al” |)
10: else if 1n; = '’ || =0 then a = L In(nr/[a” )
11: else if 1n; = @\ | = 0 then a = L In(|[a")||/nr)
12: end if
13: Let XD « ) 4 ae; (truncated to O(In(wn/e)) bits of precision)
14: for j =1tondo
15: if j is a neighbor of i then
L(tF1) A (E4D) L(tF1) A (E4D)
16: Ziz(-j-ﬂ) — aje" -2 and Ag-tiﬂ) — ajie$j+ 5" , (truncated to O(ln(wn/e))
bits)
~(t+1) () _ A | 1 ~(t+1) ~( ~(t+1
17 Jay I = @ | - af + @y and @) = @) - @ +aggty
18: end if
19: end fl'or ) ) .
~(t n ~(t ~(t n ~(t
20, a0 = Sy ag ™ and @) = oy ag
21: end if
22: end if
23: end for

24: return the resulting matrix

have

A

2
pe (VI V11) < e S (- 10

ieA\(BU) 23205 iea\(BUC)

1 2
4,7 ij 1€ A\(BUQC)
1 M, 2
< ————n-m} <—k - 1> .
25,0 i

. M, . M,
To bound the last quantity, we prove an upper bound on m—: using the fact that m—: < 1+~ Aske A,
we have My, + 1y, = Hak | + HA(t | > awmin Thus, M > Seiz - Combining this with %—z <1+ £ implies

10wn *
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that my; > Mk > Jin. Hence,

My, Mg Mk+m‘ Mk nr y € \? Mk 40€° 2¢
Mo My Mt M v M (g M 400, 2
my T My my, ME  €amin/40wn  my My, n

(Notice that w > 1.) Using the upper bound on —&

, we obtain

i€A\(BUC)

IA
S
3

2 2
(t) (t) 1 9 [ My
;- I — . -  _n- 1

1 5 (262
22205
2¢2 €2
< — - -mp < o f(x(t))a

where the penultimate inequality uses the fact that my < my + nr < my + S20in < 2my, < Mk + my, <

~(1)
Zi,j A5 -

40wn
O

Proof of Lemmald. We will assume that € < %. We first consider the case that i € AN B (notice that
)10 <7 ’\(t"‘l)

BN C =0). The update using O(In(wn/e)) bits of precision gives 5:\?) +a-—

SO
Therefore,
A(t+1) A(t+1)
t-‘rl || _ Zal‘] J é
and
& (t41) _~(t41)
t+1 D g 10
a5 =D ages R < e

=1

We used the fact that e < 1 4 2z for z < %

[

1. Jj=1

HA(t |l < #1050

1291 S age® Y < (14 2(c/wm)1?) -
7j=1

(e/nw 53@(-0 + a,

We will now use the notation Mi, m;, M;, and m;

(the reader can recall the definitions from the proof of Lemma H). We also put § = 2(¢/wn)!®, and
o= %%Z’ Thus, decrease of function f(-) due to balancing i is f(X®) — f(XH+D) = M; +m; — ||a (t+1) H

” (t+1) H>M—i—mZ (149) < \/mZ/M —|—m,\/M/mZ> = M;+m;—(1+9) <\/1/—0+\/7) AT =

(M—m)

show that

— (14 8)/Va+ (1 +0)V7 -
(1+0)/Vo+ (1 +68)Vo -

2) - v/ M;m;. We now consider three cases, and in each case

2) /Mo < = - (VAT — )
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case (i): 1 <o <1+ 64. We first note that M; > M; > M;rml > 62%‘{;‘; Also, m; < m; + nr, so

%S%ﬁ’“_l+e/n+ﬂ<l—— Slncee<10,wehave
2 2
9 1 > 9 1—.J1-&
10 M; 10 2n
S 4¢*
A
> <(1+5)+(1+5)'<1+ﬁ>_2>

> <1—\+F5+(1+5)‘/__2> %

where the third inequality holds by definition of d, and the last inequality holds because m;/M; < 1 and
o € [1,1+ ¢*/n?). By multiplying both sides of the inequality by M; we obtain the desired bound.
case (ii): o < 1. We first prove a lower bound on the value of o, as follows: % > % > Mi__m >

. _ _ 20€”
%(1—]’&—:)>%-<1—%)>%-<1——6> and thus o > 1 — T So we have

my; - my i - my n8

<1}5 (1+5)\F—2> \/; < 711j;5059+(1+5)—2

IN

(149) <1+22—§9>+(1+5)—2

9 4 — 2
210 a9 ()t
ns n? — 10 M;

proving the desired inequality in this case. The first inequality holds because % <land1l- 206 <o<1.

4

case (iii): o > 1+ %. The idea is to show that M;/m; is large so the desired inequality follows. We

. n
know that %\{’ = % < M: and therefore m; < m’ On the other hand, m; > m; — nr, so m; § 1 /0
Clearly, 1/0 < 1 — 50, 50 m; < 4/2 5. Also, M; > €amin/20wn. Therefore, %l > % > 40 =. Next,
notice that since mz > 0 it must be that m; > r. Therefore, m; < m; + nr < 2nm;. This implies that
M, L < J‘ﬂffz <2n-2% 50 0 < 2n. Finally,

149 1 M;

4+ (1446 2) < (1+68)-vV2n<< — )/,

(S22 + 0 ova-2) <(40) Van << 55y 2

with room to spare (using the lower bound on ) Multiplying both sides by % gives

2
146 M; 1L M; 9 M;
- _ e T o T
<f+(1+5)f 2> e <10 i_10<’/mi 1),

with more room to spare. This completes proof of the case i € AN B.
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We now move on to the case i € AN C, so M; + m; > %Lwi;; and m; = 0. In the algorithm, o =

$In(nr/ Haf.f_) ) ora =3 ln(Ha_(Z-) ||/mr). The idea is that we therefore replace 7; (which is 0) by nr in some

of the equations. In particular, f(X®)) — f(XED) > M; + m; — (14 6) <MZ % + m;y/ %) Note that

My « Mi <« Mi (p the other hand, since i € A, M; > €Qmin/20wn,

since m; = 0 then m; < nr. Therefore, e
1

SO % > 7nzg/’:;2/)%8;”:ln > %. Thus we get
FERO) — SERA) 2 Myt — (14 0) [ M [T | A
- M; nr
20€9 M;
> M;+m; — (1+4) (MM/—Z +mi,/—2>
n m;
20¢?
> M;+m; — 2(1 + 0)M; 5
20€* 1 1 5
> M; (1 i > > EMZ > 1_0(\/Mi —Vm;)%,
where the third inequality holds because m;,/ % = M, % < M; /% O
References

[1] EISPACK implementation. http://www.netlib.org/eispack/balanc.f.

[2] T.-Y. Chen. Balancing sparse matrices for computing eigenvalues. Master’s thesis, UC Berkeley, May
1998.

(3] B. C. Eaves, A. J. Hoffman, U. G. Rothblum, and H. Schneider. Line-sum-symmetric scalings of
square nonnegative matrices. In Mathematical Programming Essays in Honor of George B. Dantzig
Part 11, pages 124-141. Springer, 1985.

[4] J. Grad. Matrix balancing. The Computer Journal, 14(3):280-284, 1971.

[5] D. J. Hartfiel. Concerning diagonal similarity of irreducible matrices. In Proceedings of the American
Mathematical Society, pages 419-425, 1971.

[6] B. Kalantari, L. Khachiyan, and A. Shokoufandeh. On the complexity of matrix balancing. SIAM
Journal on Matriz Analysis and Applications, 118(2):450-463, 1997.

[7] D. Kressner. Numerical methods for general and structured eigenvalue problems. Princeton University
Press, 2005.

[8] E. E. Osborne. On pre-conditioning of matrices. Journal of the ACM (JACM), 7(4):338-345, 1960.

[9] B. N. Parlett and C. Reinsch. Balancing a matrix for calculation of eigenvalues and eigenvectors.
Numerische Mathematik, 13(4):293-304, 1969.

[10] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery. Numerical Recipes: The Art of
Scientific Computing, 3rd Edition. Cambridge University Press, 2007.

19


http://www.netlib.org/eispack/balanc.f

[11] H. Schneider and M. H. Schneider. Max-balancing weighted directed graphs and matrix scaling.
Mathematics of Operations Research, 16(1):208-222, February 1991.

[12] L. J. Schulman and A. Sinclair. Analysis of a classical matrix preconditioning algorithm. In Proceedings
of the Forty-Seventh Annual ACM on Symposium on Theory of Computing, pages 831-840, 2015.

[13] L. N. Trefethen and M. Embree. Spectra and pseudospectra: The behavior of nonnormal matrices and
operators. Springer, 2005.

[14] N. E. Young, R. E. Tarjan, and J. B. Orlin. Faster parametric shortest path and minimum-balance
algorithms. Networks, 21(2):205-221, 1991.

20



	1 Introduction
	2 Preliminaries
	3 Greedy Balancing
	4 Round-Robin Balancing (the original algorithm)
	5 Randomized Balancing
	6 A Lower Bound on the Rate of Convergence
	7 Proofs

