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12.1 Introduction

The Conjugate Gradient (CG) method is an iterative algorithm for solv-
ing linear systems of equations Ax = b, where A is symmetric and posi-
tive definite. The convergence of the method depends on the spectrum of A;
when its eigenvalues are clustered, the method converges rapidly. In partic-
ular, CG converges to within a fixed tolerance in O(y/k) iterations, where
Kk = K(A) = Amax(A)/Amin(4) is the spectral condition number of A. This
upper bound is tight when eigenvalues are poorly distributed (i.e., they are
not clustered). For example, if there are only two distinct eigenvalues, CG
converges in two iterations.

When the spectrum of A is not clustered, a preconditioner can accelerate
convergence. The Preconditioned Conjugate Gradients (PCG) method implic-
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itly applies the CG iteration to the linear system (B~Y/2AB~1/2)(B'/2z) =
B~1/2p using a clever transformation that only requires applications of A and
B! in every iteration; B also needs to be symmetric positive definite. The
convergence of PCG is determined by the spectrum of (B~'/2AB~'/2), which
is the same as the spectrum of B~ A. If a representation of B~! can be con-
structed quickly and applied quickly, and if B~ A has a clustered spectrum,
the method is very effective. There are also variants of PCG that require only
one of A and B to be positive definite [1], and variants that allow them to be
singular, under some technical conditions on their null spaces [2].

Combinatorial preconditioning is a technique that relies on graph algo-
rithms to construct effective preconditioners. The simplest applications of
combinatorial preconditioning targets symmetric diagonally-dominant matri-
ces with non-positive offdiagonals, a class of matrices that are isomorphic to
weighted undirected graphs. The coefficient matrix A is viewed as its isomor-
phic graph G 4. A specialized graph algorithm constructs another graph Gpg
such that the isomorphic matrix B is a good preconditioner for A. The graph
algorithm aims to achieve the same two goals: the inverse of B should be easy
to apply, and the spectrum of B~! A should be clustered. It turns out that the
spectrum of B~'A can be bounded in terms of properties of the graphs G4
and G p; in particular, the quality of embeddings of G4 in G (and sometimes
vice versa) plays a fundamental role in these spectral bounds.

Combinatorial preconditioners can also be constructed for many other
classes of symmetric positive semidefinite matrices, including M-matrices (a
class that includes all symmetric diagonally-dominant matrices) and matrices
that arise from finite-elements discretizations of scalar elliptic partial differ-
ential equations. One important application area of combinatorial precondi-
tioners is max-flow problems; interior-point algorithms for max-flow problems
require the solution of many linear systems with coefficient matrices that are
symmetric diagonally-dominant or M matrices.

This chapter focuses on explaining the relationship between the spectrum
of B~'A and quantitative properties of embeddings of the two graphs. The
set of mathematical tools that are used in the analysis of this relationship is
called support theory [3]. The last section briefly surveys algorithms that con-
struct combinatorial preconditioners. The literature describes combinatorial
preconditioners that are practical to implement and are known to work well,
as well as algorithms that appear to be more theoretical (that is, they provide
strong theoretical performance guarantees but are complex and have not been
implemented yet).

We omit most proofs from this chapter; some are trivial, and the others
appear in the paper cited in the statement of the theorem or lemma. There
are two new results in this chapter. Lemma 12.4.10 is a variation of the Sym-
metric Support Lemma for bounding the trace. Theorem 12.4.11 is a com-
binatorial bound on the trace of the preconditioned matrix. Both generalize
results from [4].
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12.2 Symmetric Diagonally-Dominant Matrices and
Graphs

We begin by exploring the structure of diagonally-dominant matrices and
their relation to graphs.

12.2.1 Incidence Factorizations of Diagonally-Dominant Ma-
trices

Definition 12.2.1 A square matriz A € R™*" is called diagonally-dominant
if for every i =1,2,...n we have Ay > 7, |Aijl.

Symmetric diagonally dominant matrices have symmetric factorizations A =
UUT such that each column of U has at most two nonzeros, and all nonzeros
in each column have the same absolute values [5]. We now establish a notation
for such columns.

Let 1 <4,j < n,i+# j. The length-n positive edge vector denoted (i, —j)
and the negative edge vector (i, j) are defined by

1 k=i +1 k=i
(l,=f) =94 -1 k=3 and  (i,j), =4 +1 k=]
0 otherwise, 0 otherwise.

The reason for the assignment of signs to edge vectors will become apparent
later. A vertex vector (i) is the unit vector

@k:{—u k=i

0 otherwise.
For example, for n = 4 we have

1
0
—1l >
0

(1,-3) = (1,4) = , and  (4) =

= O O
_ O O O

A symmetric diagonally dominant matrix can always be expressed as a sum
of outer products of edge and vertex vectors, and therefore, as a symmetric
product of a matrix whose columns are edge and vertex vectors.

Lemma 12.2.2 ([5]) Let A € R"*" be a diagonally dominant symmetric
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matriz. We can decompose A as follows

i<J
Ai3>0
+ Z |A7,]|<Z5_J> <i7_j>T
i<J
A;;<0
n n
+> | A= AL G &)
i=1 j=1
J#i
For example,
5 0 -2 3 1 0 -1 0
0O 0 0 O 9 0O 0 0 O
-2 0 2 0 o -1 0 1 O
3 0 0 4 0O 0 0 O
1 0 0 1 0 0 0 O
0 0 0 O 0 0 0 O
1o 000/ Floo oo
1 0 0 1 0 0 0 1
= 2 <1a _3> <1a _3>T + 2 <174> <174>T + <4> <4>T

Matrix decompositions of this form play a prominent role in combinatorial
preconditioners, so we give them a name:

Definition 12.2.3 A matriz whose columns are scaled edge and vertex vectors
(that is, vectors of the forms c (i,—j), c¢(i,7), and ¢ (i) ) is called an incidence
matrix. A factorization A = UUT where U is an incidence matriz is called
an incidence factorization. An incidence factorization with no zero columns,
with at most one vertex vector for each index i, with at most one edge vector
for each index pair i,j, and whose positive edge vectors are all of the form
¢ {min(i, j), — max(i, j)) is called a canonical incidence factorization.

Lemma 12.2.4 Let A € R™"™ be a diagonally dominant symmetric matriz.
Then A has an incidence factorization A = UUT, and a unique canonical
incidence factorization.

12.2.2 Graphs and Their Laplacian Matrices

We now define the connection between undirected graphs and diagonally-
dominant symmetric matrices.
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Definition 12.2.5 Let G = ({1,2,...n},E,c,d) be a weighted undirected
graph on the vertex set {1,2,...,n} with no self loops and no parallel edges
(i.e., at most one edge between two wvertices), and with weight functions
c: E—=R\{0} andd: {1,...,n} — R U{0}. That is, the edge set consists of
unordered pairs of unequal integers (i,7) such that 1 < i,j < n. The Laplacian
of G is the matrix A € R™*™ such that

d@@) + X pyep @ k)] i=j
Aij = —c(i,j) (i,j) € E
0 otherwise.

A wvertex i such that d(i) > 0 is called a strictly dominant verter. If c =1,
the graph is mot considered weighted. If ¢ > 0 and is not always 1, the graph
is weighted. If some weights are negative, the graph is signed.

Lemma 12.2.6 The Laplacians of the graphs defined in Definition 12.2.5 are
symmetric and diagonally dominant. Furthermore, these graphs are isomor-
phic to symmetric diagonally-dominant matrices under this Laplacian map-

ping.

In algorithms, given an explicit representation of a diagonally-dominant
matrix A, we can easily compute an explicit representation of an incidence
factor U (including the canonical incidence factor if desired). Sparse matrices
are often represented by a data structure that stores a compressed array of
nonzero entries for each row or each column of the matrix. Each entry in a row
(column) array stores the column index (row index) of the nonzero, and the
value of the nonzero. From such a representation of A we can easily construct
a sparse representation of U by columns. We traverse each row of A, creating
a column of U for each nonzero in the upper (or lower) part of A. During
the traversal, we can also compute all the d(i)’s. The conversion works even
if only the upper or lower part of A is represented explicitly.

We can use the explicit representation of A as an implicit representation
of U, with each off-diagonal nonzero of A representing an edge-vector column
of U. If A has no strictly-dominant rows, that is all. If A has strictly dominant
rows, we need to compute their weights using a one-pass traversal of A.

12.3 Support Theory

Support theory is a set of tools that aim to bound the generalized eigen-
values \ that satisfy Ax = ABz from above and below. If B is nonsingular,
these eigenvalues are also the eigenvalues of B~ A, but the generalized repre-
sentation allows us to derive bounds that also apply to singular matrices.
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Definition 12.3.1 Let A and B be n-by-n complex matrices. We say that a
scalar X is a finite generalized eigenvalue of the matriz pencil (pair) (A, B) if
there is a vector v # 0 such that Av = ABv and Bv # 0. We say that oo is
an infinite generalized eigenvalue of (A, B) if there exists a vector v # 0 such
that Bv = 0 but Av # 0. Note that oo is an eigenvalue of (A, B) if and only if
0 is an eigenvalue of (B, A). The finite and infinite eigenvalues of a pencil are
determined eigenvalues (the eigenvector uniquely determines the eigenvalue).
If both Av = Bv = 0 for a vector v # 0, we say that v is an indeterminate
eigenvector, because Av = ABv for any scalar .

The tools of support theory rely on symmetric factorizations A = UU” and
B = VVT, this is why incidence factorizations are useful. In fact, the algebraic
tools of support theory are particularly easy to apply when U and V are
incidence matrices.

12.3.1 From Generalized Eigenvalues to Singular Values

If A =UUT then A(A) = X3(UT), where A(A) is the set of eigenvalues
of A and X(UT) is the set of singular values of U, and ¥? is the set of the
squares of the singular values. The following lemma extends this trivial result
to generalized eigenvalues.

Lemma 12.3.2 ([6/)Let A=UUT and B = VVT with null(B) = null(A) =
S. We have
A(A,B)=%* (VD)

and

A(A,B)=52(UV) .
In these expressions, X(-) is the set of nonzero singular values of the matriz
within the parentheses, X¢ denotes the same singular values to the {th power,
and VT denotes the Moore-Penrose pseudoinverse of V.

The lemma characterizes all the generalized eigenvalues of the pair (A, B),
but for large matrices, it is not particularly useful. Even if U and V" are highly
structured (e.g., they are incidence matrices), U and VT are usually not
structured and are expensive to compute. The next section shows that if we
lower our expectations a bit and only try to bound A from above and below,
then we do not need the pseudo-inverses.

12.3.2 The Symmetric Support Lemma

In the previous section we have seen that the singular values of VU
provide complete information on the generalized eigenvalues of (A, B). This
product is important, so we give it a notation: Wope = VTU. If null(V) C
null(U), we have

VW = VVTU
U.
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It turns out that any W such that VW = U provides some information on
the generalized eigenvalues of (A, B).

Lemma 12.3.3 (/3]) (Symmetric Support Lemma) Let A = UUT and
let B=VVT, and assume that null(B) C null(A). Then

max {\ | Az = ABz, Bz # 0} = min {||W||§ U= VW} .

This lemma is fundamental to support theory and preconditioning, because
it is often possible to prove that W such that U = VIV exists and to give
a-priori bounds on its norm.

12.3.3 Norm bounds

The Symmetric Product Support Lemma bounds generalized eigenvalues
in terms of the 2-norm of some matrix W such that U = VW. Even if we
have a simple way to construct such a W, we still cannot easily derive a
corresponding bound on the spectrum from the Symmetric Support Lemma.
The difficulty is that there is no simple closed form expression for the 2-norm
of a matrix, since it is not related to the entries of W in a simple way. It is
equivalent to the largest singular value, but this must usually be computed
numerically.

Fortunately, there are simple (and also some not-so-simple) functions of the
elements of the matrix that yield useful bounds on its 2-norm. The following
bounds are standard and are well known and widely used (see [7, Fact 9.8.10.ix]
and [7, Fact 9.8.15]).

Lemma 12.3.4 The 2-norm of W € C**™ is bounded by

k. m
W3 < IWiIE=>> w5, (12.1)
i=1 i=1
k i m
m
w3 < ||W||1||W||oo=<1§laf(z;|mj|> O BIUA E)
i= j=

The next two bounds are standard and well known; they follow directly from
[WWT|y = [[W]3 and from the fact that ||S||; = ||S]|e for a symmetric S.

Lemma 12.3.5 The 2-norm of W € C**™ is bounded by
W3 < WWhh = [[WWT (12.3)
W3 < IWW(h =W W]l . (12.4)

The following bounds are more specialized. They all exploit the sparsity of W
to obtain bounds that are usually tighter than the bounds given so far.
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Lemma 12.3.6 (/8]) The 2-norm of W € C**™ is bounded by

m

W[5 < max Y [[Wi. [F=max Y > W2, (125)
J ©:W; j#0 J W j#0 c=1
k

WIE < me Y W emas X ST (129
j:Wi,,j;ﬁO j:W,',yJ;ﬁOT:l

The bounds in this lemma are a refinement of the bound ||[W|3 < [|[W||%.
The Frobenius norm, which bounds the 2-norm, sums the squares of all the
elements of W. The bounds (12.5) and (12.6) sum only the squares in some
of the rows or some of the columns, unless the matrix has a row or a column
with no zeros.

There are similar refinements of the bound ||[W||3 < [|[W{|1]|W||o-

Lemma 12.3.7 ([8]) The 2-norm of W € CF*™ is bounded by

W3 < max ) |Wi,j|'<Z|Wi,C|>v (12.7)
J iZWiJ;éO c=1
k

W3 < max ) IWi,jI-<Z|Wr,jI>- (12.8)
§:Wi ;70 r=1

12.3.4 Support numbers

Support numbers generalize the notion of the maximal eigenvalue of a
matrix pencil.

Definition 12.3.8 A matriz B dominates a matriz A if for any vector x we
have T (B — A)x > 0. We denote domination by B = A.

Definition 12.3.9 The support number for a matriz pencil (A, B) is
0(A,B) =min{t|7B = A, for all T >t} .

If B is symmetric positive definite and A is symmetric, then the support
number is always finite, because a7 Bx/xTz is bounded from below by
min A(B) > 0 and 27 Az/2Tx is bounded from above by max A(A), which
is finite. In other cases, there may not be any ¢ satisfying the formula; in such
cases, we say that o(A, B) = co.

Example 18 Suppose that x € null(B) and that A is positive definite. Then
for any T > 0 we have x7 (1B — A)x = —xT Ax < 0. Therefore, o(A, B) = co.
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Example 19 If B is not positive semidefinite, then there is some x for which
2T Bx < 0. This implies that for any A and for any large enough 7, ¥ (7B —
A)x < 0. Therefore, a(A, B) = oc.

The next result, like the Symmetric Support Lemma, bounds generalized
eigenvalues.

Theorem 12.3.10 (/3]) Let A and B be symmetric, let B also be positive
semidefinite. If null(B) C null(A), then

0(A, B) = max {\|Ax = ABx, Bx # 0} .

A primary motivation for support numbers is to bound (spectral) condi-
tion numbers. For symmetric matrices, the relation £(A) = Amax(A)/Amin(A)
holds. Let (A, B) denote the condition number of the matrix pencil (A, B),
that is, x(B~'A) when B is non-singular.

Theorem 12.3.11 (/3]) When A and B are symmetric positive definite, then
k(A,B) =0(A, B)o(B, A).

A common strategy in support theory is to bound condition numbers by
bounding both o(A, B) and o(B, A). Typically, bounding one of them is easy
while bounding the other is hard.

Applications usually do not solve singular systems. Nonetheless, it is often
convenient to analyze preconditioners in the singular context. For example,
finite element systems are often singular until boundary conditions are im-
posed, so we can build B from the singular part of A and then impose the
same boundary constraints on both matrices.

12.3.5 Splitting

Support numbers are convenient for algebraic manipulation. One of their
most powerful properties is that they allow us to split complicated matrices
into simpler pieces (matrices) and analyze these separately. Let A = A;+ Ao+
.-+ Ag, and similarly, B = By + By + -+ - + B;. We can then match up pairs
(A;, B;) and consider the support number for each such pencil separately.

Lemma 12.3.12 ([9]) Let A = Ay + As + --- Ag,and similarly, B = By +
By + -+ 4+ By, where all A; and B; are symmetric and positive semidefinite.
Then

o(A, B) < maxo(A;, B;)

Proof 1 Let o = o(A, B), let 0; = 0(A;, B;), and let omax = max; o;. Then
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for any x

xT(UrnaxB - A)x = mT (Umax Z B; — Z Az) x
[ [

= ZxT (omaxBi — A;) x
i

v

ZQ:T (O’iBi - Al) X

0.

v

Therefore, 0 < Omax-

The splitting lemma is quite general, and can be used in many ways. In practice
we want to break both A and B into simpler matrices that we know how to
analyze. The term “simpler” can mean sparser, or lower rank, and so on.
Upper bound obtained from the splitting lemma might be loose. In order
to get a good upper bound on the support number, the splitting must be
chosen carefully. Poor splittings give poor bounds. In the following example,
the splitting bound is not tight, but is also not particularly loose.

Example 20 Let
3 -2 2 =2 10
A:{—z 2}:[—2 2]+[0 0]:A1+A2’

2 -1 1 -1 1 0
B{—l 2}{_1 1}4—{01}314—32.
Then the Splitting Lemma says o(A, B) < max{c(A1,B1),0(Az, B2)}. It is
easy to verify that o(A1, B1) = 2 and that 0(Az, B2) = 1; hence o(A, B) < 2.
Note that By can not support As, so correct pairing of the terms in A and B
is essential. The exact support number is o(A, B) = Amax(A, B) = 1.557.

and

12.4 Embeddings and Combinatorial Support Bounds

To bound o (A, B) using the Symmetric Support Lemma, we need to factor
Aand Binto A =UUT and B = VV7T, and we need to find a W such that
U = VW. We have seen that if A and B are diagonally dominant, then there
is an almost trivial way to factor A and B such that U and V are about
as sparse as A and B. But how do we find a W such that U = VW? In this
section, we show that when A and B are weighted (but not signed) Laplacians,
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we can construct such a W using an embedding of the edges of G 4 into paths
in Gp. Furthermore, when W is constructed from an embedding, the bounds
on ||W]||2 can be interpreted as combinatorial bounds on the quality of the
embedding.

12.4.1 Defining W using Path Embeddings
We start with the construction of a matrix W such that U = V.

Lemma 12.4.1 Let (i1,12,...,i¢) be a sequence of integers between 1 and n,
such that i # ij41 for j=1,...£ —1.Then
¢
(in, —ig) = > (ij, —ij+1) ,
j=1

1

where all the edge vectors are length n.

To see why this lemma is important, consider the role of a column of W.
Suppose that the columns of U and V are all positive edge vectors. Denote
column ¢ of U by

U. = (min(iy,ip), — max(iy,ig)) = (—1)"7% (iy, —ip) ,

where the (—1)"1>% evaluates to —1 if i; > i, and to 1 otherwise. This column
corresponds to the edge (i1,4¢) in Gyyr. Now let (i1,4a,...,7¢) be a simple
path in Gyyr (a simple path is a sequence of vertices (i1, 49, ...,4¢) such that
(ij,441) is an edge in the graph for 1 < j < ¢ and such that any vertex
appears at most once on the path).

Let r1,72,...,7,—1 be the columns of V' that corresponds to the edges of
the path (i1,42,...,%¢), in order. That is, V. ,, = (min(iy,42), — max(i1,i2)),
V. rp = (min(ig,i3), — max(iz, i3)), and so on. By the lemma,

U.e = (17" (iy,—ig)
-1

= (=17 iy, —ij4)

= (_1)i1>il Z(_l)ij>ij+lvz R

j=1
It follows that if we define W, . to be

WTC _ (_1)i1>i£(_1)ij>ij+1 r=r; for some 1 < j </
' 0 otherwise,

then we have
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We can construct all the columns of W in this way, so that W satisfies U =
V.

A path of edge vectors that ends in a vertex vector supports the vertex
vector associated with the first vertex of the path.

Lemma 12.4.2 Let (1,12, ... ,i¢) be a sequence of integers between 1 and n,
such that ij # 441 for j=1,...4 —1.Then

-1

(i1) = (ie) + ) _ (ij, —ij41) ,

j=1
where all the edge and vertex vectors are length n.

The following theorem generalizes these ideas to scaled positive edge vectors
and to scaled vertex vectors. The theorem also states how to construct all the
columns of W. The theorem summarizes results in [3, 10].

Theorem 12.4.3 Let A and B be weighted (unsigned) Laplacians and let U
and V' be their canonical incidence factors. Let w be a path embedding of the
edges and strictly-dominant vertices of Ga into Gp, such that for an edge
(i1,10) in Ga, i1 < ig, we have

7T(ila Zé) - (ila i27 .. 7i5)
for some simple path (i1,i2,...,4¢) in Gp, and such that for a strictly-
dominant i1 in G 4,
W(il) = (il,ig, e ,ig)
for some simple path (i1,i2,...,i¢) in Gp that ends in a strictly-dominant

vertex i¢ in Gp. Denote by cy (i5,1;41) the index of the column of V that is a
scaling of (ij, —ij41). That s,

V. sev (i,i541) — _Bij7ij+1 <min(ijaij+1)v _max(ijvij-i-l» .

Similarly, denote by cy (i;) the index of the column of V' that is a scaling of

(15),

Vieviny = | Biji; — Z }B%h} (i) »

in=1
ik Fij
and similarly for U.
We define a matric W as follows. For a column index cy (i1, i¢) with iy < ig
we define

(_1)ij>ij+1 V Ail;iZ/Bijvij+1 ’if?“ = CV(ija Z‘]’Jrl_) fOT ) .
Wi co (v ie) = some edge (ij,9541) n mw(i1,ir)
0 otherwise.
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For a column index cyy(i1), we define

Ay iy 727‘;&11 Ai1>J| . .
: ifr =cy(i

\/Bievie_zj#ig B"’e)i| f V( é)

S Ay iy =D kois | Aiq ke . ..

Wi eu (i) = (—1)1"%‘7“\/ 1 1|Bi.ii11 e — cv (ij,ij41) for
J7a
some edge (ij,%541) (i)

0 otherwise.

Then U =VWW.

Proof 2 For scaled edge-vector columns in U we have

VW: ceu(i1,ie) = Z V ,rWr,cu(il,’ie)

= Z V. ,rWr,cu(ilfie)

r=cv (i;,45+1)
for some edge
(ij,ij+1) m 7\'(1;1,7;1)

/—1
= Y VI Biyige | minGi, i), — max(iy,ije)) (—1)9>5+
j=1
—1
V1A D (i, =)
j=1

= U

e (i1,9e) *

B

A

11,0

2550541
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For scaled vertez-vector columns in U we have
VW, cu(in) = Z V. ,rWr,cU(il)

= V. cvinWey Go)sev(inie) T Z Vo aoWheu (i)
r=cv (i;,4+1)
for some edge
(t5,4541) in 7w(i1)

= [Bi,i, = > IBi, il (i) Aivin = 2y, |Ain
i0 i g, | \UL B _ Ej;ﬁiz |Bi£,j|

J#ie esie

l—1
+ > /By | (min(ij, ij1), — max(ij, iji1))
=1

csinny [ Aivi = 2 Al
(_]_) §>vi41 |B

2jyti+1 ‘

£—1
= \/Ail,il = > 1Ai 1 (o) + \/Am‘l = A1 Gy, i)
j=1

J#i J#i

- %4 — 3 Al (i)

J#i

= U: seu(ip) -

The generalization of this theorem to signed Laplacians is more complex,
because a path from ¢; to i, supports an edge (i1,i¢) only if the parity of
positive edges in the path and in the edge is the same. In addition, a cycle
with an odd number of positive edges spans all the vertex vectors of the path.
For details, see [5].

Theorem 12.4.3 plays a fundamental role in many applications of support
theory. A path embedding 7 that can be used to construct W exists if and
only if the graphs of A and B are related in a specific way, which the next
lemma specifies.

Lemma 12.4.4 Let A = UUT and B = VV7T be weighted (but not signed)
Laplacians with arbitrary symmetric-product factorizations. The following
conditions are necessary for the equation U = VW to hold for some matriz
W (by Theorem 12.4.3, these conditions are also sufficient).

1. For each edge (i,7) in Ga, either i and j are in the same connected
component in Gpg, or the two components of Gp that contain i and j
both include a strictly-dominant vertex.

2. For each strictly-dominant vertex i in G 4, the component of Gg that
contains i includes a strictly-dominant vertez.
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Proof 3 Suppose for contradiction that one of the conditions is not satisfied,
but that there is a W that satisfies U = VW. Without loss of generality,
we assume that the vertices are ordered such that vertices that belong to a
connected component in Gg are consecutive. Under that assumption,

i
Vs

Vi
and

B 1 V1 VlT
B, A%

By, Vi V,I

The blocks of V' are possibly rectangular, whereas the nonzero blocks of B are
all diagonal and square.

We now prove the necessity of the first condition. Suppose for some edge
(1,7) in Ga, i and j belong to different connected components of Gp (without
loss of generality, to the first two components), and that one of the compo-
nents (w.l.o.g. the first) does not have a strictly-dominant vertex. Because this
component does not have a strictly-dominant verter, the row sums in Vi Vi¥
are exactly zero. Therefore, VlVlTT =0, so Vi must be rank deficient.

Since (i,7) is in G a, the vector (i, —j) is in the column space of the canon-
ical incidence factor of A, and therefore in the column space of any U such
that A= UUT. IfU = VW, then the vector (i, —j) must also be in the column
space of V', so for some x

Vi x1 Vizy
<. > e Va X2 Voxs
i,—j)y =V = ] L=

Vi Tk Vi

Therefore, Vi1 is a vertex vector. By Lemma 12.4.2, if V1 spans a vertex vec-
tor, it spans all the vertex vectors associated with the vertices of the connected
component. This implies that Vi is full rank, a contradiction.

The necessity of the second condition follows from a similar argument.
Suppose that vertex i is strictly dominant in G4 and that it belongs to a
connected component in Gg (w.l.o.g. the first) that does not have a vertex
that is strictly dominant in Gp. This implies that for some y

Vi Y1 Viya
_ Va Y2 Vays
(iy=Vy= . = .

Vi Yk Viyr
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Again Viyy is a vertex vector, so Vi must be full rank, but it cannot be full
rank because V1 Vi has zero row sums.

Not every W such that U = VW corresponds to a path embedding, even if U
and V are the canonical incidence factors of A and B. In particular, a column
of W can correspond to a linear combination of multiple paths. Also, even if W
does correspond to a path embedding, the paths are not necessarily simple. A
linear combination of scaled positive edge vectors that correspond to a simple
cycle can be identically zero, so the coefficients of such linear combinations
can be added to W without affecting the product VW. However, it seems that
adding cycles to a path embedding cannot reduce the 2-norm of W, so cycles
are unlikely to improve support bounds.

12.4.2 Combinatorial Support Bounds

To bound o(A, B) using the Symmetric Support Lemma, we factor A into
A=UUT, Binto B=VV7", find a matrix W such that U = VW, and bound
the 2-norm of W from above. We have seen how to factor A and B (if they
are weighted Laplacians) and how to construct an appropriate W from an
embedding of G in G4. We now show how to use combinatorial metrics of
the path embeddings to bound ||[W]|2.

Bounding the 2-norm directly is hard, because the 2-norm is not related
in a simple way to the entries of W. But the 2-norm can be bounded using
simpler norms, such as the Frobenius norm, the oo-norm, and the 1-norm (see
section 12.3.3). These simpler norms have natural and useful combinatorial
interpretations when W represents a path embedding.

To keep the notation and the definition simple, we now assume that A and
B are weighted Laplacians with zero row sums. We will show later how to
deal with positive row sums. We also assume that W corresponds to a path
embedding 7. The following definitions provide a combinatorial interpretation
of these bounds.

Definition 12.4.5 The weighted dilation of an edge (i1,i2) of G in an path
embedding m of G4 into Gp is

L . A
dilationy (i1,12) = g B“’” .
(31,:92) J1,J2
(41,,d2)€m (i1 i)

The weighted congestion of an edge (j1,j2) of Gp is

Ail
. . . 1,22
congestion,. (j1, jo) = E B
(i1,.i2) J1,J2
(J1,,32)€m(i1,i2)
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The weighted stretch of an edge of G 4 is

) § A'L’ %
StTetchﬂ(zth) = 5 1,22 )
(J1,,32) J1,J2
(J1,,d2)Em(i1,i2)

The weighted crowding of an edge in Gp is

A
) i1, 7 1,92
crowding, (j1,72) = E ’ S
(i1,,i2) 1,72
(J1,,d2) € (i1,i2)

Note that stretch is a summation of the squares of the quantities that constitute
dilation, and similarly for crowding and congestion. Papers in the support-
preconditioning literature are not consistent in their definition of these terms,
so check the definitions carefully when you consult a paper that deals with
congestion, dilation, and similar terms.

Lemma 12.4.6 (/3, 11]) Let A and B be weighted Laplacians with zero row
sums, and let ™ be a path embedding of Ga into Gg. Then

o(A,B) < Z stretchy (i1, 12)
(i1,i2)€EG A

Z crowding, (41, j2)

(J1,J2)€EGB

(A, B)

IN

o(A,B) < < max dilationﬂ(il,ig))
(il,iz)EGA

( max congestionw(jl,jg)) .
(J1,92)€GB

We now describe one way to deal with matrices with some positive row sums.
In many applications, the preconditioner B is not given, but rather con-
structed. One simple way to deal with positive row sums in A is to define
(1) = (i1). That is, vertex vectors in the canonical incidence factor of A are
mapped into the same vertex vectors in the incidence factor of B. In other
words, we construct B to have exactly the same row sums as A. With such
a construction, the rows of W that correspond to vertex vectors in U are
columns of the identity. The same idea is also used in other families of precon-
ditioners, like those based on incomplete Cholesky factorizations. The next
lemma gives bounds based on this strategy (it is essentially a special case of
Lemma 2.5 in [10]).

Lemma 12.4.7 Let A and B be weighted Laplacians with the same row sums,
let ™ be a path embedding of G 4 into Gp, and let £ be the number of rows with
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positive row sums in A and B. Then

o(A,B) < (+ Z stretchy (i1,12)
(i1,92)€EG A

(max { 1, max dilation,(iy,i2) })
(il,iz)EGA
. (max {1, ( max _ congestion, (jl,jg)}) .

J1,J2)€GEB

(A, B)

IN

Proof 4 Under the hypothesis of the lemma, the rows and columns of W can
be permuted into a block matrix

Wz 0
W = ,
( 0 Loxe )
where Wy represents the path embedding of the edges of G 4 into paths in Gp.

The bounds follow from the structure of W and from the proof of the previous
lemma.

The sparse bounds on the 2-norm of a matrix lead to tighter combinatorial
bounds.

Lemma 12.4.8 Let A and B be weighted Laplacians with zero row sums, and
let ™ be a path embedding of G4 into Gg. Then

o(A,B) < max Z stretchy (i1,12) ,
(J1,J2)€Gs . ¢
(i1,2)€Ga
(d1.52) €m(in,iz)
o(A,B) < max Z crowding, (j1, j2) -
(i1,i2)€Ga -
(J1,J2)€G a

(J1,J2)€m(i1,32)

We can derive similar bounds for the other sparse 2-norm bounds.

12.4.3 Subset Preconditioners

To obtain a bound on (A4, B), we need a bound on both ¢(A4, B) and
o(B,A). But in one common case, bounding (B, A) is trivial. Many support
preconditioners construct Gg to be a subgraph of G 4, with the same weights.
That is, V is constructed to have a subset of the columns in U. If we denote
by V the set of columns of U that are not in V', we have

B = vvT

A = UvUt
= vvi4+vv?t
= B4+VVT.

This immediately implies T Az > zT Bz for any x, so Amin(4, B) > 1.
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12.4.4 Combinatorial Trace Bounds

The Preconditioned Conjugate Gradients (PCG) algorithm requires
O(y/k(A, B)) iterations only when the generalized eigenvalues are distributed
poorly between Amin(A, B) and Apax(A, B). It turns out that a bound on
trace(A, B) = > Ai(A, B) also yields a bound on the number of iterations,
and in some cases this bound is sharper than the O(1/k(A4, B)) bound.

Lemma 12.4.9 ([4]) The Preconditioned Conjugate Algorithm converges to
within a fized tolerance in
ol : trace(A, B)
)\min (Av B)

iterations.

A variation of the Symmetric Support Lemma bounds the trace, and this leads
to a combinatorial support bound.

Lemma 12.4.10 Let A = UUT € R™™ and let B = VVT € R™", and
assume that null(B) = null(A). Then

trace(A, B) = m1n{||WH?, |U = VW} .

Proof 5 Let W be a matriz such that U = VW. For every x ¢ null(B) we

can write
xT Az B 2TVWWITV Ty
2TBx 2TVVTy
T T
Yy Wiy
yTy

where y = VTz. Let S C R"™ be a subspace orthogonal to null(B) of
dimension k, and define Ts = {VTx |z € S}, Because S is orthogonal
to null(B) we have dim(Ts) = k. The sets {27 Azx/a"Bx |z €S} and
{yTWWTy |y € TS} are identical so their minima are equal as well. The
group of subspaces {Ts | dim(S) =k, S L null(B)} is a subset of all subspaces
of dimension k, therefore

o ZTuUTx . yTWwTy
max mn ————s— = max min —————
dim(S)=k =ze€S atVVTe dim(S) =k yeTs vy
S Lnull(B) x#0 S Lnull(B) y#0
. yTWwTy
< max min ——,———.

dim(T)=k 4 T yTy
y7#0
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According to the Courant-Fischer Minimax Theorem,

Twa
Mkn(WWT) = max min M
dim(T)=k ¢ T yTy

y7#0

and by the generalization of Courant-Fischer in [12],

T T
Mokt UTVVT) = max min 00
dzm(S) =k €S X VVviz

V L null(B)

Therefore, for k = 1,... ,rank(B) we have A\p_41(A, B) < Mg (WWT)
so trace(A, B) < trace(WWT) = HWH?7 This shows that trace(A, B) <
mmwwﬁwUsz}

According to Lemma 12.8.2 the minimum is attainable at W = VTU.

To the best of our knowledge, Lemma 12.4.10 is new. It was inspired by
a specialized bound on the trace from [4]. The next theorem generalizes the
result form [4]. The proof is trivial given Definition 12.4.5 and Lemma 12.4.10.

Theorem 12.4.11 Let A and B be weighted Laplacians with the same row
sums, let m be a path embedding of G 4o into Gp. Then

trace(A,B) < Z stretchy (i1,12) ,
(i1,i2)€EG A

Z crowding, (j1, j2) -
(41,J2)€GB

trace(A, B)

IN

12.5 Combinatorial Preconditioners

Early research on combinatorial preconditioners focused on symmetric
diagonally-dominant matrices. The earliest graph algorithm to construct a
preconditioner was proposed by Vaidya [13] (see also [10]). He proposed to
use a so-called augmented maximum spanning tree of a weighted Laplacian as
a preconditioner. This is a subset preconditioner that drops some of the edges
in G 4 while maintaining the weights of the remaining edges. When B! is ap-
plied using a sparse Cholesky factorization, this construction leads to a total
solution time of O(n"/4) for Laplacians with a bounded degree and O(n%/®)
when the graph is planar. For regular unweighted meshes in 2 and 3 dimen-
sions, special constructions are even more effective [14]. Vaidya also proposed
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to use recursion to apply B!, but without a rigorous analysis; in this scheme,
sparse Gaussian elimination steps are performed on B as long as the reduced
matrix has a row with only two nonzeros. At that point, the reduced system
is solved by constructing a graph preconditioner. Vaidya’s preconditioners are
quite effective in practice [15]. A generalization to complex matrices proved
effective in handling a certain kind of ill conditioning [16].

Vaidya’s bounds used a congestion-dilation product. The research on sub-
set graph preconditioners continued with an observation that the sum of the
stretch can also yield a spectral bound, and that so-called low-stretch trees
would give better worst-case bounds than the maximum-spanning trees that
Vaidya used [17]. Constructing low-stretch trees is more complicated than
constructing maximum spanning trees. When the utility of low-stretch trees
was discovered, one algorithm for constructing them was known [18]; bet-
ter algorithms were discovered later [19]. Low-stretch trees can be used to
build preconditioners that can solve any Laplacian system with m nonzeros in
O(m*/3), up to some additional polylogarithmic factors [20, 4]. By employing
recursion, the theoretical running time can be reduced to close to linear in
m [21]. An experimental comparison of simplified versions of these sophisti-
cated algorithms to Vaidya’s algorithm did not yield a conclusive result [22].
Heuristic subset graph preconditioners have also been proposed [23].

Gremban and Miller proposed a class of combinatorial precondition-
ers called support-tree preconditioners [24, 9]. Their algorithms construct a
weighted tree whose leaves are the vertices of G 4. Therefore, the graph G
of the preconditioner T has additional vertices. They show that applying 7!
to extensions of residuals is equivalent to using a preconditioner B that is the
Schur complement of T" with respect to the original vertices. Bounding the
condition number (A, B) is more difficult than bounding the condition num-
ber of subset preconditioners, because the Schur complement is dense. More
effective versions of this strategy have been proposed later [25, 26, 27].

Efforts to generalize these constructions to matrices that are not weighted
Laplacians followed several paths. Gremban showed how to transform a linear
system whose coefficient matrix is a signed Laplacian to a linear system of
twice the size whose matrix is a weighted Laplacian. The coefficient matrix is a
2-by-2 block matrix with diagonal blocks with the same sparsity pattern as the
original matrix A and with identity off-diagonal blocks. A different approach
is to extend Vaidya’s construction to signed graphs [5]. The class of symmetric
matrices with a symmetric factorization A = UU” where columns of U have at
most 2 nonzeros contains not only signed graphs, but also gain graphs, which
are not diagonally dominant [28]. In paricular, this class contains symmetric
positive semidefinite M matrices. It turns out that matrices in this class can
be scaled to diagonal dominance, which allows graph preconditioners to be
applied to them [29] (this reduction requires not only that a factorization
A =UUT with at most 2 nonzeros exists, but that it be known).

Linear systems of equations with symmetric positive semidefinite M matri-
ces and symmetric diagonally-dominant matrices arise in interior-point solvers
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for max-flow problems. Combinatorial preconditioners are very effective in this
application, both theoretically [29] and in practice [23].

The matrices that arise in finite-element discretizations of elliptic partial
differential equations (PDEs) are positive semi-definite, but in general they
are not diagonally dominant. However, when the PDE is scalar (e.g., describes
a problem in electrostatics), the matrices can sometimes be approximated by
diagonally dominant matrices. In this scheme, the coefficient matrix A is first
approximated by a diagonally-dominant matrix D, and then Gp is used to con-
struct the graph G of the preconditioner B. For large matrices of this class,
the first step is expensive, but because finite-element matrices have a natu-
ral representation as a sum of very sparse matrices, the diagonally-dominant
approximation can be constructed for each term in the sum separately. There
are at least three ways to construct these approximations: during the finite-
element discretization process [30], algebraically [6], and geometrically [31]. A
slightly modified construction that can accommodate terms that do not have
a close diagonally-dominant approximation works well in practice [6].

Another approach for constructing combinatorial preconditioners to finite
element problems is to rely on a graph that describes the relations between
neighboring elements. This graph is the dual of the finite-element mesh; ele-
ments in the mesh are the vertices of the graph. Once the graph is constructed,
it can be sparsified much like subset preconditioners. This approach, which is
applicable to vector problems like linear elasticity, was proposed in [32]; this
paper also showed how to construct the dual graph algebraically and how to
construct the finite-element problem that corresponds to the sparsified dual
graph. The first effective preconditioner of this class was proposed in [33]. It
is not yet known how to weigh the edges of the dual graph effectively, which
limits the applicability of this method. However, in applications where there
is no need to weigh the edges, the method is effective [34].
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