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PREFACE

This document is a work-in-progress set of notes associated with CS515
at Purdue University. I hope to turn it into a book at some point. There
are typos. There are mistakes. Please let me know if you find them. It’s
associated with the lectures at CSs15 at Purdue and I am extremely grateful
to all the questions students have asked over the years that have led me to
develop this material.

Asawarning, there are portions of the material T have based on notes by
others. I believe I have documented these in my original notes and I hope
that these citations and references made the transition to this integrated
document. (I will be going through and checking!) These will likely be
revised before I would seek publication of the book, but if you see material
that you feel merits a citation to your own work, please do let me know!

The typography style and sectioning style is based on a combination
of Nick Trefethen (Numerical Linear Algebra and Pseudospectra with
Embree) and Edward Tufte.

The idea for writing is to illustrate the relevance of the analogies

computers mathematics
& <~ &
programs matrices
& « &
codes algebra
& - &
systems analysis

or put differently, we use

matrices mathematics algebra analysis
to
describe study improve understand
the behavior of
computers programs codes systems
on interesting problems

I'm not happy with the title yet, but it’s the best I have so far.

Another part of this book is that I wish to use better terminology
besides what I affectionately call “dead white guy names” The terminology
of the field is riddled with methods named after people

Gaussian elimination  Jacobi’s method  Richardson’s method
Vandermonde matrix ~ Krylov subspace.

Mostly, these people are dead. And white men. (Of course there are
exceptions.) Yet Gaussian elimination was known to the Chinese millenia
before Gauss. So the names tend to stick to the person who managed to
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popularize the ideas rather than the ones who necessarily discovered them.
This has been widely observed.' I like the following phrasing:
Methods and ideas tend to be named after the
last people to discover them.

The real issue is that these terms contribute to a culture of jargon,
dogma, and arcana that isn’t helpful to learn, understand, and compare
ideas. Towards that end, another goal with this book is to attempt to give
helpful names to some of these methods. For example, the Krylov subspace
is really a subspace of matrix powers. Why isn't the term “matrix powers
subspace” better? If length is an issue, “power subspace” is even shorter. It's
also closely related to a monomial basis of polynomials, so mononomial
basis would be another possible choice. These are all discussed throughout
the text and we have appendix A that lists better phrases to consider using
along with the current term.

' From Wikipedia “Stigler’s law of
eponymy, proposed by University of
Chicago statistics professor Stephen
Stigler in his 1980 publication
Stigler’s law of eponymy, states that
no scientific discovery is named
after its original discoverer” And of
course, Stigler also wasn’t the first
one to mention this idea.
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WHAT IS A MATRIXz?

Ask any American someone on the street of about the same age as I
am “What is a matrix” and they are likely to look just a bit confused. They
are probably thinking you meant to ask “What is The Matrix”, in reference
to the 1999-ish movie staring Keanu Reeves.

Now;, ask someone in a engineering or science school “What is a matrix”
and you’ll probably get some of these answers:

1. A matrix is a 2-dimensional array, or table, of numbers.

2. A matrix is a linear transformation.

3. A matrix is a coordinate representation of a linear transformation

between vector spaces.

4. A matrix is an element of R™" or C™" (or some other field such as

F,, which arises frequently in cryptography).

5. It’s a table of numbers where linear algebraic manipulations make

sense.

6. I know it when I see it.

7. A matrix stores vectors.

8. Something used to simplify mathematical calculations.

These are all fantastic answers. The first one is right out of Wikipedia'

In mathematics, a matrix (pl.: matrices) is a rectangular array
or table of numbers, symbols, or expressions, with elements or
entries arranged in rows and columns |[... ]

Moreover, it is a key fact in a linear algebra class that a linear transforma-
tion, or more precisely, a linear transformation between finite dimensional
vector spaces, can be represented as a m by n matrix. The space of these
matrices is often written as R"™" or C™" when the elements come from
the real (R) or complex (C) number systems but it can be any field or even
- with some changes - elements from a ring. There is actually a second
part of the Wikipedia definition:

[...] with elements or entries arranged in rows and columns,
which is used to represent a mathematical object or property of
such an object.

This is a key for this book. Not just any table of numbers gives rise to
a matrix. The numbers must have some relationship to a mathematical
representation. Wikipedia, however, does not quite capture the nature of
the mathematical representation.

The definition of a matrix we will use in this book is:

Learning objectives

1. Realize the difference between a
table of data and a matrix.

2. Translate simple problems into
matrix equations (such as least
squares).

3. Review our notation for matri-
ces, vectors, scalars, etc.

! Matrix (mathematics). https:
//en.wikipedia.org/wiki/Matrix_
(mathematics), accessed on 1 Au-
gust 2024.


https://en.wikipedia.org/wiki/Matrix_(mathematics)
https://en.wikipedia.org/wiki/Matrix_(mathematics)
https://en.wikipedia.org/wiki/Matrix_(mathematics)

A matrix is a table of numbers where linear
algebraic manipulations make sense.
This definition implies or subsumes many of the others answers.?
The ones that are even more general are:
- A matrix is a 2-dimensional array, or table, or numbers.
- A matrix is an element of R™" or C"™" (or some other field such as
F,, which arises frequently in cryptography).

What these miss is the essence of the mathematics or computations under-
lying matrices. Let’s see an example to make this point clear.

1.1 A STARTING EXAMPLE

Is the following a matrix?

S

e L L .

O O O O O VOV O O O O O
Ll e S e S e )
AN O O AN N~ O
O O O O W NN O O
S O N W = O O N~ O WU
O U1 U1 D W O 0~ O N W

It’s an element of R'"7. So under a strict syntactic view and assuming
the most general definition of a matrix, we could answer yes. However,
this particular set of numbers arises from a table of telephone numbers,
expanded by digit into columns. This information has no linear algebraic
structure: the sum of two phone numbers is not another phone number.
Also, it does not represent a linear transformation. We would not expect
solving linear systems of equations with this “matrix” to yield interesting
answers. Thus, for the purposes of this book, this data is not a matrix.

On the other hand, we might argue that there is low-rank structure
in this matrix. Note that the first two columns are multiplies of each
other. In this case, this structure arises because of the shared prefixes of
telephone numbers, and thus, it is non algebraic or non mathematical in
origin. Simply put, it is a curiosity of how how we choose to represent this
information - the phone numbers - as a matrix. We would expect and
hope true structure to be invariant or agnostic to such decisions.
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1.2 ANOTHER EXAMPLE

Let’s try and answer this question a different perspective and see a
few places where matrices arise. This will also help introduce us to our 3 These data are

notation in class. *x vy
Suppose we have some data and wed like to fit a linear model to it. 102 43
1.01 5.34
123 3.34
Ty
1.24 8.24
N
30 - 14 589
[ ] [ ] . .
2o 141 559
o © 159 751
00 - .. ‘..’ 1.65 5.15
o © ® 164  9.75
e®P® o 177 53
PS [ ] 2.01 7.96
10 - ° ® 2.0 14.95
.... 2.15 11.56
‘. 212 1132
| | | | | 2.19 11.25
1 2 3 4 5 2.31 15.68
X - 2.49 18.04
2.56 15.01
The data’ for our problem are pairs: (y1,x1), ..., (¥n, Xy ). We can 27 1576
. - 2.71 15.96
assemble them into a matrix in a few ways
2.91 18.94
2.97 18.65
x x
V1 1 1 N 307 16.43
x x X1 X3 ... X . 86
X = }’.2 2lorx = _2 2 orX=|" 2 Ntor... 31 19
: : Yr Y2 ... JUN 3.19 19.86
YN XN XN YN 3.29 12.81
3.36 22.12
Are these matrices? Let’s keep going before answering this! 354 22.98
. . . 3.66 2155
Our goal is to find coefficients (¢, ¢;) such that y = c;x + ¢1 is a good 374 204
fit to the data. There are a few ways that we could measure fit. We will be 374 1575
expendient and insist that for each data point, we want: 381 1753
3.87 17.41
2
(yi = (c2xi + 1)) 394 2136
412 20.99
to be as small as possible for all datapoints.# This gives us a way to measure 423 24.01
. .. . . 2 22.06
how good ¢y, ¢, are. Our goal is now to minimize the function: 427
4.38 21.31
N 444 2173
2
flei,e2) =Y (yi = (c2xi + 1)) 449 2752
i=1 4.57 26.02
. L . . 4.83 28.66
Let us use notation to eliminate the indices. 484 2589
Let x,y, and c be the vectors: 4.93 2972
5.02 30.43
X1 Y1 515 29.53
X V2 1 5.26 31.55
x=|" y=1|". c= 539 32.33
: €2 55 3192
XN YN 541 2772

1+ WHAT IS A MATRIX?



then
fle) =y -xc; —eci|.

. . U .
Here, the vector e is just a vector of all ones, and || - | is the 2-norm, or *This isa general instances of a
squared loss approximation. If we

want two values such thata ~ b
then with squared loss, we want
(a - b)?. These loss functions are

Euclidean norm, of a vector:

H ZH - often illustrated link this plot:
Now, let A be the matrix:
1 x
A:[e x]: 1 2 . (1.1) 0- (I)
1oy

Then we can write our function f as:

f(e) = ly - Ac|”.

This type of problem is an instance of what is called a least squares
problem. The data to the problem are encoded into a matrix A and the
goal is to produce coeflicients ¢ that constitute a linear relationship.

EXAMPLE 1.1 Hint that there is a matrix. Note that we can reparame-
terize the line as:
y=dy(x—-1)+d,

in which case we have
c=dy,c1=d1—d,

or

which where T is definitely a matrix! In this case, wed have:
ly - ATd|

if we wanted to parameterize in terms of T. .

Suppose instead we had the data’® in the following picture

6 I - MATRIX PROBLEMS & STRUCTURE



Ty 5 Here, the data are.

12 - ° x
° 0%, J
o [
[ 1.02 8.7
10- o te® °
%% o ® 1.01 8.89
[ 1J " 1.23 8.88
8 - 1) L
24 9.87
* 1.4 9.62
6 - 3!. 141 957
[ 1.59 10.13
4- ° 1.65  9.71
P 1.64 10.62
| | | | 1 1.77 9.81
1 2 3 4 5 2.01 10.39
X = 2.0 11.79
2.15 11.09
Then it’s clear from the picture that a linear model isn’t appropriate. We 212 1L.05
can still solve the problem we just posed, but there may be other models i‘? “';);
.31 11.
of our data that are appropriate. Such as a quadratic: 249 1217
) 2.56 11.49
C3X™ + X+ (. 2.7 11.46
. . . 271 1149
By going through the same type of steps, we can write the resulting problem 291 1176
in terms of the matrix: 297 1159
3.07  10.94
2
I x x; 3.1 11.56
1 x x5 319 1136
A=l : (L2)  5a
1 2 3.36 11.37
XN Xy 3.54 1102
. e e s 3.66 10.35
The final problem is then to find ¢ to minimize: s7a 98
2 374 892
£(e) = Iy - Ac|.
3.87 8.78
Summary of least squares examples
3.94 931
In this case, we've translated two distinct problems into the same gen- 412 88'65
423 8.63
eral form: 427 8.06
2 . 438 74
find ¢ to make |y — Ac|” as small as possible. 444 719
. . o 449 81
This idea underlies our book. There are a great many problems in science, 457 74
engineering, biology, and everywhere that can be turned into common 483 652
matrix problems. 484 501
4.93 6.16
502 577
515 478
5.26 4.48
539 377
55 293
541 272

1+ WHAT IS A MATRIX?



1.3 COMMON MATRIX PROBLEMS

The three canonical and most common matrix problems are:
- Linear systems of equations: find x such that Ax = b
. Least squares problems: find x to minimize | Ax - b||®
- Eigenvalue problems: find x, A such that Ax = Ax

These problems have deep relationships.

Solving least squares via a linear system.
We can turn the least squares problem
find x to minimize | Ax - b|®

into a related linear system.®

The first thing we need to do is understand how to find the minimum
point of the least squares problem. There are a few ways to do this. One of
the easiest is to think back to calculus class and about how we can find the
extreme points of a simple quadratic function. Lets(x) = 1/2ax*+b*x+c
be a simple quadratic. This function only has a single extreme point when
s(x) is a minimum. Then, via calculus, we can find the extreme points by
finding places where the derivative is zero. Here, s'(x) = ax + b = 0 gives
the minimum point x = -b/a.

For least squares, we have :

f(x) =|Ax-b|* = (Ax-b)"(Ax - b)

This idea that we can find the extreme points by looking for points
where the derivative is zero generalizes to multivariate functions such
as our f(x) for least squares. This is because f(x) for least squares is a
smooth, convex functions. That means that f(ax + (1 - a)y) < af(x) +
(1-a)f(y) when0O<a<1.

EXAMPLE 1.2 Showing that this property f(ax+ (1-a)y) < af(x) +
(1-a)f(y) is a good exercise in working with vectors. The key step is to
show:

¢ This is not necessarily the best
way to solve a least squares problem.
We'll see better ways in the future!

a’xTAT Ax+2a(1-a)x" AT Ay+(1-a)?y AT Ay < ax" AT Ax+(1-a)y" AT Ay

This can be done via by showing that difference is less than o.
LHS - RHS = a(a — 1)x"ATAx + a(a - 1)y"AT Ay - 2a(a - 1)x"AT Ay
a(a-1)(x-y) ATA(x~y)

a(a-1)|A(x-y)|
<0.

The derivate or gradient of f(x) is’
f'(x) =24" Ax - 2A7b.

8 I - MATRIX PROBLEMS & STRUCTURE
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This is zero when
ATAx = A"b.

The result is a linear system of equations that solve a least squares
problem.

From an eigenvector problem to a linear system

Suppose that we know that A is an eigenvalue of x. In that case, we
may want to find the eigenvector. This can be done by solving the linear

systems of equations:
(A-ADx=0.

This is a singular system of linear equations that we will revisit in the future.
So it isn’t the standard for a linear system of equations, but it is a valid
problem.

RECAP

So to get back to the starting question: what is a matrix?
For our purposes:
A matrix is a table of numbers where linear
algebraic manipulations make sense on the rows
or columns.
This extents the previous note to explain that the linear algebraic manipu-
lations should make sense on the rows or columns.

Solving a least-squares problem with phone numbers doesn’t make
any sense. But solving this where the data come from experiments makes
a good deal of sense. This is because in example 1.1, we show that there
was a transformation matrix T that translated between two different for-
mulations of the problem.

These problems have been stated and studied for centuries. The algo-
rithms are decades old. Why, then, is this still an interesting subject? The
reason that we study the subject of matrix computations, and indeed, the
reason that this subject continues to be interesting is that our goal is to
use the structure of the problem in order to solve the underlying problem
better. New applications bring new structures with them. These often fit
poorly with existing algorithms or methods or ideas — and then require us
to think about how to make them better.

In this case, better may mean any of these:

faster more accurately more reliably

We will see this soon!

1+ WHAT IS A MATRIX?
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EXERCISES

10

. Consider a matrix of social security numbers The matrix is a few

thousand by 9. Each row is a distinct number and each column has
one of the social security numbers in the same order they appear on
the card. Explain why this is or isn’t a matrix, using the ideas from
class.

. Consider a collection of 10000 greyscale images. Each image is 64

by 64 pixels, or 4096 distinct numbers. Suppose we create a matrix
where each column represents a 32 by 32 pixel corner of each image.
So the matrix is 1024 rows by 40000 columns. Explain why this is
or isn't a matrix, using the ideas from class.

. Consider a matrix of demographic information for many all under-

grad CS applicants at Purdue. Each student is a row. The columns
represent:

- 0/1 (had a highschool GPA >= 3.75)

- 0/1 (had a highschool GPA >= 3.25)

- 0/1 has more than three letters of recommendation
top-tier" "best" appears

"o

- number of times the word "excellent

in letters of recommendation

- Flesch-Kincaid Grade Level of personal statement
Explain why this is or isn't a matrix, using the ideas from class.

. Let A be the matrix from part 1. Consider the new matrix B = A" A.

Explain why this is or isn’t a matrix, using the ideas from class.

. Let A be the matrix from part 2. Consider the new matrix B = A" A.

Explain why this is or isn’t a matrix, using the ideas from class.

. Let A be the matrix from part 3. Consider the new matrix B = AT A.

Explain why this is or isn’t a matrix, using the ideas from class.

. A key focus in this book is on structure within the problem. Let

A be the matrix from the linear or quadratic fits from (1.1) or (1.2).
Show that the matrix A” A has some type of structure in the entries.

. As an example of how we can solve a problem better using structure,

I - MATRIX PROBLEMS & STRUCTURE




NOTATION

Learning objectives

1. Consider skipping this section
if you are familiar with notation

21 MATRICES already.

2. Recognize how we write and
discuss matrices, vectors, and

Let us begin by introducing basic notation for matrices and vectors.

We'll use R to denote the set of real-numbers and C to denote the set their entries and some common
of complex numbers. operations.
We write the space of all m x n real-valued matrices as R”*". Each
Ap o A
AeR™" s : : where A;;eR.
Am,l o Am,n
Sometimes, I'll write:
a1 ai,n
am,1 Am,n

instead. With only a few exceptions, matrices are written as bold, capital
letters, as in A, B, C. Occasionally, we'll use a capital Greek letter, as in A
or X. Matrix elements are written as sub-scripted, unbold letters. When
clear from context,
A,‘,j is written A,]
instead, e.g. Aq; instead of A ;.
Another notation for A € R™*" is
A:nxn.

Sometimes this is nicer to write on the board.

IN cLASS  I'll usually write ma-
trices with just upper-case letters. If
you are unsure if something is a ma-
We write the set of length-# real-valued vectors as R". Each trix or an element, raise your hand
and ask, or quietly ask a neighbor.

2.2 VECTORS

X1
xeR" s : where x; €R.
Xn

Vectors are denoted by lowercase, bold letters, as in X, y, z. As with matrices,
elements are sub-scripted, unbold letters. Sometimes, we’ll write vector
elements as

x; or [x]; or x(i).

Usually, this choice is motivated by a particular application.

11



Throughout the class, vectors are column vectors.

IN cLASss  I'll usually write vec-

tors with just lower-case letters and

will try to follow the convention

of underlining them. This is much

Lower-case greek letters are scalars as in «, f3, y. nicer than the little arrows vectors
are sometimes written with.

2.3 SCALARS

2.4 OPERATIONS
TRANSPOSE Let A: m x n, then
B:nxm=AT has B; j = Aj ;.

ExampleA:[i 4311] AT =21 3]

HERMITIAN (Also called conjugate transpose) Let A € C"*", then
BeCY™" =A% = AH has B,‘)j = Zj),‘.

Example A = [%?3*71'] A" =[377]

ADDITION LetA:m x nand B : m x n, then
C:mxn=A+B — Ci,j:Ai,j+Bi,j-

ExampleA:[z_il],B:[é _31]A+B:[§:2)2].

-1 1
SCALAR MULTIPLICATION Let A:m x nand « € R, then
C:mxn=aA+B = C;;=0aA;;

ExampleA:[zg],SA: [150 é(s)]

5 -5
MATRIX MULTIPLICATION LetA:m x nand B: n x k, then

C:mxk=AB — Ci,j = ZA,‘),«B,)]‘.
r=1

MATRIX-VECTOR MULTIPLICATION Let A:m x nand x € R”, then
n
ceR"=Ax — ¢; = ZA,,]x].
j=1

This operation is just a special case of matrix multiplication that
follows from treating x and c as nx 1 and m x 1 matrices, respectively.

VECTOR ADDITION, SCALAR VECTOR MULTIPLICATION Theseare
just special cases of matrix addition and scalar matrix multiplication
where vectors are viewed as n x 1 matrices.

12 I - MATRIX PROBLEMS & STRUCTURE



2.5 COMMON MATRICES & VECTORS

The n x n identity matrix is :

1 0 0
0 1 :
I= :
N
0 - 0 1

This matrix is rarely written with it’s explicit dimension as that can almost
always be inferred by context. That is to say, the dimension of the identity
matrix is whatever it needs to be such that the matrix equation makes
sense. For clarity, we might sometimes write:

I,

to denote the n x n matrix explicitly. Thus,

I; =

S O =
S = O
-0 O

The identity matrix has the property that AI = A for any matrix A. It’s
like multiplying by 1.
We denote the ith column of the identity matrix by e;:

0T

1| ith position
€ = .

For instance,
T
e=[0 1 0].

Using these vectors, we can write the ith column of any matrix as
Ae,~ .

It is, perhaps, alarming that e; is frequently used without specifying
its dimension. However, just like the identity matrix above, it is almost
always possible to work out the dimension. If we believe it is helpful to
specify it, we'll use ef”).

Finally, the vector e will be used to denote the vector of all ones:

2 - NOTATION
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Except sometimes it will be used as an error vector for a problem.
Some people use the matrix J to represent the matrix of all ones

]:[e e - e].

This isn’t needed however, as we can easily write this as the rank-1 ma-
trix J = ee’, which — while a bit longer - reveals the elementary rank-1
structure.

2.6 MATRIX ¢ VECTOR PARTITIONING

It is often useful to represent a matrix as a collection of vectors. In this
case, we write
A:mxn:[al a a,,]

where each aj € R™. This form corresponds to a partition into columns.
Alternatively, we may wish to partition a matrix into rows.

T
I

T
r;

A:mxn= where each r; e R".

SR

r

Using the column partitioning:

X1
X2
Ax:[al a, - an] . :ijaj.
’ J
Xn
And with the row partitioning:

T T

I rx
T T

r r, X
Ax=| 2 |x=]|2
T T

r, r,X

Another useful partitioned representation of a matrix is into blocks:

A A
Ao A A
Ayl Az

or
A Ay A
A=14A1 A Az
As1 Asp As;

Here, the sizes “just have to work out” Formally, all A;. must have the
same number of rows and all A. ; must have the same number of columns.
The sizes will usually be determined by something that results in a unique
representation. If not, the statement may be very flexible and forgiving on
the dimensions - alternatively, there could be an issue with the statement.

14 I - MATRIX PROBLEMS & STRUCTURE



EXERCISES

1. Identify the following:
f) Z1,X1, &, ﬁ) C) CI)E)Bi,j)bi,j

2 0 0 1 2 3

2. Whatare the results of the computations|0 1/2 0 [[6 4 2

o 0 -1)J]|-2 -2 =2
1 2 3112 O 0
and| 6 4 2[|0 1/2 0]¢?
-2 =2 =2{10 0 -1
Describe the difference in multiplying a diagonal matrix on the left
compared with the right and give a short proof of your result.

3. Let e; be the vector with all zeros and a 1 in the ith entry. Let A be
an m x n matrix. Give an expression for the rth row of A as a result
of a matrix vector product. Give an expression for the cth column
of A as a result of a matrix vector product.

4. Thevectore = [1 ... 1] ’ (i.e. the all ones vector). x = ‘ones(1000,1)°
Y = ‘1110005 what is xTy = ?

5. X = [1.5 2 —3]T. (Assume eis4 x 1.) ex” =? xeT =?

T
6. x= [—5 4 2] . (Assume e; is 3 x 1.) e;x” =2 xe! =?

2 - NOTATION 15
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STRUCTURE IN MATRICES

One of the goals of matrix computations is to exploit structure inside
the problem. That is, there are algorithms that will work for essentially
any matrix that is a valid input for the problem. But you are unlikely to
have any matrix! You have a matrix that arises in your application. The
idea is that we should be able to take advantage of that structure in order
to write better algorithms!

3.1 A FIRST EXAMPLE OF STRUCTURE

Consider those least squares problems we had. The matrix involved
with fitting a quadratic polynomial to the data was

1 x; xf
1 x; x2
A= 2
1 xy x5

One way to solve a least-squares problem (which we will derive eventually,
see a future lecture!) is to convert it into a set of linear equations called
the normal equations.

RECAP OF THE NORMAL EQUATIONS FOR LEAST-SQUARES '
To find x such that |b — Ax|3 is minimized, we can solve the normal
equations

ATAx=A"b.
Let’s look at the matrix AT A defined in the least squares problem with
above:
N  Yixi Yixf
ATA=|Yx; Yx} %ix]
Yixi i} Xixi

Again, this is a very specific type of matrix. Notice that the values are
constant in certain regions:*

yi Y2 Y3
ATA= Y2 Y3 Y4
Y3 Y4 Y5
So in order to solve these types of equations, we do not need a general
purpose means of solving a linear system of equations. What we need is
just an algorithm to solve these specific types of inputs.

Learning objectives.

1. How to understand structure in
matrices and where it comes from.

2. What a Hankel matrix is.

3. What a sparse matrix is.

Terms: Hankel, tridiagonal, trian-
gular, Hessenberg, sparse, bidiago-
nal, data-sparse, symmetric positive
definite density, nnz

' There are better ways to solve
these problems involving the QR
decomposition. We will see that
soon.

> Note that the original matrix
involves N + 1 pieces of information:
1,x1,..., XN, but the resulting
matrix has only 5 distinct pieces of
information.
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This type of input arises frequently, and so it has acquired a name. The
general form is called a Hankel matrix.3 Recall that one of our goals is to
avoid naming things after people. Towards that end, we believe these are
better named left shift matrices. Moreover, this immediately suggests a
relationship with right shift matrices.

Definition 3.1
A matrix is a left shift matrix if Ajj = Ai_1,jr1 whenever
i—1, j+1isavalid index into the matrix.

The following are straightforward results of this definition.

Theorem 3.2
- A square left shift matrix is symmetric.
- An mx n left shift matrix is defined by m+n—1 numbers.

Thus, as an example, we could work out how to solve linear equations
with left shift matrices and show how to use that to fit 1 dimensional curves.
This would hopefully make it better for this single purpose.

3.2 SPARSE STRUCTURE IN MATRICES

The next type of structure we'll discuss is sparse structure or simply put
sparsity. Simply put, a sparse matrix consists of mostly zeros. Conversely,
a dense matrix is a matrix that is not sparse.

Matrices with mostly zeros arise often when we are studying real-world
systems. There are a large number of examples of this at the SuiteSparse
Matrix Collection (https://sparse.tamu.edu/) which has a database of
tens of thousands of examples of these real-world system and the matrices
that result. We recently wrote the following passage in a grant application
to explain the wide-scale presence of sparsity:

Parsimony is a hallmark of scientific theories. They should
be as simple as possible to explain the world. When these
theories are realized in computer simulations, the result is
often a sparse set of equations - a set where variables only
have minimal dependencies on each other. This occurs be-
cause many simulations directly model a small unit of space
and the simplest relationships have limited impact on their
surroundings.

We'll see a few examples as we go along through our lectures. Let’s get
started with a simple one that comes up for a problem that has all the of
the actual interesting detail removed.
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* Who was Hankel? Is he really
the first to look at these? Short
answer: I don’t know. Wikipedia
has a little bit of information,
https://en.wikipedia.org/
wiki/Hermann_Hankel, so does

the Encyclopedia of Mathematics,
https://www.encyclopediaofmath.
org/index.php/Hankel_matrix, but
neither gets at the question of who
was the first to specialize on these
types of matrices.


https://en.wikipedia.org/wiki/Hermann_Hankel
https://en.wikipedia.org/wiki/Hermann_Hankel
https://www.encyclopediaofmath.org/index.php/Hankel_matrix
https://www.encyclopediaofmath.org/index.php/Hankel_matrix
https://sparse.tamu.edu/

EXAMPLE 3.3 Consider the following problem. Suppose you are sitting
on the number line at o, and you move left and right with equal probability
(1/2) at each step. What is the expected length of time until you first hit
the integer +6 or —4. 4

We can solve this by letting x(;, be the expected length of time before
you first hit either integer given that you start at state {i}. Note that i can
range from —4 to +6. Also note that x;_4; = x{, = 0. Let's work out the
others. Suppose we were to start at state {—3}. Then we have at least one
move that results in two cases: we move to {—4} with probability 1/2 and
stop, or we move to {-2} with probability 1/2 and continue. Consequently:

X(o3) = L3y + %)
Likewise, we can apply the same analysis to get:
X} = L+ 5%y + 3%

X1y = L+ 320} + 3%(0)

X(osy = 1+ 3%(0a) * 3%(ve)

This gives us an overall linear system of equations:

Note that most of the elements are zero. This is an example of a sparse
matrix. .

EXAMPLE 3.4 Consider the following revised setting.> Suppose you
are sitting on the number line at o, and you move right with probability
p and stay put with probability q. With probability r, you restart at 0 at
any value between 0 and your current position-1, with the restart chosen
uniformly at random. What is the expected time until you hit +10? We
alsohave p+q+r=1.1fp=1/2,9=1/4,r = 1/4, how long do we expect
to take to reach +10?

Again, this can be solved by a similar linear system. First, we have
xgoy = 1+ (1 = p)xgoy + pxri1y. The other equations all proceed in a
similar fashion.

1 0 0 0 0 0 0 0 0 0 0 [[x-a
1 1
R A R |

2 2 {-2}
0 0 -2 1 -2 0 o o 0o 0 0 [[x
0 0 0 -2 1 -2 0 0 0 0 0 [|x0
0 0 0 0 -2 1 -2 0 0 0 0 [[xuy]=
00 0 0 0 -3 1 -3 0 0 0 ||xuy
0 0 0 0 0 0 -2 1 -3 0 0 [[xuy
0 0 0 0 0 0 0 -3 1 -3 0 [[xug
00 0 0 0 0 0 0 -3 1 -3 [[xug
00 0 0 0 0 0 0 0 0 1 [[xqe]

4 More generally, this is an instance
of first-hitting time in Markov
chains, but we don’t need to get into
the formalities of that character-
ization and generalization of the
problem.

1
]

O = b e e e e e e = O

5 A system of equations closely re-
lated to this arose when were were
studying the ability of algorithms
to make progress when there are
failures. In this case, p is the prob-
ability of progress on a given step
and g and r model two different
failure scenarios that take us back to
previous levels of progress.

Double check the small
equation here doesn’t
cause spacing issues.
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p -p 0 0 0 0 0 0
-r (1-q) -p 0 0 0 0 0
-ir  =ir (-9 -p 0 0 0 0
-3r  —3r -ir  (1-9) -p 0 0 0
—ir 7%r f%r 7%r (lflq) -p 0 0
—§r —;r —sr —?’ —§r (l—lq) -p 0
S S A A A e 4
S A A VA A (A A s
—§r —§r —gr —§r —§r —§r —§r —ar
-5 =57 -5 -5 —57 -5 -5 —57
| 0 0 0 0 0 0 0 0

Note that most of the elements are not zero. Is this system of equations
sparse? We will discuss that. .

The case in example 3.3 has all the hallmarks of sparsity. There are
at most 3 non-zero entries per row. Indeed, the problem is actually even
more special. Because the entries are structured in the three diagonals, the
matrix is called tridiagonal. This is another type of structure in matrices.

The case in example 3.4 has around half of the entries of the matrix
listed. Yet, there are still many entries that are zero. This matrix is an
example of a lower Hessenberg matrix — see section 3.5.

Definitions of sparsity

Is this matrix sparse? There are two competing ways to think about it.

Definition 3.5 (sparse, informal)
A matrix is sparse if there is enough structure in the zero
entries to use advantageously in an algorithm.

Definition 3.6 (sparse, alternative)

A class of matrices is sparse if it has o(#n) non-zero entries.®

Considering the matrix from example 3.4. This matrix is sparse by the
informal definition as it’s clear there are enough zeros to take advantage
of. It is not sparse by the formal definitions as the number of nonzero
entries is roughly %nz. This shows how sparsity is not necessarily clear cut
in terms of applications and theory.

Measuring sparsity

There is no single way measure the sparsity of a matrix. The key
components are:
- the number of non-zero entries called the number of nonzeros or
nnz
- the number of zero entries
- the total number of entries or mn for an m x n matrix .
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X{o}
X{+1}
X{+2}
X{+3}
X{+4}
X{+5}
X{+6}
X{+7}
X{+8}
-5 (1-q) -p || x@e

S O O O o o o o
O O O O O O o o o

0 0 1 _X{+10}_

¢ This is the “little-0” notation.
What this means is that as m, n —
00, then the number of non-zeros
in the matrix is any function that
grows asymptotically more slowly
than mn. As an example, if m = n,
then n!® is o(n?).

O = e e e e e e




Note that any one of these can be inferred from the other two.
7 These terms always need to be

checked as terminology is highly
variable.

The density of an m x n matrix typically refers to the ratio:”

) number of nonzeros nnz
density = - — = —,
total possible entries  mn

The average entries per row or per column of an m x n matrix are

number of nonzeros

average NoNnZeros per row =
m

number of nonzeros
average nonzeros per column = .
n

As matrices get bigger, these density behaves differently than the av-
erage nonzeros per row and columns. Suppose we have an # x n class of
matrices with nlogn non-zero entries. Then the average nonzeros per
row grows as log n — oo but the density decays as logn/n — 0.

In most of the problems we study, an n x n matrix means we have
n variables which governs the size of the matrix. In these settings, the
average nonzeros per row or per column gives a better guide to the sparsity
of the problem. One additional reason to prefer this measure is that it
gives a rough guide to the amount of work needed to look at a single row
or column.

3.2.1  Grid and spatial structure

An extremely common source of sparsity arises because we solve equa-
tions on a grid of points that represents a surface or a plane. In this case,
variables are arranged on a grid and dependencies among the variables are
represented by the grid adjacencies.

X7 ——Xuy X21 X128 X35 ——X4o X49
| I .
Xe ——X13 Xypo——Xag——X34——Xy1——Xy8
| .
Xs —— X1z X1g Xa6——X33——X40—Xy7
| [
X4 —Xn X8 Xas X32 X39——X46
| .
X3 —Xi0 Xig—Xay— X3 X38 ——Xys5
| I
X, Xg —— X1 Xog——Xy0——X37—— X4
. [
Xy Xg —X15 Xa2 Xag X36 ——X43

In this scenario the variable x; may depend on or influence x;, xs.
Likewise, the variable x32 may depend on or influence x,5, x31, x33, x39.
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More generally, the variable dependence follows the underlying ge-
ometry. This might be 3d. This might have non-grid structure. In the
most common cases, the dependencies only reflect nearby points which
produces sparsity.

Sparsity in data science

Sparse matrices arise frequently in data science, machine learning,
and Al applications. The reason is that most real-world databases are not
dense matrices. Image data are a notable exception and they are dense.

For instance, the adjacency matrix of the graph is used to compute
the PageRank vector for the graph. For a graph with n nodes, this matrix
will have nonzero entries for each edge. Typical graphs include social
networks, where there are millions of nodes but each node only has a few
thousand edges induced by acquaintance relationships.

[0 0 0 0 01 0 0 1 17
001100010 O0
01 01010000
01100 0O0T1O00O0
000 0 O0O0OT1T1T1FPO0
1 01 00 00111
00001 O0O0OT1T1FDPO0
01 01111000
1 000 1 1 1001

| 1. 0 0 0 01 0 0 1 0]

Likewise, in user behavior datasets, the rows are often users and the
columns reflect behaviors. This could involve watching a movie. Since
most people have only seen a few movies, these data are sparse. A well
known instance of this matrix is the Netflix matrix of user ratings.

3.3 SYMMETRIC POSITIVE DEFINITE MATRICES

When we solved the least squares problem via the normal equations,
the matrix ATA came up. It turns out that matrices with this form are
extremely important and so they are called symmetric positive semi-definite
matrices. More explicitly, a symmetric positive definite matrix is one that
can be written:

B=F'F

for some matrix F. Note that F need not be unique. Another way of
characterizing symmeric positive semi-definite matrices is:

x" Ax > 0 for all x.
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FIGURE 3.1 - A small contact
network with the adjacency matrix
for the network.



Definition 3.7
A matrix A is symmetric positive definite if

xTAx > 0 forallx # 0.

3.4 FAST OPERATORS AND DATA-SPARSE MATRICES

Consider the matrix

1 01 01 01 01 01 01 01 01 0.1 0.1 ]
-2 1 -3 01 01 01 01 01 01 01 0.1
01 -3 1 -3 01 01 01 01 01 01 0.1
01 01 -3 1 -1 01 01 01 01 01 0.1
01 01 01 -3 1 -1 01 01 01 01 0.1
c=|01 01 01 01 -3 1 -3 01 01 0.1 0.1
01 01 01 01 01 -2 1 -2 01 01 0.1
01 01 01 01 01 01 -3 1 -3 01 0.1
01 01 01 01 01 01 01 -3 1 -3 0.
01 01 01 01 01 01 01 01 -3 1 -3
[ 0.1 01 01 01 01 01 01 01 01 01 1

This is the same matrix as in example 3.3 except where every 0 entry has
been replaced by 0.1. This matrix is not sparse. Yet, it’s hardly different
from the sparse matrix in that example.

From a programming perspective, the only difference between the two
is that all the “unspecified” elements have been replaced by a different value.
The Julia function to lookup an element in a sparse matrix implements
this algorithm:®

function getindex(A::SparseMatrixCSC,
if (any entries in column j)
if (element in row i is in column j)
return value from row i and column j
else

i::Integer, j::

return O
end
else
return O
end
end

This pseudocode could be trivially adapted to give us C instead by changing
the two lines return 0 to return 0.1.°

Why zero is special.

The reason that we call matrices with o sparse is because o is the
multiplicative null element. Multiplying anything by o produces o. Conse-
quently, these elements drop out of any type of multiplication operations.
Recall that the three fundamental problems we consider

linear systems Ax=b least squares min |Ax —b| eigenvalues

3 - STRUCTURE IN MATRICES

8 This function takes in a sparse
hatrixglata)structure, and two
indices i and j of the element in
the matrix. Their code is also much
more general, explicit, and more
element.

° In this case, we note that itd likely
be better to parameterize the de-
fault return value instead of imple-
menting a new function for every
possible different “not-specified”
value.

Ax = Ax
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all involve multiplying a matrix by a vector. Consequently, if the matrix
has zeros, these matrix elements simply play no role in the multiplication
operation. This is why the value of o is special and why sparse matrices
must have zeros.

Data sparse.

The matrix C is still structured. This is an instance of what is called
a data sparse matrix. It is a matrix whose entries can be inferred from a
small amount of data. But where the resulting matrix is not itself sparse.
This has implications for how an algorithm might use the matrix itself.
For instance, looking at all of the elements of an #n x n data sparse matrix
might involve an operation for each element which would take n* time.
However, there might be other operations that could be done faster.

Let

09 0 0 0 0 0 0 0 0 0 0
-2 09 -2 0 0 0 0 0 0 0 O
0 -2 09 -2 0 0 0 0 0 0 0
0o 0 -209 -2 0 0 0 0 0 0
0o 0 0 -£109 -2 0 0 0 0 0
B=| 0 0 0 0 -%£ 109 -2 0 0 0 0
0o 0 0 0 0 -2109 -2 0 0 0
o 0 0 0 0 0 -209 -2 0 o0
o 0 0 0 0 0 0 -209 - o0
o 0o 0o 0 0 0 o0 o0 -% 09 -2
| 0 0 0 0 0 0 0 0 0 0 09|

Then C = B + 0.lee!. This gives us an expression for C as a rank-1
correction for B. And B is sparse. Consider computing Cx for a given
vector x. This can be done by computing Bx and then adding 0.1e"x
to each element of Bx which is far more efficient than looking at all n*
elements.

Sometimes data sparse matrices are called fast operators because they
allow us to write a matrix-vector program or function that is much faster
than looking at all of the elements of the matrix.

3.5 MATRIX STRUCTURES WITH A PATTERN
Many types of matrix structure include an explicit pattern.

RIGHT SHIFT A right shift matrix, also known as a Toeplitz matrix, is
one where A; ; = A1 j.1 whenever the latter index is valid. For

24 I - MATRIX PROBLEMS & STRUCTURE



example
o1 Ky K3 Oy
,31 X Qy a3
ﬁz /31 o A
ﬁs ﬂz ﬁl o
Bs B3 P P

Notice how each row shifts to the right. This gives rise to a c
CIRCULANT A circulant matrix is a right shift matrix where the elements
“wrap around”
ar Gy O3 04
a Q3 &4 O
o3 g K K

LEFT SHIFT We already defined left shift matrices above and noted that
they are also called Hankel matrices. Formally, they have A; ; =
A;_1,j+1 whenever i — 1, j + 1 is a valid index into the matrix.

DIAGONAL A diagonal matrix is one where only the main diagonal en-
tries are set to non-zero values. An example is the identity matrix.
where all the diagonal entries are 1.

TRIDIAGONAL A tridiagonal matrix is one where only three diagonals
are set. This typically means the main diagonal and the diagonal
above and below it. There are cases when this could mean another
set of diagonals.

TRIANGULAR A triangular matrix gives a triangular region of zeros. This
can be in the upper or lower triangular portion. The name flips and
tells where the entries are, not the zeros, so

upper triangular is or

lower triangular is or or

[eNeNeoNoNeoNeNe]

These are often square.

BULGED TRIANGULAR A bulged triangular matrix, which is also known
as a Hessenberg matrix, is a triangular matrix with one additional
diagonal adjacency to the other elements. These can be rectangular.
Like triangular matrices, the upper or lower descriptor tells where

3 - STRUCTURE IN MATRICES
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the elements are

upper bulged triangular is

lower bulged triangular is or

These are often almost square with one additional row or column.

Note that any of these matrix types can be sparse. They can also
be combined. An upper bidiagonal is one possible name for an upper-
triangular, tridiagonal matrix. It’s best to always be explicit with these
names though. An upper triangular, tridiagonal might also mean a matrix
with the three distinct diagonals in the upper-triangular region specified.

3.6 BLOCK STRUCTURES

BIPARTITE a bipartite matrix has the form

0 B
A =
for a square or rectangular matrix B.

BLOCK DIAGONAL a block diagonal matrix consists of arbitrary matri-
ces in diagonal blocks as in

B
B,

By
3.7 OTHER CLASSES.

There are many other classes and structures that are relevant. o
o ° There are a few variations on

these classes, so this may not be
quite right, so I want to double-

Definition 3.8 check.
Let A be a square matrix, then A is an M-matrix if A~ is
elementwise non-negative.

An M-matrix is a square matrix where the inverse is non-negative. *
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The class of M-matrices arises frequently when dealing with Markov
chains (although that is not why it is called an M-matrix). In fact, the
matrix in example 3.3 is an M-matrix!

- ~-1

—
S

0
0

|
| —
"_»—-o
Lo
= o=
Lo
|— N =
| |
| |
 —y_ococoo
| |
o ocococo
|~ l_ocoocococoo
|
—ohoooococoo
oo ocoocoocoocoo
coocoococo oo

=

coocooo oo o,
cCoocooco oo,
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00 0.0 00 0.0 00 0.0 00 00 0.0 0.0 |
1.8 16 14 12 1.0 08 06 04 0.2 0.1
1.6 32 28 24 20 16 12 08 04 0.2
14 28 42 36 30 24 18 12 06 0.3
12 24 36 48 40 32 24 16 08 04
1.0 2.0 3.0 40 50 40 3.0 20 1.0 0.5
08 16 24 32 40 48 36 24 12 0.6
06 12 18 24 30 36 42 28 14 0.7
04 08 12 16 20 24 28 32 16 0.8
02 04 06 08 10 12 14 16 1.8 0.9
| 0.0 0.0 00 0.0 0.0 0.0 0.0 00 0.0 0.0 1.0 |

coeLeo o
oy N oo

e
S

e e e
— N W

These matrices frequently arise when dealing with stochastic processes
where the solution must be a probability, and hence, non-negative.

3.8 PERMUTATION MATRICES

A permutation matrix "shuftles" elements of a vector. Each column of
a permutation matrix is a vector e; and a permutation matrix must also
be orthogonal.

Examples A = [((1% é g]. This matrix expresses the permutation 2 —
0.5 -0.5
1,3—-2,1 - 3. Wecansee thisby: A|-0.5] = 1
1 0.5

3.9 ORTHOGONAL MATRICES

A matrix is orthogonal if ATA = I. A key insight about orthogonal
matrices is that they do not change the 2-norm length of a vector. In this

' Formally, the result is let A be
orthogonal, then [|Ax||, = [x],.
This is easy to prove so give it a try,
but we will show it as well soon.
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property, they generalize rotations. If I have a vector and simply rotate it
around the origin, it stays the same length."
The identity matrix I is orthogonal. We'll see more about orthogonal

matrices soon - it’s a very special structure!

EXERCISES

28

9.

. Consider the matrix from example 3.4. Devise and/or implement

an algorithm to compute a matrix-vector product with this matrix
in work that scales with n, instead of n?, as the problems get bigger.

0
. Consider a bipartite matrix A = |: lg] Letx = [Z] be an

BT
eigenvector of A with eigenvalue A. Show that there is an eigenvector
w with eigenvalue - also involving a combination of y and z.

. Show that the product of two diagonal matrices is also diagonal.
4. Show that the product of two upper triangular matrices is upper

triangular.

. Show that multiplying on the left by a diagonal matrix scales the

rows.

. Show that multiplying on the right by a diagonal matrix scales the

columns.
. Show that the inverse of ]
1 a
0 1]
is
1 -a
0 1)
and then, show that the inverse of
I Al
0 I
is }
I -A
o 1]

. Elementary matrices Householder, who we will talk about in forth-

coming lectures, has a few things named after him. He discussed
the idea that any matrix:

I-ouv’

should be called an elementary matrix. Show when an elementary
matrix is invertible and give the inverse.
(a) Show that the product of two circulant matrices is circulant.
(b) Show that the product of two circulant matrices commute with
each other. That is, if A and B are circulant matrices, then
AB = BA.
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> TODO, get a little tikz picture of
this... but maybe put it inline.



A MATRIX MODEL OF VIRAL SPREAD

We are going to consider a simple model of a viral spreading process
where each person’
- can be infected
- is infected.
We are also going to consider “time” where “time” represents some regular
period such as a day or week. We also assume that each person’s spreadable
contacts are the same over that time period; a contact is spreadable if you
see them long enough to possibly spread a virus to them. Put another way,
“time” is long enough so that we see the same group of people over that
period. So this isn't the group of everyone you see, but everyone you see
long enough to possibly exchange viral material with!
The contacts among our people define a network or graph. Each node
is a person. The edges of the network represent the spreadable contacts.
Here’s an example.

0 000 01 0O0T11
0 01100 0100
0101 0100O0TO0
0601100 O0O0T1O00O0
0 000 0 O0OT1T1T1FDO
1 01 00 0 01 11
0 0001 0 O0T1T1TO0
0601 01 111000
1 0001 1 1001
| 1 0 0 0 01 0 0 1 0]

Note here that the non-zero entries in the adjacency matrix correspond
to edges. So A(1,10) and A(10, 1) are both one because person 1 and
person 10 are contacts. Now, at the moment, it’s premature to call A a
matrix. Right now, it’s just a table of data that collects information on
edges. But, we'll soon see the term matrix is appropriate.

Back to the virus and how it spreads. We further assume a contact will
cause an infection with probability 0 < p < 1.2

4.1 A PROBLEMATIC BUT USEFUL STARTING MODEL

The probability that a person i is infected at time ¢ + 1 is the probability
that i got the infection from a contact at time ¢. This corresponds with the

These notes were written during the
Fall 2020 semester of the COVID-
19 pandemic. So called “armchair
epidemiologists” were everywhere
and the time called for everyone to
be able to understand spread and
policy and a host of complex issues.
These notes should not be used for
“armchair epidemiology” but rather
to understand how the tools from
this class might manifest in such a
scenario.

' In standard mathematical epidemi-
ology literature, this would be a
susceptible, infected (SI) model.
This is highly simplistic!

FIGURE 4.1 - A small contact
network with the adjacency matrix
for the network.

* If you see someone more often
that you want to increase this prob-
ability for some contacts, the model
we have would allow you do to
this! Seems like a good homework
problem to figure out where!
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following probability scenario.

Each contact j in the neighbors of i infects i based on a simple random trial
that occurs with probability pP(j is infected at time ¢). This is a simple
exercise in probability.3 What that reference explains is that it is easiest to
look at the probability that i is not infected. Which corresponds with all
of the “infection attempts” failing. We assume these are independent, so
the failure to be infected is just the probability

[I  (1-pP(jisinfected at time ¢)).
jeneighbors(i)
This makes sense. If any neighbor is infected with probability 1 and p = 1,
then you will be infected, so this quantity will be o (so there no chance
you are not infected.) The probability that i is infected is simply the
complement:

3 See https:

//www . khanacademy.org/math/
ap-statistics/probability-ap/
probability-multiplication-rule/

a/

probabilities-involving-at- least-one-success.

P(iisinfectedattimet+1)=1- []  (1-pP(jisinfected at time t)).

jeneighbors(i)

We then evaluate this for all i.
This describes a very simple evolution in terms of the adjacency ma-
trix A that is easiest to explain in terms of code. Let x be the vector

P(i is infected at time t) for all i and y be the vector P(i is infected at time ¢ + 1)

for all i. Then

1 function evolve(x::Vector, p::Real, A::AbstractMatrix)
2 log_not_infected = log.(1 .- p.*x)

3 y = 1 .- exp.(Axlog_not_infected)

4 y = max.(y, x)

5 end

Here, we are using the product is the exponentiated sum of logs. Conse-
quently, we can simultaneously evaluate all of the probabilities by taking
the log and then summing using the adjacency matrix. This is because

[AX] i= Z xj .
jeneighbors(i)

The final max is useful if you have a boundary condition with a set of
definitely infected nodes, but this could also be omitted.*
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* Play around with it and see. It is a
model, not a commandment! The
idea is to modify it and understand
what happens.
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An interesting aside.

When I ran this, initially, I thought this would converge to all proba-
bilities of 1. This does not happen. Instead it converges to a steady state I
can’t quite explain. A steady state corresponds with

log(1-P(i)) = 3 log(1-pP(j)).
jeneighbors(i)
It is totally unclear to me why and how this iteration ought to converge
and why this fixed point ought to exist. But it does—reliably so!

An approximation

But here is where linear algebra comes into play. Suppose we make the
reasonable approximation that pP(j is infected at time t) is small. This
means the chance of getting this from an arbitrary interaction is small.
This is plausible at the start of an infection. Then that our expression looks
like

(1-a)-(1-b)-(1-c¢)---.

If a, b, c are fairly small, then products ab are even smaller, so we could
use the approximation:

(1-a)-(1-b)-(1-¢)~»1-a-b-c.
Applied to our expression, this gives: Then note that

[[ (1-pP(jisinfectedattimet))~1-p > P(jisinfected at time t)
jeneighbors(i) jeneighbors(i)

This suggests an even simpler iteration.

1 function evolve_approx(x::Vector, p::Real, A::AbstractMatrix)
2 y = p.*x(A*x)
3 end

This is just a repeated matrix vector product! If x(*) is the set of probabili-
ties from this approximation at the tth step, then

x(t+1) _ pr(t) _ (pA)HlX(O)

where x(%) is the start of everything.

4.2 FIXING THE PROBLEM

But there is a problem in the above formulation. This was hinted at
in the interesting aside. If you get the infection with probability p, then
over enough time, everyone would become infected. The probabilities in
either model above, though, do not go to 1. This is because we forgot a
piece: you infect yourself based on the probability in the prior iteration.

4 + A MATRIX MODEL OF VIRAL SPREAD
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The adjustment is simple

P(i is infected at time ¢t + 1)

=(1- [I  (1-pP(jisinfected at time t))) (1 — P(i is infected at time t))
jeneighbors(i)

infected via neighbors actually infected in the previous step.
and
1 function evolve_with_self(x::Vector, p::Real, A::AbstractMatrix)
2 log_not_infected = log.(1 .- p.*x)
3 y = (1 .- exp.(Axlog_not_infected).*(1 .- x))
4 y = max.(y, x)
5 end

5 This is not a complicated argu-
ment, but it isn’t the focus on this
class.

In this new model, the probabilities always go to one.>
The approximation again

Let’s use that same idea and approximation to understand what will
happen when the probabilities are small. Applying this to the adjusted
formulation

P(iisinfectedattimet+1)~p > P(jisinfected at time ¢)+P(i is infected at time f).
jeneighbors(i)

1 function evolve_with_self_approx(x::Vector, p::Real, A::AbstractMatrix)
2 y = rhox(A*xx) + x
3 end

This is also just repeated matrix vector products, but with the matrix
pA + I instead of pA. As in, if again x() is the set of probabilities from
this approximation at the tth step, then

XD = (pA+DxY = (pA+1)*x©
where x() is the start of everything.
4.3 THE EIGENANALYSIS
As we will see in this class, the eigenvectors of A determine the behavior
of both powers of pA and (pA+1I) as the powers get large. This information

then suggests how epidemics spread on networks and a variety of other
related behaviors.

4.4 A SLIGHTLY DIFFERENT MODEL
These models are not commandments. They encode slightly different

and related ideas. Here’s another way to understand this. What we are do-
ing in the first (incorrect) model is evaluating the probability that node i is

32 I - MATRIX PROBLEMS & STRUCTURE



)

i

infected by neighbors attime t. Let n
Then we have

n§t+1) -1 H

jeneighbors(i)

> n§t).

() s
jeneighbors(i)

As a matrix-vector iteration, the approximation is
n(t+1) _ pAn(t) _ (PA)Hln(O).

But what is n(%), the starting condition? This has to do with what is often
called a boundary condition. If we are in a scenario like the US, where the
virus is everywhere then we can reasonably set n(%) to be a small constant
to model the scenario where everyone has some small chance of being
infected. Alternatively, if we are in a contact tracing scenario or a test and
trace scenario like Purdue is trying to do, we would remove the contacts
from the network that we know are infected and look at the probability that.
Here, we simply take any nodes we know are infected, remove them from
the network, but evaluate the probability that they infect their neighbors.
For simplicity, suppose there is one node z infected. Then we set n§0 =pif
j is a neighbor of z and 0 otherwise. The matrix A for this second scenario
does not include z.

Now, this models transmission, but we know to know infection proba-
bilities. These are just given by

t
P(i is infected by time t) = 1 - [ [ (1 - nft)) MY ”lw-
=0

Let x(*) be the probability that i is infected by time ¢ above for all nodes.
Then we have

t t
x® & 30 & 3 (pA)n®.
£=0 £=0

This last expression is known as a Neumann series, and admits a closed
form solution when p is sufficiently small.® If p is small enough then

S (pA)'n® = (I-pA)~'x©.

=0
Put another way, your chance of ever being infected via neighbors from a
starting set of probabilities is given by the the solution of a linear system
of equations whose right hand side is the initial set of probabilities:

(I-pA)x(=) =n©®,

This is something known as Katz centrality Katz [1953] that was derived to
understand social structure. but again shows how simple matrix systems
arise in a problem that is relevant to the times!

= P(i is infected via neighbors at time ¢).

¢ Later in class, we'll see that p
has to be smaller than the largest
magnitude eigenvalue of A.

The idea to relate eigenvectors or
Katz scores and epidemics arose,
most recently, from a Tweet Dan
Larrenmore at UC Boulder sent
about how these determine sam-
pling probabilities in one of their
COVID testing papers Larremore
et al. [2020]. In other scenarios,
these also are called replicator dy-
namics from Rumi Ghosh Ghosh
et al. [2014], which better model
viral phenomenon. There is more
history on understanding matrix dif-
fusions with A as non-conservative
diffusions that create mass, but
I've forgotten where all I've read
about this and how much (if any)
I liked explaining in alternative
ways. Some earlier references I'm
aware of that would have inspired
these thoughts are Saberi’s work
on (computer) viral spreading and
eigenvalues Berger et al. [2005].
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CANDYLAND ¢ WORKING WITH SPARSE
MATRICES

51 INTRO TO CANDYLAND

As we mentioned, there are many real-world problems that involve
sparse matrices. In a few lectures, we'll see how discretizations of Laplacian
operator on 2d grids will give us sparse matrices. For this class, we are
going to continue working with random processes.

The game of Candyland is played on 133 squares. At each turn, a player
draws a card from a deck of cards. This determines where they move to
for the next turn. There is no interaction with other players (other than
sharing the same deck). For our study here, we are going to model the
game where we simply draw a random card from the total set at each time,
so there is no memory at all in the game. This means that the resulting
system is a Markov chain, or a memoryless stochastic process. While there
is a great deal of formality we can get into with all of these things, the key
thing to remember is that what happens at each step can just be described
by a matrix that tells you the probability of what happens next.

5.1.1  The Candyland Model

So we are going to create the matrix for Candyland that gives the
probabilities of moving between the 133 squares, along with two special
squares; one for the start (state 140) and one for the destination (134) .
There are also a set of 5 special cases that involve exceptions to the rules
(135,136,137138,139).

In this case, the game of Candyland can be modeled with a 140 x 140
matrix T.! If we show the matrix with a small e for each nonzero entry,
then it looks like®

Learning objectives

Learn how to perform basic
operations with sparse matrices
using the Candyland matrix as an
example.

' The data files to recreate T are

available on the the course website.

> TODO - Double check this one
isn’t transposed.
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...

This is clearly sparse as most of the matrix is empty. This is because it’s
impossible to get between most pairs of squares in Candyland in a single
move.

Let T = [tl t, ... t140] be the column-wise partition. Where t;
describes the probability of ending up at each of the 140 states given that
we are in state j. Put another way, T'(i, j) is the probability of moving to
state i given that you are in state j. Consequently, after one step of the
game, the probability that the player is in any state can be read off from
t140. This is because the player starts in state 140.

Now, what’s the probability of being in any state after two-steps? We
can use the matrix to work out this probability:

Probability that player is in state i after two steps
= " Probability that player is in state k after one step and moves from k to i.
k

= ; T (i, k)t140(k)

If we do this for all i, then we find that

p, = Tty

is the probability of the player being in any state after two steps. This is
just a matrix-vector operation!
Now to figure out where the player is after any number of steps, we
proceed iteratively:
Probability that player is in state i after three steps
= > Probability that player is in state k after two steps and moves from k to i.

k
= Zk:T(i’k)Pz(k)~
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Again, by grouping everything together, we get:
ps = Tp, = T’tus.

By induction now, we get that the probability the player is in any state
after k steps:
pk = Tk_1t140.

The key point: in order to compute this probability, we only need to compute
matrix-vector products with a sparse matrix.

5.1.2  Computing expected length of a Candyland game

The Candyland game ends when then the player is in state 134 in this
particular model. Let X be the random variable that is the length of the
Candyland game. Then we want to compute the expected value of X.
Recall that the expected value of a discrete random variable is:

E[X] = Zi where i is any possible value of x i (probability that X = l)

The probability that the game ends in 5 steps is?

[T4t140] 134

Hence, the expected length of the Candyland game is:

E[X] =i [T tuo 3.
i=1
In practice, we can’t run this until infinity, even though the game could,
in theory, last a very long time. We can compute this via the following

algorithm. 4 X

3 This is the 134 entry in the vector
T4t140.

41In Julia, the code is

function candylandlength(T,

Create a starting vector p=ej4 because we start in2statk = 49ize (T, 1)

EX <« O 3
For length = 1 to maximum game length considered 4
p<Tp 5
EX < EX + length-py, 6
return EX 7

8
The key algorithm step is to compute the matrix-vector product Tpg
10

5.2 SPARSE MATRIX STORAGE: STORING ONLY THE
VALID TRANSITIONS FOR CANDYLAND AND
PERFORMING A MATRIX-VECTOR PRODUCT

The idea with sparse matrix storage is that we only store the nonzero
entries of the matrix. Anything that is not stored is assumed to be zero.
This is illustrated in the following figure.

(p = zeros(mn))[140] = 1
ex = 0.0
for 1=1:1len
p = T*p
ex += length*p[134]
end
return ex
end
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[0 16 13 0 0 O]

0 0 10 12 0 o |Indexedstorage

0 4 0 0 14 0 I 3 3 5 5 2 1 2 4 4 1
o 0 9 0 o0 20| 3 5 2 6 4 3 3 4 6 3 2
O 0 0 7 0 4| v 14 4 4 7 10 13 12 20 9 16
0 0 0 O O 0]

The arrays I, J, and V store the row index, column index, and nonzero
value associated with each nonzero entry in the matrix. There are 30 values
in the arrays, whereas storing all the entries in the matrix would need 36
values. Although this isn't a particularly large difference, is is less data.

For the matrix T in the Candyland problem, there are 6816 entries in
the arrays I, J, V whereas there would be 19600 entries in the matrix T
had we stored all the zeros.

We can use this data structure to implement a matrix-vector product.
Recall that

y=Axmeansthaty; = Y A;;x;foralli.

j=L...

If A; ; = 0 then it plays no role in the final summation and we can write
the equivalent expression:

y = Ax means that y; = > Ajxjforalli.
j where A; j#0
This means that an algorithm simply has to implement this accumulation
over all nonzero entries in the matrix. This is exactly what is stored in the
arrays I, J, V.
The algorithm in Julia is:

1 function indexed_sparse_matrix_vector_product(x,I,J,V,m,n)
2 y = zeros(m)

3 for nzi=1:length(I)

4 i,j,v = I[nzi], J[nzil, V[nzi]

5 y[il += v=*x[j]

6 end

7 return y

8 end

This algorithm can be translated to many other languages too.

5.3 ELIMINATING REDUNDANT DATA STORAGE:
COMPRESSED SPARSE ROW AND COLUMN
FORMATS

The idea with compressed sparse column storage is that some of the
information in the full indexed information is redundant if we sort all the

> We can also sort by row. That
data by column.’ Y

discussion is next.
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Sorted index

J 2 2 3 3 3 4 4 5 6 6
[0 16 13 0 0 o071 1 3 1 2 4 2 5 3 4 5
0 0 10 12 0 Of Vv 16 4 13 10 9 12 7 14 20 4
0 4 0 0 14 O
o 0 9 0 0 20
00 0 7 0 4 Compressed sparse column
0 0 0 0 0 of cotr1 1.3 6 8 9 1

‘ R AN =

rowval 1 3 2 4 2 5 3 4 5 O
nzval 16 4 13 10 9 12 7 14 20 4

This figure shows that when the data are sorted by increasing column
index. Then there are multiple values with the same column in adjacent
entries of the J array. We can compress these into a list of pointers. This
means that we create a new array called colptr that stores the starting
index for all the entries in I, v arrays associated with a given column.

rowval[colptr[j]]...rowval[colptr[j+1]—1]
Entries of column j are stored in
nzval[colptr[j]]...nzval[colptr[j+ 1] - 1]

This means if colptr[j] = colptr[j + 1] then there are no entries in the
column. (See the example in column 1.) This

This structure enables efficient iteration over the elements of the matrix
for matrix-vector products, just like indexed storage, with only minimal

. . . ¢ This algorithm is especially par-
changes to the loop. In Julia, the algorithm is:® 8 pecla®y p

ticular to using o based or 1-based

function indexed_sparse_matrix_vector_product (x, colpt&n(,l?%%al ,nzval ,m,n)

1

2 y = zeros(m)

3 for j=1:n

4 for nzi=colptr[jl:colptr[j+1]-1
5 i,v = rowval[nzil], nzvall[nzil
6 y[il += vxx[j]

7 end

8 end

9 return y

10 end

Both Julia and Matlab use compressed sparse
column formats for their preferred sparse matrix
format.

ADVANTAGES OF COMPRESSED SPARSE COLUMN COMPARED WITH
INDEXED STORAGE.

- less data / memory storage

- allows random access to column data

- allows per-column operations to be more efficient
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5.4 COMPRESSED SPARSE ROW

The compressed sparse row format adopts compression of the rows. If
we sort row indices from an indexed format, then we can compress them

into pointers just as in the compressed sparse column format.
Sorted row index

I 1 1 2 2 3 3 4 4 5 5
[0 16 13 0 0 07 3 2 3 3 4 2 5 3 6 4 6
0O 0 10 12 0 Of Vv 16 13 10 12 4 14 9 20 7 4
0 4 0 0 14 O
o 0 9 0 0 20
00 0 7 0 4 Compressed sparse row
0 0 0 0 0 0 rowptr 1 '3 5 7 9 1 11

colval 2 3 3 4 2 5 3 6 4 6 <
nzval 16 13 10 12 4 14 9 20 7 4

colval[rowptr[i]]...colval|rowptr[j+ 1] - 1]
Entries of row i are stored in

nzval[rowptr[j]]...nzval[rowptr[j + 1] - 1]

If we were to implement the matrix-vector routine for compressed
sparse row matrices, however, there is an interesting optimization possible
because all of the updates to the output vector y happen in the same index.

1 function indexed_sparse_matrix_vector_product(x,rowptr,colval ,nzval ,m,n)
2 y = zeros(m)

3 for i=1:m

4 yi = 0.0

5 for nzi=rowptr[jl:rowptr[j+1]-1
6 j,v = colvall[nzil], nzval[nzil]
7 yi += v*x[j]

8 end

9 y[i] = yi

10 end

11 return y

12 end

An important advantage of this CSR structure is that is is possible to
parallelize the sparse matrix vector routine over the rows of the matrix.

5.5 DISADVANTAGES OF COMPRESSED STORAGE .
7 If the number of elements that will

FORMATS change are known ahead of time,
then an alternative is to simply in-

. . sert them into the matrix structure
A major disadvantage of compressed sparse column and compressed .
with a “0” placeholder value. It is

sparse row formats is that they cannot be easily altered once created.”  okay to have zero entries in the data
Adding a new nonzero element inside the matrix requires rebuilding the structures, and it is okay to alter the

entire array. (Unless it is at the last column!) For this reason, a common Vflues issoaated with each nonzero
element.
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paradigm is to use indexed format while creating the information for your
matrix and then only convert to compressed sparse formats when it is time
to analyze the matrix and it will be fixed for a reasonably long period of
time.

Another disadvantage is that we often want to have random access
to both rows and columns of a matrix. Compressed sparse column gives
efficient random access to columns; compressed sparse row gives efficient
random access to rows. But finding all the information for a given row
in a compressed sparse column structure involves searching over all the
elements. If both random row and random column access are needed, the
easiest solution is simply to store the matrix both in CSC and CSR formats.
This doubles the storage space.’

5.6 ALTERATIVE FORMATS

Most programming languages have a standard hash table or dictionary
implementation.® These allow arbitrary key-value pairs to be inserted
and give fast access and fast update times. This can be used as a sparse
matrix data structure by using the key as an index tuple and the value as
the non-zero value. This allows fast insertion and deletion of elements. It
does not allow fast random access to rows and columns.

For fast insertion and fast random access to rows and columns, then
we can use an array of hash tables.'®

5.7 OPERATIONS WITH CSC MATRICES

COMPUTING THE TRACE
EXTRACTING A ROW
EXTRACTING A COLUMN
MULTICOLUMN MULTIPLICATION

SPARSE-MATRIX BY SPARSE-MATRIX MULTIPLICATION Thisisone

of the most intricate procedures. We devote an entire future section
to it.

# Note that storing a matrix in CSR
can be accomplished by storing the
transpose in CSC. Likewise, storing
a matrix in CSC can be done by
storing the transpose in CSR.

° In Julia, these are Dict types.
In Python, these are also called
dictionaries. In C++ the type

is unordered_map. The ma-

trix type in Julia would be:
Dict{Tuple{Int,Int},Float64()}
for Float64 values in the matrix.
This idea is implemented in the
package SparseMatrixDicts.jl

'° In Julia, the type would be
Vector{Dict{Int,Float64}}[].
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MATRIX ¢& VECTOR NORMS

d he si f d . Th Learning objectives
Norms are used to measure the size of vectors and matrices. ey are 1. Examples of vector norms.

generalizations of the scalar function |x|, which determines the size or 2. Examples of matrix norms.

magnitude of a scalar value. For instance, if x is close to y, then we have 3 The submultiplicative property

| | is ol t of a matrix norm.

X = yl1s close o zero. 4. The property that all norms are
So far, we have used the 2-norm of a vector. Let’s work with them  cquivalent

formally.

6.1 VECTOR NORMS

Definition 6.1

. . ! This definition includes absolute
The Euclidean norm or 2-norm ofa VeCtOl‘1 18

values. Yet, x2 > 0 for all real
values. We leave the absolute values
because this then generalizes to
complex values where we need a
complex magnitude.

This can be generalized a p-norm.

Definition 6.2
The p-norm of a vector is

n 1/p
Ix], = (z|xi|ﬁ) .
i=1

This isn’t created to generalize for generalizations sake. One of the
common uses of norms is to argue that a sequence of vectors

Xp >y
which can be handled by showing
[x =yl = o.

Depending on the value of p, this can be easy or difficult. For instance,
when p = 1, then this is simply a sum of absolute values:

n
Ixll, =3 Il
i=1

* It is a useful exercise to convince

and p = oo can be defined via a limit:> yourself that as p — oo, then the
value of the norm will simply be the
- m¢ largest element by magnitude
|x] ., =max|x;|. g y mag :

43



Now, we are going to define an extremely general notion of norm in
order to state a few important results.

Definition 6.3
A vector norm on x € R” is any function f(x) — R that
satisfies:

-

f(x) = 0 (non-negative)

f(x) =0ifand only if x = 0 (zero-sensitive)

f(ax) = |a|f(x) for any scalar « (linear scale or 1-homogeneous),
f(x+y) < f(x) + f(y) (triangle inequality).

Any p-norm with p > 1 satisfies these definitions. When p < 1, then
we violate the triangle inequality.

There are some crazy norms too. For instance, the following function
satisfies these three criteria:

A W N

f(x) = sum of largest two entries in x by magnitude.
All norms are equivalent

Given that the idea of a norm can be very general. We wish to immedi-
ately show that for any result about convergence to zero, it does not matter
which norm is used.

The following theorem guarantees that if X, -y
for any norm, then it will happen for all norms.

Informally, this theorem is known as the all norms are equivalent
theorem.

Theorem 6.4 (All norms are equivalent)
Formally, let f(x) and g(x) be any pair of vector norms on
R", then there exist positive constants L < U such that

LF(x) < g(x) < Uf(x).

Note that these constants can depend on the dimension #.

PROOF First, note that the theorem is immediately true if x = 0 for any
values of L and U. So in the remainder, we can can study the case where
x # 0 and hence, f(x) > 0 and g(x) > 0. To show the upper bound, this is
equivalent to

£(x) wl®

—=<U < <

9(x) T 9™
We can now rewrite this as f(y) < U where g(y) = 1 by using the linear
scale property because ﬁ f(x) = f(x/g(x)) is always computed with a
vector where the g-norm is 1. Hence we set

maximize f(y)
y

subjectto  g(y) =1. n
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Now, U is finite because it is the value of f for some point in a closed set.

For instance, ||x||, < |x], < #n|x|_, isaninstance with C; = 1, C; = n.

Quiz What are C; and C; such that C; x|, < ||x[ < C;[x],?

Consequently, suppose, for a vector norm f(x), you show that f(x —
y) — 0. Then we know that C, f(x) > g(x) and also that C, f (xx —y) — 0.
Since g(x) > 0, then we must have g(x; —y) — 0 as well.

6.2 MATRIX NORMS

Vector norms measure the size or magnitude of a vector. Matrix norms
do the same for a matrix. There are two important types of matrix norms:
element-wise (or Frobenius norms) and operator norms. Just like vector
norms, there is a general condition for all matrix norms.

Definition 6.5
A matrix norm on X € R"™*" is any function f(X) — R that
satisfies:

1. f(X) > 0 (non-negative)

2. f(X) =0ifand only if X = 0 (zero-sensitive)

3. f(aX) = |a|f(X) for any scalar « (1-homogeneous)
4. f(X+Y) < f(X)+ f(Y) (triangle inequality).

6.2.1 Element-wise norms

Note that if vec X is any way of turning X into a vector by organizing
the mn elements of X into a single array, then f(vec(X)) is a matrix norm
for any vector norm f(x). These are called element-wise norms. The most
common of which is the Frobenius norm.

Definition 6.6
The Frobenius norm of a matrix is

IXIp = /301X = [ vec(X) |, = \/trace(A A).
ij

Here, we used trace(A) = Z?fln () A; i, which is the sum of diagonal
entries.

6.2.2  Operator-induced norms

Let f(x) be any vector norm, then we can define a matrix norm via:
- mMmaximize A
F(x) - maximize {(A0/f(x) .

Proof that f(X) is a matrix norm
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1. f(X) > 0 because f is a vector norm. 2. If f(X) = 0, then
f(Ax)/f(x) = 0 for all vectors x # 0. Since f(e;) > 0, then we must have
f(Ae;) =0 for all e;, so the matrix is entirely empty. Also, if A = 0, then

Ax = Oforanyx,andso f(A) =0.3. f(aX) = mayii%lglize flaAx)/f(x) =

|t f(X). 4. Note that f((X +Y)x) < f(Xx) + f(Yx) be the vector-norm
triangle inequality. Hence,

f(X+¥) = maximize f((X+¥Y)D0/f(x) < maximize f(Xx)/(0)+ f(¥)/f(x)
< maximize f(X)/f(x) + maximize f(Yx)/f(x)

< f(X) + f(Y)

The operator induced norms are harder to reason about.
Let f(x) = x|, then

m
n
|All, = max }|A;)|
=g
which is the maximum column 1-norm. If, instead, f(x) = |x||.,, then
m n
[Allo = max 3|4
L

which is the maximum row 1-norm.
Here’s my picture to remember these.

1Al = |Al, # |4l # 1Al =

looks okay looks wrong looks wrong looks okay

6.2.3 Additional matrix norms

This section can be skipped on a
There is a wide additional class of norms defined in terms of the first reading.

singular values of a matrix. See other sections on the singular values and ;3¢ 1nsert reference when

their definitions.? assembled into bigger document.
An m x n real-valued or complex-valued matrix has min(m, n) non-

negative real singular values. Let 01, ..., Omin(m,n) be the singular values
of a m x n matrix with m > n.

Definition 6.7 (The Nuclear Norm, the Trace Norm)

Let o1, ..., Omin(m,n) e the singular values of an m x n matrix
A. Then the nuclear norm also called the trace norm is the
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matrix norm based on the function

f(A) =) 0; commonly denoted A .

Definition 6.8 (The Schatten Norms)

Let o1, ..., Omin(m,n) be the singular values of an m x n matrix
A. Let s be the vector of singular values, ordered arbitrarily.
Then the Shatten p-norm is the matrix norm based on the
function

f(4) = sl

Definition 6.9 (The Ky-Fan Norms)

Let 01, ..., Omin(m,n) be the singular values of an m x n ma-
trix A where 01 > 03 > ... 2 Opyin(m,n) by convention (that is,
the elements are ordered in decreasing order in most conven-
tions). Then the Ky-Fan p-norm is the matrix norm based on
the function

M~

f(4) =

;.

i=1

Note that both Shatten and Ky-Fan norms are vector norms applied
to the vector of singular values s. For Shatten norms, it is a p-norm. For
Ky-Fan norms, it is the sum of the largest p elements. Indeed, any vector
norm applied to the singular values of a matrix is a valid matrix norm.

6.3 ORTHOGONAL INVARIANCE

An important property of a norm is that it is orthogonally invariant.
This property is a realization of two ideas:

- norms measure lengths - orthogonal matrices generalize rotations

When we rotate a vector, we simple change its orientation, but not its
length. Consequently, we have the definition:

Definition 6.10 (orthogonally invariant)
Let Q be a square orthogonal matrix. Then a vector norm
f(x) is orthogonally invariant when

f(Qx) = f(x) orwrittenas [Qx| =|x].

Let A be an m x n matrix. Let U be a square m x m orthogonal
matrix and let V be a square #n x n orthogonal matrix. Then
a matrix norm f(A) is orthogonally invariant when

f(UAV) = f(A) orwrittenas |UAV| =|A]|.

6 - MATRIX & VECTOR NORMS
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6.4 THE SUBMULTIPLICATIVE PROPERTY

Note that operator-induced matrix norms satisfy the property that:

f(Ax) < f(4)f(x)

which is handy for studying iterative algorithms! This property has the
special name: sub-multiplicative.

Definition 6.11
A matrix-norm f(A) is sub-multiplicative if:

f(AB) < f(A)f(B).

As you’ll see on the homework, not all norms are sub-multiplicative.
But we can always scale a norm to be sub-multiplicative.

EXERCISES

1. Letx € C". Decompose x into the real and imaginary parts: x = y+iz
wherey € R” and z € R”. Show that |x|, = [ [}]],.

2. Let P be a permutation matrix. So Px reorders the elements of x.
Find a vector-norm function on length 2 vectors where |x| # | Px].

3. (This requires knowledge of the SVD.) Show that the Schatten and
Ky-Fan norms are orthogonally invariant.

4. Consider the following function:

f(A) = rr}a}X\Aiﬂ-

(a) Show that f is a matrix norm. (Very easy!)
(b) Show that f does not satisty the sub-multiplicative property.
(c) Show that there exists o > 0 such that:

9(4) = af(4)

is a sub-multiplicative matrix-norm.
5. Let |A| be a matrix norm and let k # 0 be a real-valued vector.
Consider the function:

f(x) =[xk

(a) Show that f is a vector norm.
(b) Show that if | A| is a sub-multiplicative matrix norm, then the
vector norm f is consistent with the matrix norm. That is:

f(4x) < [A] f(x).
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THE FIELD OF VALUES

6.5 IMPORTANT CLASSES OF MATRICES

Definition 6.12 (Normal matrices)
A matrix is normal if ATA = AAT (or conjugate transpose)
or equivalently, if A has an orthonormal set of eigenvectors.

EXAMPLE 6.13 A circulant matrix is a non-symmetric, but normal
matrix, such as

1 2 3 14 11 11
A=[3 1 2| whereAAT=ATA=[11 14 11
2 3 1 11 11 14 .

Definition 6.14 (Diagonalizable)
A matrix is diagonalizable if all of the eigenvalues are non-
degenerate.

EXAMPLE 6.15 The following matrix is non-normal and non-symmetric
but diagonalizable.

S

I
_— O W
[« \S e
_— O W

Then the eigenpairs of A are
T T
o[t o 1] 2o 1 0] 4,[9/10 0 1/10]
where we leave the eigenvectors unnormalized for simplicity. .
EXAMPLE 6.16 The following matrix is both non-normal and non-
1 1
A =

in fact, any triangular matrix with a constant diagonal is non-normal and
non-diagonalizable. .

diagonalizable

We have the following set of implications

Symmetric or Hermitian = Normal = Diagonalizable

This chapter will be numbered after
CSs515 in 2023.
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EXERCISES

1. Let A be a symmetric matrix and let D' be a diagonal matrix. Show
that any matrix D' A is diagonalizable.
2. This example is from Trefthen and Embree’s book on non-normal -
Add real citation
matrices.* Let

0 2 0
1

A2 0 20
0 1/2 0 2

Then A is diagonalizable.
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SIMPLE ITERATIVE
ALGORITHMS

The fundamental idea behind simple iterative algorithms is that the
algorithm behaves as a matrix raised to a power.

Theorem 6.17 (Fundamental Theorem of Simple Iterative Methods)
Let M be a matrix with p(M) < 1, them the sequence of
matrices

M > 0ask — oo.

Does Steepest Descent obey this? Not quite.

D) = (0 _ (0 (k)

g
=x®) = o) (ax(®) _p) (6.1)

=(I- (x(k)A)X(k) +a®p
So for any solution and any a(¥), we have Ax = b implies that

xF*D _x = (T-a® 2)xF) 14 ®Bp = (1-a® A)xO +a® (Ax)—x = (T-aF 4) (xF) —x)
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SIMPLE ITERATIVE METHODS

We are going to look at a number of algorithms for solving linear
systems of equations and least squares problems. These are all going to
be "simple" algorithms in that we are going to derive them by using a few
simple ideas that result from studying the equations that define a linear
system.

The algorithms we are going to study right now are all of the flavor:

start — improve — improve — ---
or as I like to think of them
guess — check — correct - check — correct — ---.

That is to say, these are going to be “iterative” algorithms. We will
construct a sequence of vectors that hopefully converges to the solution of
the linear system of equations of least squares problem.

71 REVIEW OF LINEAR SYSTEMS OF EQUATIONS

Let’s start with some basic properties of linear systems of equations."
A linear system
Ax=Db

represents a set of equations

Al,lxl +A1)2x2 + ... +A1),1x,, = bl

Az)lxl + A2’2X2 +...+ Az’nxn = bz

Am,lxl + Am)z.Xz + ...+ Am,nxn = bm.

This is a relationship described by m equations and n unknowns. These
come from an enormous diversity of scenarios as detailed in previous
lectures and notes.

If there are fewer equations than unknowns (m < n), then the system is

called underdetermined and it may have 0, 1, or an infinite set of solutions.

If m = n, the system is called square and the system can have 0, 1, or an
infinite set of solutions. And if m > n, the system is called over determined
and it can have 0, 1, or an infinite set of solutions.

The above expressions are all 0, 1, or an infinite number. As a small
consideration, why can’t we have two solutions but not an infinite number?

Learning objectives

1. A recap of what it means to
solve a linear system.

2. Why we only talk about solving
full rank systems.

3. The Neumann series algorithm
for solving some linear systems.

4. How to evaluate an approxi-
mate solution.

Note that this section could also
come after discussing vector and
matrix norms, as we will use those
in our discussion of approximate
solutions.

We assume that you might already
be familiar with the Euclidean
vector norm: |x|| = /3, x? from
past experiences.

! This section should be a review.
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This is a property of a linear set of equations that is part of what makes
them special and easy to solve. Suppose we have two solutions x and y

Ax=b Ay=b x#y.
Then any combination of those solutions is also a solution, such as

A(yx+(1-y)y) = yAx+ (1 -y)Ay) =yb+(1-y)b=b

and we have this relationship for all y. This is an infinite set of solutions.
How can we have zero solutions to an underdetermined system? This

is because the above characterization did not prescribe anything about the

dependencies among solutions. For instance, here are two equations

-x+y-z=2
-x+y-z=3.

Note that these are the same equation with a different value. There is no
solution. As a matrix A, this scenario is a 2 x 3 matrix with rank 1.

Here is a fun case to consider. Let A = yy’. When does Ax = b have a
solution? When does it have no solution? Describe a procedure to find
the solution.

For this reason, typically people have chosen to discuss equations in
terms of full rank matrices. An m x n matrix is full rank if the rank is
min(m, n). In this case, underdetermined problems (m < n) always have
an infinite number of solutions. Overdetermined problems (m > n) have
either 1 or 0 solutions. Square systems have only one unique solution.

Unfortunately, all this flexibility in terms of the number of solutions
makes it hard to discuss algorithms. Consequently,

When we consider solving linear systems, we always focus on the square,
full-rank case.

There are a large number of known ways to characterize when a square
system of linear equations is full rank.
- rank(A) is n (or m since m = n)
- Ais invertible
- the columns of A are linearly independent
- the rows of A are linearly independent
- the determinant of A is one
- the eigenvalues of A are all non-zero
- the singular values of A are all non-zero.

When A is square and full rank, then there exists a matrix Y such that
AY =T and YA = I. This matrix Y is called the inverse and is usually
written A",

Given a linear system Ax = b, then we can multiply both sides by Y
and get YAx = Yb where (YA) = I, so we get x = Yb or x = A™'b. There
are many, many interpretations of this statement.
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72 A FIRST METHOD

This isn’t the order I'm hoping to do these in eventually, but because
of the homework, I want to go over this method.

Most people learn the following result somewhere in the educational
background for this class. Let x be a scalar, then

1
1-x

o0
1+x+x2+x3+...:2xk:
k=0

when |x| < 1. That is, if x* — 0, then the infinite sequences converges to
the value 1/(1 - x), which we are going to write as (1 — x) ™.

It turns out that this same result holds for matrices as well, with a few
additional conditions.

Theorem 7.1 (The Neumann Series)
If that A* - 0, then

Af=(1-4)"

M8

k=0

PROOF Our proof proceeds just by showing that a partial infinite sum
becomes a better approximation to the inverse. Let S, = Y;_, A¥ and
consider
¢
Se(I-A)=> AF=(I-A)+(A-A*) +(A*-A")+...=1-A""".
k=0
Consequently,
Jim S¢(I - 4) = lim I-A"' =1
and we have finished the proof as this is an explicit form for the inverse.m

7.3 OVERVIEW

Over the next few classes, we are going to see a bunch of different
perspectives on this same algorithm.

74 CHECKING A POSSIBLE SOLUTION
One great aspect about solving linear equations is that "guestimates"

are easy to check.
Let Ax = b be the system we are trying to solve and let y be a potential
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solution. Then the following quantities all deal with how good y is:

error =y — x
error = ||y — x|

relative error = |y — x| /| x|
residual = b — Ay
residual = Ay - b
residual = |Ay - b|
relative residual = || Ay — b|/|b|

Note that there are terms that may refer to multiple quantities. These are
often used interchangably where the definition is clear from context.

The error measures are the most useful quantities, however, they are
not easily computable as they require knowing the solution x. However,
we can bound the error in terms of the residual.

Theorem 7.2
Let y be any vector and x be the solution of Ax = b, then the
error e =y — x and residual r = Ay — b are related as follows:

Ae=r.
PROOF By definition:
Ae=Ay-Ax=Ay-b
because Ax = b. n

This results in the following bound.

Corollary 7.3
Using the notation from Theorem 7.2, let | - | be a sub-multiplicative .
Not all matrix norms are sub-
norm.> Then multiplicative, see the discussion of
”eH < ”A‘l H ”rH . Matrix and Vector Norms.

The proof follows frome = A™!r
What this means is that if we want the error to be small, then we want and using |A~'r|| < |A| ™" || fora

the residual to be small. And the residual is easy to compute! sub-multiplicative norm.

7.5 OUR FIRST METHOD REVISITED

On reflection, there is a better way to introduce the algorithm involving
the Neumann series of a matrix. This has to do with how we might check
the solution of a linear system of equation.

Given some initial guess at a solution xo, then we are going to compute
the residual: ry = b — Axy. If we are close to a solution, this will be small.
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So let’s just correct by the amount we need:
X] = Xg + Iy.
Now, if we just repeatedly do this, then
Xke1 = Xg + T =Xg +b— Ax = (I - A)x; +b.

Quiz. Let xo = b. Show that x; will converge to the solution x as
k — oo. State conditions if necessary for this to converge.

Solution. By definition, x; = (I - A)b+band x, = (I - A)’b +
(I- A)b +b. By induction, we have: x;, = ¥5_(I - A)*b and as k — oo,
then x; — (I - H)™'b where H = I — A. But using that definition gives
(I-H)™! = A", Hence this algorithm will converge if p(I — A) < 1 and
it just corresponds to using the Neumann series itself.

7.5.1 An example with our simple random walk between —4 and 6.

Recall our linear system that modeled how long it took a random walk
to exit through —4 and +6. This was the linear system of equations

[ 1 0 0o o o o o 0o 0o 0 0 [[xg] [o]
1 1
A R A R RS
0 0 -1 1T -1 0 0 0 0 0 o0 x{_z} 1
0 0 0 -1 T -1 0 0 0 0 o0 x{_l} 1
0 0 0 0 -1 1 1o 0 0 o0 x{O} =1
2 2 {+1}
0 0 0 0 0 -2 1 -3 0 0 0 [[xuy]| |1
0 0 0 0 0 0 -3 1 -3 0 0 [[xuy] |1
0 0 0 0 0 0 0 -3 1 -3 0 [[xug] |1
00 0 0 0 0 0 0 -3 1 -3 [[xus] |1
| 0 0 0 0 0 0 0 0 0 0 1 J|xuel [O]

When we apply this method here starting from x(!) = 0 (the all zeros
vector), we get a sequence of iterates x(¥) along with residuals r(¥). After
a few hundred iterations, these have largely converged.

Value of iterate vector xX*) when k =
1 2 3 4 5 6 7 8 9 10 20 30 40 50 60 70 80 9O 100 200 300 400 500

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 1.0 1.5 20 24 28 31 34 36 39 59 71 79 83 86 88 88 89 89 9.0 9.0 9.0 9.0
0.0 1.0 2.0 28 35 41 4.8 53 58 6.3 10.0 12.0 14.0 15.0 15.0 16.0 16.0 16.0 16.0 16.0 16.0 16.0 16.0
0.0 1.0 2.0 3.0 39 4.8 55 6.3 70 77 13.0 16.0 18.0 19.0 20.0 20.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
0.0 1.0 2.0 3.0 4.0 49 5.9 6.7 76 8.4 15.0 18.0 21.0 22.0 23.0 23.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0
0.0 1.0 2.0 3.0 4.0 5.0 59 6.9 77 8.6 15.0 19.0 21.0 23.0 24.0 24.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0
0.0 1.0 2.0 3.0 4.0 49 59 6.7 7.6 8.4 150 18.0 21.0 22.0 23.0 23.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0
0.0 1.0 2.0 3.0 39 4.8 55 6.3 70 77 13.0 16.0 18.0 19.0 20.0 20.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
0.0 1.0 2.0 2.8 35 41 4.8 53 58 6.3 10.0 12.0 14.0 15.0 15.0 16.0 16.0 16.0 16.0 16.0 16.0 16.0 16.0
0.0 1.0 1.5 20 24 28 31 34 36 39 59 71 79 83 86 88 88 89 89 9.0 9.0 9.0 9.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Value of residual vector r'*) when k =
1 2 3 4 5 6 7 8 9 10 20 30 40 50 60 70 80 9O 100 200 300 400 500

o o o0 o o0 o O O o o o o o o o o o o o o o o0 o

1e” 5e7 57 e 4e 37 307 e 37 267 1e7 92 5e 2 3e 2 2e P 1t Te P 4 3  2e 1677 Be 5072
1e” 1e° 8e'8e et 6e 5e 5e7 5 5e T 3e T 2e 7 le T Te R 4e i 2e 2 1672 9 Se P de 0 2e7 2e70 17
1e” 1e° 1e° 9e7'9e7 ' 8e ' 8e7 7e TeT 6o 4o 2e7 17 9e 72 572 3e 2 2e 2 172 7e P 5e 7 37 2e70 17!
1e® 1e° 1e° 1e° 9¢7'9e719e7 9¢7 1 8e 7  8e 7 5e7 3¢ 267 1o 6e T2 de 2 2e 2 1e 2 9e T 6" de” 2e7 27!
1e” 1e° 1e° 1e° 1e° 9e7'9e7'9e7' 9e7 8e7 5e7 3¢ 267 1e 7 6e P de 2 2e 2 12 9e > 6" de” 2e7 27!
1e” 1e° 1e° 1e” 9¢7'9e7'9e7 9e7 8 8e T 5e 3¢ 26 1e T 6e T  de 2 2e 2 12 9e P 6e " 4e” 2e7 27
1e” 1e° 1e° 9e7'9e7'8e ' 8e 7 Te T Te T 6o 4o 2e 7 1 9e 7252 3e 2 2e 2 162 7e P 5e 0 3¢ 2e7 0 17
1e” 1¢° 8e'8e et 6e 5e7 5e7 5T 5e e 2e T 1o Te R 4  2e 2 1672 9 Se P de 0 2e7 2e70 17!
1e° 5e7'5e7 47 4 3¢ 3¢ 3¢ 3¢ 2e7 167 9e T2 5072 307 2e P 1e T 4o 3 2e 0 177 8 e 72
o o 0 o o0 o O O o o o o o o o o o o o o o o0 o

7.5.2  An example with our least-squares problem

Recall the quadratic fitting problem from the introduction lecture
"What is a matrix” (lecture 1) This is reproduced at right.

Consider the normal equations method of solving the least squares 9 :
problem for the quadratic fit: 10-04 N op
500 162.63 616.468][c, 450.45 2 ..?f
162.63 616.468 2574.99(|c,|=| 1329.6726 5.0
616.468 2574.99 11432.9]|c3 4549.258906 2.5 ?
When we apply this method here starting from c(!) = 0 (the all zeros 0.0
vector), we get a sequence of iterates c(¥) along with residuals r(X). After 0ot 2 3 45
less than one hundred iterations, this has produced ‘NaN‘ on the computer X
— a hallmark that the algorithm cannot converge on the problem. FIGURE 7.1 - We get a least squares

probiem o find @ quadratic fitto
this data c3x2 + c2x + ¢1. This gives
1 2 3 4 5 6 7 8 9 10 20 30 4@ 3 x 3dinear 6pstem yin the Bormal

Value of solution vector k) = [c1¢2c3] when k =

e fion;
0 46 -3¢ 4e'0 —4e' 50! —6e? 86X —9¢°" 1 7e7° 5e!lC 3»69311"a Zef)98 1e?*° 8¢*”” NaN
0 1l —1e” 2" —2e' 2eY  —3e% 367 —4e’ 5e 367 2" 1" 8e!®® 567 302 NaN
0 4e®  —6e’ 7e'' —8e'® 1% —1e** 1 2% 2% 177 8e' 5! 4¢!% 2% 2¢%%! NaN

The residuals show the same behavior and quickly grow to oco.

Value of residual vector r'*) when k =
1 2 3 4 5 6 7 8 9 10 20 30 40 50 60 70 80

52 —3e° 4e'® —4e' 5¢"  —6e? 8e* -9¢ 1 —1e¥ —9¢”° —6e'"—4e'*' 22?1 ~1e™*NaN
18 167 26 —2e' 26 362 3027 _46% 563  _6e% 4650 _0e!21 116210203 _go243 40284 NaN
503 —6e” 7e'l —8e! 1620 162t 12 —26%2 2630 210 e8! 1122 _7,162_4,203 3,244 5 285\

In this case, we can compute p(I — A) = 12047.41494842964, so the
spectral radius is much larger than 1 and we would not expect the method
to work.

What if this algorithm doesn’t work?
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Suppose that p(I - A) > 1. Are we out of luck with using this method?
Not entirely! Consider that we can transform the linear system into an
equivalent system of equations:

Ax=b < aAx=ab

Then the iteration is:

k
Xk = (I - aA)xg +ab= " (I- aA)f(ab) - (aA) 'ab.
=0
This method is called the Richardson method for solving a linear system
of equations. It is credited to Lewis Fry Richardson. Among other things,
Richardson decided to spend his time in the trenches during World War I
dreaming up better uses for the people fighting the war. His solution was
to have them forecast the weather and he came up with this method.

When will this method converge?

Based on our analysis of the Neumann series, this will converge if
p(I — @A) < 1. Let A be an eigenvalue of A. This means we need that
|1 — aA| < 1 for all eigenvalues of A.

This means we can always make this algorithm work for a symmetric
positive definite matrix A because all of the eigenvalues are positive.

7.6 ANOTHER DERIVATION OF THE SAME
ALGORITHM

7.6.1  Notes 1

Let’s see yet another way to get at the same algorithm. This will involve
some analysis of convex function.
Recall that a scalar quadratic function can be written:

f(x) = ax* +bx +c.

These look like bowls or lines (when a = 0).
Consider the problem

minimize ax? + bx + ¢
X

The solution is undefined is a < 0 (or just co). Otherwise, x = —b/(2a) is
the point that achieves the minimum. This can be found by looking for a
point where the derivative is 0:

f'(x)=2ax+b=0=x=-b/(2a).

A multivariate quadratic looks very similar.
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7.6.2 Notes 2

Gradient Descent for Ax = b.
It turns out that for any positive definite matrix A, that we can view it
as the solution of an optimization problem

minimize %xTAx —xTh.

x
This is because if A is positive semi-definite, then this problem is
convex with a unique global minimizer. A convex function is just one
that always lies below any line connecting two points. Formally, this is
flax+ (1 -a)y) < af(x) + (1 - a)f(y). A global minimizer is any
point x* where f(x*) < f(x) for any other point x. Note that if f(x) is
convex and if we have two global minimizers, then any point on the line
connecting them must be a minimizer by the property of convexity. There is a stronger result to prove
here too.
Theorem 7.4
Let f(x) = 3x"Ax — x"x. Then f(x) is convex if A is sym-
metric positive definite.

PROOF From the definition
flax+(1-a)y) = (ax+(1- oc)y)TA((x)H- (1-a)y) - (ax+(1- (x)y)Tb
=a(ax"Ax-x"b+ (1-a)((1-a)y’ Ay - y7y) + 2a(1 - a)x Ay = ...
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STEEPEST DESCENT ¢ GRADIENT DESCENT

8.1 LINEAR SYSTEMS AND QUADRATIC FUNCTION

MINIMIZATION

We are studying quadratic function minimization because this turns
out to a good way to understand how to solve Ax = b for symmetric
positive definite matrices A. A full understanding of this will involve some
analysis of convex functions. This is all straightforward for this case (if
not simple), but it is an instance of a far more general theory. Some of the
notes will make references to more general results that could be proved
but are not relevant for the linear system case.

8.1.1 Motivation from the scalar case

Recall that a scalar quadratic function can be written:
f(x) = ax* + bx +c.

These look like bowls or lines (when a = 0).
Consider the problem

minimize ax* + bx + ¢
X

The solution is undefined is a < 0 (or just co). Otherwise, x = —b/(2a) is
the point that achieves the minimum. This can be found by looking for a
point where the derivative is 0:

f'(x)=2ax+b=0=x=-b/(2a).
A multivariate quadratic looks very similar.

8.1.2  The multivariate quadratic for Ax = b

For Ax = b, it turns out that for any positive definite matrix A, that we
can view it as the solution of an optimization problem

%XTAX— x'b.

minixmize

This is because if A is positive semi-definite, then this problem is
convex with a unique global minimizer. A convex function is just one
that always lies below any line connecting two points. Formally, this is
flax+ (1 -a)y) < af(x) + (1 - a)f(y). A global minimizer is any
point x* where f(x*) < f(x) for any other point x. Note that if f(x) is

Learning objectives

1. Appreciate how linear systems
are closely related to minimizing
quadratic functions

2. Witness a computation of the
gradient for a multivariate function
in matrix algebra

3. See a characterization of a
quadratic minimizer as the solution
of a linear system

4. Generalize the algorithm to
the steepest descent algorithm for
solving a linear system

There is a stronger result to prove
here too.
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convex and if we have two global minimizers, then any point on the line
connecting them must be a minimizer by the property of convexity.

Theorem 8.1
Let f(x) = 3x"Ax — x"b. Then f(x) is convex if A is sym-
metric positive definite.

PROOF From the definition

flax+(1-a)y) = (ax+ (1 -a)y) " A(ax+ (1 - a)y) - (ax+ (1 -a)y)’b
=a(ax"Ax-x"b+ (1-a)((1 - a)y" Ay - y7y) + 2a(1 - a)x" Ay
= a’x"Ax + (1 - )’y Ay + 2a(1 - @)y’ Ax - ax"b - (1 - a)y’b

Our goal is to show that this is < ax” Ax+(1-a)y’ Ay—ax'b—(1-a)y’b,
and so the idea is to show that

a’xTAx + (1 - )’y Ay + 2a(1 - @)y’ Ax - ax" Ax - (1 - a)y Ay < 0.
Note that we can simplify this to
(a(a-1))(x"Ax +y’ Ay - 2x" Ay)

where we have (a(a—1)) < 0and (x” Ax+yT Ay-2xT Ay) = (x-y)TA(x~
y) > 0. Hence, the entire expression is < 0, and we are done! (]

8.1.3 The gradient

Last time we proved that f(x) = %xTAx —xTb was a convex function.
Let’s show that the gradient of f(x) is really the vector Ax — b.

EXAMPLE 8.2 Consider the function f(x) = 1 [;]T [3 jll]—[ﬂT[]é] =
3/2x* +2y* — xy — 7x + 6y. Then the gradient is the vector

[ )= 102) =12 2] - 10 .
More generally,

f(xl,. . .,x,,) = 1/22A,-jxixj - inbi
ij i

We like thining of this in terms of the following table:

2
A11x1 Appxixy - A X1 4y
2 .
A1 xx1 Agaxy

2
Anlxnxl... Annxn

Now we have terms involving x; in the ith row and ith column.

af/axi = 1/22141]3(31 + Aiixi + 1/2 ZA]','XI' - bi = ith row OfATX— bi
j#i j#i
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The minimizer

The minimizer of a function is any point that is the lowest in some
neighborhood. Formally, a point x* is a local minimizer if f(x*) < f(x)
for all x where ||x — x*|| < € for some positive value of €. This just means
that this is the lowest point in a neighborhood around the current point.
The global minimizer x* of a function is a point which is lower than
everywhere else: f(x*) < f(x) for all x."

Convex functions are awesome because any local
minimizer is a global minimizer!

This is easy to prove for continuous functions like the f(x) that solves
linear systems. Consider a point x and y where x is a local minizer and
y is a global minimizer. Then along the line ax + (1 — «)y we must have
that the function is bounded below by af(x) + (1 — ) f(y). Because x
isn’t a global min, we know that f(y) < f(x). Hence, that we must reduce
the value of the function for all positive a« compared with f(x). This
means that f(x) couldn’t have been a local minimizer. Hence, any local
minimizer is a global minimizer of a continuous convex function.

Characterizing the minimizer

Any point where the gradient is zero is a global
minimizer for a continuous convex function.
This is true generally, but it’s super easy to show for our function for
linear systems.

Theorem 8.3

> Let f(x) = 3x" Ax — x"b where A is symmetric, positive
definite. Then the vector of partial derivatives is g(x) = Ax-b.
Let y be a point where Ax — b = 0. Then f(x) > f(y).

PROOF Letx=y+az. Then:

! For functions that aren’t defined
everywhere, this would be restricted
to whereever the function is de-
fined.

> This theorem generalizes to any
function with a positive definite
Hessian, but that’s for an optimiza-
tion class.

f(x) = H(y+az)"A(y+az)-(y+az) b = Ly" Ay+1a’z" Az+az” Ay-y'b-az"d.

Now, recall that Ay = b because the gradient is zero. Then we have:

f(x)=1y"Ay+ 1’2" Az + az"b-y'b-az'b = f(y) + 1a’z" Az > f(y).

Finding the minimizer

If the gradient is not zero, then we can always
reduce the function by moving a sufficiently small
distance along the negative gradient.
In general, this is just an application of Taylor’s theorem for multivari-
ate function, but we can again proof this easily for us, and get a cool result
along the way!

3 For the moment, we'll let g =
g(x) = Ax — b for a fixed x.
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Suppose g(x) = Ax — b # 0.3 Then consider
f(x-ag)= %XTAX + %(ngTAg —ag'Ax-x"b+ag’b

= f(x) + %ocngAg —agTAx+ag’b
=f(x) - a(g'g- 58" Ag).

So if this result is going to be true, we need (g7g - %gTAg) > 0 for o small
enough. This corresponds with the condition that g' Ag/g"g < 2/a. Let

T
maximize XXT’;" T

= then p> &
subjectto x#0

for any vector g.

This gives us an upper bound on the left hand side. Thus, we need p < 2/«
or « < 2/p and we have descent,

f(x-ag) = f(x) - a(a/2g" Ag - ag'g) < f(x).

>0

Note this is exactly the same bound we got out of the Richardson
method too!

8.2 THE STEEPEST DESCENT ALGORITHM FOR
SOLVING LINEAR SYSTEMS

We now need to turn these insights into an algorithm for solving a
linear system of equations. The idea in steepest descent is that we use the
insight from the last section: we are trying to minimize f(x) and we can
make f(x) smaller by taking a step along the gradient g(x).

8.2.1 From Richardson to Steepest Descent

Steepest descent on f(x) = 3x” Ax — x"b is just a generalization of
Richardson’s iteration:
Richardson x(*+1) = x(®) 1 ¢ (b — Ax(¥)

————
residual

Steepest Descent  x(F*1) = x(F) _ g g(x) = x(K) — a(Ax - b).
——
gradient
This means that if 0 < a < 2/p then the steepest descent method will
converge.

8.2.2 Picking a better value of «

The idea with the steepest descent method is that we can pick « at
each step and use f(x) to inform this choice. This method arose from a
completely different place from Richardson’s method for solving Ax = b
(which was based on the Neumann series).
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Definition 8.4 (Steepest Descent Algorithm)
Let Ax = b be a symmetric, positive definite linear system of

o  (Einish this section.. ]

8.2.3 A coordinate-wise strategy.

8.3 EXERCISES

1. ('m not sure if this is true, and it could be difficult.). Let Ax =bbe a
diagonally dominant M matrix, but where A is not symmetric. This
means that A™' > 0. Suppose also that b > 0. Develop an algorithm
akin to steepest descent for this problem. Ideas include looking at
functions like f(x) = e’ Ax — eb
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SIMULTANEOUS & SEQUENTIAL VARIABLE
UPDATES (AKA JACOBI & GAUSS-SEIDEL)

Learning objectives
Now let’s see another set of methods that can apply to solving Ax =b. Viejingj a linear system as a set

These, again, follow from different perspectives on what these equa- of equations where we can solve for
tions mean. Consider that a system of linear equations represents a simul- 0y variable given any equation it

t luti £ n individual ti participates in.
aneous solution of 7 individual equations 2. Realize that Gauss-Seidel is just

a “bug” in Jacobi
alx=b, al g'in
T T
a,x=b a
Ax=b < 2 where A = |2
Te _ T
a,x=>b, a,

is the matrix with a vector for each row. We can use each of these equations
to solve for any particular variable given the others. For example, given a
possible solution x, then

aTX: bl <~ ZAljxj = bl
J

and if A}y # 0, then we must have
1
X = 7([)1 - ZAIJXJ)
Alk j#k

. ' There must always exist such a k
at a solution. otherwise the system is singular!

Then one strategy to improve an inaccurate solution to Ax = b is to
pick out a set of entries that can all be updated simultaneously and to do
$0.

9.1 A SIMPLE TWO VARIABLE EXAMPLE

Let’s see an example. Suppose that

ol el

1 .
and we have a current guess x = [ . Then for row 1, we have our choice

1/2
of index k to update, 1 or 2. For the sake of example, let’s use row 1 to
update x, and then we’ll use row 2 to update x;. The update looks like:

1
)

1
4 = 22
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For the guess x = [1}2]

Xhew = - 1/4
1/2 |
If we repeatedly use this formula, then we converge to the solution x = [ ¢ ]
after a few iterations.

9.2 THE GENERAL EXAMPLE AND THE JACOBI
ITERATION

If we think about running this on a general system, then we'll need to
figure out which equation we use to update which variable. This is tricky,
however, because the update to x, based on row 1 used an entry A, that
was non-zero. In general, this means that we cannot update x, from any of
the other rows from 2 to #. In an ideal world (like the example above), wed ) )

. 2 Th h da disti * There are some really interesting
like to update x;, ..., x, all at once. at means that we need a distinct | 4 <eful extensions that relax this
row i for each j such that A;; # 0. We can encode this map in a matrix M. assumption.

Let M be an n x n matrix where:
MG, j) 1  row jis used to update x;
i,j)=
0 otherwise.
Then note that we must have exactly 1 entry in each row and column of

K 3 Technically, and looking ahead
M3 We can use any matrix M where ¥ &

just a few paragraphs, the matrix M
is a permutation matrix, we will use
this insight in a moment!

M;; #0ifand onlyif A; ; # 0.

In general these are not-so-easy to find. We'll return to this point in a
moment. Let M; = j for convinience of notation. The iteration is thus:

1
new
a = o (bw, - > A, ix)) _ -
M.l it
rOWj
1
1= by, = 2 Aumi )
Ay i j#i
xnew: 1 (bM —ZAM '.X") B -
" A, on " P e FIGURE 9.1 - A general setup for

the equations described by rows
We can state this using a set of matrices with some slight additional ~ofasystem. Weneed 4;; # 0to
update x; based on equation j. We

notation. Let Dy be the diagonal matrix where [Dy]i,i = Ap,,;. The also cannot use equation j to update

idea with D M is that we can write any other variables, nor can we use
new -1 other equations to update x;. The
X =D M some vector map matrix M encodes the set of
updates.
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where entries of that vector correspond to by, — 3 ;4; Ap,,jxj). Conse-
quently, let by, be the vector [by]; = by, Also, let Ny be the matrix with
entries:

0 i=j

A,y i # j.

ne -1 old
X WZDM(I)M—NMX .

[Nulij :{

This iteration is called the Jacobi method for
solving a linear system of equations, although 1
think the name simultaneous variable updates or
simultaneous variable relaxation communicates
the idea better.

9.3 IMPLEMENTATIONS OF JACOBI

9.4 A 3X3 EXAMPLE WITH A PERMUTATION INSTEAD
OF THE MAP

Most derivations of the Jacobi iteration assume that D is formed from
the non-zero diagonal of the linear system of equations, but there is no
such restriction in the derivation of the method. This is simply a notational
convenience. All we need is a permutation matrix P such that P ® A is
non-singular to build the matrix M for the above iteration to work.

Consider the following linear system

1 0 -3 X1
0 -3 1 ||x]=
3 0 1||x

(9.1)

S —

Then if we run the Jacobi update with

Mi=3 My=2 M=landx®=[1 1 1]’

We have
new 1
X1 :7(1—(143,2:0)')(72—(143,3:1)')63):0
A3)1 :—3
new 1
Y2 T A, - _3)(1 ~(A21=0)-x1 - (Az3=1)-x3) =0

1
2 jacobi_iteration_map_!(y,A,x,M) sets y to be the next Jacobi
3 iteration from x with map M

4 wnn

5 function jacobi_iteration(y,A,x,M=1:1length(x)))

6 for i=1:length(x)

7 y[il -= (b[M[i]l - A[M[il,:1°*x - A[M[il,il*x[il) / A[M[il,i]
8 end

9 end

4 Here ® is the element-wise, or
Hadamard, products.
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1
new .~ (1=(A,=1)-x1-=(A:,=0)- =0.
X3 (A1,3:—3)( (A1 =1)-x1 - (A12=0)x2)

If we write this as a matrix update, we have:
-1 -1

-3 17 [-3 01 0
x(F+1) = -3 |- -3 0 0 1[x®.
31 |1 3| [1 0 o

To avoid the details with M, let us simply permute the three rows of
A so that row 3 comes first, then row 2, then row 1. Note that we simply
reordered the rows, not the variables.

-3 0 1 ]|x: 1
0 -3 1/|]|x]|=|1
1 0 -3]|xs3 1

In this case, we can simply split the matrix into it’s two pieces:

-3 010
D = diagonal = -3 N=(0 0 1
-3 1 0 0

With this setup, we can easily write the iteration

x(*D = p71p - Nx(®),

9.5 JACOBI WITH A PERMUTATION MATRIX

Let us derive the same update as above, using the permutation to show
how it generalizes the previous algorithm. That’s because the matrix M
really is a permutation! A permutation matrix is just a way to reorder the
rows or columns of a matrix. It reorders the rows if we multiply on the left.

For a permutation matrix P, we have P; ; = 1ify = Px has y; = x;.
That is, P;,; if i in the output was j in the input. So we can write:

1 j=M,

by = Pb where P; j =
0 otherwise.

We can also apply the same permutation to A as in
T T
a; ay,
T T
a a
A=|"?|thenPA=|"M
ay

Ra@En

a
This corresponds with solving a linear system
PAx = Px
or really, just re-ordering the equations we were given. Now note that

D) = diagonal elements of PAin a diagonal matrix.
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Then also,
Ny = PA-Dy,.

This is why most textbooks do not describe the setup with using an
equation to solve for an unknown, it’s entirely equivalent to the following
setup that is much closer to a typical description of Jacobi

1. Pick a permutation matrix P such that PA has non-zero diagonal
elements. 2. Let D be the diagonal elements of PA. 3. Let N be the matrix
PA-D

Then the Jacobi method implements the iteration:

x D = p~1(pb - NxM).

This makes it much simplier to do the analysis below when we are
interested in issues of convergence: permute the matrix, then look at the
diagonal entries and t

EXAMPLE 9.1 Show that the linear system (9.1) will not converge using
Jacobi with the standard permutation P = I. .

EXAMPLE 9.2 Note that the 3x3 least squares problem for our quadratic
fitting example will not converge with Jacobi for any iteration. .

Interesting tangent

Of course, this begs the question, why do we need a single permutation
matrix P? Why can’t we get away with using a sequence of iterations where
we just ensure that each element is updated every so-often. I'm almost
sure this has been studied, but don’t know the reference off the top of my
head. Or even a random pair at each step.

9.6 THE CONVERGENCE OF THE JACOBI METHOD

It’s easy to determine the convergence of the Jacobi matrix with our
knowledge of the spectral-radius of a matrix. Let’s look at the error in the
kth-step of the method:

xkD _x = D;; (b- NMx(k)) - X.

But note that we designed this so that x is a fixed point of the update, so
x = Dy (b — Nyx) as well. This means that

xkD _x = D;; (b- Nux®® b+ Nyx) = —DX/IINM(X(k) -X).
Consequently,
x(k+1) _ (—D;/}NM)kH(X(O) —X).

This converges, for all starting points x() if and only if p(~D3} N ;) < 1.

9 - SIMULTANEOUS ¢ SEQUENTIAL VARIABLE UPDATES (AKA JACOBI & GAUSS-SEIDEL)

71



9.7 A MISTAKE IN AN IMPLEMENTATION OF THE
JACOBI METHOD

If we are solving large linear systems of equations, then we may have
vectors with billions of entries! This means that storing another vector
x"*" may be expensive itself. In this case, I hope you can agree that it may
occur to someone to try and save memory as follows:

just update the solution to x with only a single set of memory!

For instance, consider the following implementation of the Jacobi

iteration
1 nnn
2 jacobi_iteration!(y,A,x,M) updates x "like" Jacobi, but in-place, with map M
3 nnn
4 function jacobi_iteration!(A,b,x,M=1:1length(x))
5 for i=1:length(x)
6 x[i]l -= (b[M[il] - A[M[il,:1°*x - A[M[il],il*x[i]) / A[M[i],il]
7 end
8 end

This is wrong if the objective is to implement the Jacobi iteration.
However, it turns out that this idea gives rise to a method called the Gauss-

Seidel method.
1
X1 = (le — Z AMl,jxj)
AMl,l M,
new ]'
P = (by, = ) Am,jxj)
Apm;n

JEM;

9.8 ANALYZING GAUSS-SEIDEL

(Test )

9.9 THE GAUSS-SEIDEL AND STEEPEST DESCENT
METHOD

Note, you can show that Gauss-Seidel converges on any symmetric
positive definite matrix using the matrix M = I.

We can derive the Gauss-Seidel method as a mistake in Jacobi. Let’s
now consider what happens on a symmetric matrix A with unit diagonals.
We have:

X = (b - ) Apx))

j>1

new _ new old
X —(bi—ij —ZAl,jxj )
j<i j>i
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Recall the iteration for coordinate descent:
xD = x(B) 4 e; where y = —[Ax - b];/A;;
Written in terms of our problem
x?ew =X — ZAZ'J'XOM + bi = bi - ZA,-,jx}’ld.
j=1 J#i
This shows that if we update the ith variable, then we are doing a closely
related update to Gauss-Seidel. To see that they are the same, remember

how we arrived at Gauss-Seidel, we simply did the Jacobi update but forgot
to allocate new memory. This means that, in the program, we have:

x?ew — (bl _ ijgur _ ZAl,jx]C'ur)
J<i j>i

And now we can see that, expressed this way, Gauss-Seidel update is exactly
the same as steepest descent.

9 - SIMULTANEOUS ¢ SEQUENTIAL VARIABLE UPDATES (AKA JACOBI & GAUSS-SEIDEL)

73



74 II - SIMPLE ITERATIVE ALGORITHMS



EIGENVALUES & THE POWER METHOD

**Note, these notes are still being edited. There are a huge diversity of

Learning objectives
1. See a variety of ways to think

perspectives and geometric interpretations of eigenvalues and eigenvectors, —about eigenvalues

so it’s challenging to know how to show them. I'm working on some
pictures to help. **

There are a variety of ways to derive and define the eigenvalues of a
matrix A. The most general definition of an eigenvalue of a matrix is a
value A such that det(A—AI) = 0. This definition, however, obscures much
of the utility of eigenvalues of symmetric matrices (which are extremely
common).

10.1 CRITICAL DIRECTIONS

** Still working on this section. Skip it now! **
The eigenvalues and eigenvectors of a symmetric, positive definite
matrix A are critical directions in the quadratic function

f(x) = %XTAX

that are invariant to transformations.
For a symmetric matrix A, then the eigenvalues of A are the stationary
points of the following optimization problem:
maximize x'Ax

X
(10.1)
subject to  |x|* =1

10.2 STATIONARY POINTS

To go ahead and define something in terms of another definition:
stationary points are those points where the Lagrangian of the problem
has zero derivative. And what is the Lagrangian? It’s a function that
balances tradeoffs between the objective function x” Ax and the constraint
Ix|” =1

L(x,1) =x"Ax-1- (x"x-1).

The gradient of this function is just
oL/ox = 2Ax — 2)Ax
OL/OA =x"x~ 1.

2. Look at the power method
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So at a stationary point, by definition, we have
Ax = Ax x'x=1.

Conclusion: any stationary point of (10.1) is a pair:
(x, 1) where Ax = Ax

which implies that (A — AI)x = 0 and also that det(A — AI) = 0.
Note that this analysis gives the same result for minimizing the problem
instead of maxing

10.3 THE POWER METHOD TO FIND EIGENVALUES

Given that we have an optimization problem, one strategy to produce
an algorithm is to seek a maximizer of x” Ax where x| = 1. Because
the goal is a maximizer, we would do gradient ascent instead of gradient
descent. However, this time we have a constraint that makes the problem
more complicated. A simplistic strategy to handle this constraint is just to
take a gradient step:

y =x®) 12y, 4x*)

and to project it back onto the feasible set:
x**D = argmin, |z - y| where |z] = 1.

A quick analysis similar to (10.1) shows that z = yy for some y such that
|z| = 1. That is to say, we just take y and normalize it.
This gives us the iteration:

LD _ x®) + 2y, Ax(®)
[x( + 2y Ax(0) |

T
Again, we are interested in maximizing x(**1)" Ax(k*1)| This suggests
taking yy large. In the limit as y;, — oo ' then we find that

x50 = (4x)/|x].
This is the power method!

Definition 10.1 (the power method)
Let x(®) be any vector. Then the power method is the iteration

x4 = (ax4)/1x9).

There are no eigenvalues in the power method. Instead, there are
only eigenvectors. To get the eigenvalue, we need to look at the Rayleigh
quotient

200 — x0T g (0

This quantity can often be computed with minimal overhead because we
need to compute the vector Ax¥) to get the next iterate of the power
method.
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10.4 CONVERGENCE OF THE POWER METHOD

First, we need to show that the power method is really a simple algo-
rithm. That is, we need to show that x(¥) = M*x(®) for some matrix. This
type of simple statement will not quite be possible, we just need one slight
correction to handle a sticky situation with the norm.

Theorem 10.2
Let x(F) be the kth iterate of the power method starting from

x(©, Then x(F) = AFx(0) /| A*x(®)| .
PROOF This holds for x(!) given that this is the explicit iteration. To
show that it holds for all future iterations, we proceed inductively. Assume

that it is true for the kth iteration: x(*) = A*x()/| A*x(®)||. This also
means that x) = p A*x(®) for some scalar py. Thus,

X(k+1) _ PkAk+lX(k)/HpkAk+lx(k)H~
And now py. cancels out of the equation and we are done. (]

This shows that we do have a simple algorithm and also that the long
term behavior will be governed by matrix powers.

10.5 TERMINATION

A good way to terminate the iteration is to check if we satisfy the

eigenvalue residual
Ax(D) — 1050 4 0

EXERCISES

0
B
Describe the iterations of the power method x(¥) in terms of the
matrix B and c.

1. LetA= [ B]. Consider starting the power method from x = [(c):|

10 - EIGENVALUES ¢ THE POWER METHOD
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FINITELY TERMINATING III
ALGORITHMS
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ELIMINATION METHODS FOR LINEAR SYSTEMS

Thus far, we've seen methods that solve Ax = b via a sequence of vector
changes. These methods have worked by updating x*) to x(**1) At no
point did they consider changing the system Ax = b into another system
By = d, where y is somehow easier to find than x and we can compute x
from y in a simple fashion.

The next class of methods we will look at will do exactly this! From
Ax = b, we will produce a sequence of systems that get progressively
smaller by eliminating variables. The methods go by a variety of names:
elimination, Gaussian elimination, LU decomposition, Cholesky factoriza-
tion, and even more names including the Schur complement. However,
the key idea is almost always the same.

11.1 VARIABLE ELIMINATION

Consider the case where we are solving a system Ax = b then we can
write this out and highlight the first row as follows:!

cf 3] 1]

Let the solution correspond to the elements
y

ay +c'y = B.

so that

Then the idea behind all of the elmination methods is that, if we are given
y by some type of oracle, we can compute y from y

y(y) = é (B-c"y).

This is neat, it says that if you had all by one solution of your system, it’s
easy to find missing element. >
We aren’t quite done, however, because this hasn’t simplified or changed
or system at all. To do that, note that the remaining equations give the
expression
yd + Ry =f.

Learning objectives
L

' Of course, the curious will wonder
what is special about the first row.
As is common, there is nothing
special about the first row and this
could be done for any row. We'll
return to this idea later.

* Careful readers will note that we
need a # 0 for this idea to work.
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This expression involves y and y. But we have y as a function of y and so
let’s just substitute that in. The result is an expression purely in terms of y

1
y(y)d+Ry:;(ﬁ—cTy)d+Ry:f.

By re-arranging the equations, we arrive at the following linear system:

(R—lmfn:f—ﬁd
(44 o

EXAMPLE 11.1 Suppose we have:

2 -1 -4 -1 4
-1 -5 -5 2| |4
4 5 2 0| |-

0 2

-2 -2 -1
then
1 -45 -3 -1.5 2
(R-=dc")yy=| 3 -6 -2|y=|3
“ 1031 -2
7/3
0 _/1
wherey =|-14/3[andy=7/3s0x = 1473 .
11
11

If A was n x n, then this method takes the system

(A,b) to (R- ldcT,f— Ed)
o o
where this new system is (n — 1) x (n — 1). Hence, we arrive at an easier
or smaller system to solve! To solve it, we can apply the same idea again
until we get down to a 1 x 1 system. This algorithm is easy to implement
on a computer that supports recursion.

1 function elimination_solve(A::Matrix, b::Vector)
2 m,n = size(A)

3 Q@assert(m==n, "the system is not square")

4 Q@assert (n==length(b), "vector b has the wrong length")
5 if n==

6 return [b[1]1/A[1]]

7 else

8 R = A[2:end,2:end]

9 c = A[1,2:end]

10 d = A[2:end,1]

1 alpha = A[1,1]

12 y = elimination_solve(R-d*c’/alpha,

13 b[2:end]-b[1]/alphax*d)

14 gamma = (b[1] - c’*y)/alpha

15 return pushfirst!(y, gamma)

16 end

17 end
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This idea is called variable elimination. We elminate the variable y
from the system of equation Ax = b by solving for its expression and them
substituting that solution into the rest of the equations.

11.2 VARIABLE ELIMINATION AS A MATRIX PRODUCT

The really interesting part about variable elimination is that we can
express it as a matrix expression! The following expression seems like
magic. Essentially, by examining the above equation long enough, we
can deduce an expression like the following. It allows us to express the
elimination operation as a matrix itself. Let

P R IR P | P N P

e e e ~—
-, =A =U,

Note that L, is a non-singular matrix of the form:
L, =1I-ve; wherev; =0.

This means that Lfl = I + ve;, which can be verified because LILI1 =1
Likewise, U, = I-e,u’ whereu, = 0. Its inverse is I +e,u’ as well. Using
these matrices, we can transform:

Ax=b - L]AU1 U,IX = le

If we expand this block-wise, then we get:

s[5 0

which is exactly our reduced system.
Consequently, we can express our entire sequence of reductions as

follows:
o
0 (2%
L, L, > LAU,Uy--U,_; = 0 - =D
0 0 0 «a,

or
A=L]'Ly"-L;', DU\ U, Uy

It turns out that these elimination matrix L;' and U;' have some
rather special properties that allow us to realize this form in an exceedingly
simple way. For all i we have L,-_1 =(I+ve;))withvy=v,=...=v; =0
and so

172 _ T Ty _ T,y oTow alo ol _ T, T o
L L;" = (I+vie; )(I+vje; ) = I+vie; +Vje; +vie; V;e; = I+v;e; +V;e; wheni < j.

This enables us to quickly compute these as follows:

11 - ELIMINATION METHODS FOR LINEAR SYSTEMS
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1 function myreduce_all(A::Matrix)

2 A = copy(A) # save a copy

3 n = size(A,1)

4 L = Matrix(1.0I,n,n)

5 U = Matrix(1.0I,n,n)

6 d = zeros(n)

7 for i=1:n-1

8 alpha = A[i,i]

9 d[i] = alpha

10 Uli,i+1:end] = A[i,i+1:end]/alpha
11 L[i+1:end,i] = A[i+1:end,il/alpha
12 A[i+1:end,i+1:end] -=

13 Ali+l:end,i]*A[i,i+1:end]’/alpha
14 end

15 d[n] = Aln,n]

16 return L,U,d

17 end

18 L,U,d = myreduce_all(A)
19 L*Diagonal(d)*U - A

This is what is most commonly called the LU decomposition of a
matrix.

Definition 11.2 (LU Decomposition)
Let A be a non-singular matrix, then if we do not encounter
a zero pivot,> we can write

A=LDU

where L and U have ones on the diagonal and L is lower-
triangular and U is upper-triangular. Often, this will be sim-
plified so that A = LU where D is incorporated into U.

11.3 PIVOTING

Suppose we start with the system

oG

This has the solution x = 1, y = 5.
Then if we try the variable elimination approach, our first step is

Ox+y=5

(o2
0
break!

This scenario involves division by zero because x really is not really a
component of that system!

The solution is easy, if we wish to eliminate x from this equation, we
need to use an equation that includes x.# In this case, we can simply swap
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b )L

X+y=6—->x=6-y

After which we have

y=5
which we can quickly solve.

Computers need more structure in order to realize these same things.
Pivoting is the idea they use to reorder the equations.

Definition 11.3 (Pivoting)

Pivoting reorders the equations (rows) of A in a linear system
so that we can compute an LU-decomposition for any non-
singular system.

We can always use pivoting to find a variable to eliminate.

Theorem 11.4

If A is non-singular, then at each step of an LU factorization,
there must be a variable and equation pair that we can elimi-
nate.

PROOF Assume by way of contradiction that we cannot find an equation
(row) to eliminate a variable (column) in the kth step of an LU factorization.
After k — 1 steps of an LU factorization we have

d
d,
Ly 1Ly 5-L1AU Uy Ug_y =
di
R

By our assumption, we are in the scenario where there is no equation (row)

of R to eliminate the kth variable. The kth variable is involved in the first

column of R. This means that the first column of R is entirely zero. This

implies that R is singular because it has a column that is entirely zero.
Now, A is non-singular, as are the products

Lk—lLk—Z"'Ll and U1U2"'Uk_1.

Consequently, the left-hand side is non-singular, which means the right
hand side must be as well. However, our assumption implied that R was
singular, which is how we arise at the contradiction. (]

This gives rise to the following algorithm for solving a system of linear
equations.

11 - ELIMINATION METHODS FOR LINEAR SYSTEMS
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1 function solve_with_simple_pivoting!(A::Matrix, b::Vector)
2 m,n = size(A)

3 Q@assert (m==n, "the system is not square")
4 @assert (n==length(b), "vector b has the wrong length")
5 if n==

6 return [b[1]/A[1]]

7 else

8 # let’s make sure we have an equation
9 # that we can eliminate!

10 a = A[1,1]

1 newrow = 1

12 if == 0

13 for j=2:n # search the current column
14 if A[j,1] '= 0

15 newrow = j

16 break

17 end

18 end

19 if newrow == 1

20 error ("the system is singular")

21 end

22 end

23 # swap rows 1, and newrow

24 if newrow != 1

25 tmp = A[1,:]

26 A[1,:] .= Alnewrow,:]

27 Alnewrow,:] .= tmp

28 b[1], blnewrow] = b[newrow], b[1]

29 end

30 D = A[2:end,2:end]

31 ¢ = A[1,2:end]

32 d = A[2:end, 1]

33 a = A[1,1]

34 y = solve_with_simple_pivoting!(D-d*c’/a, b[2:end]-b[1]/ax*xd)
35 y = (b[1] - c’*xy)/«a

36 return pushfirst!(y,y)

37 end

38 end

11.4 PARTIAL PIVOTING

EXERCISES

1. Suppose we wish to solve
Mx=Db

and further suppose that you already know some of the values of x.
Let us permute and partition M to be a block system:

_ A B X _ bl
oo )l [e)
where x; is what you know.
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(a) Show how to solve for x, given x;. Under what conditions is
this possible?

(b) Now, suppose that you have a very kind, but very confused dog
that happened to eat your flash memory stick holding the piece
of x; that you knew. However, you had saved your computed
x, on your Purdue account, and so you have a backup. (This
means you can assume that computing x, from x; is possible
for this problem if you determined it wasn’t always possible
above.) Can you get x; back?

(c) Combine these two parts to derive a single linear system to
compute x; without computing x,. The system you’ll derive
is called the Schur complement

2. Consider computing the LU decomposition on the matrix

A=TI+cen’ +endT.

Write down a closed form solution for the matrix L and U such that
A=LDU.
3. Regarding triangular solves.
(a) Implement backsolve and forward solve as functions in Julia.
Show and document your code.
(b) Construct a random upper-triangular linear system via:

A
2 b

triu(randn(n,n));
randn (n);

Compare the performance of your backsolve to Julia’s back-
slash method to solve a linear system.

(c) Use your backsolve and forward solve code, along with Julia’s
Lu factorization in order to implement your own linear solver.
Present a paragraph or two (and a figure or two) comparing
it’s speed and accuracy to using the \ solver.
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SYMMETRIC POSITIVE DEFINITE SYSTEMS &
VARIABLE ELIMINATION

12.1 SYMMETRIC ¢ SYMMETRIC POSITIVE DEFINITE
SYSTEMS

Note that if A is symmetric, thend = cand hence R— édcT =R- iccT
is symmetric as well.

In fact, if A is symmetric positive definite, then z' Az > 0 for any z.
We can show that D — iccT is also symmetric positive definite too! To do
so, we will show that g' Rg — i(ch)2 > 0 for any g. We consider using a
specially chosen vector z applied to the equation for A

T T
2" Az = |:lg):| [(Z CR] |:lg):| = ap® + 2chg + gTDg.
At the moment, p is still arbitrary. We can choose it to be anything. How-

ever, our goal is to pick p such that we learn about g’ Rg — i(ch)z. To
do so, let p = —(cg)/a. Then

ap’+2pc’g+g' Dg = (c'g)*/a-2(c"g)* /a+g' Dg =g " Dg-(c'g)*/a >0

as required.

This means that if we eliminate a variable on a symmetric positive
definite system. The remaining system is still symmetric positive definite.

An important consequence of this result is that it means that minimiz-
ing a quadratic function is preserved under variable elimination.

Suppose we are able to run the LU decomposition of a matrix with no
pivoting. In other words, suppose that « = A[i,1] is non-zero at each step.
In this case, we produce:

A=LDU.

Now, because A is symmetric, we have
A=A"=(DU)" =U'DL".

This strongly hints that L = U”. This result is indeed correct, as can

be verified by looking at the each step of the algorithm on a symmetric

A and noting that we preserve symmetry at each step as shown above.
However, in general, we cannot assume that any symmetric matrix can

be decomposed like this without pivoting. *here is a more general LDL™
factorization that can be computed in such cases. A simple counter
exampleis: A=[91].
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12.2 THE CHOLESKY DECOMPOSITION

The Cholesky decomposition is the LU decomposition, without piv-
oting, applied to symmetric positive definite matrix. For a symmetric
positive definite matrix, we can show that pivoting is not required. This
is actually a corollary of one of the definitions of what it means to be a
positive definite matrix.

Consequently, for a symmetric positive definite matrix we always have

A=LDL".

Moreover, because A is positive definite, we have D; ; > 0. This happens
because after each step of the reduction, the reduced matrix is also positive
definite. The diagonal entries of a positive definite matrix are always
positive, and these determine the entries of the diagonal D. As shown
above, after each elimination step, the matrix remains positive definite as
well.

Because D is strictly positive, we can take the square root of each entry
and compute

A=LD"*(D'?L)" = FFT or F'F.
This gives the Cholesky routine

" Compute the Cholesky factorization A = FF’ and return F """
function (A::Matrix)
A = copy(A) # save a copy

n = size(A,1)
F = Matrix(1.0I,n,n)
d = zeros(n)

for i=1:n-1
alpha = A[i,i]
d[i] = sqrt(alpha)
Fli+l:end,i] = A[i+l:end,i]/alpha
Ali+l:end,i+1:end] -= A[i+l:end,il*A[i,i+1:end]’/alpha
end
d[n] = sqrt(Aln,n])
return F*Diagonal(d), d

end

PD = A’xA

F,d = myreduce_all_cholesky (PD)
F*F’ - A

Compare with the previous LU code to see the subtle differences.

What happens if your matrix is not symmetric positive definite? Then
at some point in the decomposition, you will have & < 0. This is actually
one of the fastest ways to test if a matrix is symmetric positive definite as
it avoid all eigenvalue computations.
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GENERAL VARIABLE ELIMINATION

This is a more general discussion on the ideas in the previous sections.
When we are elminating
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PIVOTING & VARIABLE ELIMINATION

Partial pivoting, where we select the equation to use to eliminate based
on the largest entry in the row, is by far the most common choice. The
key downside to partial pivoting, however, is that it does not allow us to
compute the rank of the matrix from the decomposition. That is, we might
hope that if PA = LDU, then we could determine the rank A from the
non-zeros of D. The following examples shows why this does not work.

EXAMPLE 14.1 Add an example where partial pivoting fails early or
late. .

There are two other common types of pivoting

Definition 14.2 (Rook pivoting)

This is wrong In variable elimination with rook pivoting, at (le i

each step, we choose either the equation with the largest mag-
nitude entry for the next variable, or we choose the variable
in the next equation with the largest magnitude entry.

Definition 14.3 (Complete pivoting)

In variable elimination with complete pivoting, at each step,
we choose the equation and variable pair with the largest mag-
nitude entry over all those that haven’t yet been eliminated.

141 ROOK PIVOTING AS A RANK REVEALING
DECOMPOSITION

The goal of this section is to show that rook pivoting results in a rank
revealing factorization of a matrix.

14.2 COMPLETE PIVOTING AND A MATRIX
DECOMPOSITION

For complete pivoting, we can view this as a matrix decomposition

1 function _find_pivot(A, eqsleft, varsleft)

2 bestpivot = (first(eqsleft), first(varsleft))
3 bestval = abs(A[bestpivot[1], bestpivot [2]])
4 for j in varsleft
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5 for i in eqgsleft

6 if abs(A[i,j]) > bestval

7 bestval = abs(A[i,j])

8 bestpivot = (i,j)

9 end

10 end

1 end

12 return bestpivot, bestval

13 end

14 function complete_elimination (A)

15 eqsleft = Set(l:size(A,1))

16 varsleft = Set(1l:size(A,2))

17 eqorder = Int[]

18 varorder = Int[]

19 while length(eqsleft) > O && length(varsleft) > 0
20 pivot, val = _find_pivot (A, eqsleft, varsleft)
21 # TODO, finish this...

22 push! (eqorder, pivot[1])

23 push!(varorder, pivot[2]) # save
24 end

25 end

This section was inspired by a

Be discussion with Nick Trefethen,
with yet another viewpoint on
variable elimination
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ELIMINATION METHODS FOR LEAST SQUARES

151 THE SIMPLE ELIMINATION SOLVE

We can also use variable elimination for least squares problems. Con-
sider
minimize |Ax —b|.

Partition A = [a C] andx = [%’,] . Then
minimize |ya+ Cy-Db]|.

We proceed as follows, suppose we know y. Let d = Cy — b. Then this is
just the one varible least squares problem

minimize |ya—d||.

If we explain what this is, then we are looking for the best scaling of the
vector a to get us as close to possible to d.

>**TODO** Add figure that explains this

A little bit of thinking yields the following insight: the scaling of a is
closest to d when the difference ya — d is orthogonal to a. If this weren't
the case, then we could decrease the distance by moving a little bit in any
direction. Hence, the solution y must satisfy the relationship:

1
a'(ya-d)=0 or yp=—a’d

Now, we proceed as follows and substitute y(y) into our original least
squares problem

minimize [y(y)a+Cy-b| - minimize | a’(Cy-b)a+Cy-b]|.
We can simplify this expression to
minimize |(I- -a"a)(Cy-b)].

This new problem has one fewer variable. If we recurse on this idea, we
have the following algorithm.

function least_squares_eliminate (A,Db)

a = A[:,1]
na = norm(a)
q = a/na

if size(A,2) ==
return [a’*b]/na
end
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y = least_squares_eliminate(A[:,2:end]l-q*q’*A[:,2:end], b - g*qg’*b)
y = q’*(b - A[:,2:end]*y)/na
return pushfirst!(y,y)

end

15.2 A MATRIX VERSION

> **TODO** See if we can get something better here...
The matrix structure in this problem is already slightly apparent. Let
= (I- sr;a"a”). Then we have

least-squares(A, b) — least-squares(TAS, Tb).

Here S is a matrix that selects the last n — 1 columns of a matrix.

Now, it turns out there is an issue here. The matrix T is a special type
of matrix called a projection. A projection matrix is any matrix where
T? = T. It represents a projection onto a subspace, so T> = T because the
projection of a projection is the same projection. For this matrix T it’s just
a few lines of algebra to verify that T> = T.

> **TODO** Add these lines

This is a small issue, though, because Ta = 0 and so TA = [0 TC].
Thus, we lose all the information associated with a after the first trans-
formation. However, suppose we just memorize this and store a — after
normalization — at each iteration into a matrix Q.

To be entirely precise, let A = [al a,,]. Let Ty,...T, be the
matrix I — q,q] formed in the least squares elimination algorithm at the
ith call. Then we have:

= ! T T
q; = m i1 4.

In a bit of remarkable luck, the matrix Q turns out to be orthogonal.

In fact, it’s the result of the Gram-Schmidt process we discuss in the next

lecture. [Add failure case with

singular matrix
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LEAST SQUARES VIA QR FACTORIZATION &
ORTHOGONALIZATION

There is another approach to solving the least squares problems
minimize ||b - Ax||

besides the variable elimination procedure we saw in previous classes. I
don’t yet have a natural derivation of this particular idea, but I believe it
originates around the following set of ideas.
- The geometry of the least squares problems involves working with
the span of A’s columns, or the range of A. In particular, we want to
find a point in the range that is as close as possible to b.
- Since this involves working with the range of A, it is “natural” to
seek an orthogonal basis for it.
And this is what the QR factorization of a matrix encodes: an orthogo-
nal basis for the columns of A.
More formally, the QR factorization of a tall m x n matrix A (with
m > n) is a pair of matrices Q and R such that:
. A=QR
- Q is square m x m and orthogonal
- R will also be upper-triangular and m x n, but let’s see where that
comes from!
The upper-triangular structure appears to arise from early work by
Schmidt on orthogonalizing a set of vectors. This is often called the "Gram-
Schmidt process" and functions by successive orthogonalization."

16.1 REVIEW OF GRAM-SCHMIDT

That is, if we are given a set of three vectors x,y,z then the Gram-
Schmidt process builds an orthonormal basis for their span, which is
equivalent to building an orthogonal matrix Q such that

[x y z]:QC

for some non-singular, square matrix C. The Gram-Schmidt process
begins with the first vector x and sets the first column of Q to be x/| x| .
Then we project-out any component of x on the other vectors. The matrix
P(x) =1- %}T{ is a projector? to the space orthogonal to the vector x.
That is, x’ P(x)y = x'y - %xTy = 0. Hence, we compute y, = P(x)y,
2, = P(x)z. The next vector q, = y,/|y,|. and we project z, via P(y, ).

Learning objectives

1. Target pieces of a matrix for
an operation with pieces of the
identity matrix. 2. Recognize the
QR factorization.

' T am looking into ways of re-
deriving these ideas where the
upper-triangular structure is one
of a few possible natural choices
depending on the ideas involved,
but so far I haven’t hit on anything
easy.

This review is meant to remind you
of stuff you hopefully learned in
previous linear algebra classes.

* A projector matrix projects vectors
to a subspace S. Because the output
from a projector is a new vector in a
subspace S, it must be the case that
projecting to S again will leave the
result unchanged. Hence, pPl=p
for any projector matrix!
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This gives us three vectors:

Q=[x/Ixl yi/lyi| 22/ lz.]]

wherey, = P(x)y and z, = P(y,)P(x)z. We can write this as a matrix
equation as follows:

x| Ci. Cis
A=[x y z]=[x/Ix| /Iy, z/lzl]| O Iyl Cas
0 0 |z

where C; ; arises from the projection operations. Consider C;,, which we
get fromy, = P(x)y =y - ;‘—;ix, we can write this to get C; ; for each.
Notice the similarity between this procedure and the successive elimi-
nation procedure we had in the previous class. I think this can be turned
into a fairly natural derivation, but it requires a little more work.
The point of these derivations is that the Gram-Schmidt process pro-
duces an orthogonal basis for the columns of A via successive orthogonal-

ization, which can be written:
A=QR

for an m x n matrix Q and a square upper-triangular matrix # x n matrix
R. This is often called a “thin” QR factorization because the matrix Q isn’t
square but is tall instead.

16.2 GENERALIZING TO QR

The idea with the full QR factorization is that we can extend a "thin"
QR factorization to a square matrix Q because there are n orthogonal
vectors in an #-dimensional space. Given any set of m orthogonal vector
(say via Gram-Schmidt), then there exist another m — n vectors that are
mutually orthgonal as well. Of course, because these are orthogonal, we
don’t need to use them to write the matrix A, so the “tail” of R becomes
Zero.

16.3 USING QR TO SOLVE LEAST SQUARES

Now, let’s show that we can use any QR factorization to compute a
solution to the least squares problem. Note that x| = | Qx| = |Q"x| for
any square orthogonal matrix Q.

Hence, let A = QR be any full QR factorization with a square matrix
Q, then

) b R
|b-Ax| = |Q"b- Q" Ax| = |[b- Rx| = | [Bl] - [ 0‘]x|.
2
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R
Here, we used R = [ Ol] where R is the first set of n rows of R. Because

R is upper-triangular, the other elements are always zero.

Note that this form helps us greatly! Note that no matter how we
change x, we cannot eliminate Bz from the difference between b and Ax.
Hence, the best we can do to minimize the expression is to set x so that
f)l =R;x.

Consequently, we can use any method to produce a QR factorization
to solve a least squares problem via the following algorithm:

Compute a full or thin QR factorization.

Compute 131 = first n rows of Qb when Q is full,
or l:)l:QTb when Q is mxn.

Solve R1x=l;1.

Return x

16.4 A GIVENS ROTATIONS AND QR FOR A SMALL
VECTOR.

Consider the problem of computing a QR factorization for a 2 x 1
vector v. Recall that an orthogonal matrix is a generalization of a rotation,

Q:[cose sin0:|.

SO we can write it as:

—sinf cosf

Let’s see how to pick Q for v.
An obvious way is to try and compute 6 in the above expression such
that

Q(O)v = ye,

for some y.

However, there is a better way to do this! Note that Q(8) only has two
unknowns, ¢ = cos 6 and s = sin 8. To compute Q, we just need these two
values! Let’s write out the equations:

B
-s cl||v 0
This gives two equations and two unknowns.
vic+vys =yand vac —vys = 0.
We can solve these to get?
c=vi/yands=w,/y.

Because the matrix is orthogonal, we must have y = \/v? +v3 or y =
—\/v? +v3 so that the length of v doesn’t change.
This 2 x 2 matrix Q(8) is called a Givens rotation.

* The solution here is not unique.
Note that we can negate these
values as well as they are also a
solution. See more discussion

in https://netlib.org/lapack/
lawnspdf/lawn148.pdf Some discus-
sion of how this impacts numerical
software is discussed in XXX
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16.5 THE QR FACTORIZATION FOR A 3X1 VECTOR.

Suppose v is 3 x 1. Then we could seek to build a 2d rotation matrix
and solve for the coeflicients. However, there is an alternatTive mechanism
where we can use matrix structure. Let v = [v1 V) v3] . Let

16.6 GIVENS ROTATIONS IN JULIA

TODO

16.7 COMPUTING QR FOR A COLUMN

Consider computing a QR factorization for a n x 1 vector v now. By
the definition, we have:
Qv = ye;.

where y = +|v||. This is a good exercise to work out for yourself!
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EIGENVALUE AND SINGULAR VALUE
COMPUTATIONS

Learning objectives

1. Look at deflation as a technique
finitely terminating algorithms rather than iterative algorithms as most to find the eigenvalue and sin-

textbooks do. This is because we assume that there exist programs to gular value decomposition of
compute the following properties. a matrix in a finite number of

In this chapter, we treat the eigenvalue and singular value problems as

steps.
maximize H AXH ) maximize x!Ax 2. Recognize a key subroutine that
Program 1: X Program 2: X provides a single eigenvalue or
subjectto x|, =1 subjectto  [x|, = 1. singular value pair and how to

For program 2, we also assume that A is symmetric. Note that both of ~ us¢ that to getothers.

these programs can be solved via the iterative power method discussed in
in the previous section. Moreover, even more specialized solvers for them
can be built using tools developed elsewhere in this book.

16.8 THE EIGENVALUE DECOMPOSITION

Let A be a symmetric matrix.

16.9 THE SINGULAR VALUE DECOMPOSITION

We will following a similar deflation procedure.
16.10 SOLVING THE SUBPROBLEMS
16.11 INVARIANT SUBSPACES

EXERCISES

1. In class, we discussed deflation techniques for computing more than
one eigenvalue and eigenvector with the power method. Briefly,
assume that we setup the power method to compute the largest
eigenvalue and eigenvector. As a convergence tolerance, use

|Ax - Ax]| < | A] pe

where ¢ is the machine precision for double precision numbers,
‘eps(1.0)‘ in Julia.

Recall also that deflation is the following procedure: given a matrix
A and an eigenvector x and eigenvalue A, we compute B = A— Axx”.
This removes the largest eigenvalue and eigenvector.

Compute a few steps of deflation and
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ANALYSIS

We have now seen a few different types of algorithms to solve the
fundamental matrix computations.

Elimination with and without pivoting for linear systems, Richardson,
Steepest Descent, Gauss Seidel, Jacobi, etc.

How should we pick which one to use to solve our problem? There
are various ways of thinking about this question. We'll see a few different
types of analysis of these algorithms including work and operation count.
But we will also consider stability.
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TIME & MEMORY REQUIREMENTS

The simplest way to analyze the algorithms is in terms of how much
time and memory they require. It turns out memory is usually a more
pressing constraint than time. So let’s start with that one!

171 MEMORY REQUIREMENTS

To run the Richardson method or steepest descent method (lecture 8),
we require:

1. a way to multiple A by a vector v

2. memory to store two or three vectors of length 7. (You saw this on

the homework.)

To run the elimination matrix that gave us the LU factorization of a
matrix, we require:

1. O(n*) memory for a general matrix problem because we change

the matrix after the first step

2. O(n) memory for the changes to the vector b*

For a general dense matrix, there is no difference between the mem-
ory requirements. However, for a matrix with any type of structure, or
especially sparse structure, then it is easier to think about how to exploit
that structure to make the Richardson, steepest descent method run with
less memory.

Consider a matrix that is Toeplitz. For Richardson, we only need to
store O(n) memory to be able to do the matrix-vector products. Whereas
for the LU factorization, we will need to build the matrix at O(n*) memory
in order to run the algorithm.

Of course, there is the problem of how long the Richardson method
takes, and whether or not it will even converge. (Remember, we only
showed that we could guarantee convergence for a symmetric positive

' These can often be done in place as
well.

definite matrix.)

172 THE FLOP COUNT

One common way of evaluating the work of an algorithm is in terms of
the number of floating point operations it does. This measure is classical,
but still important, because

- floating point operations used to be much more expensive than
other processor operations
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- most systems now have special hardware dedicated to floating point
computation such as vector processing units (called AVX on Intel
processors) or GPUs.

Hence, having a fairly exact count of the number of FLOPS allows us to
understand how fast a particular operation may go on a computer.

173 A WARM UP: THE FLOP COUNT OF
MATRIX-MULTIPLY.

Consider the following algorithm for multiplying two matrices.

1 function matmul (A::Matrix, B::Matrix)
2 m,k = size(A)

3 k,n = size(B)

4 C = similar (A, m, n)

5 £il1!(Cc, 0)

6 for j=1:n

7 for i=1:m

8 for r=1:k

9 Cl[i,j]l += A[i,r]1*Blr,jl
10 end

11 end

12 end

13 return C

We can count the number of FLOPs by looking just at the inner-loop,
which is an inner-product. Let’s consider a simple 4-element vector

Cli, j] = A[i,1]*B[1, j]+A[i,2]*B[1,2]+A[i,3]*B[3, j]+A[i,4]*B[4, j].

There are 4 multiplications and 3 additions, for a total of 7 flops. The way
our code above works, however, is to use 8 flops because we always add to
the existing value:

Aside. There is a lot more to high
performance computations, such as
cache efficient, blocking, vectoriza-
tion, than just purely understanding
the FLOPS, however. The use of
FLOPS counts are largely just to
suggest an upper-bound on perfor-
mance.

Aside Again. What is a FLOP and
FLOPS? A floating point operation
(FLOP). Or a floating point opera-
tion per second (FLOPS)? Suffice

it to say that these acronyms are
used inconsistently and potentially
mixed. The context determines

if we are counting floating point
operations (FLOPs) or measuring
floating point operations per second
(FLOPS). This is extremely confus-
ing when there is a prefix. What is
one gigaflop? One billion floating
point operations or one billion float-
ing point operations per second.
Again, context will determine if we
are counting or timing.

Cli, j] < C[i, j]+A[i,1]#B[1, j]+A[i,2]*B[1,2]+A[i,3]*B[3, j]+A[i, 4] *B[4, j].

Here, we have the convention that < is the “assign” operation, which
is commonly expressed as = inside of programming languages, but has
a distinct meaning from the mathematical = operation. For instance,
x = 2xx is perfectly common computer code, but if used mathematically
essentially implies that x = 0.

Consequently, there are 2r FLOPs in the innermost loop. This is
executed mn times, so there are 2rmn FLOPs in this computation of a
matrix-matrix product.

17.4 THE FLOP COUNT OF LU

Let’s consider something more interesting, the pivoted LU decomposi-
tion of a matrix. Our code is
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35
36
37
38

function myreduce_all_pivot (A::Matrix)
A = copy(A) # save a copy

n = size(A,1)

L = Matrix(1.0I,n,n)

U = Matrix(1.0I,n,n)

d = zeros(n)

p = collect(l:n)

for i=1:n-1
maxval = abs(A[i,i])
newrow = i

for j=i+l:n
if abs(A[j,i]) > maxval

newrow = j
maxval = abs(A[j,il)
end

end
if maxval < eps(1.0)

error ("the system is singular")
end

j = newrow

# swap the ith row/column
tmp = Ali,:]

Afi,:]1 .= A[j,:]

Alj,:1 .= tmp

plil,p[j]l = p[jl1, plil
L[i,1:i-11, L[j,1:i-1]1 = L[j,1:i-1], L[i,1:i-1]

a = A[i,i]

d[i] = «

U[i,i+1:end] = A[i,i+1:end]l/a
L[i+1:end,i] = A[i+l1:end,il/«a

A[i+1:end,i+1:end] -= A[i+l:end,il*A[i,i+1:end]’/«

end

d[n] = Aln,n]

return L,U,d,p
end

In the first block of code (lines 2-7) we do no FLOPs because it’s just
allocating memory. There are n — 1 executions of the loop on line 8, and
each execution consists of
LINE 12 : (n — i) floating point comparisons (these are counted because

they may require something like a subtraction), whereas absolute
values are not because they can be done with an extremely simple
operation.

LINES 21-28 : a swap, that does not involve FLOPs
LINES 32-33 :2(n — i) divisions
LINE 34 : 3(n - i)? multiplications, additions, and divisions (one of each

for each of (n — 1)? elements.

Next, we have to sum this over all i. So the total FLOP count of this

17 - TIME ¢ MEMORY REQUIREMENTS
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implementation is

n—1

M(n-i)+2(n—i)+3(n-i)

i=1
There are various rules to compute these sums called a “finite calculus”
that work like a crank equivalent to standard calculus. However, I find it
easier just to use Wolfram Alpha, which yields

n-1

S(n—i)+2(n-i)+3(n-i)>=n’-n.

i=1

Note, however, that we can reduce Line 34 to 2(n — i)? FLOPs if we

use the elements of either L or U by avoiding the division. Also, note that
if we actually computed the standard LU decomposition where U[i,i+1:
end] = A[i,i + 1 : end] then we could further avoid n — i divisions,
yielding a more efficient count of >

2(ﬂ—i)+(n—i)+2(n—i)2:;(n3—n).
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SENSITIVITY & CONDITIONING

One of the most interesting matrices and matrix problems arose around
the turn of the century when David Hilbert wanted to look at approximat-
ing functions by polynomials. This leads to a way to quantify how difficult
a linear systems is to solve on the computer, called the condition number.
A derivation of this matrix is given in lecture 32, but the matrix is simple
to state:

1 1/2 1/3 1/4
1/2 1/3 1/4 1/5
A=|1/3 1/4 1/5 1/6

PP S
T i+j-1

Linear systems with this matrix are incredibly sensitive to changes in
the right hand side. Here is an example where we build a solution to the
linear system of equations.

O N A bW N =

function hilbert(n)
return [1/(i+j-1) for i=1:n, j=1:n]
end
= 15
= hilbert(n)
= ones(n)
= Axx
bt = b + eps(1.0)*rand(StableRNG (1), n)
xt = A\bt

o X =B

julia> xt = A\bt
15-element Vector{Float64}:

.
= o=
O N N O F O FHF O

=
©

.000000013796333
.9999984758819328
.000027709924497
.0002316088164172
.989170724718275
.1282615824076014
.18208208600167303
.274200531997128
.762766220634516
.113970204553503
.459355915473054
.642614568867764
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-8.871061666536182
4.233468847532954
0.5291574408371379

This shows that we get the answer completely wrong even though we made
an incredibly small changes to the right hand side!

julia> b - bt
15-element Vector{Float64}:
0.0
0.0
-2.220446049250313e-16
0.0
-2.220446049250313e-16
0.0
-2.220446049250313e-16
-2.220446049250313e-16
0.0
0.0
-2.220446049250313e-16
-1.1102230246251565e-16
-2.220446049250313e-16
0.0
0.0

18.1 AN INFORMAL ANALYSIS

To understand why, consider what happens if we make a tiny error
in evaluating b. The answer we want is the solution x in Ax = b but we
actually see b’ = b + d where ||d|| is very small. Then, we would compute

Ay:b' y:x+A_1d.

Consequently, as a rough measure of sensitivity, wed consider |A™"d].

As you might expect, the Hilbert matrix is sufficiently structured that
we can just write down the inverse after some tedious calculation. (Or we
can just look it up on—say—Wikipedia.)

_ " i~ 1\(n+j—1\[(i+]-2)\°

= (0

5= (0 n—j n—i i—1
This gets large extremely quickly.!

Hence, we have y = x + big - small, so in general, we’ll expect large
changes to y if we slightly change our right hand side.
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' It seems like a good exercise in
combinatorics to work out what the
one-norm of this matrix is!

Aside. For those with additional
background on numerical analysis,
we suggest repeating this section
with more sophisticated and accu-
rate quadrature methods.



18.2 A MORE REFINED ANALYSIS

The origin of the Hilbert problem is to approximate a function f(x) ) .

b I ial. That bl itself actually i I ditioned.> Small * The matrix method is just one
y a polynomial. That problem itself actually is well conditioned.® Small o1,4 of solving the original

changes to f(x) give small changes to the polynomial. problem, that happens to result in

The real problem here is that we have chosen to represent the polyno- 2 problem Withfan ill-conditioned
mial in a monomial basis. This is know to result in problems that occur linear system of equations.
because monomials are an ill-conditioned basis for polynomials. Small
changes to the monomial coeflicients cause big changes to the polynomial
functions they represent. In this case, an issue that arises for this problem
is that a small perturbation to b actually gives a large perturbation to f(x).
Hence, we should see large changes to x even for small changes in b.

Let’s briefly study this perspective. Recall that

bj= /Olf(x)xj_1 dx.

Suppose we use a crude approximation of the integral via a set of equally
spaced points x; = 0,x, = 1/N,x3 =2/N,...,xy = (N-1)/N,xn+1 = 1,
then

N .
bj~ Y f(xke1)x "1/N.
k=0
Let f be a length N vector of these function values f; = f(x;). Then

1 1 1 ][ f(x1)

L X x| f(x2)
b~ N x? x2 o xy || f(x3) or more compactly b = Mf.
ATt e T L (xw)
——
=M f
The matrix M is non-singular as long as the points x,...,xy are

distinct, which they are for equally spaced points. So given a change to b,
then M~'b gives the change to the function values that b represents.

18.3 A FORMAL ANALYSIS: THE CONDITION NUMBER

This type of analysis has been formalized by studying the condition
number of a problem. Let

m(x) : R" > R?

be a map that represents the mathematical relationship between the input
to a computer method m to its output. For instance

- addition then m(x) = x; + x,

- subtraction then m(x) = x; — x;

- variance then m(x) = ¥;(x; - 1/N ¥ x;))*
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. linear system then m(b) = A™'x
Note that, crucially, m(x) represents the mathematical function we are
trying to compute and this has no aspect of the computer implementation.
Quiz What is the map m for least squares?
Once we have these functions, then we can study their relative sensi-
tivity.

Definition 18.1
The relative condition number of a map m relates the relative
change of the output with respect to the relative change of the
input. For a specific change, d, the value is
|m(x+d) -m()|/|m)|

] /lx]

For the worst case on a differentiable function as |d| — 0, we

k(x,d;m) =

3 Note that the Jacobian is limd —
have? 0lm(x +d) —m(x)| [ d]|.

L lTm]
e e P

We need to be slightly careful with the choice of norm when we do
these analyses in terms of the dimension of the Jacobian matrix.
— TODO - Expand on this with Gautschi’s notes too.

EXAMPLE 18.2 What is the condition number of the simple act of
multiplying two numbers? The map m(x, y) = xy. .

18.4 THE CONDITION NUMBER OF A LINEAR SYSTEM

For the map m(b) = A™'b we have:
Vm=A" and Ax=b

in which case we have

1, Ib]
x(bsm) = A7 —=
|A™'b|
but in terms of the solution x we have:
o1y lAx]
x(bsm) = [A7] :
x|

Note that for any vector x and an operator induced norm, we have:

by the definition of an operator-induced norm. Thus

<|A]

x(bsm) < [A] A7
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The condition number of solving a linear system arises so often that
we give it a special name.

Definition 18.3 (condition number of a matrix)

The condition number of a matrix is an upper bound on the
condition number of solving a linear system of equations for
a general solution x and a general right hand side b. We write

x(4) = || 47"

which gives the condition number for any operator induced
matrix norm. The choice of norm is typically the 2-norm
unless otherwise specified.

18 - SENSITIVITY & CONDITIONING 113
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CONDITIONING OF LEAST SQUARES & THE
PSEUDOINVERSE

Consider a least squares problem with a full rank A
minimize |Ax -b]| .
There are two natural maps to consider:
amap frombtox x=(ATA)'ATb
amap frombto Ax y=A(ATA)'ATD.

The vector y is the vector of least squares predictions. Even if x might be
sensitive, it’s possible that y may be substantially less sensitive.
There is a nice geometric discussion of how to analyze conditioning

for this problem in Trefethen and Bau.". ' Trefethen and Bau, Lecture 18,
Theorem 18.1

A least squares problem involves the interaction of b with range(A).
The angle between the two is 0. If 0 is zero, then b is in the range of A and
the residual of the least squares problem is o.

We can easily compute cos 0 as the ratio |y|/|b|. This quantity will
play arole in the conditioning. If § = 0, then cos 0 = 1, whereasif 0 = +7/2,
then cos 0 = 0.

19.1 THE PSEUDOINVERSE.

It’s easiest to analyze this problem by establishing a single quantity for
(ATA)'A”. This is the pseudoinverse.

AT =(ATA)'AT.
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However, we will write this in terms of the SVD of A. Let A = ULV,
Then
(ATA) ' =(veTevh)t = y(ETz) V!
=(ATA) AT =v (") vTveTuT = v(zTe) 12U,
The term (272)7'2” simplifies greatly. First, note that all matrices in-

volved are diagonal. Since we are looking at full rank least squares problems,
then m > n and all g; # 0. Thus:

T % on diagonal
is n x n, diagonal =1 7%
(z'x)! diagonal =
0 otherwise.

Hence, the entire matrix is:

L on diagonal

(") '=" = n x m, diagonal = { %
0  otherwise.

This defines the pseudo-inverse of a diagonal matrix, which we often write:
N 00>) I X
To recap: the pseudoinverse of A is
At =vztul

19.2 THE CONDITION NUMBER OF LEAST SQUARES IN
TERMS OF THE PSEUDOINVERSE.

Let x = A™b. Then the condition number of the least squares vector x
in terms of b is:

x(b) =

R _jar) 1Bl [bf Iyl _ 1A"] [l
x| Iyl 1%l cos o [x]

A
Hi” HH ’ﬁ” measures how large y is compared with

x. Clearly, this is less than | A|. So we have

This second term

1
k(b) < |A"]|A] .

[Ax]_ o I

However, if we let 2 =
> ~ AT Il ~

= ||A] % Consequently, we
have

x(b) = |A™[]

0s8’

Because the term | A || A arises just as frequently as |A™" || A, we
extend the definition of x(A) with a rectangular matrix A.
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19.3 THE CONDITION NUMBER OF THE LEAST
SQUARES PREDICTION.

Lety = AA™b. Then
y=UzvVTvE'UTb = UL2'U'D.

The matrix AA™ is an orthogonal projection onto range(A). What

this means for us is that |[AA™|| = 1 for the operator induced 2-norm.
Consequently
Ibf 1
(b) = JaaT| = Lo
Iyl cos

The condition number of an eigenvalue ————

Relationship with Freschet derivative
For the full-rank least squares system, the mathematical map from

One-pass algorithms for variance
See online codes for this.

19 - CONDITIONING OF LEAST SQUARES ¢ THE PSEUDOINVERSE
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BACKWARDS STABILITY

There are two aspects to numerical accuracy." The first aspect is the
conditioning of a problem taht we addressed above. The second aspect
is the stability of the algorithm to compute it. This lecture is about algo-
rithmic stability, not about the conditioning of a problem. Take the most
trivial function f(x) = x. The following algorithm:

for i=1 to 60

Vx

X

i
L[}
e
ot
o
o
o

for
X = X
computes the this identity function for x > 0. Yet, if you run this algorithm
on a computer, you will compute the function:

f(x):{(l) 0<x<1

x>1.

What this shows is that this rather silly algorithm is not a good idea.

Let’s make this idea precise and develop a definition that would allow
us to make a more precise statement. Let y ~ f(x) and let y = f(x).
Ideally, wed like the

absolute error = |j — y|

to be small. But if y is large, this isn’t reasonble. So a better goal would be
ensure the
relative error = [y — y|/|y|

is small. The problem with this type of error analysis is that we immediately
encounter the conditioning of the underyling problem. That is, if the
problem is ill-conditioned, we will not be able to show that the relative
error is always small. This is independent of any algorithm that we have.
What has proven to be useful instead is the idea of backwards error analysis.
That is, we ask the question:

is y the exact computation of some x + §?
Formally, can we show that an algorithm will have a small § such that
y=f(x+08)?

If so, then we use this property to establish a relative error bound via the
condition number argument:

|7 — ¥|/|y| is something like x(y)|4].

' Most of these notes and ideas

are taken from Trefethen and Bau,
Numerical Linear Algebra, Lecture

14 and Higham, Accuracy and

Stability of Numerical Algorithms,

Chapter 1.
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Let’s put this slightly more formally now.

Definition 20.1
An algorithm is backwards stable for computing y = f(x)
if it computes 7 = f(x + &) with |8]/|x| < Cu where C is a

. . .. > Throughout this note, u is the
constant and u is the machine precision.”

machine precision.

For a matrix problem f(x), we apply this as:
¥ = f(x+d) where |d||/|x] < C,u.

In this case, C,, may depend on the dimension 7 of the matrix.
One question immediately presents itself: Are floating point operations
backwards stable? We defined

fI(x +y) = (x + y)(1 + 8) for |8] < u.
But we can just move the (1 + ) inside and we have:
fi(x+y)=x(1+38)+y(1+9).

Thus, we are computing the exact addition for a problem whose input is
perturbed by (1 + §).
Now let’s see how this analysis plays out in other cases as well.
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BACKWARDS STABILITY OF LU
DECOMPOSITION

Warning We will adopt slightly non-standard notation. The quantity A
is a matrix, as are any symbols prefixed with §, such as §L or §U. Upper
tildes, like L will denote quantities represented on the computer.

Our goal is to show that Gaussian Elimination is a backwards stable
algorithm. If we show that Gaussian elimination is backwards stable, then
we will show that we can compute X such that

(A+A)x=b.
In words, we compute the solution to a perturbed system where the per-
turbation is the matrix A. If so, then, if Ax = b, we have:!
=%l __px(4)
Ix| -~ 1= pr(A)

where p = |A[[/[A].
Thus, if we can show that | A|| is small, we will have a nice bound on
the error of the solution.

FRAMEWORK

This is a complicated operation. When we solve Ax = b with Gaussian

elimination, we have three steps:

1. Factoring A = LU. We will show that we find: LU = A + E. We will
assume that partial pivoting is used, although, we will assume the
permutation is known up front.

2. Next we have to solve Ly = b, or on the computer,

(L+68L) (y+dy)=b.
——
=y
In other words, we again solve a perturbed system exactly.
3. Finally, we have to solve Ux = y. But on the computer, this is now:

(U +68U)(x+6x) =7 =y + dy.
Together, these results show that
b= (L+6L)(U+d8U)(x+dx).
But, we have:

(L+8L)(U+6U) = LU+SLU+LSU+SLSU = A+E+SLU+LSU+SLSU.

These notes were copied from
Gene Golub’s CME 302 Matrix
Computations class while David
was a student at Stanford.

' It’s a good exercise to stitch this
bound together from % + A™'A% = x.
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Thus,
(A+A)(x+6x)=b

with A = E+ 6LU + LoU + 6LSU.
Now we go through and find bounds on all of these terms.

ERRORS IN LU

Our goal now is to show that what we compute on the computer is:
LU = A + E for some E.

We'll show this in two steps. In the first step, we'll just introduce
additive errors into each of our operations. In the second step, we'll use
the properties of floating point arithmetic to bound those errors.

Gaussian Elimination with Errors

Suppose we are computing the LU factorization of A. We'll represent
this as a sequence of changes to the matrix

zero 1st column zero 2st column
— —

A=AD A A 5

Thus, A% is the matrix after k — 1 columns have been zeroed. To move
to the k+1st step, we compute:

(k+1) _ (k) (k) A
AT = AP -1, A, L= s
Akk

Let BY) be the matrix after k — 1 columns have been zeroed in floating
point arithmetic. We have:

.
> ik =

(k)
Bkk

(k+1)
i,j

k+1 k) 7 nlk
Bf.J.* ) :ng)—LikB,Ej)+y (1+7ik)-

(k+1)
i

represents the simple floating point error in computing BEJ’.““) from the
intermediate terms. Thus, y is a pure difference that we will quantify in
terms of floating point operations later. Also, for this expression, note that

In these expressions, # is a standard floating point guarantee, but y

p does not need to include the effect from # because we are analyzing this
expression with L — the computed quantity, not the exact quantity.

For each element B;; there is a maximum k such that we will stop
looking at that element in the future.> Thus, when we stop looking at an
element B;; there are two reasons: 1) it’s in the upper triangle and i < k, or
2) it’s zero in the lower-triangle with j < k.

So we'll divide our analysis into two cases that correspond to these two
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> This is a straightforward obser-
vation if you look at LU in exact
arithmetic:

w [u ¢
-0 5

where U is (k — 1)-by-(k — 1).



outcomes. First, suppose we are in the upper-triangle, so j > i. Then,

@ _pO 1, B 4 u®
B =B{ L, B") +uj]
() _ g _j (2) )
B = B —1,,BY) +uj;

(1) _ pli-1) _ 7 (i-1)
Bij _Bij Li;_ 1B +.”1] .

The goal here is a relationship between ngl) and Bl(.;). If we sum up all
of these expressions, we have:

Note that this sum telescopes! In other words, we get massive cancellation
of the ngl.() terms. After all of them are removed, we have:

i—1
i) _g) 57 gk (k)
B;/ =B —kZLi,kBk’ +Z,4 :
=1
We can rearrange this to show that:
i—1
(1) g, 57 gk
B;;’ +Ejj =B +kZLLkBk’j
=1

where E;; = Yi, y(k).

We are half done with showing the error in the LU factorization. At
this point, we've shown that the upper-triangular piece of our factorization
is correct for a matrix A + E, with a precise accounting of where the
errors occur. Now, we just have to show that same thing holds in the
lower-triangular region.

If i > j, then

B(Z) B(l) I:i,lBE,l) + 141(]2)

B(3) B(Z) i’i,ZBg,Z) + #1(]3)

B(J 1) (7)

() _ pG-1) _ 7
B B Li,j1]1]+y1].

3 I think there might be an index

This is, of course, the same.3 But we also have: ) :
mistake in here, be wary.

_p() _ 7 plk) (j+1)
0=B" ~L; ;B + u]

because B;; becomes o in the (j + 1)st step. After a similar cancellation of
terms, we get:

j
= k
B =0+ Y LiiBl) + By
k=1
where E;; = Z]H (k).
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Thus, what we compute on the computer is:

1 1 1 1

1 B B B B

I RS B) By) - B
LU=y I5p 1 B :
Lug Luo 1 B

Using our equations that we derived, we can show:
LU=B"Y +E=A+E.
Bounding the errors
Now, we need to bound each element in E. We have:

- k) p(k k) jp(k

Lo = (B /BG)) = (B /B (1 + i)
and

- k - k k
A(LixB{) = (LikBL )1+ 64),
so that:
k k = k k k = k k k

B <A1 (BY - (LikB{))(1+601)) = (B - (LieB{) (1+6(0)) (149,

The quantities #, 6, and ¢ all obey | - | < u, the machine round-off error.
By reworking this bound for a while, we get:

(k+1) (k+1) f(k) (k) (k)

1) _ 1 | lﬁ
,uij _Bij ) f]k) ,)kBkJ.Gij .
Using the bound |I:ij| <1 from using partial pivoting, we find:

(k+1) (k+1), U
|P‘ij ‘S|Bij |1—u

k
+ |B](<j)|u.

We are getting close to a bound. We now need to understand how
big elements in B can get! Here, we'll use exact computation again. Let
|Ajj| < aforall i, j. Using

k
A(k+1) _ A(k) L A(k) L., = Ask)
ij — T Tk o ik—ﬁ
kk
we find (2) (1) (1)
|Aij | < |A1.j |+ \Akj | <2a
3 2 2
AP < 1A +14D)| < 4a
AW <2 a,
We'll return to this bound in a second. It’s pretty absurd. *Recall that 7 = L+ u+u? +....
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Instead, let’s bound |Bl(]k)\ < Ga where G is called the growth factor.
The result above suggests that the growth factor is 2"~'. But let’s just go
ahead and use G. In that case, we get: 4

(k+1) u

;] < Gal +Gau = Ga(Qu-u?)(1+u+u*+...) » 2uGa+0(u?).
-u

This is, finally, some progress. We now have a bound on all the terms y;;
in the summation formulas that define the matrix E. Recall that

i
_ (k)
Eij= Z Hij
k=2
if j > i. Thus,
|E,‘j| < (i - 1)2MG(1

for any element in the upper triangular region. For elements in the lower-
triangular region

j+l *)

|Eij| = Zyij < j2uGa.
k=2

We can summarize this analysis via a matrix equation:

0 0 0 - - 0 7

1 1 1 - - 1

1 2 2 o . 2

|E| <2uGal|. T T C |+ o).
n-2 n-2
|1 2 3 n-1 n-1]

Thus, A+ E=LU.
And we're done with part 1.

Growth factors

What we showed is that |E;;| < 2uGa where G < 2"~'. That is not
exactly small. And it can occur! The matrix

1 0O 0 o0 1
-1 1 0 0 1
A=|-1 -1 1 0 1
-1 -1 -1 1 1
-1 -1 -1 -1 1

has an LU factorization with U, , = 2"~'. This is entirely general.

While this exponential explosion in the growth factor can occur. It
never seems to occur naturally. It only arises in a few examples that are
designed to elicit it. This has provoked much study of why this occurs.

Sankar, Spielman, and Teng recently took up this issue. Their paper
“Smoothed Analysis of the Condition Numbers and Growth Factors of
Matrices” (SIMAX 2006) shows some remarkable new results about the
growth factor of a random perturbation of a matrix. Here’s the abstract.

21 - BACKWARDS STABILITY OF LU DECOMPOSITION
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Let A be an arbitrary matrix and let A be a slight random
perturbation of A. We prove that it is unlikely that A has
a large condition number. Using this result, we prove that
it is unlikely that A has large growth factor under Gaussian
elimination without pivoting. By combining these results, we
show that the smoothed precision necessary to solve Ax = b,
for any b, using Gaussian elimination without pivoting is
logarithmic. Moreover, when A is an all-zero square matrix,
our results significantly improve the average-case analysis of
Gaussian elimination without pivoting performed by Yeung
and Chan (SIAM J. Matrix Anal. Appl., 18 (1997), pp. 499-517).

Errors in forward-and-back-substitution

> P'm slightly less confident in the
notes for this section, reader be-
ware; Trefethen, Lecture 17 and
Golub and van Loan Section 3.1
have this analysis.

Here, we'll consider the problem: >
Tv=h
where T is lower-triangular, n x n, non-singular. Element-wise, we find:
T, V1 hy
Tor - Tanflva hy
Thus, we get the forward substitution procedure:

V1 :hl/Tll

_ hi = Ti vy = Trova = = Tiok-1Vio1
Tiek

Vi

Let 7 be the computed value in floating point. In floating point, this gives
us:

X (h = S5 T (1 + wii) ) (1 + )
vk = (1+Tk)
T,k
_ - ST (1+ wp )
Tpe /(1 + ) (1 + 7¢)

With some more coffee-shop manipulations, we arrive at:

k
Z Tk),‘\;i(l + Ak,i) = ]’lk

i=1

or
A 1,1 Tl ,1
TV + AZ,ITZ,I /\2)1T2)1 v=h.
. 6 ¢ This matrix can take a few differ-
Equivalently, ent forms depending on how the
(T+6T)v=h summation is evaluated.
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where

| T1,1]
| T2,1 2[Ta,|
|8T| <u 2|T3)1| |T3’2| 3|T3,3| + O(uz)
(n—1)|T,1 |Tun-1] 1| To,nl

Thus, for solving a triangular system, we have errors:
(T +8T)v = hwhere |8T;;| < nut + O(u*) and | T;;| < t.
Overall errors
In our framework, the solution X = x + §x satisfies:
(A+A)x=b

where A = E + LU + LOU + SLSU. Let’s look at the maximum errors in
each of these terms:

max [0L;;| < nu+ O(u”)
ij

max|8U;j| < nuGa + O(u?).
ij

This tells us:
max |Delta;j| < max |E;;| + max|(6LU) ;| + max|(L6U) ;| + max|(8LSU) )|
1] 1] 1] 1] 1]

<2uGan + n*Gau + n*Gau + O(u?).

Thus,

A, <2n*(n+1)uGa.

oo

This merits a theorem.

Theorem 21.1
Gaussian Elimination is Backwards Stable!

Now, we can go even further, and bound the error in the solution as
well. Let p = H. Then
p>2n*(n+1)G
because |A| ., > a. Going back to the beginning, we now have:
|x - % P4 2n%(n +1)Gr(A)
Ix| T 1-px(A) 1-2n%(n+1)Gx(A)

21 - BACKWARDS STABILITY OF LU DECOMPOSITION
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EXERCISES

1. Here is a matrix that achieves the worst-case growth factor for LU

-1 0 0 -1
-1 0 -1

A= 1 -1 ~1|=T-2I-ve!
11 1 -1

where T is a lower-triangular matrix of all 1s and v is a vector with
ones in all but the last element.

(a) Develop an expression for the inverse of this matrix.

(b) Develop an expression for A”Aand A"TA™".

(c) Develop an expression or upper bound for x(A) .
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UNSTABLE LU FACTORIZATIONS

Learning objectives

In Lecture 21, we showed that sequential variable elimination or LU | Recognize how to analyze a ma-

factorizations are backwards stable methods. Except the worst case bound trix where we see the worst case
is bad as we saw with matrices of the form behavior for the LU factoriza-
tion.
1 0 o - 0 1 2. Explain how we can use the
-1 1 0 - 0 1 tools we have developed to
A=]|-1 1 1 0 1 analyze this matrix.
-1 -1 -1 o1
-1 -1 -1 - -1 1

The goal of this lecture is to illustrate that we can analyze this matrix to
make sure it isn’t any of the other potential problems. It’s also an example
of how we can mix numerical computation with theoretical validation to
do so. Our goal for the lecture is to compute an analytical form for the
inverse and condition number.

21.0.1 The inverse

For a small matrix, the inverse has a suggestive pattern:
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SUBSPACE METHODS

The simple methods for solving linear systems and eigenvalue prob-
lems are all based on the idea of looking at matrix powers, i.e. methods
that would have guarantees like

x® —x » M*(x(¥ —x)

for some matrix M¥ — 0. We saw these for linear systems and eigenvalues.
The one exception was steepest descent (and Nesterov accelerated
steepest descent), where we saw that

x(F) _x = [ﬁ(z - 0, A)](x9 - x)
j=1

where the coefficients «y is adaptively chosen.

This expression I’Ij;l (I - axM) gives a polynomial in a matrix pi (A).
Right now, this isn't saying much. But the idea with subspace methods is
to change these deterministic choices into completely adaptive choices.

For instance, rather than looking at only the steepest descent polyno-
mial pi(A), what if we looked any any polynomial of up to powers of A*?
Likewise, rather than looking at
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THE MATRIX POWERS SUBSPACE, AKA THE
KRYLOV SUBSPACE

22.1 MOTIVATION

Recall the first method we saw to solve a linear system of equations:
Ax=b
where we conceptually multiplied by the inverse
(A "I+ (T-A)+(I-A)+...
to get the algorithm:
x(k) = Zk:(l - A)'b.
=0

Let’s call this the Neumann-series algorithm for linear systems.

This converged as long as p(I — A) < 1. We could modify it so that it
would work for any symmetric positive definite problem by incorporating
a scaling that gave us the Richardson method.

The inspiration for our next set of methods arises from a set of subtle
insights about this original method. This will yield a set of new perspectives
that we will use to generate a family of solvers for linear systems called
Krylov methods. In keeping with the idea of introducing names that refer
to ideas instead of people, we also call this the power subspace methods."

First, note that:
xP=[b (I-4)b (I-A)*b]e.

That is, we can represent the kth iteration as a (simple!) linear combination
of the basis vectors

(b,(I-A)b,...,(I-A)D.
This means that, for some vector ¢, we can write:
x®=[b Ab A’® ...A"b]c

Let’s work this out, which will give us a lead on our next perspective.

Lemma 22.1
Consider the kth iteration from a Neumann-series based

approach, where x(%) = Zj-‘zo(l — A)’b. Then we can write

x(F) = E?:o chjb for some coeflicients cy, . . ., ck.

Learning objectives

1. Recognize that the Neumann
method for solving Ax = b
can be explained in terms of
subspaces and polynomials.

2. Understand that the Krylov
subspace is a subspace of matrix
powers: span(b, Ab, Ab, ...)

3. Recognize that this view sug-
gests a more powerful approach
to approximately solve a linear
system of equations by search-
ing the entire matrix power
subspace

The following derivations are largely
procedural. Essentially, we are
seeking to find generalizations

of some easy ideas that permit

us to find new perspectives. We
will then be able to use these new
perspectives to identify particular
methods. To study the methods,
then, we'll take advantage of the
perspective we used to derive it!
This type of analysis can be subtle.
So please do ask questions if you
have trouble understanding why we
are looking at something.

' The ideas behind these methods
were independently described
around the same time by both
Krylov and Lanczos.
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PROOF The proof follows from the binomial expansion:
k k )
(-4b=3 (") -ayb.
j=0 \J
But a more useful realization is as follows:

(I - A)*b = polynomial(A)b.

In which case, the theorem is just giving a change of basis between poly-

ials i £ (1 ) dx? * See the discussion section 22.1.1.
nomials 1 powers o. — X ) anda Xx.

Just to be clear, let’s state the other result as well.

Corollary 22.2

Consider the kth iteration from a Neumann-series based
approch, where x(¥) = Z?:o(l — A)/b, then x*) = p(A)b for
some polynomial p(x) = Z;LO cjx/.

22.1.1  The basis for a polynomial

. . . . * Much more on polynomials will
23
What is a polynomial?* In our setting, we are only concerned with . 0t e chapter on

univariate polynomials. Consequently, a polynomial is any function of the  Orthogonal Polynomials, lecture 25.
form* Read more there now if you wish.

.S Swh B ) k 4 We define tbis in terms of a gen-
P(x) -O = o where P(x) SCtaxt+ Xt X, eral set S, which could be a mathe-

) o matical ring as we need only addi-
For the moment, think of S = IR, the reals, which is where much of our  tjon and multiplication to define a

intuition will come from. The degree of the polynomial is the highest polynomial.
power. So p(x) = 5+ 2x + 3x? is a degree 2 polynomial. The basis for a
polynomial has to do with how we represent p(x) as a sum of functions of

x. For instance, we can introduce

fo(x) = L fi(x) = (1 - %), fo(x) = (1= )? then
p(x) = 3f2(x) = 8f1(x) + 0fo(x).
The set of functions we use to write a polynomial is called the polynomial
basis. Note that the actual function p(x) is independent of the basis in

which we write the functions.
Hence, what the previous lemma shows is simply that

k k
p(x) =Y fi(x) =3 sj9i(x).
0 e 20 e
~(1-x) ~(v)

In this case, we need to produce coefficients s; that correspond with the
power, or monomial basis, g;(x) = x/.
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22.1.2 Subspaces and Polynomials

Consider x* from the Neumann series

Polynomials
The polynomial view is that

Subspaces
The subspace view is that

x(k) = [b Ab A%b Ak_lb] ¢  xB=b+(T-A)b+
2
to indicate that x(*) is a specific (I-4)b+-+
linear combination of the basis (I- A)k_lb
vectors from the matrix powers = poly(A)b
subspace
where poly(A) ~ A™".
[b Ab A%b A'b).

The key thing in both perspectives is that we can choose ¢ to find a
different element of the matrix power subspace or a different polynomial to
find a better approximation of A™'. And also that these are the same idea!

The goal of our next set of methods, the

Krylov subspace methods

is to seek better vectors in these subspaces than the choice of the Neumann
series. Equivalently, we can think of these as finding a better polynomial
to represent A™'.

22.2 THE MATRIX POWERS SUBSPACE

The matrix powers subspace is the set of vectors
K (A,b) = span(b, Ab, A’b, ... Ab).

This is typically called the Krylov subspace. Hence, the Neumann method
just uses a specific element of Ky (A, b) to approximation the solution of
the linear system.

There is nothing “magic” about the Krylov subspace. Although, it does
arise surprisingly often and in a number of forms.

Let’s start with a simple theorem (with a slightly magic proof).

Theorem 22.3
Let A be full rank. Suppose that A*b € K;_; (A4, b). Then the
solution of Ax = b is contained within K;_; (A, b) as well.

PROOF Let X be any basis for K;_; (A, b). Then we have that A*b = Xy
for some vector y,. Consequently, we also have that A**'b = Xy, .
Hence, for any set of powers beyond k, they exist in the basis X. The
simplest way to prove this is to appeal to a slightly fancy result involving the
Cayley-Hamilton theorem. > Note that, by the Cayley-Hamilton theorem,

22 - THE MATRIX POWERS SUBSPACE, AKA THE KRYLOV SUBSPACE

> The Cayley-Hamilton The-
orem states that there is a de-

gree n polynomial g(x) such

that g(A) = 0. (And also that
q(x) =17, (x = A;) where A; are
the eigenvalues, but that isn’t rele-
vant.) Consider that g(A)A™! = 0
too, but q(A) = ¢, A" +...col so
q(A)A™! = ¢, A"+ AT = 0,
which we can solve for A™! to get
a degree n — 1 polynomial for the
inverse.

135



there is a degree n polynomial p(A) such that p(A) = A", (See section
below for an explicit derivation.) Hence, we by the assumptions of the
theorem, we have that p(A)b is in the subspace too. ]

The reason this theorem is nice is because is says we never need to
be concerned about singular X. If X is singular, then we have solved our
linear system!

22.2.1 A polynomial expression for the matrix inverse
22.2.2  The problem with the Krylov subspace

When we want to work with the Krylov subspace, we need a basis for
it. The simple choice is

X=[b Ab A’b ...A"b]

as that is how the subspace is defined. The problem with this basis, however,
is that X becomes very ill-conditioned as k gets large.
Let’s see this for a diagonal linear system! Suppose that

1
1/2
A, = 1/4
1/8

where A, is n-by-n.
Then suppose that b = e, so we get the vector of all ones. We have that

1 1 1 1
1 1/2 1/4 . 1/(29)
X=|1

1/4 1/16 ... 1/(45

Loyl 1@y L 1)

For k large (think k > 52 for floating point), then

1 10‘5
1 matrix condition
0 number for n=20
~ 1010
0

10°

(o)

A*b =

IAIA A
I )

&
&

Further note that for subsequent k , A¥*'b ~ A*b and so the matrix X is  10°

nearly singular because it has columns that are the same. 1 N 1
. L. . . . . . size of subspace
A good way to characterize this is via the ill-conditioning of the matrix.
We plot the condition number of X as a function of k.
This example is hardly unique.

FIGURE 22.1 - The matrix X
quickly becomes ill-conditioned
with only a few entries from the
matrix power basis.
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Up next: A better basis for the subspace

What wed ideally like is an orthogonal basis for K (A4,b). We can
get this via the Arnoldi process. When the Arnoldi process is used on a
symmetric matrix, it simplifies and becomes the Lanczos process.
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ORTHOGONAL BASES FOR THE MATRIX
POWERS SUBSPACE, AKA THE ARNOLDI AND
LANCZOS PROCESSES

The Krylov or matrix power subspace is
K = span(b, Ab, A%b, ..., A*D).

As shown in the previous lecture, this subspace is useful to represent the
iterates from the Neumann and Richardson methods.

The problem with this subspace is that the directly creating it from
the monomial basis results in the ill-conditioning. Specifically, Xj =
[b Ab  A’b Akb] is ill-conditioned. Note that there is already
structure in the matrix X. We have Xy, = [b AX k]. We also have!

0
AXjyy1 = Xx |:Ik:| .

An orthogonal matrix always has condition number 1. We now seek
to understand how to build a well-conditioned basis for this subspace.

23.1 ORTHOGONALIZING AT EACH STEP

The first idea we consider is building the orthogonalization iteratively
at each step.”

Let X = [b Ab A’b Akb]. Then suppose we have X =
Q Ry, as the thin-QR factorization of this matrix where Ry, is square. We

can straightforwardly update from
X QR to Xiirs Qpyrs Risr

Let Xy,1 = [QkRk y] be a block partitioning of this matrix. Then
Q,{X K+l = [R k Q{y]. Consider the difference pieces of the last column

of this matrix:
T. |21

If we build a Householder matrix Vi, where

Zy
V =
et anel]

Xii1 = Qi Vs [Rk [ “ H

—_— +z2] e
Qy
=Ry

then we have

Learning objectives

1. Identify the Arnoldi process
outcome as an orthogonal basis
for the Krylov / matrix power
subspace

2. Recognize how the Arnoldi pro-
cess simplifies on a symmetric
matrix and we can

3. Recognize that the residual
of Ax = b simplifies when
expressed in the Arnoldi or
Lanczos basis for the Krylov
subspace.

' The matrix [ IO ] has size k + 1 by k
k

and is a “upward shift”

[Ii] = [ez €3 ek+1]
or
o 0 - 0
1 0 0
IR
0 0 1

> This ideas has been asked by
students.
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Note that the matrix R is not involved in building the orthogonal basis Q
we are interested in. So we need not worry about maintaining R.

This gives us an easy algorithm to build Q, as a product of orthogonal
reflectors matrices.

1 function successive_orthogonalization(A,b,k)
2 # determine the element type of reflector

3 FloatType = unify_type(eltype(A),eltype(b))
4 Qs = OrthogonalReflector{FloatTypel}[]

5 push!(Qs, reflector(FloatType, b, index=1))
6 y = copy(b)

7 for i in 1:k

8

9

y = Axy
z = reflector_transpose_product(Qs, y) # compute Qk’*y
10 push!(Qs, reflector (FloatType, y, index=i+1))
11 end
12 return Qs
13 end

This algorithm, however, can be easily simplified. Note that we don’t
actually need all of the vector z, we only need z,.

We also do not directly need the full orthogonal matrix Q.

However, there is an even bigger simplification possible. Recall also

0
that AX; = X1 [ I ] Using our QR decomposition:
k

0
AXy = AQkRk = Qk+1Rk+1 [Ik] .

The matrix Ry is non-singular because otherwise, the Krylov subspace
would be complete. This means that

0] _
AQ; = Qi Ry [1 ]Rkl.
k
Finally,

0
the matrix Ry, [ I ] R} is an upper Hessenberg matrix,
k

H; . Ry, [I(l] R;l = TODO Add picture of upper Hessenberg.

Using this idea gives us the Arnoldi process where we attempt to
directly compute the matrix Hy.,.

23.2 THE ARNOLDI PROCESS

The idea with the Arnoldi process is that we can build an orthogonal
basis for

the Krylov subspace K directly from A, b without QR.
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That is, we can identify the matrix Qy that is an orthogonal directly from
the expression:

AQ; = Q. Hiwi, q,=b/[b|, Q{Qi=I1, Q= [0 9@ -~ -

This, perhaps surprisingly, can be done rather straightforwardly and con-

structively just by enumerating constraints and conditions.
Consider the case for k = 1

H
Aq, = [‘h ‘h] |:H::|

We are given q, by the construction of starting with b. Hence, we can
compute y = Aq,. We want to find q, such that

y=Hi1q, + Hy,1q,

where q, is orthogonal to q,. If we compute ¢ = q]y, then we find

o=q{y=Hi19/q,+H219/q; = Hy,.
=1 =0

Using the value of H; ; that we have constructed, we can compute

Z:Y_Hl,lq1~

By construction
the vector z = H, 1q

and H; ; = |z| (by convention, we take the positive norm in H, ; although
we could also choose the negative norm) and the vector q, = y/H, ;.
Now consider the case for k = 2 when we know q, q,.

Hyy Hip
A[ql qZ]:[ql q, ‘h] Hy1 Hi,
0 H;,

We begin by computing y = Aq,. In this case
Y= Hi2q, + Ha0q, + H3 25
Let 01 = q,y and we have

T T
o1 =Hi2q,q, +H22q; 9, +H32q; q; = Hi 2.
S~—— ~—— N—
=1 =0 =0

Likewise, we can compute
02 =q,y = Hap.
Just as before,
computez =y - H,1q, - H>q, and
set H3, = |z| q;=2/Hsp,.

We can easily code this algorithm. There is only one change we make.
Because of the orthogonality of the vectors q;, after we compute o;

23 - ORTHOGONAL BASES FOR THE MATRIX POWERS SUBSPACE, AKA THE ARNOLDI AND LANCZOS PROCESSES
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1 function arnoldi(A,b,k)

2 Q = zeros(n,k+1)

3 H = zeros(k+1,k)

4 Ql:,1] .= b

5 normalize!(@view(Q[:,1]))

6 for j=1:k

7 y = A*Q[:,j]

8 for i=1:j

9 H[i,jl = Q[:,il’*y # o_i
10 y -= H[i,jl=*Ql[:,1i]

1 end

12 H[j+1,j] = norm(y) # y = z at this point
13 Ql:,j+11 =y / H[j+1,]]

14 end

15 return Q, H

16 end

A cautious check

TODO - We want to verify that nothing went wrong! And directly
show that the Arnoldi process spans the Krylov subspace.

23.3 THE LANCZOS PROCESS
23.4 ALTERNATIVE POLYNOMIAL BASES

Exercise

Fix A and b. What is the condition number of problem of minimizing
the residual in the kth Krylov subspace?

Show that the product Ry, [ IO ] R} is upper triangular.
k
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CONJUGATE GRADIENT

The conjugate gradients (CG) method is one of the most celebrated
algorithms for solving Ax = b when A is large, sparse, and symmetric
positive definite. It is also a sly method in the sense that there are three
derivations of the CG method. Each starts from a different point, but gives
rise to the same sequence of iterates. They are:

1. the Lanczos process - e.g. via matrix approximation

2. the steepest descent method - i.e. via optimization

3. the three-term recurrents - i.e. via orthogonal polynomials (This is

done in lecture 25.)

The derivation for the Lanzcos process is, perhaps, the best as it pro-
vides a straightforward path to solve symmetric indefinite systems as well.

Throughout these notes, let A be n x n, symmetric positive definite.

24.1 CONJUGATE GRADIENTS VIA THE LANCZOS
PROCESS

Because A is symmetric, we can run the Lanczos process to iteratively
compute a tridiagonal matrix T that approximates the matrix A. For linear
systems, we also begin the Lanczos process with the vector b/||b|. After k
steps, we have:

A V. =Vi Tin
N ——
mxnnxk  pxk+l k+1xk

where V = [Vl, e ,vk] holds the first k vectors in the Lanczos process
and V., holds the first k vectors and the k + 1st vector. The matrix
451 ﬁz
ﬁz 25 - T
Ty = oo P = Brs1e]
Br  ax Tk
ﬁk+1

where T is the k x k tridiagonal matrix from the first k rows. When it’s
important, we'll write:
AV =V Tin

to denote the full sequence of matrices. Likewise, the Lanczos process
gives rise to a sequence of tridiagonal matrices:

T, T, Ti, Thsrs - -
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However, we'll often drop the index k when it applies to any index. For
instance, in exact arithmetic, VT AV = T.

NOTE The vector vi = b/|b|, and also Ve, = v, for all k.

Quiz  Show that T is positive definite if A is positive definite.
24.1.1 Lanczos and Linear Systems

Lety = Vz be a vector in the span of the Lanzcos vectors after k steps.
Recall that we showed this means that y is a member of the kth Krylov
subspace

y € IC k (A, b)

For any vectory = Vz:
[b-Ay| =[b-AVz| = Vi ([ber — Tiiz) | = [[bler = Tisrz-

Thus, we want to pick z such that |b|e; — T,z is small at each step.
In the conjugate gradients method, we choose z such that

Tz = |b e

so that
IIbller = Trsrz] = |Brrizl-

In contrast, in the MINRES method, we choose z to minimize | |b[|e; — Tx+1Z|
at each step; and in the SYMMLQ method, we choosey = V., zand z is
the minimum norm solution of T}, ,z. We won't spend too much time
studying these methods.

24.1.2  The simple CG method

Consequently, and conceptually, the CG method is rather simple:

for k=1, 2, ...
Compute Vi, T, from k-steps of the Lanczos process
Solve Tizi = |b|e
Compute xi = Vizg
If |Brs1zk| < tol, stop.

The essence of the method is that we replace solving Ax = b with solving

Tz = |b| e,. Putanother way, the idea is that the matrix T “approximates
A.

THE DIFFICULTY WITH THE SIMPLE METHOD  However, at each
step, there is still quite a bit of work in this method. We can efficiently
compute the kth step of the Lanczos vector sequence from the k — 1st step,
so computing V' and T isn’t a problem using one matrix vector and a
few inner-products, so it's O(mat-vec + n) work where O(mat-vec) is the
work involved in the matrix-vector product. To solve the system with T
is O(k) work because it’s a tridiagonal system. However, the problem is
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that computing x; = V,z is O(nk) work. If n is large and k is small, then
this operation is expensive. Another problem is that we need to keep k
Lanczos vectors. This gets very expensive in terms of memory for large k.

24.1.3 Making CG efficient

We'll now see how to do the CG method with O(mat-vec + n) work per
iterations. To do so, we need to determine how to compute x; directly
from x4_; and avoid storing V. We'll have to keep the last two iterates
though, so we can continue the Lanczos process.

In the following discussion, we'll work through how to make this
happen. There is one leap in this derivation that we'll get to soon.

USING AND UPDATING CHOLESKY FOR THE SUBSYSTEM We
begin with a straightforward computation. Think about how to compute
z; efficiently. Recall that A is symmetric positive definite. Based on the
quiz above, this means that T is also symmetric, positive definite. So it
has a Cholesky factorization

Ty = FiF].
On the last homework, we worked out that:
M1
F=|* '?2

Hk Nk

Moreover, we can compute ;1 and 4.1 from

T - Tv  Praec] [ Fx F{  ugoex
k+1 = T = T .
/3k+1ek Kf+1 Hi+1€  Nk+1 Hk+1

By equating terms, we find that

Br+1€k = pkr1Frex = pirine

and
_ 2 + 2
Xh+1 = N1 T kw1

We can solve both of these to find:

i1 = Brrr/mx and mgpy = \/ Fk+1 — /"iﬂ'

But, there is no way to compute zy,; from z; because all the elements
change. To go beyond this, we need to look at the problem more closely.

THE LEAP  What we actually want is

--1
Xi = Hb” VkT €.

24 - CONJUGATE GRADIENT
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Let’s substitute the Cholesky fatorization in here:
x; = |b| ViF TF e,.
The “leap” is that we need to look at:
xe=[b] - Cr - py

— N——
=V FT  -p-le

As we study these expressions, we'll find that they can be updated efficiently.
First, let’s tackle p,. Given p, = [pl, .. ,pk]T, note that:

F P« €]
F = = )
CotPit [#kuef ’7k+1] [PM] [0]

Thus, pis+1 = —fk+1Pk/Nk+1- This is great news because p,, | only differs
from p, by the last element.
Let’s see how to find C; from C. Well write:

T
Ck+1Fk+1 = Vi

or

FT
[Ck Ck+1][ k yzzlfk]=[Vk Viel].
+

Hence,

Pr+1Crek + Chp1Mk+1 = Uk+1€k + Mk41Cke1 = Vsl

Thus, we can compute ¢y, just from cy.
The last step is to show that we can combine these and compute x4,
from x. Again, we expand:

Xk+1 = Ck+1Pk+1 = CkPk +Ck+1Dk+1-
——
-x;
And we have found an efficient expression for x; in the CG method.
All together now, we have:

Bi = b
Vo = 0, Xo = 0
Vi :b/ﬁl

for i=1, 2, .
w=Av; - Biviy
a;i=viw
W W-—«Q;V;
Biv1 = [w|
Viel = W/Bin1
if i=1
wi=0, ni=/&, pi=Pi/yi, ci=vi/n1.
else

ﬂi:ﬁi/ﬂi—la ’11':\/061—/4,;, Pi:—ﬂipi—l/m, Ci:(Vi—MCi—l)/?li

Xj =Xj-1 + pi€i
In this iteration, you only need to keep the vector v; and ¢; to complete
the iteration.
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24.2 CONJUGATE GRADIENTS VIA OPTIMIZATION

In the second derivation of the CG method, we study the problem:
1
min ¢(x) where ¢(x) = EXTAX -x'b

where A is n x n, symmetric positive definite. In this case, the solution is
x = A”'b, which we can derive by setting the gradient of ¢(x) to zero,!
that is,
0¢/ox=Ax-b =0.
Thus, in the second derivation of the CG method we work from the

premise of finding a sequence of vectors x; that make ¢(x;) smaller at
each step.

ASIDE ON STEEPEST DESCENT  One of the classic ways to minimize
a function is called gradient descent, and it computes

x5 5B _ g

where a; > 0 and g, is the gradient d¢/9x evaluated at x(¥). For this
function ¢, g, = Ax) — b. The constant « is chosen to make:

$(xk — agy)
as small as possible. It’s a bit of a tangent to derive this value, but we can
work out the solution, which is:?

B ngk
X = T .
8 A8y
This simple method:
(M =9
for k=1,

g0 — ax(®) _p
if |g®)| < to1
stop and return Xxi
ald) = g Tg0) /(g T 2g(R))
x(k+1) = () 4 g, g(K)
will always converge to the solution of a positive definite system using
only matrix-vector products. The convergence rate is proportional to the
condition number of the matrix.
Now, suppose we consider a sequence of directions p(¥) such that
x D = x4 ap(B) | we can set:

ar = p® 10 /(p® T 4p(0))
as long as p(¥) (%) £ 0 where r(¥) is the kth residual b — Ax(F).

To get to conjugate gradients, we want the set of search directions p(¥)
to be linearly independent, and in fact, conjugate. We call a sequence of
vectors conjugate ifp(i)TAp(j) = 0if i # j. In this case, x() = 37 a;p(")
or x(F) e span{p™), ..., pM}.

This section is incom-

plete

* this condition suffices because the

problem is strongly convex

* check the sign on this value

24 - CONJUGATE GRADIENT
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24.3 CG HISTORY

148

. Initially proposed by Hestenes and Stiefel as a direct method (1952).

Both Hestenes and Stiefel came up with the method independently,
and then wrote a joint paper about it.

. First suggested as a large sparse solver by Reid (1971).
3. Finally widely accepted for matrices once preconditioning was in-

vented.
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ORTHOGONAL POLYNOMIALS & MATRIX
COMPUTATIONS

The notes here arise from Saad, It-

erative Methods, 2nd edition §6.72;
of matrix computations is the elegant interplay between matrices and  Gutknecht, A General Framework

orthogonal polynomials. These relationships lead to magnificently simple ~for Recursions for Krylov Space

.. . . . Solvers, ETH SAM report 2005-09,
insights into complicated methods. In this lecture we shall unshroud some tp://Ftp. sam.math. ethz. chipuby
of these connections. However, the field is so deep. Probably the best sam-reports/reports/reports2ees/
textbook on the topic was written by Purdue’s own Walter Gautschi. It is ~ 2005-09.pdf; and my own notes

tersely titled: “Orthogonal Polynomials”” from working with Gene Golub.

One of the most wonderful and surprising connections in the field

We will use x;. as the kth iterate in this section
instead of x¥). This is because we are frequently

T
taking transposes of the iterate and x(¥)
becomes awkward.

25.1 WHAT ARE ORTHOGONAL POLYNOMIALS?

' Multivariate generalizations exist,

For the purposes of this lecture, a polynomial is a univariate function:" | 0 0 W

p(t)=> pit'.
i=0

For example:

1, 1
t)y=-t"-=
p(t) =1 =3

5, 3
t)=—-t" — —t.
q(t) 5t 3

The degree of a polynomial is the power of the largest term. In the generic

polynomial definition, the degree is n. For the examples of p and g, the

degrees are 2 and 3 respectively. A polynomial of degree 0 is a constant.
We call two polynomials orthogonal if:

[ p(atoyai=o.

This is a type of continuous analog of two vectors:

n
viu= Zviu,- =0.

i=1
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EXAMPLE 25.1 The two polynomials p and g given above are orthogo-
nal.

1 1 1 1
f p(t)q(t)dt:f S(2-1)= (58 - 3t) dt
-1 -12 2
1 1
:—f 56 —5£ — 313 + 3t dt
4 J-1
1 1
:—f 5t — 8¢ + 3t dt.
4 J-1

All of these terms are odd functions, and they are integrated over a sym-
metric region, hence the result is o. .

More generally, we can consider polynomials that are orthogonal with
respect to

b
an arbitrary interval / p(t)q(t)dt
b
a weighted integral f p()q(t) dw(t)

b n
a discrete weight /; p(t)q(t)dw(t) = ;p(li)q()ti)wi

If two polynomials are orthogonal with respect to an integral f: dw(t),
then we'll often call this the measure that they are orthogonal with respect
to.

Sequences and families of orthogonal polynomials

We are often concerned with a sequence or family of orthogonal poly-
nomials. We will index these by the degree of a polynomial, so that we have
the sequence in order of increasing degree. Let p(t) be the polynomial
of degree k. By convention, we take p_(t) = 0 and po(t) = ¢ for some
constant.

Thus, we have the following sequence of orthogonal polynomials that
are orthogonal with respect to f_ll dt:

p-1(t)=0
po(t) =
pi(t)=t
pa(1) = 1382 ~1)
p3(t) = (52 - 1)
pa(t) = §(35¢* = 3017 + 3)

This sequence is called the Legendre polynomials. Other popular families
are:
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Family Measure

Legendre [l dr

Laguarre Jetdt

Hermite [ e dt
Chebyshev (1st kind) f_ll \/11_7 dt
Chebyshev (2nd kind) [, V1 - 2 dt

Jacobi ffll(l -1+ t)Pdt
Gegenbauer (=) gy

Note that these can be scaled and shifted to arbitrary intervals [a, b] too.
Orthonormal polynomials

Yes, there are orthonormal polynomials too! Checkout Gautschi’s book
for more on the relationship. If fab dw(t) is the measure, the idea is that

we need fuh p(t)? dw(t) = 1in order to get orthonormal polynomials.

25.2 THE THREE TERM RECURRENCE &
TRIDIAGONAL MATRICES

The following fact, which we will not prove, is profound:

Theorem 25.2

Any sequence of orthogonal polynomials of increasing degree
satisfies a three-term recurrence and any three-term recur-
rence defines a sequence of orthogonal polynomials.

EXAMPLE 25.3 Consider the Legendre polynomials (described above).
They satisfy:

2k +1 k
Pra(t) = mfpk(f) - mpk—l(t)‘

For instance,

PYREEE VS
pZ _1+1 ~—— 1+1\/_/
pi() po(t) -

> In the notes I'm writing this from,

. o
The general form of the three-term recurrence is: g s pg, s beware of future typos.

Pt (8) = i (pr() = ytpi(£)) + nepa-i(t),

where the constants yi, yx, #x may depend on k. What this recurrence
means is that if we have any sequences of numbers yx, yk, 1k, then they
give rise to a set of polynomials that is orthogonal with respect to some
measure.
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From a three-term recurrence to a tridiagonal matrix

It’s this three term recurrence that brings us back to matrix computa-
tions, and specificall tridiagonal matrices. Consider the Legendre family.
Another way to write the recurrence is:

p-1(t)=0 po(t)=1 pi(t) =t (k+1)prs1(t) = k+1)tpp(t)—kpr_1(t).

This recurrence forms a matrix:

1 IIRZANR
-t 1 pi(2) 0
1 -3t 2 p2(t) | |0
0 S B

k -Qk+1)¢t (k+1) Pr+1(t) 0

—_—
tridiagonal T P

Thus, for instance, we can evaluate a sequence of orthogonal polynomials
at a point ¢ by constructing T(¢) and solving:

T(t)p =€;.

Consequently, any tridiagonal matrix corresponds to a set of orthogonal
polynomials.

There’s a Matlab demo of this in the orthopolys.m function!

There are additional relationships with a matrix called the Jacobi ma-

trix:
24} 1

J=[B1 ay 1
0 .. ., .-.0

but you’ll need to read more about that in Gautschi’s book.

25.3 POLYNOMIALS AND MATRICES

Note that if we have a univariate polynomial p(t) = ¥, p;t', then
we can evaluate that polynomial with a square matrix argument:

p(A) = piA".
i=0

25.4 POLYNOMIALS AND ITERATIVE METHODS

First, let us introduce the idea of using polynomials and iterative meth-
ods. This has been a homework or exam problem in the past, so it's worth
understanding the details! Consider a Krylov subspace method. The kth
iterate x is in K; (A4, b) = span{b, Ab, ..., A*"'b}. This means that there : pic s the detail that you should
is some polynomial such that:3 work out!
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Xi = Sk_l(A)b.

Now, if x is determined by a polynomial s;_; (t) of degree k — 1, this
means the residual at the kth step is determined by a polynomial of degree

k:
rp =b—Ax; =b-As;_;(A)b = (I-As;_1(A))b. Thus r; = px(A)b

where the polynomial py () = 1 — #s;_; (¢) has degree k.
We call these two polynomials:

sk(t) the solution polynomial

pr(t) the residual polynomial.

It turns out that the residual polynomial already must have some
special structure! Note that py(t) is defined to be equal to 1 — ts_; (¢).
Thus, px(0) = 1. So any residual polynomial must evaluate to 1 at the
value ¢ = 0. As a matrix statement, this means: p;(0)b = b.

25.5 ORTHOGONAL POLYNOMIALS AND ITERATIVE
METHODS

Thus far, we haven’t run into orthogonal polynomials yet. But lets
design an iterative method with a fairly natural property using orthogonal
polynomials.

DESIGN GOAL We want the kth residual from the iterative method
to be orthogonal to all previous residuals. Or more formally, r/r; = 0
for j < k. This goal is equivalent to the idea that our residual should
always include new information at each step and should never include
information we could have factored out.

Orthogonal polynomials will help us achieve this goal!

Let’s state what we have:
) b- AXk = Dk (A)b

We want:
rir;=b"pi(4) p;(A)b=0.

Thus, if we create an orthogonal polynomial py(¢) where p;(0) = 1 and
+Take a moment to understand
f pi( t)pj(t) dw(t) = (l’k)Tl'j, what is going on here, as it’s a key
step. We are first noting that ry can

we will implicitly create an iterative method where the residuals are or- be expressed as a polynomial in A.
We are now saying, let’s control that

4
thogonal. polynomial to achieve our goal! But
we'll have to obey some constraints

The three term recurrence helps us do this! to make it work.
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Recall:

Pre1(t) = Hk(Pk(f) - )/kfpk(t)) + i pr-1(t)-

So if we can determine i, y, f1x from our constraints, then we'll be able
to figure out what the next residual polynomial is.
Let’s enumerate our constraints:

D)pr+1(0) =1
(i)res1 = prat (A)b = pi(rg — yrArg) + mperiy
(iii) (rx1) 1 = 0, j < k.

Constraint (i) implies:
1=pea(0) =pr+me = ne=1-p
Thus, we now have a revised constraint (ii):
tiat = Pre1 (A)b = i (rx — yrAry) + (1= p)riy.
If we apply constraint (iii) with j = k, we have:
0= (re) "rior = pe () i = yie(re) T Arg) + (1= i) (ri) Ty

or
r,frk

Yk = 7 .
r Arg

5 Check for an error here... and this

. . N 5
Finally, using constraint (iii) with j = k — 1, we can solve for simplifies more, see Saad

T
I 1Tk-1

Bk = 7 T
Y, Yo+ yrr,_ Arg.

This lets us compute ry,;
Getting the solution polynomial

Thus far, we have the residual polynomial r; = px(A)b. We do, how-
ever, need to recreate the solution too! To do so, we note that

_1=pen () _ 1= (i (0) - yitpr(t)) = (1= pi) pra (1)
sk(t) ; ; .

Now we add and subtract p/t in order to rewrite this as:

sk (t) = l_pitk(t) —yepx(t) [ - (1 —yk)l_L;l(t)

= pk (k-1 (1) = yepi(£)) = (1= pr)si—2(2).

Hence, we have:

X1 = (X = yirx) = (1 = pp)Xe—1-

154 V - SUBSPACE METHODS



25.6 A POLYNOMIAL FORM OF CONJUGATE

GRADIENT

In a small surprise, we've arrived at a new form of the conjugate gradi-
ent algorithm! The iterates generated by this method are mathematically
equivalent to those generated by CG! The way to prove this is to show that
the residuals constructed in CG automatically satisfy the same property
and live in the same subspace, hence, they must be the same.
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EFFICIENT GMRES

Recall the prototype-GMRES method.

Given A,b where we can only multiply by A.
for i=1 to maxiter
Update the Arnoldi factorization Qp,Hj,;-
Solve for z; by minimizing |Hg, 1z — [blei],
i.e. 2z =argmin|Hy,,zx — |b]el]
Let xj; = Qgzg.
Check |Ax; —b|

To implement this, we need to solve a Iseast squares problem at each
step. This takes O(k?) work because it’s a Hessenberg matrix. Then we
need to construct the solution and check the residual. These take O(nk)
and another matrix-vector product. We can do all of these steps more
efficiently!

Here is the outline for the essential idea to optimize GMRES.

we only need to check the residual at each step, and do not need to compute xj.

So the method we'll look at optimizing is:

Given A,b where we can only multiply by A.
for i=1 to maxiter
Update the Arnoldi factorization Qp,Hj,;-
Compute |[ry| where
l’k=AXk—b
X = Qxzg
zy = argmin |Hy 2 — [b] e
and stop once |rg| is sufficiently small, i.e.
Update |ry| — |rks1] and stop if it’s small enough.
Explicitly compute z; =argmin|Hy 1z, — |b|e|
and return X; = Qiz;y only at the end of the iteration

26.0.1 The optimization idea
Let’s study the quantity we want to compute, let |b| = Sy, then
[ricll = b - Axi[| = [b— AQuy, |l = |Hy, - Boer .-

After a four steps, this is:
X 0
jiiilsli]
0 0

—_—
Hy

OO X X X
O X X X X
X X X X X

We solve least squares problems via QR, so suppose that

Hy = UrR;
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is the QR factorization after k-steps. Then

[l = [UkReyy = Boes| = [Reyy — BoUyen .

Showing this after a few steps gives us the idea more clearly:

6<><><>< ;1
X X X 2
el = ’ [g 0x §]Y4—ﬁ0 5 H-=/30)’5-
0000 Vs
~— ——
Ry Uz‘el

(Remember we solve for y, such that this term is zero in the first four
components. So we just need to figure out what ys is to get ||rg]|.

26.0.2 Taking it deeper

We need to note a two things here to continue our optimization:

1. We only need Givens rotations to get Hy — Ry.

2. We only need one rotation to update Ry — Rjy.1. (Woah!)
Let’s review step 1 and see how that will help us with step 2.

X * X X X X X
x| * O0xxx|J,]0
x| = x 0 x| —10
x X 0 X X 0
X X 000 x 0

*
o
0

OSOOX X
SO X X X
O X X X X
SOX ¥ ¥
O X X ¥ ¥
OO X X X
X
SO0 * X
OX ¥ ¥ X

0
0

X X X X X X X X9 X X X X X X X X
0xxx|]3 0 x x x 0 x x x| J4 0 x x X
00 xx]|]—=>]00 % =% 00xx|—>]00xx
00 x x 00 o x* 000 x 000 *
000 x 000 x 000 x 0000
Now, suppose we have U, and R4, how do we get Us, R5?

[r X X X X X

H h X X X X X

0 x x x X

H; = 4 = 00 x x x

0 he s 000 x x

’ [0000]  hgs

If we rotate by U, we get:
Uu; o H, - ul o H, - R, Ulz,
0 1 0 1 0 hegs

So at this point, we just have the one Givens rotation: J5 that we need
to do to fixup the element /g 5 and so U5T = J5J4--J1, which is just one
update.

26.0.3 Seeking gamma.
Note that the elements of gamma are just the first column of U} . Let
T
g, =Ule = [yl Y2 ... yk] . Then by our previous relationship:
81 = U@ = JeaUier = Ji gy

But this is weird, because J is a k + 1 x k + 1 matrix and g, is a length k
vector. So what we really mean is

8k
Ik+1 |:0:|

158 V - SUBSPACE METHODS

Finish and improve this figure, the

point is we use Ji, ..., J4 to do the
Givens rotations. These give us
Ul =J4Js...J1.



where we grew the vector by one element in order to make it work. Note
that we don’t need to actually update g, even though it should change.

26.0.4 The whole algorithm

g = Poer
for k=1 to

Update Qg,Hj

Let #kr1 = Hrr k-

Let zy =Hpppk-
Apply Ji-Jik
Create J; to
Determine g;
If gy (end) is
At this point,
g is the right
output x=Qy.

to zx, and update H
elminate gy .

from Jig,_; growing by zeros as needed.

small enough, then stop iterating.

H has the factor R, and (if we do keep g accurate),

hand side, so we can just solve Ryy, =g, and then

26.1 GMRES VS. FOM

See notes.

then

This section is incom-
The major point is that FOM is like CG in that it solves a linear system ~ plete.
based on the truncated Arnoldi factorization.
The large scale study by Peter Brown (http://dx.doi.org/10.1137/
0912003) concluded: there is little difference, but liked the minimum
residual property of GMRES.
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ADVANCED PROBLEMS

The standard problems in linear algebra are

min |Ax - b| least squares
Ax=Db linear systems
Ax = Ax eigenvalues
Ax = oy singular values

In this part, we look at variations on these problems that we call
advanced

not because they are hard, but because they would occur in the context
of a different type of application. We will also see one new problem, the
matrix function!
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MULTIPLE RIGHT HAND SIDES

For a linear system of least squares problem, an extremely common
variation is that we have a set of right hand sides to solve. This occurs in
two forms, one where all of the vectors are available at once, and a second
where each solution gives rise to a new problem.

271 MULTIPLE RIGHT HAND SIDES ALL KNOWN
AHEAD OF TIME

The problem here is that we need to solve Ax = b for many vectors

by, ..., b. In the simplest case, we will know by, ..., by ahead of time. In
this case, we really have the matrix problem
AX=B  B=[b; - by

where X is the n by k matrix of all k solutions.

Such a scenario arises in a number of places. First, consider actually
computing the inverse of a matrix A. ' Then we would set B = I, and there
are k = n vectors b all known.

Another, more realistic scenario, arises in block Gaussian elimination.

Suppose we are solving

_ L. |AL Ay|[xi| |b
Ab = b where we have the partition [ A, A4] [Xz] = [bz] .

Then note that if A is non-singular, then x; must satisfy A;x; + A;x; = b,
or

x; = A]'b; + A Arx,.
The matrix A;' A, is exactly this type of system.

The simplest way to solve these is just to call \ in Julia or Matlab. This
will look at the structure of A; and choose an appropriate method to solve
for all right hand sides simultaneously. It will use multiple threads and
processors as appropriate.

In practice, what this will do is compute a factorization of the matrix
A and then apply this to all the vectors by, ..., by at the same time.

In general, for a dense system of linear equations, it takes O(n*>) work
to compute a factorization and then O(n?) work to solve a system with
the factors. This gives an overall runtime of O(n*k + n*), which is O(n?)
if k < O(n) and more interseting if k > O(n).

As an example where the latter scenario arises, consider the partiton
above where A, is 16 x 16 and n is 1024.

' Aside, you shouldn’t generally

do this! It’s a good way to fail the
class if you do this without careful

consideration of the alternatives.
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272 MULTIPLE RIGHT HAND SIDES DETERMINED
SEQUENTIALLY

The second setting for multiple right hand sides is that we have
AX] = b1

which determines b,, so b, is unknown until we have solved x;. Then we
must solve
AXZ = bz

Ax; = bs = function of x;,.
and so on...

The key is that the matrix A is fixed, which is a scenario that arises in
- the inverse power method for eigenvalues
- backward Euler for linear ODEs.

INVERSE POWER METHOD  Recall the power method for dominant
eigenvalue, eigenvector pair of a matrix

©) — arbi (k1) _poax® 5 L
x'/ = arbitrar X = prAx = .

Y Pk Pk [Ax®]
If the largest magnitude eigenvalue of A is unique, then x(¥) will converge
towards the associated eigenvector. The inverse power method simply runs
this iteration on A™! instead (assuming A is non-singular). For instance,
if A is symmetric positive definite, then the inverse power method will

converge to the smallest eigenvalue of A. Here, we have exactly this type
* Again, note that the way to do this
isn’t to compute A~! and use that

instead of A! That’s another good
BACKWARD EULER FOR A LINEAR ODE XXX-TODO-XXX way to fail the class.

of setting where b+ = prx(F) 2

THE FACTORIZATION SOLUTION  The best way to approach these
problems is to factorize your linear system A via Cholesky, LU, or QR.
These are be done on O(n*) work and then each solve is O(n?) time. This
approach also allows us to exploit structure in the matrix A that may not
exist in the inverse A™' to make things go faster.

THE JULIA CODE Julia includes a number of awesome routines to
work with matrix factorizations like the original matrix. For instance,

1 F = lufact(A) # produces a factorization object F
2 F \ y # solves Ax = y using the LU factorizations without recomputing it.

So we could implement the inverse power method as follows
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function invpower (A::Matrix)

x = normalize!(randn(size(A,1)))
F = lufact(A)
for iter = 1l:maxiter
x = normalize! (F\x)
end
return x
end

27 - MULTIPLE RIGHT HAND SIDES
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PRECONDITIONING

Preconditioning is the process of taking a given linear system:
Ax=b
and turning it into a new linear system (with B non-singular):

By=c

>« »

such that it’s “easy” to find x from y and

faster
more accurate
an iterative method for By = cis { better behaved
convergent
easier, ...

THE STANDARD PRECONDITIONER. The standard goal with precon-
ditioning is to make an iterative method for Ax = b go faster. Typically
this is done by taking a non-singular matrix M and looking at the linear
system: '

MAx = Mb.

The standard idea is that MA ~ I, and well see how to make this idea
precise shortly. Also, we need a fast way to create M, and to multiply M by
a vector. While this seems like an easy task, many preconditioners involve
solving a system, hence, M = P~" for some matrix P (which could also be
called a preconditioner!). Thus, just multiplying by M can be expensive
itself.

Quiz Why do we need M to be non-singular?

The notes here are my own, based
on Golub and van Loan, Trefethen,
and Saad’s textbooks, respectively.

* So in this case B = MA,x = yand
c = Mb.

QUESTION 1 (THE FUNDAMENTAL QUESTION IN PRECONDITIONING)

Thus, we arise at the fundamental question. Given Ax = b, how do I pick
M or P such that I actually make the iterative method faster? .

Some thoughts on preconditioning

THERE IS NO UNIVERSAL PRECONDITIONER. A great open prob-
lem is to find a preconditioning strategy that works for all matrices A.
Recently, there has been some work on how to do this for symmetric,
diagonally dominant linear systems;*

> This is the celebrated Spielman
and Teng nearly-linear time solver
for SDD systems. The current
runtime is O(nnz./log n) in theory,
which means that it’s faster to solve
Ax = b with a SDD matrix than

it is to sort a vector. It’s currently
unknown how to extend that work
to symmetric, positive definite
systems, however.
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PRECONDITIONING IS MORE ART THAN SCIENCE. Asyou might
then expect, much of preconditioning is based on well-informed heuristic
procedures. These are ideas that are theoretically grounded, but often
make a leap. Some leaps are more effective than others!

WHEN POSSIBLE, PRECONDITION THE PROBLEM, NOT THE MA-
TRIX. Suppose that our problem Ax = b arises from a physics-based
application or a complex engineered system. The problem that we want to
solve gives rise to some matrix A and some right hand side b. While we
could study the matrix A and attempt to use a matrix-based preconditioner
on A, it is often a better strategy to attempt to decompose your problem
as:

A = approximation with analytical solution given a right hand-side+correction.
In which case, we really have:
A= § + C
—— ——
simple correction

and M = §™' is a good preconditioner because

slA=1+S"'C.
28.1 A MORE FORMAL TREATMENT.

The following theorem justifies why §™' would be a good precondi-
tioner.

Theorem 28.1 (Golub and van Loan, 3rd edition, 10.2.5)
3If A = I + B is an n-by-n symmetric postive definite matrix
and rank(B) = r, then Krylov methods converge in at most
r + 1 iterations.

? In the third edition, they split this
into 11.3.1 and 11.3.2.

PROOF This is a standard proof strategy. We show that in at most r + 1
iterations, the Krylov space K,,; (A, b) contains the solution x. To do so,
note that:
K (A,b) = span(b, Ab, ..., A¥"1b)
= span(b, (I+B)b,(I+B)?...,(I+B)*'b)
= span(b, Bb, B’b, ..., B"'b).

Because B has rank r, we know that B” has some polynomial expression

i . . 4 This is a corrolary of the Cayley-
in lower powers*; thus, the Krylov subspace terminates at this step and 000 o " ong other
we know the space must contain the solution. Because of the optimal- facts.

ity properties, any Krylov method will terminate in r + 1 steps in exact

arithmetic. (]
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More generally speaking, we have the following theorem on the con-
vergence of CG.

Theorem 28.2 (Trefethen 38.5)

Let the CG iteration be applied to a symmetric positive def-
inite linear system Ax = b, where A has 2-norm condition
number k. Then there is a norm |z|, where

k
-1

Ix—x®], <2lx-x©@], (VE1)
VE+1

This gives rise to a linear convergence theorem that depends on the
condition number of a matrix:

[x-x", = 0(p")

where p depends on .

Quiz What is x(I)?

Suppose x(A) is big (like one hundred million), then what happens?
We get p ~ 1 (like 0.99999999).

Suppose x(A) is nearly 1 (like 16), then what happens? We get p ~ 0
(like 3/5).

So given any linear system, if we take M = A™', we will converge in one
step. But, computing M~'x is just as expensive as our original problem.
So we want something cheaper.

28.2 DESIGNING A PRECONDITIONER

The above theorems motivate three different types of preconditioners:

1. Find a matrix P where P! is a fast operator and P'A ~ 1, ie.
k(MA) < k(A).

2. Find a matrix P where P~ is a fast operator and P"'A = I +
low-rank.

3. Find a matrix P where P~" is a fast operatorand P~' A = has few eigenvalues.
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In all cases we need P to be something that is easy to find as well.

Quiz Why do we get the 3rd type of preconditioner? (This is not a
simple answer, but does follow from the properties of Krylov subspaces; try
showing dim (K (A,b)) < 2 when A is diagonalizable with two distinct
eigenvalues.)

Some subtleties

Suppose we want to use conjugate gradient. Then we need A to be
symmetric positive and definite. Suppose we have a matrix MA where M
is fast operator and easy to find. Can we always use CG? No, because

MA # (MA)T

in general.

28.3 TYPES OF PRECONDITIONERS

Thus, we consider four types of preconditioners:

Left solve MAx= Mb
—— ——

B c
Right solve AM (M7 'x)=b
—_—
B y
Left &Right solve M;AM, (M;'x) = M,b
—_—— —— ——

B y [
Symmetric  solve MAM' (M "x) = Mb
— ——

B y c

For the CG case above, we want to use a symmetric preconditioner to
preserve symmetry. Often, these are written with C:
cl'ac’y=c'vp x=Cly.
—————
B
With the hope that B has a small condition number, or clustered eigenval-
ues, ...

28.3.1  Ensuring positive definiteness

We also need C"'AC™T to be positive definite when A is. We can
insure this by taking CC" as the Cholesky factorization of any positive
definite matrix T.

28.3.2  Optimizing CG

Once we know we are solving a preconditioned linear system, it’s
often advantageous to know this in the linear solver. We can rewrite CG
optimally to use a preconditioner like in Golub and van Loan (4th edition)

11.5.7.
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28.4 EXAMPLES OF PRECONDITIONERS

28.4.1 Diagonals

The simplest case of preconditioning is to use the diagonal entries. Let
A =D + N (be a splitting into the diagonal and oft-diagonal terms), then:

M=D"'
is a preconditioner that makes
MA=1+D"'N.

Quiz Is it always easy to use a diagonal precondition on a matrix?
Quiz How could you do symmetric diagonal preconditioning?

28.4.2  Polynomials

5 This is a matrix based on the

geometric series: 1+t+t2+... = ——

Recall the expansion of A" as it's Neumann series:5
1-t

(I-A)'=T+A+A*+ A%+ ...
Then we can use a finite truncation as the preconditioner to Ax = b:
M~A" =T+ (I-A)+(I-A)+(I-A)°.
28.4.3 Incomplete factorizations
Incomplete Cholesky and Incomplete LU are both factorizations:
A=CC"-R A=LU"-R

that are Cholesky-like and LU-like, but that have a new residual term. We
call them incomplete if R has a zero-entry whenever A is non-zero. Thus,
these ideas can be used for large sparse systems.

Any symmetric, positive definite matrix with a non-negative inverse
(called a Stieltjes matrix) has an incomplete Cholesky factorization as
worked out in Golub and van Loan.

28.4.4 Sparse approximate inverses

Suppose we want the best tridiagonal preconditioner for a matrix A.
To find this, we could consider the best approximation of the inverse:

minimize |I- AM]|
subjectto M is tridiagonal.

The sparsity structure should be given, so the more general problem is,
given sparsity structure matrix S:

minimize |- AM]|

subjectto M has the same non-zeros as S.
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Consider the tridiagonal case. We can compute M a column at a time:

o

Y

o
0
o o

Let Me; =m; = || then [p] solve minimize \|ei—[Ai_1 A; A,-H] Bl
Y 4
0
_O_

28.4.5 Multi-grid

Recall how we thought about approximating the problem as a type of
preconditioning. Suppose that Ax = b arises from a n-by-n discretization
of Poisson’s equation. This gives us an n? x n? linear system: Ax = b.
Now, what if we had solved Poisson’s equation for an n/2-by-n/2 node
discretization instead? This is a continuous equation, so we might hope
it’s reasonable to guess that simply interpolating the solution would give
us a good approximation to Ax = b? But then, we could repeat the same
argument and use an 1n/4-by-n/4 node discretization, and so on and so
forth.

This idea gives rise to a preconditioner called multi-grid that is incred-
ible at solving Poisson’s equations. Using a multi-grid strategy allows us to
solve Ax = b in time O(n?*) where the system has size n* x n*. This is a
linear time algorithm!®
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EIGENVALUE THEORY

29.1 INVARIANT SUBSPACES

29.2 DEGENERATE EIGENVALUES
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EIGENVALUE ALGORITHMS

In these notes, we will frequently assume that A is symmetric. Some
of the methods generalize to non-symmetric matrices (e.g. the power
method), but there are often complexities involved. Please consult Golub
and van Loan for more details on these cases.

30.1 USEFUL PROPERTIES OF EIGENVALUES.

Lemma 30.1

Let A be a symmetric matrix. If p(A) is a polynomial of A,
then the eigenvectors of A and p(A) are the same, but the
eigenvalues change.

PROOE Note that p(A) = col + c; A + ;A + -+ + ¢ AF for some coeffi-

cients cg,...,cr. Then A = vDVT is the eigenvalue decomposition and
Al =VvD/VT Hence p(A) = Vp(D)VT. n

(The same proof holds for non-symmetric matrices with the Jordan canon-

ical decomposition instead.)

These notes are a collection of
Trefethen and Bau (Lecture 28)
and my own (later) interpolations.
The result on the convergence of
the power method is due to Luca
Trevisan (http://theory.stanford.
edu/~trevisan/expander-online/
lecture03.pdf) which was pointed
out to me by Petros Drineas.

Lemma 30.2 (Gerschgorin disks, Golub and van Loan Theorem 7.2.1)

Let A be any matrix. Suppose that A = D + F where D is diag-
onal and F has zero diagonal. (So D are the diagonal entries
of A and F are all the other entries. Then the eigenvalues of
A are contained within the set:

A4) e UG

i=1

where G; is the ith Gerschgorin disk:

G; = {ZECI|Z—D,‘,Z‘| < Z|Fi,j|'
j

PROOF Let A € 1(A) be any eigenvalue that is not equal to D; ; for any
i. Then Ax = Ax yields:

(D+F-A)x=0<x=(D-M)'Fx.
From the latter fact, we have:

1< |(D-AD"'F|
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for any sub-multiplicative norm. If this is the co-norm, then

_ |Frjl
D-AM)'F| =Y —1—
=) Bl = 5
for some value k. Or [Dy x — A[ < ¥; |Fy, j| and so A is in G.
Note that if A = D; ; then this result holds immediately. (]

EXAMPLE 30.3 For the Laplacian matrix in Poisson’s equation on a 2d
mesh, all the Gerschgorin disks intersect and give a bound on the largest
eigenvalue of A of 8. .

30.2 THE POWER METHOD

Recall that one way to find the largest eigenvalue and associated eigen-
vector of a matrix is to use the power method
Given a starting vector x with norm(x) = 1 and tolerance T
Iterate
y = Ax
A=xTy
x=y/ norm(y)
Until norm(Ax-Ax) <7 (your tolerance)
If the largest magnitude eigenvalue associated with A is unique, then this
iteration converges to it.
— TODO - Insert picture of the eigenvalue convergence.

30.2.1 A useful upper bound on the spectral radius of a symmetric positive
definite matrix.

In many cases, we do not actually need the largest eigenvalue of a
matrix itself, but rather, a bound on the spectral radius. That is, we want to
compute a value 0 such that p(A) < 6. This is easy to do via Gerschgorin
disks. However, we also usually want 6 to be close to p(A). Gerschgorin
disks can be fairly far away.

0 T
EXAMPLE 30.4 Consider the matrix A = [e eO ] where e has length

n. Then the Gerschgorin bound on the largest eigenvalue if n. However,
the largest eigenvalue is actually \/n. .

For this reason, we might think of using the power method to approxi-
mate the spectral radius. For a symmetric matrix, however, we will always
have |A| < |p(A)| because the spectral radius is the most extreme point.
The following theorem gives an upper bound.

Theorem 30.5 (Trevisan 9.6, Lecture Notes on Graph Partitioning, Expanders and Spectral Methods, 2006)
Let M be a symmetric positive semi-definite matrix, then
running the power method for k steps from a vector x(°) with
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xfo) = +1 at random, produces a vector x(¥) with Rayleigh

quotient

1

T T
x(®) Mx(k)/x(k) x®) > p(A)(1 - s)m.

with probability at least 3/16.

This can be then translated into a useful upper-bound on p(A4) and
you can use the tightest value of ¢ to make the result you want.

30.2.2  Thesmallest eigenvalue of a symmetric positive semi-definite matrix.

The above result gives us an immediate algorithm to find the smallest
eigenvalue of a symmetric positive semi-definite matrix. We get an upper-
bound 6 > p(A) and run the power method on 6I — A. In this case, we
have to adjust the eigenvalue estimate A = x"y to A = 8 — x"y to adjust for
the difference.

30.2.3 The inverse power method.

There are a variety of ways to use the power method to get other
eigenvalues besides the largest. The first is the inverse power method,
where we run the power method on A™" itself, which corresponds to the
changing one line of the iteration:

y=4Ax - Ay=x

so that we solve a linear system at each step. With this change, the power
method will converge to the smallest magnitude eigenvalue of A instead.
(That is, the one closest to 0.)

— TODO - Insert picture of the eigenvalue transformation 1/A

30.2.4 Targeting a specific eigenvalue.

If we wish to find an eigenvalue close to a value «, then we can use the
iteration:
(A-al)y=x.

The eigenvalues of A that are near a will be close to zero in the matrix
(A - aI), and so when we use inverse iteration on (A — aI) then we will
find those as the solutions.

— TODO - Insert picture of the eigenvalue transformation 1/() - «)

30.2.5 Using a folded spectrum to target an eigenvalue.

If Aislarge and sparse, then we may not have a good way to solve linear
systems with A. This is often the case for problems that arise based on data
where we do not have well-known and effective preconditioner techniques.
In this case, if we are interested in finding the smallest eigenvalue, we can
employ an idea called the folded spectrum. The idea is that A* is always
a symmetric positive semi-definite matrix whose small eigenvalues are

30 - EIGENVALUE ALGORITHMS
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close to 0. If we have an upper-bound on the spectral radius of 82 < A%,
then we can use the same idea for the smallest eigenvalue of a symmetric
positive semi-definite matrix.

This can further be adapted to target an eigenvalue near « by using
(A - aI)? to make eigenvalues nearby « close to zero. This approach is
called the folded spectrum method.

30.2.6  Finding other eigenvalues via deflation

We can actually use the power method itself to compute multiple
eigenvectors via a procedure called deflation. Let x, A be an eigenpair of A.
Then create a householder matrix H with x as associated vector such that
Hx = e,. The matrix HAH" has the following structure:

A0
0 B
This is actually what we did way back when we created the SVD!

EXAMPLE 30.6 Here is some example code to demonstrate this.
A = randn(5,5)
A = A+A’
## Example of the deflation method
As,X = eig(A)
eval = rand(1l:size(A,2))
x = X[:,eval] # just an
xel = zeros(size(A,1))
xel[1] = norm(x)
v = xel-x
H = eye(size(A)...) - 2*xv*v’/(v’*v)
display (H*AxH’)
display(As[evall)

30.3 SUBSPACE ITERATION AND THE QR ALGORITHM

We can generalize the power method to compute the largest few eigen-
values and vectors.

Given a starting orthogonal matrix X and tolerance 71
Iterate
Y = AX
A= diagonal elements of xTax arranged as a diagonal matrix
[X,R] = qr(Y)
Until norm(AX -XA) <7 (your tolerance)
Again, if the matrix is symmetric, and these large eigenvalues are unique,
we can show that this converges. This method is also called the block

power method or the orthogonal iteration.
30.3.1 Subspace iteration

Except that when this is usually done, we want to do it for all eigenval-
ues and vectors, and start with the identity matrix.

180 VII - EIGENVALUE ALGORITHMS



Given tolerance T

Set X=1

Iterate
Y = AX
A= diagonal elements of X'AX arranged as a diagonal matrix
[X,R] = qr(Y)

Until norm(AX -XA) <7 (your tolerance)

EXAMPLE 30.7 Here’s one sample of the subspace method converging

A = randn(5,5)

A = A+A°

X = eye(size(A,1),size(A,2))
D = diagm(sort(diag(X’*A*X)))

for i = 1:200
Y = AxX
D = diagm(sort(diag(X’*Y)))

X,R = qr(Y)

@show [diag(D) eigvals (A)]

30.3.2 The QR iteration

Here’s another way you’ll read about to compute eigenvalues and eigen-
vectors and it’s called the QR iteration.

Given tolerance T
X=1
Iterate
Q.R=qr(4)
A=RQ.
A= diagonal elements of A arranged as a diagomnal matrix
X =XQ
Until norm(AX -XA) <7 (your tolerance)

When I saw this algorihtm, I found it truly strange! Why would you
take the product of a QR factorization in the reverse order? The following
important note gives some intuition for what is going on:

Important note. A = QR implies that R = QT A. So A, = QT AQ.
Essentially, we are multiplying by an orthogonal matrix on the left and the
right.

EXAMPLE 30.8 Here’s one sample of the QR iteration converging

X = eye(size(A,1),size(A,2))
A = copy(Ainit)
for i = 1:100

Q,R = qr(a)

A = R*Q
D = diagm(sort(diag(A)))
X = X*Q

end

@show [diag(D) eigvals(Ainit)]

30 - EIGENVALUE ALGORITHMS
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30.3.3 QR and Subspace Iteration are equivalent

Here, we'll consider the following two methods and show that they are
equivalent.

Subspace iteration QR iteration
Xo=1 A=A
for i = 1, ... for i = 1,
X R; = qr(AX;-1) Q;,R; = qr(4;)
Aiv1 =RiQ;

Lemma 30.9

Xi=Q,Q;Q;

PROOF WEell prove this by induction. The key insight is that R; is
actually the same matrix. (Technical note, we need to assume that the
signs of the diagonal elements of R; are taken to be positive to get a unique
Q factor in the QR decomposition.)

Base case. X; = qr,(AX;-1) = qr(A) and also Q, = qr,(A) as well.
Because R; = QT A = X[ A, we get the same R; factor here.

Inductive hypothesis. We assume that X; = Q,Q,:--Q;.

Important note. We saw this before, but A; = Q;R; implies that
R; = QiTA,v. SoA;j = QiTAl-Q,». If we iterate this, then note that

A1 = Q7 A;Q; = Q] Q[ AQ,Q,. .

By our induction hypotheis A;+; = X iTAX i
Note that X;,1R;11 = qr(AX;) = qr(AQ;---Q;).
So Xz‘T+1AQ1"'Qi = Rjy1.

30.3.4 The issue with QR

The problem with the QR method is that it is very expensive. Each
iteration is O(n*).

In order to make this more efficient, we want to translate the matrix
A into one that has a structure that makes the RQ-iteration efficient. The
properties we need are:

1. we can translate a general symmetric matrix A to a matrix B with this
property via orthogonal transformations B = Q" AQ or similarity
transformations B = X ' AX (so we preserve eigenvalues)

2. computing a QR factorization of B is efficient

3. computing the product RQ is efficient

4. the matrix RQ has the same property as B.

There are some modestly esoteric classes of matrices that enable these
(such as hierarchical semi-seperable), but the most straightforward case is
a tridiagonal matrix.
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Here, we show that if B is tridiagonal, then RQ is also tridiagonal.
This gives us most of the properties since we always saw how tridiago-
nal matrices enable a linear-time QR factorization. (In the section on
GMRES.)

Consider a symmetric tridiagonal matrix

o o
o o o
B= o o o
e o o
o o

Then in the first step of QR, we are going to “zero” out the 2, 1 entry
via a Givens transform. This gives us:

o o X X
o o 0
Q, = 1 QITB: e o o
1 o o o
1 o o
1 e o o
o o 0 x x
Q,= o o QIQ'B- 0 x x
1 e o o
1 o o
Hence, at the end, we'll have
[ ] [ ] [ ]
[ ] [ ) [ ]
QiQ;Q;QB=R=| 0 o o
0O o o
°
[ ] [ ) ].
[ ] [ )] [ ) [ ]
Q=Q,Q,Q:Q4= 1 e o
1 1
1 1
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So

o o o o X X e
0O o o o e o X X e e
RQ = 0 o o o 1 Q,Q;Q, = 0 ° ¢1Q,Q;Q,
0O o o 1 0O o o
° 1 °

X
X

= x x o o|Q3Q,
0

o o
0 e
[¢ o x x |
e o X X
= e x x o|Qy
X X e
0O e
(¢ o o ]

1}

L[]

[ ]
X X X X X
X X X X X

We can keep going with this and we’ll find that RQ is upper-Hessenberg.
But,R = QTA so RQ = QTQQ is symmetric, upper-Hessenberg, i.e.
tridiagonal!
30.4 REDUCTION TO TRIDIAGONAL FORM
EXAMPLE 30.10 A =randn(6) .

30.5 QR WITH SHIFTS

30.6 EIGENVALUES AND EIGENVECTORS OF SPARSE
MATRICES

Run the power method! Then we'll get
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30.6.1 Deflation

30.6.2  Subspace iteration
30.6.3 Lanczos

30.6.4 ARPACK

EXAMPLE 30.11 This example shows how to use the eigs function in
Matlab

A = sprandsym(10000,50/10000);
[V,D] = eigs(A);
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ALGORITHMS FOR THE SVD

The entire goal of our class was to help study matrix problems through
their structure. Here we will consider matrices that have what we will call
"bipartite” structure, following the conventions of a graph theory view on
matrices. A more standard name for this structure is "consistently ordered"
but that includes quite a few more details.

Where do bipartite matrices arise? The first place is in algorithms for
the SVD. Another place is the 2d Laplacian, or any matrix derived from
a bipartite graph. The point of this lecture is to look at the relationships
between these persepctives.

We have seen algorithms to compute eigenvalues of matrices. Algo-
rithms for the SVD follow from two points of view. Assume without loss
of generality that A has more rows than columns.
vIEW 1 The singular values of the matrix A are the eigenvalues of A" A
vIEW 2 . The singular values of the matrix A are the positive eigenvalues

0 A
of B = |: AT 0].
The matrix B in view 2 is a specific instance of a bipartite matrix!
More generally, the theorem underlying **View 2** is

AT
the eigenvalues of B are +0; along with m + n — 2n additional
zeros. Given an eigenvalue +o; eigenvector Bz = oz if we

Theorem 31.1
Let B :T 0] andlet A = ULV be the SVD of A. Then

partition z = [x] Then, Ay = ox is one of the singular
y

vectors and value sets.

N B

vzTut o o v||=T oflo Vv
— TODO - Show more of this matrix, including the number of zeros. Then
note that there exists a permutation matrix P such that

— TODO - Work out more of this matrix, including the number of zeros.
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Further, we have

o o)

-1//2 12
1/vV2 1NV2

At which point, we are done.

-l

-1/vV2 12
1/\/2

1/\/2

|

This enables us to work with the matrix B instead of A. Of course, we
do not actually form B, rather we work with it implicitly.
Just like eigenvalue algorithms, the first step is to reduce the matrix
size via a set of orthogonal operations. For the SVD, we can make this

two-sided! This enables us to reduce A to a bidiagonal matrix F.

— TODO - New nodes on doing the bidiagonal reduction via a full
Householder step on the left, then a partial on the right, and then full on

the left. ...

— TODO - Note that we could do lower-bidiagonal too!
We can also see this via the Lanczos perspective. Consider running
the Lanczos method on B.

EXAMPLE 31.2 A =

-5.0 -5.0 5.0 -3.0

-3.0 -2.0 -1.0 1.0

4.0 3.0 0.0 -4.0

0.0 2.0 -4.0 3.0

-5.0 0.0 -3.0 -1.0

5.0 2.0 2.0 -2.0
U,T,rho = lanczos (A, [ones(6); zeros(4)],
U =
10 x 5 Array{Float64,2}:

0.408248 0.0 0.558726 0.0
0.446931

0.408248 0.0 -0.0423861 0.0
0.410261

0.408248 0.0 -0.0192664 0.0

0.408248 0.0 -0.5279 0.0
0.214123

0.408248 0.0 0.466248 0.0

0.408248 0.0 -0.435421 0.0

0.0 -0.549442 0.0 -0.540403
0.0

0.0 0.0 0.0 -0.636057
0.0

0.0 -0.137361 0.0 0.47354
0.0

0.0 -0.824163 0.0 0.281345
0.0
T =

0.0 2.97209

2.97209 0.0 5.94127

5.94127 0.0 7.37874
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-0.687834

-0.332179
-0.0513024



7.37874 0.0

There is a large amount of structure that emerges! Let’s decode this
structure!
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DERIVATION OF THE HILBERT MATRIX

One of the most interesting matrices and matrix problems arose around
the turn of the century when David Hilbert wanted to look at approximat-
ing functions by polynomials. This leads to a way to quantify how difficult
a linear systems is to solve on the computer, called the condition number.

Given a function f(x) we want to create a polynomial approximation
p(x) that minimizes the squared error over the interval [0, 1]. Let p(x) =
€1+ Cox + c3x% + -+ + c,x¥ 1. Then we want to pick ¢ such that:

B©) = [ (f() - p(x))? dx

is as small as possible. If we simply expand the objective function, then

we have:
B© = [ ()~ p() dx= [ (f(x) - £k, i) dx
k Kk o k 1 , 1
E(c):ZZcicj/(; xI Tyt dx—Zch/O f(x)xf_ldx+j0 f(x)*dx.
j=li=1 j=1

Hence, we have
E(c) = c"Ac-2c"b

where
L. . 1 ;
Aijzf X dx = 1)(i+ - 1) bj= f f(x)x/ " dx.
0 0

This minimizer of this is just the solution Ac = b.

But the matrix A is surprising. It is called the Hilbert matrix (after
David Hilbert) and is one of the most highly sensitive linear systems of
equations (see lecture 18).
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CHESS RANKING

Discuss Vignass early reference along with Richard Brent’s paper.
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PAGERANK

The goal of PageRank is to estimate the most important nodes in a
directed graph. Methods to address the importance of nodes in a graph are
an instance of centrality computations in network analysis. PageRank was
initially conceived of for this question when the directed graph represents
a set of connected web pages on the internet. Consequently, you may
often hear a vertex or node called a page and a directed edge a link in this
context.

Let A be the adjacency matrix of a directed graph. An entry of A;; = 1
when there is a directed edge from node i to node j and an entry has a
value of 0 otherwise. Here is an example where we have extracted a subset

Learning objectives

See the derivation of the PageR-
ank linear system of equations.
See the relationship between
PageRank and an eigenvector
problem.

1.

' This graph was originally created
around 2013, so the the data may

have changed slightly.
of articles from Wikipedia and the directed links among them."
<3
<
— ¥ OS85y £4,
HSTF LS TS ET
: | LEIITHQEILES
[Llnearsystem] o 011110100 07 PageRank
(] (Bigenector] 100000000 0| Google
U A= 1000011100 0| Adjacency matrix
P 110011010 0| Markovchain
111100001 0] Eigenvector
001000101 1] Directed graph
\ 000001000 1| Graph
—— (Graph) 000000001 0] Lincar system
T () 000000010 0| Vector space
000000000 0] Multiset
The way that importance works in PageRank is that we model a pro- . ... .
y, this is a memoryless

cess> that behaves as follows. At node i
- with probability «, we follow an out-edge to another node. (If there
are no out-links, then we jump to a page chosen uniformly at ran-
dom.)
- with probability (1 — «), we jump to a page chosen uniformly at
random (a reset or restart behavior).
This process is related to a so called random surfer model because it models
someone randomly clicking around web pages. (This activity used to be
called surfing the web.) At each page, we click a random link. Periodically,
we restart the session entirely — like when someone would get up. This
idea was a better model for how people engaged with the web in 1998 than
it is for the modern social network dominated web and its algorithmic
feeds, but let us continue to analyze it anyway.

stochastic process, also called a
Markov chain.
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Assume that each node has an associated index from 1 to #, the total
number of nodes.? Let X, be the identity of the node the process is on at
step t. These values are an infinite sequence that represents the behavior.
An example is

Xl X2 X3 X4 XS X6 X7
1 - 3 > 5 —> 9 vreset 4 - 5 - 4 —

We see a reset after the third step. The PageRank vector of the graph is
defined as the amount of time that this process spends in each node as it
runs forever

T .

xi:limlz b Xe=i .
T—-eo T {55 |0 otherwise

Let’s explain the sum. For shorthand, note that we can replace the two
cases with an indicator function and Ind[ X = i] is exactly the function
with value 1 if X; = i and 0 otherwise. Let f;(T) = + Yo Ind[ X, = i].
Note that f;(T') is always a probability distribution over all nodes i. This
property occurs because there are exactly T places where Ind[X; = i] is 1
as we look over the choices of i. Consequently, we have a limit of averages
over where the process spends its time.* Let x be the vector formed by
the x;s. Then the vector x must be a probability distribution itself. These
distributions are also called stochastic vectors.

Definition 34.1 (stochastic vector)
A stochastic vector v has non-negative entries that sum to 1,
thatis, v; > 0 and e’v = 0.

In turns out that x always exists for any sample of a memoryless stochas-
tic process, but it need not be unique. We won’t prove this as it’s a lengthy
diversion. For the PageRank process it is unique because of the reset steps,
although we can show this a slightly different way.

Since we know that x; exists, we can attempt to state conditions on
what must be true about it. Our strategy here is the same as we used in
the hitting time analysis in example 3.3. Since we have let the process run
for infinite time, then the probability of getting to x; must be able to be
deduced from the other probabilities. There are three ways to get to node
i

1. from an incoming link,

2. from jumping from a node with no outlinks

3. from a reset jump.

Let d; be the number of nodes that node j links to (so this is the out-degree
of node j). Then

xi=a Yy xj/di+ a > xj/n +(1-a) anl/n.
j=1

jlinks to i j with d;=0

——

incoming links nodes with no outlinks reset jumps
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3 For our case, we have the indices

Linear system
Vector space
Multiset

1 PageRank

2 Google

3 Adjacency matrix
4 Markov chain

5  Eigenvector

6  Directed graph

7  Graph

8

9

—
o

# This limit of averages is an in-
stance of what is also called a
Cesaro sum.

Add a reference for where
this can be found.

|




Note that this is a linear system of equations, we now seek to introduce
notation to understand it better.
Let P be the matrix where
b 1/d; node jlinks to node i, d; > 0
"o otherwise.

If A is the adjacency matrix described above then

1/d1 in,dj>0

P =A"D7! where Di_j1 =
0 otherwise.

The matrix D" is really the inverse of the diagonal matrix of node degrees,
where we simply skip over any node with degree 0.> Let ¢ be the indicator
vector where ¢; = 1 for all nodes with d; = 0 and ¢; = 0 for all other nodes,
that is ¢; = Ind[d; = 0]. Then we can rewrite the elementwise system as

x = aPx+ ae(c"x)/n+ (1 -a)e/n.

If the graph underlying the problem is connected or all pages have outlinks,
then we will have ¢ = 0.
Let us write an example of these equations for the introductory example
of Wikipedia
dothis

34.1 THE PAGERANK LINEAR SYSTEM & SOME
NOTATION.

It turns out that we can simplify this setting even more. Note that
the way we have defined P and c are coupled. Columns of P correspond
the outlinks of nodes. For each node without outlines, the corresponding
column of P is empty. This means that c really is an indicator vector over
the columns of P that are empty. Let v be any stochastic vector, which
includes the choice above v = e¢/n. We can combine these elements into
into a single matrix

P=P+vc'.

Each column of this matrix P is now a stochastic vector, which is something
we call a column stochastic matrix.

Definition 34.2 (column stochastic matrix)
A column stochastic matrix P has the property each column
is a stochastic vector, equivalently we have P;, i=0 andeTP =

el.

EXAMPLE 34.3 When P = P+vcT, let’s check that it is column stochas-
tic. Since all the quantities are non-negative, we have P;, j 2 0. Now for

5 This “o-ignoring” inverse is often
called the pseudoinverse.

¢ Note that we have ¢ = 0 for

the example with the pages from

Wikipedia.

(do this!

34

- PAGERANK
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e’'P =e’, we have
e"(ATD +vcT) = (Ae)T D7 + (eTv)cT
——
outdegrees d; or 0

:Ind[d,->O]T+Ind[d,-:0]T:eT. *
Consequently, the PageRank equation above is
x=aPx+(1-a)v

where we have substituted v for the stochastic vector e/n. This is currently
written as a fixed point. Usually we write linear systems with a single
variable. This results in the following definition of

Definition 34.4 (PageRank)
The PageRank vector x is defined as the solution of the linear
system

x=aPx+(l-a)v < (I-aP)x=(1-a)v

where P is a column stochastic matrix, 0 < « < 1,and visa
stochastic vector.

EXAMPLE 34.5 Letus show from this definition that x is a stochastic
vector. , the tricky part is non-negativitiy. .

34.2 THE PAGERANK EIGENVALUE PROBLEM
Recall the PageRank vector is the solution of the linear system
(I-aP)x=(1-a)v

where x is a stochastic vector where ex = 1. Then we can multiply by just
the right value of 1 to write

x=(aP+ (1-a)ve")x.
This new formulation is an eigenvalue problem instead of a linear system.

34.3 ALGORITHMS FOR PAGERANK

All of the algorithms from this book can be specialized for PageRank.
We highlight a few key ideas in the problems below.

EXERCISES

1. Let A be a symmetric matrix for the adjacency matrix of an undi-
rected graph. Show that we can multiply the PageRank vector x
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by a diagonal matrix B to find y = Bx where there is a symmetric

positive definite linear system that we can solve to find y.

. Develop an algorithm for coordinate descent on the PageRank linear
system.
. Compare sequential and parallel variable updates on a binomial

random graph. These binomial random graphs can be generated

easily using sprand in Julia and Matlab.

o ol AW bW N

T =
S s & B EoO

using SparseArrays

nnn

binomial _graph(n,d)

Generate a binomial random graph, also called an Erdos Renyi graph,
with n vertices and average degree d. The return value is a sparse
adjacency matrix. If d > 0(log(n)), for a small constant,
then the graph is connected with high probability. Often
d > 2 log(n) is sufficient.
function binomial_graph(n::Integer ,d::Real)
A = sprand(n, d/n)
map!(x->x > 0 7 1.0 : 0, A.nzval)
return A
end

34 - PAGERANK
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BETTER NAMES IN MATRIX COMPUTATIONS

HANKEL MATRIX
TOEPLITZ MATRIX
HESSENBERG MATRIX

JACOBI METHOD

GAUSS-SEIDEL METHOD
GAUSS-SEIDEL METHOD
CESARO SUM OR MEAN

left shift matrix
right shift matrix

bulge triangular
simultaneous variable updates / solves / improvement / relaxation

parallel variable updates / solves / improvement / relaxation
sequential variable updates / solves / improvement / relaxation

sequential variable updates / solves / improvement / relaxation
limit of averages
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