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1 Nice to Know

We often consider graphs to analyze runtimes etc. In many cases we consider lin-log graphs,
which have a linear scale on the x-axis and a logarithmic scale on the y-axis. This exhibits expo-
nential growth as linear graphs. Also, we have log-log graphs at times, which ave a logarithmic
scale on both axis. Such settings are used to demonstrate polynomials, which are shown as lines.
Monomials with higher coefficients correspond to higher exponents.



2 Computing with Matrices and Vectors

This heavily bases on Linear Algebra. We will deal with vectors x € K where K is either R or C.
We will mostly consider real numbers here. Similarly, we work with matrices A € K™™ where n
is the number of rows and m is the number of columns. We write

ailr ... A1m
A =
[079% B Anm,
and denote individual entries with (A); j = a;;,1 <i<n,1 < j < m.

We alwo consider submatrices. Those are defined by boundary indices:

(A)kitrs = [Qijlizh,. 1, 1 <k<I<n,1<r<s<m

J=Ty.csS

A special case of submatrices are row and column vectors of some matrix A. The i-th row is
(A)i,: = [ai,l, e ,aiym] ,1 < i < n. The j-th columns is (A);}j = [aLj, ...,an,j]—r , 1 <5<
m.

Notice that the indexing is different between math notation, where we start with 1, and
programming/C++/code notation, where we start enumeration with 0.
There are some special matrices, which are of utmost importance:

e identity matrix

1 0
I:=1,:= e Km"
0 1
e Zero matrix
0 0
O =0y = il e KW™
0 0
e diagonal matrix
dq 0
diag(dy, ..., dy) = eK'" djeK,j=1,..,n
0 dy,

2.1 Software and Libraries
2.1.1 Eigen - a C++ library

Using performant numerical libraries is important for fast and efficient code. We use Eigen, which
is a header-only C++ library. Header-only means that the library is compiled each time we compile
a program. This is achieved through the library being entirely in its header files. Thus, the compiler
can perform more optimizations.

Generally, there are many different ways to implement things in Eigen. And different (short-
hand) notations. We won’t make all this explicit. Consider the following code examples to under-
stand how to work with types, templates, ...
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Types & Creating Matrices and Vectors The fundamental data type in Eigen is Matrix. We
can define three types of matrices:

o fixed size: size known at compile time
e dynamic size: size only known at runtime
e gsparse/special matrices: only considered later (implicitly)

Additionally, we have to specify which scalar type we want the matrix entries to be. This will
mostly be real numbers but can also be complex numbers. Below we will assume real numbers. If
one uses different/custom scalars, one must cast appropriately.

Listing 1: Declaring Types in Eigen

using dynMat_t = Eigen::Matrix<Scalar, Eigen::Dynamic, Eigen::
Dynamic>;
using dynColVec_t = Eigen::Matrix<Scalar, Eigen::Dynamic, 1>;

using dynRowVec_t Eigen::Matrix<Scalar, 1, Eigen::Dynamic>;

using index_t typename dynMat_t::Index;

using entry_t = typename dynMat_t::Scalar;

Listing 2: Declaring Matrices & Vectors

Eigen::Matrix<Scalar, Eigen::Dynamic, 1> colvec(dim);
Eigen::Matrix<Scalar, 1, Eigen::Dynamic> rowvec (dim) ;

s Eigen::Matrix<Scalar, Eigen::Dynamic, Eigen::Dynamic> testmat (

N

10

dim) ;
Eigen::Matrix<Scalar, Eigen::Dynamic, Eigen::Dynamic> testmat2 (
dim, dim-2);

Eigen::MatrixXd testmat (dim);
Eigen::VectorXd colvec (dim);
Eigen: :RowVectorXd rowvec (dim) ;
Eigen::Matrix3d test3mat;
Eigen::Vector4d coldvec;

Here, X corresponds to dynamic size while d indicates that we use doubles as the scalar type.
Those are just shorthand notations for what we have done manually above. Furthermore, for fixed
sized matrices, we can only use this notation for sizes up to including 5. Afterwards, we use
dynamic sizes with this shorthand-notation or must manually write the entire type.

Listing 3: Initializing Matrices & Vectors

zZero
constant
diagonal
random

identity

+ + + + +

Listing 4: Accessing Matrices & Vectors

colvec[i] =1
vecprod(l,1)

// access vector with square brackets
2; // access matrix with round brackets

|| ~e
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M.block (1l,1,p,q) += Eigen::MatrixBase<MatType>::Constant (p, g
+1.0);
MatirxXd B = M.block(1l,1,p,q);

M. topRows (p) ;

M.bottomRows (p) ;

M.leftCols (p);

M.rightCols (p);

M.template triangularView<Upper>(); // .template is used for
additional safety but mostly unnecessary

In Linear Algebra more generally, we can consider submatrices. This is implemented through
blocks in Eigen. .block (i, j, p, ) corresponds to (M)i+1:i+p7j+1:j+p. The +1 comes from
the different indexing schemes.

Notice that through blocking we access/edit the original matrix and don’t create a copy!

Listing 5: Computing with Matrices & Vectors

dynMat_t vecprod = colvecxrowvec;

The computations we can perform are very intuitive. Multiplying matrices corresponds to
normal matrix multiplication. In the library, this is achieved through operator overloading. When
we want to perform element-wise operations such as element-wise multiplication, we need to work
with the matrices as arrays instead.

Listing 6: Matrix & Vector Methods

const int nrows = M.rows ();
const int ncols = M.cols();
M.transpose(); // reinterpreting matrix for use as transpose for
lazy evaluation (not modification)
M.transposed(); // creating a new transposed matrix at call
point (no modification)

2.1.2 Dense Matrix Storage Formats

An interesting question is to ask how matrices are stored physically in memory. Conceptually,
memory is a linear array while matrices are 2D. To store dense matrices are two basic approaches.
Dense is not a precisely defined term. It means that basically all matrix entries contain information.
On the other hand, we have sparse matrices. Those are matrices, which have a special structure so
that only a few entries contain relevant information. Diagonal matrices and identity matrices are
example. For those, we only want to store the relevant entries and the special form. But for dense
matrices we must consider all entries.

Generic dense matrices are stored in row- or column-major order. Row-major means that the
elements of rows are contiguous in memory, while column-major means that column entries are
contiguous in memory.

e row-major: C, C++, Bitmaps, Python
e column-major: Fortran, Matlab, Eigen (default)

With A (i), where A is a matrix in Eigen, one gets the i-th element when considering the
linear row-major memory orientation. And with A.data (i) one can get a raw pointer to the
corresponding element.
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The default majority in Eigen ist column-major. While the majority doesn’t matter for writ-
ing code, it provides optimization opportunities for certain operations. The performance benefits
mainly stem from cache and memory miss latencies. Which majority is faster depends on the
application. Thus, Eigen also offers the option to store matrices in column-major form.

Eigen is column-major by default. Codes optimizes for column majority usually run faster.

2.2 Computational Effort/Computational Complexity

Computational complexity is introduced as asymptotic complexity in other courses. But for nu-
merical programs, constants determined by memory access patterns etc. have a big impact. Thus,
we also consider asmyptotic behavior as a good indicator. But for actual performance assessments,
we must time the real-world performance of our programs.

When wanting to time executing to measure performance, always execute multiple iterations
of our programs, measure the runtime, and take the average result.

void timing(void)

> {

const int K = 3; // Number of repetitions
// store time before all iterations
for (int k=0; k<K;k++) {
auto tic = high_resolution_clock::now(); // time before
this iteration
// OPERATION TO BE TIMED
auto toc = high_resolution_clock::now(); // time after this
iteration
double t = (double)duration_cast<microseconds> (toc-tic).
count () /1E6; // duration of this iteration
// store time o fthis iteration

// time after all iterations

// store time of all iterations

// compute average among all iterations
// print timing results

2.2.1 Asymptotic Complexity

Definition (Asymptotic) Complexity: The asymptotic complexity of an algorithm charac-
terizes the worst-case dependence of its computational effort on one or more problem size
parameter(s) when these tend to co.

The problem size parameter usually is the matrix/vector size. We have been familiarized with
0,0, 0, and (2 notation. Here, we mostly consider O-notation (Landau notation). cost(n) =
O(f(n)) (or technically correct cost(n) € O(f(n))) means

3C > 0,3ng € N,¥n > ng, cost(n) < C - f(n)

In most cases we consider polynomial runtimes O(n®),a > 0. For precise statements, we
want our runtimes to be sharp and make sharpness assumptions regarding given runtimes. That



means if cost(n) = O(n®) we have cost(n) # O(n”),3 < a. Sharpness not only holds for
polynomial runtimes. For an even more precise statements we may also consider ©-notation,
which specify lower and up bounds.

As with asymptotic complexity, this only makes statements for large input sizes. For small
matrices, the constant factors will dominate the runtime.

2.2.2 Computational Cost of Basic Numerical Linear Algebra Operations

operation ‘ description ‘ #mult/#div ‘ #add/#sub ‘ asympt. complexity
dot product x,y € R xfy n n—1 O(n)
tensor product x € R™y € R" — xy? nm 0 O(nm)
matrix-vector nult. | x € R", A € R™" — Ax mn (n—1)m O(mn)
matrix product | A € R™" B € R™* — AB mnk mk(n — 1) O(mnk)
Figure 1

Of those three elementary operations, only matrix multiplication isn’t optimal. With Strassen’s
algorithm or similar algorithms, we can get close to O(n?) for square matrices but reduce the
exponent to some fraction in any case. But due to very high constants, we implement matrix
multiplication using a triple loop in basically all cases.

2.2.3 Some Tricks to Improve Complexity

This considers some very simple tricks/approaches to reduce the asymptotic complexity of evalu-
ating some expression. Here, assume that expressions such as Ax'’y are given. We want to see
how to optimize evaluation compared to just evaluating always the leftmost possible exprsesion
until we have a result.

Exploit Associativity While matrix and vector operations generally aren’t commutative, they
are associative. And changing the order of evaluation can noticeably improve complexity.

Consider the column vectors a, b, x € R™. Computing (ab")x and a(b 'x) yield the same
result. But the former has complexity O(n?) while the latter has complexity O(n).

Change the order of evaluation of algebraic expressions to improve asymptotic runtime.

Hidden Summation This concept is more difficult to express generally. But it many cases,
computations with matrices and vectors can be interpreted in a meaningful way. For instance,
- . . 0, ¢>73 .
multiplying a vector a € R" with a matrix A € R™", where (A); ; = {1’ | j, i.e., an
, else

upper triangular matrix, corresponds to the result y = Aa having (y); = Eé:ﬂa) j. Then, the
elements of y can be computed with DP by just continuously adding elements of y and storing the
intermediate results as the elements of y. Here we go from the trivial multiplication in O(mn) to
O(n) with DP.

Let’s consider a more complex example. Given A, B € R™? p < n,x € R", we want to
compute y = upperTriangular(AB " )x. Trivially, this is O(n?p) if we do the matrix multiplica-
tion first, the n set the lower triangle to zero and multiply with x. If we consider the special case



p = 1 we would have O(n?). But in that case we can perform a matrix factorization of ab' so
that we can benefit from cumulative summation.

—albl albg e e albn_ L
0 a2b2 a2b3 e . agbn 1
y = triu(ab )z =
: .

| 0 0 apbn| = °
_ _ 1 1 ... oo 1] ~ L
ay 0 1 1 ... ... 1|~ 1

Qp, : e bn| |Tn

- - 0 ... . 0 1) - -7

Here we then have two scalings and one reverse summation. All can be done in O(n). So we
have O(n) instead of O(n?) by utilizing hidden summations.

This then can also be generalized to p > 1 by recognizing that ABT = - (A):J(B):TJ and
that the triangular operation is linear. So:

triu(ABT )x = Z triu((A);J(B):Tl).r
=1

The inner computation can be done in O(n) as above. With the p summands we then get O(np)

instead of O(n?p) originally.

If an arithmetic expression can be rewritten to contain a matrix with all ones in the upper
triangle, one can often use this to reduce a matrix multiplication to O(n).

Also, matrix-vector multiplications with diagonal matrices are just scalings which can be
done in O(n).

Reuse of Intermediate Results

Definition Kronecker Product: The Kronecker product A ® B of two matrices A € K"»"
and B € K% m,n, 1,k € Nis the (ml) x (nk)-matrix

(A)11B  (A)12B ... ... (A)1.B

(A)21 B (A)22B c Kmbnk

(A)miB (AmsB oo oor (A)mnB

With A, B € R™" and x € R"* we can compute y = (A ® B)x. Trivially this can be done

10
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in O(n*). But the product reveals that some parts re-reused:

[ (A)1,1Bx! + (A)12Bx? + -+ + (A)1,,Bx" ]| 1
(A)21Bx! + (A)29Bx* + - - 4 (A)y,, Bx" X
. X .
(A®@B)x = : x=1.],x"eR"
: -
[(A)p,1Bx! 4+ (A), 2Bx? + - + (A), n Bx"

The idea is to precompute Bx',1 = 1,...,n, because those factors are roused n times each:
Z=8B [xl, ey x”} = [Bx!, ..., Bx"]. The precomputation can be done in O(n?).

For one line of (A ® B)x we compute (A); 1Bx'+(A); oBx?+... 4 (A)1,,Bx" = Z(A)],
in O(n?). If we compute all lines we get’ Y = ZA. T which can then be done in O(n?). In the end,
we must reshape to get the result:

(Y):n
This is also straightforward to implement in C++:

template <class Matrix, class Vector>

> Vector kronmultv (const Matrix &A, const Matrix &B, const Vector

1

&x) {
unsigned int m = A.rows(); unsigned int n = A.cols();
unsigned int 1 = B.rows(); unsigned int k = B.cols();

// 1lst matrix mult. computes the products Bz’

// 2nd matrix mult. combines them linearly with the
coefficients of A

Matrix t = B » Matrix::Map(x.data(),k,n) * A.transpose();

return Matrix::Map(t.data(), mx1l, 1);

2.3 Machine Arithmetic and Consequences

From Linear Algebra we are already familiar with the Gram-Schmidt algorithm to find an orthogo-
nal basis for some vector space given some non-orthogonal basis. The algorithm outputs an orthog-

onal basis. Meaning, they are pairwise orthogonal and have norm 1. With Q = [ql . qn}
we then have Q'Q = 1.

Listing 7: Gram-Schmidt Algorithm

template <class Matrix> Matrix gramschmidt (const Matrix &A) {
Matrix Q = A;
// First vector just gets normalized
Q.col (0) .normalize () ;
for (unsigned int j = 1; j < A.cols(); ++3) {
// Replace inner loop over each previous vector in Q with

fast

// matrix-vector multiplication

Q.col(j) —= Q.leftCols(j) » (Q.leftCols(j).adjoint () % A.col
(1))

11



// Normalize vector, if possible.
// Otherwise colums of A must have been linearly dependent
if (Q.col(j).norm() <= 10e-9 % A.col(j).norm()) {
std::cerr << "Gram-Schmidt, failed: A _has_lin._ dep,  columns.
" << std::endl;
break;
} else {
Q.col (j) .normalize () ;

}

return Q;

;}
1],
get Q with Q" Q # I! Thus, something must have went wrong.

The reason is that computers can’t compute with real numbers directly. Instead, they work
with an abstraction of machine numbers. Computing with those only approximates real numbers
and, thus, we incur errors in most computations. There are certain situations in which those errors
become severe. We will consider those (and how to avoid them) below.

But if we run this implementation on A = [ € R™" (called Hilbert Matrix), we

2.3.1 Machine Numbers

Computers store real numbers as floating point numbers. This representation (other than real
numbers) is finite. We compute with machine numbers M instead of real numbers R. Hence, the
result of numerical Linear Algebra may differ noticeably from theoretical Linear Algebra.

There are three major error sources with machine numbers:

e Overflow: If some (intermediate) result after rounding is larger than the largest encodable
number, we get infinity.

e Underflow: If some (intermediate) result after rounding is smaller than the smallest non-zero
number, we get zero.

e Roundoff: There are gaps in between machine numbers as computers work with discrete
numbers. This leads to roundoff errors if a result is between to machine numbers.

2.3.2 Roundoff Errors

We already mentioned that some real numbers can’t be expressed precisely as machine numbers.
More formally, elementary arithmetic operations such as +, —, %, /, ... are not closed with respect
to machine numbers. Accordingly, we can’t use those operations with machine numbers. Instead
we consider modified operations, which round the results to machine numbers: op := rounding o

op.

7

Definition Rounding Up: Correct rounding ("rounding up”) is given by the function

R M
rd:{ -

xr — maxargmingcy|r — Z|

12
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5

This is what we consider here. But modern x86 machines round to the closest even number if
we are exactly in between two machine numbers.
The error we incur can be precisely defined:

relative error of rd= [op(y) — op(@, y)| = |(rd — ld)op(z, y)|

lop(, y)| lop(z, )|

The precision of machine numbers may vary between machines and different floating point
types (floats, doubles, ...). But the machine precision is generally given by
d(z) —
max LX) =2 pap 1991071 for double = rd(z) = 2(1 + €), |¢| < ESP
zeiM|  |z|
Notice that there is a difference between normalized and denormalized values (compare SPCA
for distinguishing those two types). For normalized values, we can get the precision simply by
considering the smallest value so that when added to 1 results in a number # 1. This is considered
the machine epsilon/precision, although we have worse precision for denormalized values.
In C++, we can access the epsilon with std: :numeric_limits<double>::epsilon
0.

Listing 8: Gram Schmidt roundoff - simple vs. QR

void gsroundoff (MatrixXd& A) {
// Gram—-Schmidt orthogonalization of columns of A
MatrixXd Q = gramschmidt (A);
// Test orthonormality of columns of Q, which should be an
// orthogonal matrix according to theory
cout << setprecision(4) << fixed << "I =" << endl << Q.
transpose () *xQ << endl;
// Eigen’s stable internal Gram-Schmidt orthogonalization by
// QR-decomposition (discussed later)
HouseholderQR<MatrixXd> qr (A.rows(),A.cols());
gr.compute (A); MatrixXd Q1 = gr.householderQ();
// Test orthonormality
cout << "Il =" << endl << Ql.transpose()*Ql << endl;
// Check orthonormality and span property
MatrixXd R1 = gr.matrixQR () .triangularView<Upper>();
cout << scientific << "A-Q1xR1 = " << endl << A-Q1+R1l << endl;

This shows that roundoff errors are significant. But by using special implementations and opti-
mizing programs for roundoff, one can mitigate their impact. Here, through the QR-factorization,
we avoid roundoff errors.

2.3.3 Cancellation

Roundoff by itself is just a phenomenon. But cancellation is how this phenomenon impacts com-
putations in a bad way. Cancellation describes the phenomenon how even tiny relative errors can
amplify through multiple computations to huge errors. Thus, even small errors can be destructive.

Cancellation occurs when subtracting (adding with different sign) two numbers. During this
process the existing errors in the operands remain, while the actual number becomes almost zero.
Then, the relative error usually becomes very big, even if we don’t introduce any new error or even
reduce the absolute error.

13



Figure 2: Cancellation - small relative error becomes large relative error

So cancellation occurs when we have subtraction (or addition with negative summand). If we

afterwards multiply with a large value or divide with a small value, we blow up the value so that
the error becomes a large absolute error.

1

Example Root of 2nd Degree Polynomial: We use the discriminant formula to compute

the roots of a square polynomial:

Vector2d zerosquadpol (double alpha, double beta) {
Vector2d z;
double D = std::pow(alpha, 2) - 4 x beta;
if (D < 0)
throw "no,_real, zeros";
else {
// The famous discriminant formula
double wD = std::sqgrt (D) ;
z << (-alpha - wD) / 2, (-alpha + wD) / 2;
}

return z;

2 }

With p(z) = 2% + (y + %)m +1=(z—y)(z - %) we have the two roots y and % But

when using this function, we get small relative errors with y but very high relative errors
for %

With roundoff, we easily understand the small relative errors for y. The large relative errors
with % come from cancellation, because the result is very close to zero after subtraction in

the term —alpha + wbD.

Now we can also understand why the Gram Schmidt algorithm is vulnerable to cancellation.
While subtracting the projections on existing orthogonal basisvectors, we incur cancellation as the
resulting vector may be small with a large relative error. But normalization then blows up the large

relative/small absolute error to also be a large absolute error.

14




Consider f : R — R being smooth and
fl(x) =~ M forh < 1. f(x + h) — f(x) will be almost zero with a high relative
error then. And if A is almost, then be blow up the high relative error but absolutely small,
to a large absolute error.

1 void diffqg() {
double h = 0.1, x = 0.0;
for (int i = 1; i <= 16; ++i) {

4 double df = (exp(x + h) - exp(x)) / h;

5 cout << setprecision(l4) << fixed;

6 cout << setw(5) << -1 << setw(20) << abs(df - 1) << endl

he/ =105
8 }
9o }
logy(h) relative error

-1 0.05170918075648
-2 0.00501670841679
-3 0.00050016670838
-4 0.00005000166714
-5 0.00000500000696
-6 0.00000049996218
-7 0.00000004943368
-8 0.00000000607747
-9 0.00000000827403

-10 0.00000000827403
-11 0.00000000827403
-12 0.000008890058234
-13 0.000079927783736
-14 0.000079927783736
-15 0.11022302462516
-16 1.00000000000000

Figure 3

This figure shows that the relative error first becomes small. But for very small A, the
relative error becomes large again due to cancellation.
It can be mathematically shown that the best choice of h is ~ v EPS.

Numerical codes vulnerable to cancellation are mostly useless.

To test for cancellation, we usually need to check if some value is ’almost’ zero (the result
and divisor to avoid blowing up the error).
Do NOT do so by testing ==0. Instead, test for relative smallness!
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2.3.4 Avoiding Cancellation

Now it is obvious that we want to avoid cancellation. We can’t give one general method to avoid
cancellation. But there are multiple techniques of which we will highlight a few.

Changing the Computation Here, we consider the example of findings the roots of a square
polynomial of earlier. Vieta’s theorem tells us that x1 - x9 = . Thus, it is sufficiently to accurately
compute only one of x; and x2. Then, we get the other through xﬁl

For the first root, we can use the discriminant formula. But only use it to compute the large
solution, which we can compute accurately as seen in the above example.

Eigen::VectorXd zerosquadpolstab (double alpha, double beta) {
Eigen::Vector2d z(2);
double D = std::pow(alpha, 2) - 4 % beta; // discriminant
if (D < 0)
throw "no,_real_zeros";
else {
double wD = std::sqgrt (D);
// Use discriminant formula only for zero far away from 0
// in order to void cancellation. For the other zero
// use Vieta’s formula.
if (alpha >= 0) {
double t = 0.5 » (-alpha - wD);
z << t, beta / t;
} else {
double t = 0.5 % (-alpha + wD);
z << beta / t, t;

}

return z;

Rewriting Expressions With many expressions, we can perform some trivial arithmetic trans-
formations to get a form not vulnerable to cancellation. We consider two kind of common trans-
formations:

e [Isintdt =1 — cosz. For x =~ 0 we incur cancellation. But with trigonometric identities
we get = 2 sin2(§), which we can compute with higher accuracy also for small x.

e y =1+ 22 — /1 — 22 has cancellation for small . But with a neat trick we can use the
identity a? — b* = (a + b)(a — b):

(\/1—}-:52—\/l—xz)(\/l—l—a:Q—}—\/l—:vz)_ 212
V1+a2+vV1—22 V14224V — a2

This does not exhibit cancellation.

Trading Cancellation for Approximation Expressions exhibit cancellation only for certain val-
ues. For those, we can use the Taylor approximation to get an expression without cancellation. Of
course, the Taylor polynomial only is an approximation. However, this approximation may be
better compared to error through cancellation.
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For some smooth function f : R — R we know the Taylor polynomial holds for some { €
o, zo + h[

f(m+1) (C) hm—l—l

m (k)
R e W e ]

We then simply disregard the additional term %hm“ to get an approximation. So that

we get a good approximation we must choose a sufficiently large m.

l \ample [ etdt:

fol e®dt = “=L exhibits cancellation for a = 0.
Thus we approx1mate e® — 1 with its Taylor polynomial but leave the factor % as itis. Then
we get

I(a) = exp(a) — 1 2_: k i (m—ll— i exp(¢)a™ ", for some ¢ € [0, q]

We then just neglect R,,(a) to get an approximation. Here, we can also give an upper
bound for the relative error of this approximation:

- o . L
— I o — ke i@
relative error = [1{a) (a)] __¢ 5_0 (k+1)!
[1(a)| er=1
a
1 1
= Gy PO S Gy PO

We can compute the relative error depending on m for some given a. If we are interested
ina = 1073 we get:

m | 1 \ 2 | 3 | 4 y 3

relative error || 1.0010 - 103 | 5.0050 - 10~ 7 | 1.6683 - 10~ 10 | 4.1708 - 10~ * | 8.3417

Figure 4

Based on when the relative error is sufficiently small, we can start using the Taylor poly-
nomial approximation. The approximate number of correct digits can be identified with
log,(relative errot).

17
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3 Direct Methods for Linear Systems of Equations

3.1 Theory

Linear Systems of Equations were introduced in Linear Algebra. We have seen that those can be
expressed as

Ax=Db

with A € R™" and x,b € R". A and b are given while x contains the unknowns to be found.
We may also consider As which are not square, but that is a less common case. Especially if want
that a solution exists.

The i-th equation for s = 1, ..., n of the LSE corresponds to (A); .x = (b);.

Existence and Uniqueness of Solutions

Definition Invertible Matrix: A € K™" is invertible/regular :< 3B € K™" : AB =
BA =1 Then, B is called the inverse of A. We write B = A~ L.

There are some equivalent criteria to test if some matrix A is invertible:
e det A#0

e columns or rows of A linearly independent

e NV(A) ={z € K"|Az = 0} = {0} (trivial null space)

If A is invertible, then there exists a unique solution to a SLE Ax = b with arbitrary b as
x = A7 'b & x=Bb.

DO NOT use matrix inversion to solve LSEs! Instead use the methods detailed later.

3.2 Gaussian Elimination (GE)
3.2.1 Basic Algorithm

Everything in this section should be known from Linear Algebra. We do successive row transfor-
mations to turn A into an upper triangular matrix. This is called forward elimination. Afterwards,
we perform back substitution. The details of this should be known and won’t be elaborated.

e forward elimination: O(n?)
e back substitution: O(n?)

Instead of considering Ax = b, we can also consider multiple right hand sides at once with
AX = B. This has runtime O(n3) - O(n) = O(n?).

18



Block Gaussian Elimination Instead of considering all elements of A individually, we can also
consider blocks of A and blocked Gaussian elimination.

A A
Asi Ay

b forward elimination All A12 bl
by 0 A — Ay Ajl'Ap | by — Ay Af'by

back substitution I0 Aﬁl (bl — Algs_lbs)
l 0 I ‘ S~ 1b, ’
S=Ayp — A21A1TIA12 is called the Schur complement
bg = by — A21A1_11b1

Considering blocked GE comes in handy for certain optimizations down the road.

3.2.2 LU-Decomposition

This is equivalent to Gaussian Elimination but written as a matrix factorization. This makes it
simpler to solve the same system for multiple right-hand sides - without runtime penalties.

Definition LU-Decomposition/-Factorization: Given a square matrix A € K™", an upper
triangular matrix U € K™" and a normlized lower triangular matrix L € K™" form an
LU-decomposition/LU-factorization of A, if A = LU.

Normalized L means here that the diagonal entries of L are all 1. This is necessary so that
the decomposition is unique for given A. The value of L and U can be acquired during GE
without additional cost. Computing the LU-Decomposition takes O(n3). This follows directly
from obtaining the coefficients from GE.

Solving LSE via LU We use the LU-Decomposition to solve an LSE.

Ax=B < L(Ux)=b
solve Lz = b for z

solve Mx = z for x

Thus, solving with LU can be split into three stages:

1. Compute LU-Decomposition: A = LU.
%n(n — 1)(n + 1) elementary operations

2. Forward Substitution: solve Lz = b.

+n(n + 1) elementary operations

3. Backward Substitution: solve Ux = z.

+n(n + 1) elementary operations

The setup phase (step 1) completes in O(n?). The elimination phase (step 1 & step 2) complete
in O(nZ). Thus, for one solve, the runtime is the same as GE directly. But we can also solve for
multiple right-hand sides at an additional cost of O(n?) each.

If we consider multiple right-hand sides with AX = B, we get runtime O(n?) + O(n?) -n =
O(n?). This is better than GE directly!
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Block LU-Decomposition With the Schur complement S = Ags — Aoy AfllAlg we have:

A A | _ I 0 A A
Ay Ay AyAl I 0 S
to get the LU-Decomposition.

3.2.3 Gaussian Elimination & LU-Decomposition in Eigen

We consider the system AX = B € R™! with A € R™" and X € R™.

In Eigen, we can compute the LU decomposition, i.e., perform phase 1 (setup phase/factoriza-
tion) on A with A. 1u () ;. Then, we can use the resulting object to perform phrase 2 (elimination)
on a vector or matrix with . solve (B) ;.

.1u(); is O(n?). And .solve (B) ; is O(n?-1).

Generally, use good implementations from Eigen or other numerical libraries. Creating a
performant implementation oneself while considering caching, architecture optimizations,
etc. is very difficult!

To benefit from LU, make sure to reuse the LU object whenever possible.

Listing 9: How to use LU in Eigen - bad code - O(Nn?)
for (int j = 0; j< N; ++73) {
x = A.lu() .solve (b);
b some_function (xX) ;

Listing 10: How to use LU in Eigen - good code - O(n3 + Nn?)
auto A_lu_dec = A.lu();

» for(int j = 0; j< N; ++73) {

x = A_lu_dev.solve(b);
b = some_function (x);

3.2.4 Special Cases

Here we consider two cases in which we can use a special approach to improve runtime. Specifi-
cally, we utilize the special structure of matrices to be able to use block LU form above.

-

Definition Sherman-Morrison-Woodbury Formula: For regular A € K™", and U,V €
K™ n,k € N,k < n, holds:

A+UVE) L =A _Alyg+vEA U lvEAT?

If I + V7 AU is regular. UV is a general rank k matrix.

LSE with Arrow Matrix Here we want to compute the LU-Decomposition of an arrow matrix.
An arrow matrix is a matrix A € R™™ with (A);; = 0 & (i # j) A (i # n) A (j # m). The
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resulting matrix then looks like an arrow that points to the bottom right.

7 0 0 -+ 0 7]
0o 7?0 -+ 0 7
007 -+ 07 D lc
RN N
0 00 7
72?7 ? ... 7 7]

where D is a diagonal matrix.

When D is given by its diagonal and the other vectors and constants are given in obvious
form, constructing the matrix and solving for some right-hand side y as introduced above leads to
a runtime of O(n?). But this matrix has a special form so that we can optimize the runtime. We
use block GE.

Block GE works well here, because it is easy to invert D. We can do so in O(n). We just
apply block GE as introduced above and get:

D‘C X1 Y1

Ax = —y= | T

[b%H< YT
C_ﬁ—bTDfl}q
 a—-b'D-l¢

x1 =D} (y1 — Ce)

Remember to check that the denominator is # 0. But besides that we can perform those
evaluations in O(n) - a significant runtime improvement.

This comes at the cost of decreased numerical stability. This is more vulnerable to roundoft/-
cancellation. But it is only relevant in edge cases.

Listing 11: Arrow Matrix Solve

I VectorXd arrowsys_fast (const VectorXd &d, const VectorXd &c,
const VectorXd &b, const double alpha, const VectorXd &y) {
2 int n = d.size();
VectorXd z = c.array() / d.array();
4+ VectorXd w = y.head(n) .array() / d.array();
5 const double den = alpha - b.dot(z);
6 // this is a safe test for approximate equality to 0.0
7 if (std::abs(den) < std::numeric_limits<double>::epsilon() * (b
.norm() + std::abs(alpha))) {
8 throw std::runtime_error ("Near singular, system");
9 }
0w const double xi = (y(n) - b.dot(w)) / den;
B return (VectorXd(n+l) << w — xi % z, xi).finished();

Rank-1 Modifications Assume that solving Ax = b is easy to solve (having LU-Decomposition,
special structure of A, ...). Then we will see that solving A = b is comparatively easy if A is a
low-rank modification of A. A low-rank modification of A is A = A + M’, where M’ has a low
rank. Here, we consider rank-1 modifications specifically, i.e., M’ has rank 1. Any rank 1 matrix
can be represented as uv | with u,v € R”. One common such low-rank modification is to only
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alter one entry of the matrix A to get A. This can be done, because such a rank-1 modification

matrix can be easily constructed as z - e; - €,

-
We use block GE to solve this more efficiently:

ERr RN

From row 2 we get { = v'%. With that from the first row follows (A + uv')% = b. This

shows that solving for x would solve our rank-1 modified LSE.

When solving row 1 directly by itself, we get X = A~!(b — (u). Inserting that into the equa-
v A lb

tion for row 2 yields ¢ = v A~!(b — ¢u). Solving for ¢ leads to ¢ = TovTata Alternatively,
this is directly corresponds to the formulas from Block GE.

Then, we insert the solution for ( into the equation for X or use the Block GE formulas to get:

A~ lu(vH(A~'D))

~:A_1 .
x b AT

This can then be solved by only solving for systems with A, i.e., to compute A~'b and A~ u.
Applying this method involves checking that the denominator is # 0 (in a numerically stable

way!). That corresponds to near singular systems.

I template <class LUDec>
» Eigen::VectorXd smw(const LUDec &lu, const Eigen:VectorXd &u,

const Eigen::VectorXd &v, const Eigen::VectorXd &b) {

const Eigen::VectorXd z = lu.solve(b); // z= A"'b,0(n?)
const Eigen::VectorXd w = lu.solve(u); // w=A"1u,0 n2)
double alpha = 1.0 + v.dot (w);

double beta = v.dot (z);
if (std::abs(alpha) < std::numeric_limits<double>::epsilon () =*
std: :abs (beta))
throw std::runtime_error ("A_nearly_singular");
else
return (z — w = beta / alpha);

If we can easily solve systems with A, i.e., in O(n?) through LU, this has runtime only O(n?).

But we pay a price with worse numeric stability.

Low Rank Modification We can generalize this approach to higher rank modifications.

~

For regular A € K™", and U,V €
K™* n,k € N, k < n, holds:

A+UVE) L =A"t A lyg +vEA D) tvE AT

If I + VHA=U is regular. UV is a general rank k matrix.

3.3 Sparse Linear Systems

With general LSE solve methods we consider all matrices. This means we consider dense matrices
in which all entries are relevant/contain information. But in many cases we know, for instance,
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that certain elements will be zero. In certain such cases we can exploit this special structure to do
certain computations faster.

Simulating circuits requires modeling them as matrices. The number of non-zero entries is
proportional to the nodes, which the matrix size is quadratic in the number of nodes. Thus,
most entries will be zero for large matrices.

Large real-world graphs/networks often also exhibit a lot of zeros.

3.3.1 Sparse Matrix Storage Formats

First and foremost, if most entries are known to be zero, it is wasteful to store all those zeros.
Thus, we have special storage formats for sparse matrices to avoid such wasteful use of memory.
‘We have multiple goals:

e Memory use should be proportional to the number of non-zero entries instead of the number
of total entries.

e The cost of a matrix vector multiplication should be linear in the number of non-zero entries
instead of O(nm).

A common side benefit is that we can easily obtain information about the location of non-zero
entries.

COO/triplet format We store A as a list of tuples (i, j, value). We allow i, j pairs to be re-
peated so that multiple values sum up to the final value for some position in the matrix: (A); ; =
Alk].a. Adding matrices then becomes very easy. It is just a matter of concate-

k,A[k).i=i,A[k].j=37
nation. Multiplication is not much more difficult - compare the below C++ implementation.
struct Triplet {

size_t 1i;

size_t 7J;

scalar_t a;

}

using TripletMatrix = std::vector<Triplet>;

void multTriplMatvec (const TripletMatrix &A, const vector vector
<scalar_t> &x, vector<scalar_t> &y) {
for (size_t 1=0; i<A.size(); i++) {
y[A[i].1] += A[i].a»x[A[i].]J];

COO is still quite wasteful, because we store indices for every element and may even store
indices repeatedly.

Compressed Row Storage (CRS) CRS is a bit more sophisticated (but also more complex).
Notice that we also distinguish between row and column majority here. As Eigen is column major,
we will consider the column major version. Then, we would name this paragraph Compressed
Column Store to be more accurate.

We store three vectors here :
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e std::vector<scalar_t> val of size #non-zero-entries of A.

It contains the non-zero values of the matrix in column-major order. This vector stores the
actual data while the other two are used for specifying their position in the matrix.

e std::vector<size_t> row_ind of size #non-zero-entries of A.

For each index k, this stores the row of the entry in the ‘val‘ vector.

e std::vector<size_t> col_ptrofsizen+ 1.

row_ptr[i] stores the position/index of the first non-zero entry of row ¢ of the matrix
in the vector val. Additionally, we have the sentinel value row_ptr [n+1]=non-zero-
etnries of A+1 for computational reasons.

1 <k <nnz(A)

vallk] = a;; & {mw_md[k]<: &

col_ptr(j] < k < col_ptr[j + 1],

If some columns only contain zeroes, their col_ptr entries just point to the first element of
the next column with non-zero entries. Then, at least two col_ptr entries point to that element.

3.3.2 Sparse Matrices in Eigen

Eigen relies mostly on the Compressed Column Storage (CCS) format. Weuse Eigen: : SparseMatrix
for CCS:

#include<Eigen/Sparse>

» Eigen: :SparseMatrix<double, Eigen::ColMajor> Asp(rows,cols); //

CCS

;s Eigen: :SparseMatrix<double> Asp (rows,cols); // CCS

Eigen::sparseMatrix<double, Eigen::RowMajor> Bsp (rows,cols); //
CRS

The difficult part is initialization. Just setting entries in random order and with an unknown
number of entries leads to bad performance, because the data structure needs to be resizes multiple
times involving massive data movement.

Listing 12: SparseMatrix Adding One-By-One without Reservation

unsigned int rows, cols;
SparseMatrix<double, rowMajor> mat (rows,cols);
3 // do many (incremental) initializations
for( /x ... x/) |
// insert or modify, may involve relocation/resizing
mat.insert (i, j) = value_ij;
mat.coeffRef (i, j) += increment_i7j;
s}
mat .makeCompressed(); // reduce data structure size overhead
Of all option, the just given trivial version is probably the worse. The two following ap-
proaches have better runtime performance - specifically O(n). But the latter has even better con-
stants than the former.
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Intermediate COO/triplet format Alternatively, we can first create a vector of triplets and then
initialize the sparse matrix based on those triplets. This has runtime O(n) with n being the number
of triplets.

Listing 13: SparseMatrix Initialization from Triplets

std::vector <Eigen::Triplet <double>> triplets;

> // .. fill the std::vector triplets
3 Eigen: :SprarseMatrix<double, Eigen::RowMajor> spMat (rows,cols);

spMat .setFromTriplets (triplets.begin(),triplets.end());

SparseMatrix Adding One-By-One with Reservation Here, we reserve space for a certain
number of entries per row when creating the sparse matrix data structure. Then, we can insert and
modify elements with constant cost.

Listing 14: SparseMatrix Adding One-By-One with Reservation

unsigned int rows, cols, max_no_nnz_per_column;

> SparseMatrix<double, rowMajor> mat (rows,cols);
> mat.reserve (RowVectorXi: :Constant (cols,max_no_nnz_per_row)); //

allocate enough space here
for( /+ ... /) {
// O(1) each if enough space reserved
mat.insert (i, j) = value_ij;
mat.coeffRef (i, j) += increment_ij;
}

mat .makeCompressed(); // reduce data structure size overhead

3.3.3 Direct Solution of Sparse Linear Systems of Equations

When working with sparse matrices, always use the appropriate data structures. Otherwise, library
functions don’t know that we work with sparse matrices or would struggle to identify zero elements
- as being zero is measured by being almost zero to have numerically stable programs.

In this section we won’t dive into the details of the algorithms but only see how to apply
them. This is as solving sparse linear systems is an active field of research and the algorithms are
very complex. But one should be able to use the algorithms and know about their performance
(tradeoffs).

The Eigen library provides a SparseLU solver. This can be used just as the regular LU-
Decomposition in the two steps of factorization and elimination. But we must check whether the
solve was successful. It may be that we have a singular matrix or an obscure matrix structure
prevents the solver in Eigen to function properly. We can’t specify a runtime, because the perfor-
mance heavily depends on the matrix structure and the algorithm implemented by the library.

Listing 15: Sparse LU

using SparseMatrix = Eigen::SparseMatrix<double>;

> volid sparse_solve (const SparseMatrix &A, const VectorXd &b,

VectorXd &x) {
Eigen: :SparselU<SparseMatrix> solver (A);

if (soler.info () != Eigen::Success)
throw "Matrix, factorization_ failed";
x = solver.solve (b);
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Solving Sparse Systems - Performance Tradeoffs We have seen the arrow matrix above. Using
that sparse matrix, this demonstrates the performance difference of various approaches:

10" ¢ ———

—¥— arrowsys slow
—+— arrowsys fast
arrowsys SparseLU
0L b .

107 E arrowsys iterative

_. _. _.

o o o
& % N
T T T

runtime [s]

_

o
EN
T

10-6 L Ll L AR L N L L
100 101 102 103 104

Figure 5

We see that going from the slow to the SparseLLU approach leads to significant performance
improvements. This exploits the basic knowledge about some sparse structure. Then, through
further optimizations based on knowledge about the specific matrix structure, we can improve the
performance even further.

In many cases, we choose the SparseLU approach over specialized versions, because of the
usually higher numerical stability in library implementations.

While the runtimes of sparse solvers depends on the specific matrix formats, they usually
perform better than dense solvers (regarding runtime). The cost of solving a sparse LSE Ax = b
is O(n®) in most cases, where n is the number of non-zero matrix entires and o € [1.5,2.5]
approximately.

Different algorithms applied to sparse symmetric positive definite matrices reveal an average
runtime of O(n!®). Matrices, which have a less common/clear structure show worse performance
when applying sparse solvers.
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4 Direct Methods for Linear Least Squares Problems

Linear Least Squares Problems have already been introduced in Linear Algebra. They are of great
relevance in many applications such as machine learning, imaging science, data science, etc. We
will discuss the theory and numerical approaches to solving them here.

Linear Least Squares Problems arise from the desire to solve overdetermined LSEs. Meaning,
LSEs which have more linearly independent equations than unknowns. The system matrices of
overdetermined LSEs are tall, i.e., A € R"™" with m > n. We must generalize the concept of
solving LSEs to also consider such cases.

Examples of Overdetermined Linear Systems of Equations - Motivation

~

: We propose a physical law y = axz + 8
but don’t know « nor /3. Thus, we perform measurements (z;, y;) € R2,5=1,...,n. Our
intuition tells us: We want to perform as many measurements as possible (n > 2) and
get the average of our measurements to reduce the error. Solving the Linear Least Squares
Problem corresponds to finding the solution for « and /3 that best fits all our measurements.
In this case, the system would look like this:

xp 1 1

T2 1| [q . Y2
5| =

Tm 1 Ym

The principle we see from this initial example is: One cannot afford not to use all available
information.

~

~N

This is a generalization of the before described parameter estimation to multiple dimen-
sions. Our proposed law now is y = a'x + 3. We want to identify a and /3 based on
our observations (z;,y;) € R x R,i = 1,...,n. If m > n + 1 and linearly independent
measurements, we have an overdetermined LSE with equations y; = a'x; + 5, which
leads to this system:

>
==
B
<
[y

3
—_ e
-1
= P
1
I

Consider measuring the three angles of a triangle. With entirely
accurate measurements, this system has a solution:

100 a
o1 ol |% |8
0015_§
11 1| ™

But through measurement errors we likely won’t be able to find a precise solution. But then,
we can reduce the variance of our measurements by applying a Least Squares Method to
find a solution minimizing the error across all four penalized properties.
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4.1 Least Squares Solutions Concepts

r

Definition Least Squares Solution: For given A € R"" b € R™ the vector x € R" is a
least squares solution of the linear system of equations Ax = b, if

T € argmin, g || Ay — bl|2 =: Isq(A,b)

2
m n

& [[Az —bll3 = min Ay — bl = min Z( <A>@-,jyj—<b>@->
j=1

y17"'7yn€R i:l

Nice to know: We consider the square of the norm simply to not have the root, which is a
hassle to work with. We don’t hesitate to do so, because taking the square of all values doesn’t
change the minima.

This is a true generalization of solving invertible LSEs. We know that those have exactly one
solution. Thus, that solution is the only one which makes the squared norm 0. We get lsq(A,b) =
{A~'b} with A € R™™ being invertible.

Geometric Interpretation Consider R(A) C R™ = {Ax,x € R"}, which is a hyperplane
and the range of the linear projection A. The vector b € R" may not lie on that hyperplane but
somewhere else in R™. So, there is no solution to the overdetermined system.

But we can draw the residual vector. It is the orthogonal projection x* of b onto the hyperplan
R(A), which corresponds to the smallest deviation from b of solutions x. Although visualization
usually show the projection in 3D onto a plane, don’t forget that the dimensional difference can be
higher so that multiple best projections exist. The solution is not guaranteed to be unique!

b
L {Ax,x € R"}
Ax

Figure 6

From this interpretation we can see that such a projection must always exist. Hence, the
minimum also exists and we can define least squares solutions which always exist via the minimum
and not the infimum.

4.1.1 Normal Equations

Here we learn how to recover least squares solutions by using a square system matrix, whose
solutions are the least square solutions.

Remember that the residual is orthogonal to R(A): r := b — Ax* 1 R(A). By applying the
mathematical definition of orthogonality, we get (Ay) ' (b — Ax*) = 0,Vy € R"™. Because this
does hold for all y, we can also write:

AT(b—Ax*) =0
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Theorem Least Squares Solutions from Normal Equations: The vector x € R™ is a least
squares solution of the linear system of equations Ax = b, A € R™" b € R™, if and
only if it solves the normal equations (NEQ)

ATAx=ATb

The system matrix A T A is symmetric.
The normal equation system collapses to a small n X n system, which exhibits a unique solution
if invertible or otherwise all possible solutions.

”Formal” Derivation using Analysis We define J : R" — R with J(y) := ||b — Ay||3 and get
Jy)=y ' ATAy—2b"Ay +b'b

=> > (ATA)yyiy; —2) Y bi(A)y; + ) b}
j=1

=1 i=1j5=1 =1

This is a multi-variate polynomial in y, i.e., J is smooth. So if we now consider some x* € R"
with x* € argmin,p..J(x), we see that x* is a minima of J. Hence, the gradient must be zero:
VJ(x*) = 0. Through partial differentiation:

n
(y)] =2ATAy —2A"b
=1

oJ
dy;

VI = |

Notice: This only shows that the Normal Equations are a necessary condition. That the condi-
tion is sufficient must be shown separately.

Uniqueness of LSQ Solutions

Theorem Kernel and Range of A' A: For A € R™"™, m > n holds

N(ATA) =N(A)
R(ATA)=R(AT)

Proof. First equality:
ezcNA)=>zc N(ATA)

ezc NATA) = ATAz=0=2"ATAz =0 |Az|? =0 Az=0<1zc
N(A)

The proof of the second equality is analogously. O

Corollary Uniqueness of Least Squares Solutions: If m > n and N(A) = {0}, then
the linear system of equations Ax = b, A € R"" b € R has a unique least squares
solutionx = (ATA)"!ATb.

If N(A) # {0}, then, we have infinitely many solutions, because there are linearly dependent
equations so that the system is actually underdetermined.

29



The corollary easily follows from the fact that if N'(A) = {0} we also have N(ATA) = {0}
from the earlier theorem. Then, A " A is regular and its LSE always has a unique solution.

The condition for the uniqueness of the Least Squares Solution is A/(A) = {0}, which is
equivalent to A having full rank, i.e., rank(A) = n.

4.1.2 Moore-Penrose Pseudoinverse

If the full-rank condition is not satisfied (N (A) # {0}), we cannot expect a unique solution to
a least squares problem. We now specify the minimal norm condition to always get one unique
solution of those many solutions.

Definition Generalized Solution of a Linear System of Equations: The generalized solu-
tion x € R™ of a linear system of equations Ax = b, A € R™" b € R™ is defined
as

x' := argmin{||x||2 | x € Isq(A,b)}

I1sq(A,b) = {x € R"|ATAx = ATb} is an affine subspace of R", which can be expressed
as Isq(A,b) = xg + N(ATA) = xo + N(A) with xg € Isq(A,b).

So, the affine subspace of lsq(A,b) is parallel to N'(A). To find the element with minimal
norm form /sq(A, b), we need to find the element, whose vector is orthogonal to A/(A). This is
as we know that the shortest distance between a point and a space is always there, where the direct
line is orthogonal on the space.

Isq(A,b) | N'(A)

Figure 7

So, for x' must hold that x! | AV(A) & x € N(A)L.

If {v1,..., vi} is a basis of N'(A)* (k :)dimA'(A)) we see that x! = Vy for some y € R*
where V = [vy, ..., v;] € R™F,

From this we can extend the normal equations:

ATAVy=ATp
= V'ATAVy=V'ATb

We show that VT AT AV is always regular. observing that Vx is not null if x is not null

because V is regular. But V spans the complement of the null space of A, so if x # 0, Vx will
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orthogonal to every null vector of A. Hence, AVx # 0. Thus, AVx = 0 if and only if x = 0.
This implies that N (AV) = {0} and AV is regular. This then quickly leads to VT AT being
regular too.

When having found a solution for y, x' then is given by Vy. Thus, a unique solution for y
exists.

’

Theore oore-Penrose Pseudoinverse - Formula for Gener: solution: Given A €
R™" b € R™, the generalized solution x! of the linear system of equations Ax = b is
given by

xI =V(VTATAV)"L(VTATb)

where V is any matrix whose columns form a basis of N'(A)+.
V(VTATAV)~'VTAT is called the Moore-Penrose Pseudoinverse of A.

4.2 Normal Equation Method

After having understood the theoretical foundation of Least Squares Problems, we now consider
algorithms for solving least squares problems numerically. Specifically, this section will discuss
the normal equations ATAx = ATb. Here, we also assume that A satisfies the full-rank condi-
tion (FRC). Thus, also A" A is regular.

~

Definition Symmetric Positive Definite (s.p.d.) Matrices: M € K™" n € N is symmetric
(Hermitian) positive definite (s.p.d) if (a) it is symmetric/hermitian:

M = M7
and (b) positive definite
Vx e K" : xMx >0 x#0

If x¥Mx > 0 for all x € K", then M is positive semi definite.

ATA is also symmetric positive definite. This is of relevance, because such matrices can
be treated in a special ways which allows for further optimizations. Specifically, computing the
LU-Decomposition of a s.p.d. matrix can be done in Eigen with the function . 1tt (), which is
slightly more efficient that . 1u ().

Proof. That C is symmetric is clear from AT A = (AT A)T.
And positive definiteness is also easy:

x Cx=x"ATAx = (Ax)"Ax = |Ax|Z >0 x#0
This last equivalence holds only because we assume the full-rank condition. O

The basic algorithm to solve least squares problems based on the normal equations proceeds
in three steps:

1. Compute the regular matrix C := AT A € R™",
2. Compute the right hand side vector ¢ := A Tb.

3. Solve the s.p.d. LSE Cx = c.
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Listing 16: Solving Least Squares Problems with Normal Equations

I VectorXd normegsolve (const MatrixXd &A, const VectorXd &b) {

if (b.size() != A.rows())
throw runtime_error ("Dimension _mismatch");
| VectorXd x = (A.transpose()*A) .11t () .solve(A.transpose () *b);

return x;

e A.transpose () *Ais O(mn?)
e A.transpose () xbis O(mn)

e .11t ()/.1u() is O(n?)

Thus, the total runtime is O(mn? + n?). For some fixed n, this is linear in m.

Roundoff Errors Clearly this approach is impacted by roundoff in certain cases. We illustrate
this with

The following shows that 1 4 62 with § ~ v/EPS becomes 1 in machine arithmetics, because
the relative error from 1 is smaller than ' PS.

52

2

< EPS

Thus, for AT A we actually compute ATA = [1 1] on computers. This is a fatal error,

11

because now A T A is not regular and we can’t determine the least squares solution.

Extended Normal Equations If A is sparse, then AT A generally is not sparse. This becomes
a problem for large m and n, because the computational expense then is increased noticeably. But
there is a trick to avoid computing A " A: Extended normal equations.

Instead of considering the normal equations in their common form AT Ax = A b, we take a
different but equivalent form: A" (b — Ax) = 0. This corresponds to two linear equations:

er=>b—- Ax
e Alr=0

We may express those in a LSE:

AISINE

The benefit is that if A is sparse, so is the new system matrix. However, the cost is the size:
R™+nmtn Byt if this is sparse it may still be noticeably faster than the unextended approach.
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4.3 Orthogonal Transformation Methods (QR-Decomposition)

In this section we consider another approach to solving least squares problems. Specifically, we
will use the QR-Decomposition (introduced below) to perform the solve. But the general setting
is as before: We consider an overdetermined LSE Ax = b and assume the FRC for A so that the
least squares solution is unique.

Orthogonal Unitary Matrices Knowing about orthogonal and unitary matrix is the foundation
for the introduction of the QR-Decomposition below.

Definition Unary and Orthogonal Matrices:
e Qe K" ncN,isunaryif Q' = QY

e Q € R, neN,isorthogonal if Q! = QT

Equivalent definition: Orthogonality/Unitarity of a matrix is equivalent to norm preserva-
tion.

1Qx(l2 = [Ix[]2, ¥x € R"

The original definition of T being orthogonal (unitary not mentioned every time from now
on) corresponds to x' TTTx = xy. The following shows that this is equivalent to || Ty||; =
|y|l2, Vy € R™. For this, we only use the polarization identity: x "y = 3 (||x+y|I3—[Ix[3—[y[3)-

1 1
(Tx) " (Tx) = S (IT(x +¥) 3 = [ITxII3 — [ Ty[13) = S(1Ix + 3 = X[ — [yl13) =x"y

Thus, the equality holds if and only if x"TTTx = x "y.

Equivalent definition: The columns of an orthogonal/unitary matrix form an orthonormal
basis of R".

4.3.1 Transformation Idea

Remember Gaussian Elimination. The idea behind GE is to transform the LSE so that one gets a
LSE which is easier to solve but equivalent regarding the solution(s). We want to do the same with
least squares problems, i.e., transform Ax = b to Ax = b so that (a) the least squares solution is
easy to compute and (b) the solution remains unchanged, i.e., Isq(A,b) = lsq(A, b).

First, we see that the desired form is also a triangular form. We want to transform A into upper
triangular form.
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Figure 8

Potential solutions for x will be measured based on the norm of the difference on the left side
of the figure (|| Ax — b||2). But independent of the choice of x, the lower m — n components will
remain unchanged. Thus, we must optimize x so that the upper n components are minimal.

If we call the upper triangular rectangular submatrix of A matrix R, we have to solve the LSE
Rx = by.,. Then, the upper n components are zero (the optimum) and the lower m — n can’t be
changed so that we have found an  which minimizes the norm of the given difference.

After having understood why upper triangular form makes solving the least squares problem
easy (it is reduced to a simple elimination in O(n?)) we are interested to find out how to transform
a given A and b into such easy to solve form.

While deriving the normal equations, we have seen that those minimize the residual vector
- specifically the norm of the residual vector. Thus, any transformations which leave the norms
unchanged, also maintain that the solution x has the smallest residual vector. This means that our
transformations must leave the norm || - ||2 unchanged.

Now we remember orthogonal and unitary transformations from above. Those are character-
ized by preserving the norm. Thus, we want to perform transformations using orthogonal matrices
to transform A into upper triangular form. In the next sections we see how this can be done.

If we have a transformation matrix T € R™™ satisfying || Ty|2 = ||y||2 for all y € R™,
then:

lsq(A,b) = argmingcgn [|Ay — bl|2 = argminyeRnHAy — blj2 = Isq(A, b)

4.3.2 QR-Decomposition

When having done GE, we collected the elements of L throughout the process and U as the result
of transformations. So, GE provided the LU-Decomposition as a side effect. Similarly, we may
obtain the QR-Decomposition when performing the correct orthogonal transformations. We will
now consider how that can be done.

The basic algorithm from Linear Algebra which provides the QR-Decomposition is the Gram-
Schmidt algorithm, which orthonormalizes linearly independent vectors {al, .. ,a2} CR™ m >

Listing 17: Gram Schmidt Algorithm Pseudocode
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for 7=2,..,n do
{
for 1=1,2,...,5—1 do
(@ =¢—(d,d)d; )
if (¢?’ =0) then STOP

j_ _q .
else {¢’ = i}

Theorem Span Property of Gram Schmidt Vectors: If {al,...,a"} C R™ is linearly
independent, then the Gram Schmidt Algorithm computes orthonormal vectors ql, . qtE
R™ satisfying

span{q’, ...,ql} = span{al, ...,al}

foralll € {1,...,n}.

Orthonormal means: (q’)'q/ = di;. So the vectors are pairwise orthogonal and have norm 1.
We can collect the n computed vectors q, ..., q" and the n vectors a', ..., a" from which we
construct two matrices:

Q= [ql q”} e R™"
A= [al a"} e R™"

As Q has orthonormal columns, () is unitary/orthogonal as introduced before. Hence, we
notice that Q 'Q = L.

Generally, we know that any vector q’ can be written as a linear combination of the column
vectors of A, because Q and A span the same space. From the Gram Schmidt algorithm follows
that to express q' we even only need the first  column vectors of A.

l
ql = Ztilai withli=1,...,n
i=1

e q' =tj1a
[ q2 = tlgal + t22a2

° q3 = t13a1 + t2332 + t22a3

e q" =tpal +tg,a’+ -+ tyua

tij, 1<7J .
. Then it holds that Q = AT and we see
0, else

We may define T € R™" as (T);; := {
that T is an upper triangular matrix.

Because we assume the full rank condition to hold for A in this whole section as stated in
the beginning, we know that rank(A) = n. Because A and Q span the same space, we have
rank(Q) = n too. Thus, the transformation T cannot reduce the number of dimensions and must
be regular. Less formally, it can also be seen by intuition that from the linear independence of the

vectors and the Gram Schmidt algorithm follows that ¢;; # 0 for all valid .
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Lemma Group of (Regular) Diagonal/Triangular Matrices: If A, B are diagonal/upper
triangular/lower triangular, then: AB and A~! (assuming A is regular) are also diago-
nal/upper triangular/lower triangular.

With T being invertible and upper triangular, we see that A = QT ! and T~! is upper
triangular. Thus, we have a decomposition of A as an orthogonal and upper triangular matrix. If
we define R := T~! we get the economical QR-Decomposition:

A=QR, AcR™ QeR™ R ecR"

Figure 9

We can extend the Q matrix with m — n additional orthogonal vectors. If we also extend R
to the bottom with zeros so that it has height m, the equality with A still holds. Then we have the
full QR-Decomposition:

A=QR, AcR™ QeR™ RecR™

Figure 10
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: For any matrix A € K™* with rank(A) = k there exists

e aunique matrix Qp € R™F that satisfies Q¥ Qo = I, and a unique upper triangular
matrix R € K¥* with (R);; > 0,7 € {1, ..., k} such that

A=Qo-Ro

e a unitary Matrix Q € K™" and a unique upper triangular matrix R € K™* with
(R)i; > 0,i € {1,...,n}, such that

A=Q-R

If K = R all matrices will be real and Q then is orthogonal. Otherwise, Q is unitary.

Corollary Uniqueness of QR-Decomposition:
As implicitly stated in the before theorem: The economical QR-Decomposition of A &€
K™ m > n with rank(A) = n is unique, if we demand (Ry);; > 0 foralli =1, ..., n.

Proof. 1If A has full rank n, then R must be regular. Remember that the upper triangular matrices
form a group under multiplication as stated in above. We will assume that two decompositions
exist and see that the two decompositions must then be equal.

Q:R; = Q:Ry = Q; = QR with R := RyR;!
I-Q/Q =R"Q/Q:R=R"R

From some Lemma about the Cholesky Decomposition then follows that R must be unique.
Specifically, R = I so that then Ry = R;. O

4.3.3 Computation of QR-Decomposition

In the previous section we used the Gram Schmidt algorithm to derive the QR-Decomposition. But
that algorithm is numerically very unstable and introduces very large errors. Thus, we consider
some numerically stable approaches here.

The basic idea is to do iterative steps on A through orthogonal transformations (OTs) which
preserve the norm to turn it into an upper triangular matrix. With each OT, we get closer to
the desired upper triangular form. In the end, we can combine all OTs to one single orthogonal
transformation (justified with following corllary) and get Q*A = R from which we can form the
QR-Decomposition A = (Q*)~'R.

Corollary Composition of Orthogonal Transformations: The product of two orthogonal/u-
nitary matrices of the same size is again orthogonal/unitary.

We will discuss two approaches to get such orthogonal transformations to reach an upper trian-
gular form: Householder reflections and Givens rotations. This uses the realization that orthogonal
matrices (as being invertible) correspond to full-rank linear transformations. Furthermore, their
specific structure implies that they correspond to rotations, reflections, and arbitrary combinations
of those. With Householder reflections, we perform many consecutive reflections and with Givens
rotations we perform many consecutive rotations.
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. . . a; b
Let’s consider the 2D case to illustrate what needs to be done. Given some A = l ! 1] ,

a9 bQ
we want to apply some orthogonal transformation Q so that we get Q [a b} = S I . If we

consider Householder reflections, we need to find a reflection so that a is reflected onto the z-axis.
And if we consider Givens rotations, we need to find a rotation so that a is rotated onto the x axis.

X2

__ | cos¢ sing
Q_ [—sinq)cosq)]

Figure 11: Rotation

If we want R to be in its unique form with (R);; > 0 for all valid 7, we must always map on
the z-axis in the direction of the unit vector e;.

Householder Refelctions This generalizes the approach by using reflections from 2D to arbi-
trarily many dimensions. If we have some vector a and find a reflection so that a is reflected
to become b, where ||al2 = ||b||2 and b is parallel to e;, we define v to be orthogonal to the
reflection plane. v :=a —b L a +b.

vIiv (¥ via vv'

b:a—v:a—vm :a—2vﬁ:(1—2—)a:H(v)a

Equality () is justified through

viv=(a—b) (a—Db) =) (a—b) (a—b+a+b)=2@a—-b)la=2va
where we can add +a + b in step ((J), because of the orthogonality (a — b) L (a + b) <
(a—b)T(a+b)=0.
To find the vector v in practice we choose v = a + sign(a;)||al/e;. The factor sign(a;) is
used to avoid small vectors v if a is almost on the z-axis and has negative a; sign, i.e., to avoid
cancellation.

* +(af2

* 0
H(v)a = £[allze; : H(v) | .| = | .

* 0

Notice that this may map on the x-axis with negative or positive sign. But to get the unique
form of R we must map with positive sign. This would require additional work to be numerically
stable.
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H(v) is called a Householder matrix. It is orthogonal and symmetric from its construction
as areflection. The symmetry of the matrix follows from the property reflection specifically.

We apply those Householder matrices as orthogonal transformations. For consecutive steps,
we choose smaller householder matrices to eliminate continuous columns. Therefore, we fill the
diagonal not covered by H(v) with ones and everything else with zeroes.

= -

Figure 12

The figure applies some H(v) in the first step. Then some [ in the second step, some

1 0

0 H(v)

10 0

0 1 0 in the third step, etc. In total we get Q,—2Qp—2...Q1A = R with A = QR
0 0 H(v)

where Q = QY QZ ... Q| by using that the inverse of orthogonal matrices is its hermitian.

We will mostly consider overdetermined systems as those are the ones for which we are inter-
ested in the least squares solutions. But Householder transformations can be applied to any matrix.
Thus, this is suitable to determine the QR-Decomposition of arbitrary matrices.

When computing the QR-Decomposition in practice, we usually don’t compute and store Q.
Instead, only the normalized v vectors are computed and stored, because it is much cheaper com-
putationally, and in many cases it is sufficient to know the vectors v to compute even with Q.
When having stored some v we can just compute H(v) = I—2vv' € R™™ v € R™, ||v|]z = 1.

All together, implementations usually compute R but only encode Q by its normalized reflec-
tion vectors v.

Grivens Rotations Householder matrices implement the idea of using reflections. With Givens
rotations we generalize the concept of rotating onto the z-axis to arbitrary dimensions. This is
very similar to 2D rotations, because with one Givens rotation we single out two axis and perform
a 2D rotation in its plane. With Householder matrices, we have made all elements below one in A
zero. With Givens rotations we may only attack two entries of which we want to zero one. Thus,
it may take us n — 1 givens rotations to zero all lower elements.
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[a1] (D] m (2)] [, (n=1)]
! aq a§ ) aq
a2 0 0 0
: Gi2(a1,42) a3 Gls(ﬂgl)ﬂls) 0 G14(a§2),a4) Gin (aﬁ"’z),an)
—— || /|, SRR S
| 4y | | an | | An | | 0]
Figure 13

One such Givens rotation is written as G;(a;, a;), where we want to modify a; to make a;
zero and a;/a; are the corrent elements in the matrix. For G;; (a1, ai), ghe matrix specifically is

[ Yy cee O ... O- —al_ _agl)_
-0 Y O fak] =1 0
L0 ... 0 ... 1] [an] | an |
“ and Ok
’y = — 0= ———
|a1]? + [ag[? |a1]? + [ag[?

cos(p) and o corresponds to cos(exZa) = sin(e;Za) = sin(y). Hence, this is just as the rotation
matrix we know from Linear Algebra and the 2D introduction from above.

Because Givens rotation matrices are rotations, they are orthonormal matrices.

When we just look at the 2D plane spanned by e; and ey, vy corresponds to cos(e;Za) =

To store Givens rotations it is sufficient to store the two indices on which we work and the
angle between the vector a and e;, which we named ¢ above. But to make this process numerically

stable, we choose a more complex encoding for some G = [ Y U] :

sign(o), 7=0
Encoding: p := { v/2sign(y)o, lo| < |7]

3V2sign(0)/v, ol > ||
p=x1 =~v=0,0==1
Decoding: < [p| <1 =o0= %\/ip,qf =V1-02
lpl>1 =~y=5V2/po=1-72

This encoding forgets the sign of the matrix G. So the signs of the corresponding rows of the
matrix R must be changed accordingly.

Computational Cost of Householder QR Householder-based QR of some A € R™"™ m > n
is done by applying various H(v) for n — 1 times total. Applying one householder matrix H(v)
to some X € R™* corresponds to computing H(v)X = X — 2v(v ' X), which can be done in
O(mk). So, applying one householder matrix is proportional to the number of entries in X. While
applying householder matrices consecutively, the householder matrices shrink.

n—1

Z 2(m —k +1)(n — k) = O(mn?)

k=1
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QR-Decompositoin of Banded Matrices Givens rotations are often not chosen in general cases,
because we must apply quadratically more transformation matrices. Although the asymptotic cost
is also O(mn?) as with Householder transformations. However, in certain cases (such as with
banded matrices) Givens rotations work very well. This is usually the case (as also with banded
matrices), if only a few elements must be zeroed.

With banded matrices, specifically with an upper and lower bandwidth of 1, we only need to
apply one Given’s rotation per column. Thus, a total of n — 1 = O(n) transformation matrices
suffices.

G2 GGyt
BT

OO OO OO ¥ %
O OO OO % % *
OO OO % ¥ ¥ O
O OO % % ¥ ©O
O O % ¥ ¥ O OO
O % ¥ ¥ OO0 oo
*¥ ¥ ¥ OO O OO
¥ ¥ OO0 O OO
OO OO OO O *
OO O OO ¥ * ¥
O OO O ¥ % ¥ *
O OO % ¥ ¥ OO
OO % ¥ ¥ O OO
O % ¥ ¥ ©O O OO
¥ ¥ ¥ OO0 O OO
*¥ ¥ OO OO OO
[ecNoNoNolNoNolNoREY
OO OO OO % %
O OO OO % % *
OO OO % ¥ ¥ O
O OO % % ¥ OO
O O % ¥ ¥ © OO
O % ¥ ¥ OO0 OO
¥ ¥ ¥ OO0 O OO

Figure 14

From the structure of the Givens rotation matrix and the structure of the banded matrix follows
that we only turn one zero into a non-zero element with each Givens rotation (at most). So the
total number of non-zero entries remains constant (or decreases). By visual inspection we see
that the resuling matrix after all transformations is still tridiagonal, i.e., the bandwidth remains
unchanged. Such tridiagonal matrices are just a special case of general banded matrices for which
the bandwidth cannot increase in the resulting R reached through Givens rotations.

In this case, one Givens rotation only affects two rows of the matrix and, hence, it suggests to
have runtime O(n). But in fact the runtime is O(1), because we already know most entries to be
zero (< 3 non-zero entries in every row of the matrix) and mustn’t even consider them. So, we
have a total cost of O(n) for computing the ) R decomposition.

4.3.4 QR-Decomposition in Eigen

We compute the QR-Decomposition of some matrix A after importing #include <Eigen
/QR> with Eigen: :HousholderQR<MatrixXd> gr (A). We can access Q through gr
.householderQ () and R through qr.matrixQR () .template triangularView<
Eigen: :Upper> (). .matrixQR () returns a special matrix which contains R in the upper
triangle and the v vectors from the Householder matrices below the diagonal.

Listing 18: Full & Economical QR-Decomposition in Eigen
#include <Eigen/QR>

s std::ipair<MatrixXd,MatirxXd> gr_decomp_full (const MatrixXdé& A) |

Eigen: :HouseholderQr<MatrixXd> qgr (A);
MatrixXd Q = gr.householderQ();
MatrixXd R = gr.matrixQR() .template triangularView<Eigen::

Upper> () ;
return std::pair<MatrixXd,MatrixXd> (Q,R);

std::pair<MatrixXd,MatrixXd> qgr_decomp_eco (const MatrixXdé& A) {
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using index_t = MatrixXd::Index;

const index_t m = A.rows (), n = A.cols();

Eigen: :HouseholderQR<MatrixXd> gr (A);

MatrixXd Q = (gr.householderQ()*MatrixXd::Identity (m,n));

MatrixXd R = gr.matrixQR() .block (0,0,n,n) .template
triangularView<Eigen: :Upper>();

return std::pair<MatrixXd,MatrixXd> (Q,R);

The function .householderQ () returns an expression of the unitary matrix Q as a se-
quence of Householder transformations. The benefit of this only returning an expression and
not the actual matrix is: All the expensive multiplications are only done if really necessary. But
through optimizations, only a few multiplications may actually be performed. For instance, when
multiplying with a vector.

Computing the QR-Decomposition runs in O(mn?) as explained in the previous section.

4.3.5 QR-Decomposition based Solver for Linear Least Squares Problems

Remember the goal of least squares problems: Finding x € R" so that || Ax — bl|2 is minimal
where A € R™"™ and b € R™. Now we assume that the full QR-Decomposition of A is given, or
rather computed with one oft the above outlined methods, and want to understand how to utilize
this Decomposition to solve least squares problems.

|Ax b2 = [QRx — bl| = [|Q(Rx — Q"b)[l2 = [Rx ~ bl2. b:=Qb

If we assume full rank for A, also R has full rank. Then, the minimization problem looks like:

_ ,El -
0
: — — min
Xn
0 .
| b |
L . 2
Figure 15

When discussing the use of the QR-Decomposition before, we have seen that now we must
only consider the upper n components to identify x which minimizes this expression. Specifically,
we must solve the system Rox = by.,.
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by

X = R :

0 ~

bn

Figure 16

(b1 [0 ]

: . - bn| ¢ 0

The residual then is Q(Rx — b) = Q -b|=Q|-

0 bn—l—l
1 0] | by

QR-based Linear Least Squares Solving in Eigen After having computed the QR-Decomposition
with .householderQR (), one canuse .solve (x) on the resulting object, where x is a suit-
able vector or matrix.

Listing 19: Least Squares Solve in Eigen with QR

VectorXd lsgsolve_eigen(const MatrixXd& A, const VectorXd& b,
VectorXdé& x) {
x = A.householderQR() .solve (b);
return Xx;

4}

This is a two-stage approach with a total runtime of O(mn?).
1. Compute R and Householder reflection vectors v in O(mn?).

2. Computing Qb can be done in O(mn) by utilizing the reflection vectors and avoiding to
actually compute the Householder matrices.

3. Solving Rox = by, in O(n?).

The QR-Decomposition can be reused to solve multiple least squares problems. We only need
to repeat stages 2 and 3 then. An additional solve, thus, works in O(mn + n?).
4.4 Singular Value Decomposition (SVD)
4.4.1 Definition & Theory

Theorem (Full) Singular Value Decomposition: For any A € K™ there are uni-
tary/orthogonal matrices U € K™ V € K™" and a (generalized) diagonal matrix
3 = diag(o1,...,0p) € R™" p:=min{m,n},01 > o2 > ... > 0, > 0 such that

A =UxVH

o1, ..., 0p are the singular values of A.
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To my knowledge, the proof of this theorem wasn’t considered and, thus, isn’t relevant. (?)

Figure 17: full SVD of fat and tall matrices

But we may also consider the thin SVD with 3 € KP?, U € K™P, VI ¢ KP" by removing
the zero rows of Y’ and remove the correspondingly irrelevant

Figure 18: economical SVD

Definition Singular Value Decomposition: The decomposition A = UXV¥H from the
preceding theorem is called Singular Value Decomposition (SVD) of A. The diagonal
entries o; of 3 are the singular values of A. The columns of U/V are the left/right singular
vectors of A.

The decomposition has an intuitive geometric meaning. V and U are orthogonal transforma-
tions. V¥ transforms the space orthogonally (combination or rotations and reflections) so that the
deformations of the transformation A to the space happen along the axis. We use 3. to scale along
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those axis and then rotate/reflect the space again. So 'V and U perform basis changes so that we
can apply simple scalings though 3.

Lemma: The squares o2 of the non-zero singular values of A are the non-zero eigenvalues
of AHA, AAH with associated eigenvectors (V). 1, ..., (V). or rather (U). 1, ..., (U).,
respectively.

Proof. We consider AT A but the case for AA¥ is analogous.
AfA = (uzvihH(uzvl) = veiullusvi = veizvi

AT A and =3 are similar matrices with the same eigenvalues. And V contains the eigen-
vectors of A7 A, O

SVD Additive Rank-1 Decomposition A = UXV! may also be written as > (TjUjU]H .
The tensor product clearly has rank one, so we add p rank-1 matrices. If 0,41 = - -+ = 0, = O:

'S
A =UxVH = Zajujv]H
j=1

This different way of writing the SVD is helpful in many situations! Remember it.

For instance, notice that if o, # 0:

T
aruy l <r
Av, = Zajujvjﬂvl = ’
= 0, I>r

Then, it follows that
e R(A) = span{uy,...,u,} and rank(A) =r
o N(A) =span{vyq1,...,Vvp}

Lemma: If for some 1 < r < p := min{m, n}, the singular values of A € K™" satisfy
012 ...20p>0py1 = ... =0p =0, then

o rank(A) =r
o N(A) =span{(V).r41,.., (V). n}

e R(A) = span{(U).1,...,(U).,}

The given vectors spanning A/ and R are even an orthonormal basis each.

4.4.2 SVD in Eigen

To work with the SVD in Eigen, one shall include #include <Eigen/SVD>. Then with

Eigen::JacobiSVD<MatrixXd> svd(A) can be used to compute the SVD of A. By
default, the matrices U and V are not explicitly computed. But one can request so and specify
whether one wants full/economical form by passing options as demonstrated in the following
listing.
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Listing 20: SVD in Eigen

I #include <Eigen/SVD>

;3 std::tuple<MatrixXd, MatrixXd, MatrixXd> svd_full (const MatrixXd

1

& A) |
Eigen::JacobiSVD<MatrixXd> svd (A, Eigen::ComputeFullU | Eigen
::ComputeFullV) ;

MatrixXd U = svd.matrixU();
MatrixXd V
VectorXd sv = svd.singularValues /() ;

MatrixXd Sigma = MatrixXd::Zero(A.rows(), A.cols());

svd.matrixV () ;

const unsigned p = sv.size();
Sigma.block (0,0,p,p) = sv.asDiagonal ();
return std::tuple<MatrixXd, MatrixXd, MatrixXd> (U, Sigma, V);

std: :tuple<MatrixXd, MatrixXd, MatrixXd> svd_eco (const MatrixXds&

A) |
Eigen::JacobiSVD<MatrixXd> svd (A, Eigen::ComputeThinU | Eigen
::ComputeThinV) ;
MatrixXd U = svd.matrixU();
MatrixXd V = svd.matrixV();
VectorXd sv = svd.singularValues();
MatrixXd Sigma = sv.asDiagonal () ;
return std::tuple<MatrixXd, MatrixXd, MatrixXd> (U, Sigma, V);

e Despite not being shown, one can also specify Eigen: : ComputeFullU | Eigen::
ComputeThinV, for instance.

e One shall not call .matrixU () nor .matrixV () if one did not request for them to be
computed as mentioned before.

e The provided singular values are sorted in non-decreasing order.

Although we don’t discuss the workings of the algorithms used to compute the SVD we shall

memorize its runtime:

O(min{m,n}?* - max{m,n})

SVD based rank computation Using the SVD one can quite easily compute the rank of some
matrix. From an above Lemma we know that rank(A) = r with r being the number of non-zero
singular values. When determining r we shall NOT determine r by testing the singular values to
be zero using == 0. Instead, we shall test for relative smallness.

MatrixXd::Index rank_by_svd(const MatrixXd &A, double tol =ESP) {

if (A.norm()==0)

return MatrixXd::Index (0);
Eigen::JacobiSVD<MatrixXd> svd(A);
const VectorXd sv = svd.singularValues();
MatrixXd::Index n = sv.size();
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MatrixXd::Index r = 0;

while ((r<n) && (sv(r) >= sv(0)=*tol))
r++;

return r;

Anyway, Eigen provides its own utility function for this which should generally be used.
If .setThreshold (tol) was not called, Eigen uses the machine precision epsilon for that
datatype.

MatrixXd::Index rank_eigen(const MatrixXd &A, double tol = ESP)

{
return A.jacobiSvd() .setThreshold(tol) .rank();

Orthonormal Bases of Range and Nullspace of A using SVD

MatrixXd nullspace (const MatrixXd &A, double tol = EPS) {

using index_t = MatrixXd::Index;
Eigen::JacobiSVD<MatrixXd> svd (A, Eigen::ComputeFullV);
index_t r = svd.setThreshold(tol) .rank();

MatrixXd Z = svd.matrixV () .rightCols (A.cols()-r);
return Z;

MatrixXd rangespace (const MatrixXd &A, double tol = EPS) {
using index_t = MatrixXd::Index;
Eigen::JacobiSVD<MatrixXd> svd (A, Eigen::ComputeFullU);
index_t r = svd.setThreshold(tol) .rank();
return svd.matrixU() .leftCols (r);

4.4.3 SVD based Solver for Linear Least Squares Problems

Now we discuss how to solve least squares problems using SVD. This extends our repertoire
of methods to solve SVD from QR and normal equations. Remember that for arbitrary A we
can compute the unique solution of Ax = b according to least squares and the minimal norm
condition. For that, we learned about the Moore-Penrose Pseudoinverse, which we now denote
At:xt = A*hb.

We derived the Moore-Penrose Pseudoinverse by considering the normal equations and the
additional criteria x' € A/(A)~ so that we get the unique solution with minimum norm through
the requirement of orthogonality of the vector to the set of all possible solutions.

Now we notice that N'(A)* = span{vy,...,v,} = R(V1) = {V1y|ly € R"}. Here we have
split V = [Vl Vg] with V1 being the upper r columns of VT and V5 the lower n — r rows.
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So, x' = Vy for some y € R”. We can combine this with the normal equation:
ATAx=ATb
= ATAV,;yT=ATb
= V/ATAV,;yt =V/ATb
=V/VZU'USV'Viy"=V/VE'Ub

T 2. 0% o |V] T 2. 0| |Uf
= Vi [Vl’VQ][o ol [0 o |[vi| VY =Va {Vl VQ} 0 ol |uJ|P

= 3%yt =3,U/b
=3,y =U/b
=y =%71U/b

We can extend this formula to compute the solution to least squares problem: V. 1,3~ 1U1Tb.

Listing 21: Least Squares Solve using SVD in Eigen

#include <Eigen/SVD>
VectorXd lsgsvd(const MatrixXd &A, const VetorXd &b) {
Eigen::JacobiSVD<MatrixXd> svd (A, Eigen::ComputeThinU | Eigen
::ComputeThinV) ;
VectorXd sv = svd.singularValues () ;
unsigned int r = svd.rank();
MatrixXd U = svd.matrixU(), V=svd.matrixV();
return V.leftCols(r) % (sv.head(r).cwiselInverse () .asDiagonal ()
* (U.leftCols(r) .adjoint () * b));

}

VectorXd lsgsvd_eigen (const MatrixXd &A, const VectorXd &b) {
Eigen: :JacobiSVD<MatrixXd> svd (A, Eigen::ComputeThinU | Eigen
::ComputeThinV) ;
return svd.solve (b);

Theorem Pseudoinverse and SVD: If A € K™" has the SVD A = UXV# | then its
Moore-Penrose pseudoinverse is given by AT = V; b i ECH

4.4.4 SVD based Optimizations and Approximations

Norm-Constrained Extrema of Quadratic Forms Given some A € K™", m > n, we con-
sider how to find x € K™ with ||x||2 = 1 such that || Ax||3 is maximal. Through this maximum,
we can define the Euclidean matrix norm.

The Euclidean matrix norm of A is defined as:

| Al := max | Ax]| = oy
[Il

With the SVD A = UXV ' we can solve this problem as it corresponds to maximizing
|Ax|]2 = ||ZV "x||2. If we consider y = V" x with ||y|| = 1 we intend to maximize | Ax||s =
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e a?le. As y must have norm 1, we can maximize this by putting all weight on the largest
singular value. So, y = e; and x = Ve; = (V). ;. The maximal value is [|[Ax|]s = o7.

Fitting Hyperplanes We can express a hyperplane by using a vector n orthogonal to the plane

and one point of the plane expressed through p.

Tx—p)=0=n'x—n'p=0=n'x—c=0=n' +c=0
— H:={xeR%c+n'x=0},|n]z=1,ceR

n

Given point coordinate vectors y1, ..., ¥ € R, m > d, we want to find H < {ceR,n €
R?, |||z = 1} such that 352, dist(H,y;)* = S5, |e + n'y;|? — min. Le.:

I yi1 .. w4l |c

L oy21 - Yodl| |m , '

) ) ) i . — min, with [n|z =1
L Yma oo Ymd] [7d] ||y

We rewrite this using the QR-Decomposition of A.

|Ax|l2 — min

—
[r11 T2 Tld41 |
0 72 -+ T2441
) c
ni .
IRx|l2=||0 0 - rgr1d+1]| | . — min
o 0 ... 0
. nq
L0 0 0 ] )
792
o o < 0
We can choose c freely. Thus, we can optimize n to minimize the cost through A = 0
| 0
We can do this minimization under the constraint |n|| = 1 just as in the previous paragraph. But

instead of choosing the maximum singular value, we now look at the minimum singular value

and the corresponding vector (V). , from V. Once having found this optimal solution, we choose
o _ 1 yd
Ci= =55 2= T

We can generalize to let an arbitrary number of parts of the vector x be without constraint.

Listing 22: Fitting under Constraint in Eigen

void clsg(const MatrixXd& A, const unsigned dim, double& c,
VectorXd& n) |

2 unsigned p = A.cols (), m = A.rows();
if (p < dim + 1) {

4 cerr << "not_enough,_ unknowns\n";

return;
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}
if (m < dim) {
cerr << "not_enough, equations\n";

m = std::min(m, p);

MatrixXd R = A.householderQr () .matrixQOR ()
.template triangularView<Eigen: :Upper>();

MatrixXd V = R.block (p-dim, p-dim, m+dim-p, dim)
.jacobiSvd (Eigen: :ComputeFullV) .matrixV () ;

n = V.col(dim - 1);

MatrixXd R_topleft = R.topleftCorner (p-dim, p-dim);
c = —(R_topleft.template triangularView<Eigen: :Upper> ()
.solve (R.block (0, p-dim,p—-dim,dim)) =% n) (0);

Best Low-Rank Approximation In this section we want to get approximations of matrices
through matrices with a lower rank. A low-rank matrix is a matrix A € R"™" if r := rank(A) <
min{m, n}. This enables compression, because we can store the lower-rank matrices using less
memory by utilizing its SVD in the form A = >7;_; 0;(U) Z(V)Tl This only takes O(r(m +

)

n)) < O((m - n)) memory.

Before we introduce how to get the best low-rank approximation, we introduce the Frobenius

norm.

Definition Frobenius Norm: The Frobenius norm of A € K™ is defined as

m n
JAIF =" Jay|?

i=1j=1

) ank Approximation: Let A = UXVH be the SVD of A € K™,

[he | Low
For 1 < k < rank(A) set

k
A, =Ups Vi =) oy (U) (V)
=1
o Uy :=[(U):1,.... (U). ] € K™F
° V%:==KVU;1VH,(VjUk]€]Kn$
o X} :=diag(o1,...,01) € KFF
Then for || - || = || - ||[rand || - || = || - ||2 holds true

A= Apll < |[A = F||,VF € Rg(m,n)

that is, Ay is the rank-K best approximation of A in the matrix norms || - ||z and || - ||2.

Ri(m,n) = {M € K™"|rank(M) < k}
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As with any approximation, this introduces an error. The error depends on the chosen norm:

0 0
e Euclidean norm: ||A — Agll2 = [0 Ziyi-n| ll2 = 0kt1
0 0
0 0 .
e Frobenius norm: ||A — Ag||% = || [0 Bppi-n| |3 =07q + ...+ 02 = Z?;ﬁﬂ"} o7
0 0

This reveals that the decay of the singular values predicts the quality of low-rank approxima-
tions. If we want the relative error to be below some tolerance, we can use this formula tho choose
the approximation rank k:

HA - AkH2 _ Ok+1
| All2 o1

< target tolerance

Principal Component Data Analysis (PCD) PCD could be said to be a method of data sci-
ence. Most generally, it consists of two things: Trend detection in a dataset and data classification
according to those trends for individual data vectors.

Instead of providing a purely theoretical and formal introduction to the topic, we will just go
hands-on with an example and illustrate everything important along the way. This better equips
the reader with the necessary intuition for this topic.

Trend Analysis We have n stocks of which we know the price at m times. We fit this data
in a matrix A € R™" where each column corresponds to one stock. We now want to find the
dominant trends for stock price behavior, i.e., R™ vectors which showcase some most typical
stock trends.

In Linear Algebra formality, this corresponds to us wanting to find orthonormal vectors uy, ..., u, €
R™ such that for all k € [n]: (A). from our dataset is in span{uy,...,u,} + error. The goal is
to choose uy, ..., u, so that the accumulated error is minimal. Then, the p vectors u; correspond
to the trends in the dataset.

The approach is very similar to low-rank approximations: We want to keep the components of
the SVD of A with high singular values.

D min{n,m}
A= Z alulvlT + Z UlulvlT
=1 l=p+1

reconstruction from trends  error/deviation from actual value

The p trends are meaningful if the singular values decay quickly so that with p < m,n we
already get good information for the overall system.

Assuming p is already known, the p dominant trends can then be found in the p leftmost
columns of U as those being the vectors, which span the space corresponding to the p largest
singular values. The factor o; then corresponds to the importance of this trend. And (v;); denotes
the strength of the [-th trend in the data vector ay.
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Figure 19: Help to Understand the Strength of a Trend in a Data Vector

One may consider a lin-log plot of the singular values depending on their number in the order-
ing. From this graph, one can often quickly see which few singular values with highest number
are most important.

Data Classification As just mentioned, the entries of V can be understood to identify the
strength of some trend in some data vector a;. So we can simply plot all data vectors as a point
in a (multi-dimensional) graph, where the ’strength’ values for the main identified trends are the
values for the different axis. Then, we can observe how different groups/clusters emerge.

If we had a new data vector which is was not part of the optimization and we want to identify
the strengths of our trends for this new vector, we must find its best approximation in in the basis
{ui,...,ux}. The coefficients then correspond to o; - s;, where s; can be said to correspond to
the strength of the ¢-th trend.

Proper Orthogonal Decomposition (POD) Given some dataset, this is about approximating
this set with a subspace of the dataspace of some arbitrary dimension. With lower dimensions, our
approximation will clearly be less accurate but also more abstract.

We can compare this approach to least squares on a high level. With least squares we always
try to find parameters for a linear model so that the model has the lowest deviation possible from
the true data. The deviation is measured by ||Ax — b||2. POD wants to find an approximation but
differs in some ways: (1) Instead of finding parameters for an arbitrary linear model, POD always
consider a subspace. (2) This subspace cannot be affine. It must always go through zero. (3) The
measure for deviation from the actual data is different. With POD, we consider the distance across
all dimensions from our data vectors to the selected subspace.

Y, az

T <

X ay

Least Squares Deviation (vertical distances) POD Deviation (minimal distances)

Figure 20: Comparison of Deviations of POD and Least Squares with Linear Regression

More formally: Given data points ay, . .., a, € R™ withm,n € N, for some k¥ < min{m,n}
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we want to find a subspace U, C R™ such that

n
Uy = argming cgm gimw—r > inf [la; — wlj3.
j:lwew’
We want to find U}, in the form of a set of orthonormal basis vectors for U,. Let W =
[Wl . Wk} € Rm’k, k < m denote this basis.
If x is an arbitrary vector in R™ we measure the quality of the approximation W for x through
the distance of x from the subspace Uy, / space spanned by W.

dist(x, W) = min ||x — Wyl = [|[x - WW "x]|
yERF

The minimization through y = W " x holds, because WW ! is the (orthogonal) projection of
x onto the subspace spanned by W (not justified in the lecture).

If we apply this quality measure for all our data points, we can express the criteria for the POD
solution in another way:

n n
: T T
> Jnf flaj —wlz =3 llaj - WW a,]; = [|A - WW A%
=1 j=1
— argminWERm,k7wTW:I||A — WWTAH%

Notice that WW | has at most rank &, and then also WW T A has at most rank k. Remember
that we have discussed before how to get the best rank k£ approximation of some matrix. Let’s use
that optimal approximation for WW " A, which then can only have lower distance.

IA-WW'A|r>[|A-UZ VI |p, YWeR™ WIW =TI

With the SVD of A we see that there is an assignment to W which is exactly equal to this
lower bound. This assignment then must be the optimally minimizing solution. The assignment
ist A =UXVT (its SVD) and W = Uy,. Then:

WW'A=U, U, UV =U[I,0|ZV' =U,X, V]

: The subspace U}, spanned by the first £ left singular
vectors of A = |a; ... an} € R™" solves the POD problem

Ur = R((U):1:k)

with A = UXV# being the SVD of A.

We can compute the POD error like this:

n p
> inf Jlaj —wli= > of
=1 WUk I=k+1

That statement follows from the error of the low-rank approximation, which is the same of our
POD solution.

The POD problem is basically solved as a low rank approximation. Above we have shown
that those two problems can generally be understood equivalently.
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4.5 Comparison of Normal Equations, QR, SVD

Normal Equations are only of practical use for very large sparse matrices, because the other ap-
proaches struggle to utilize that sparsity/the orthogonal transformations destroy the sparsity. But

is the matrix is not sparse or not very large, we prefer the other approaches for their better numeric
stability.
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S Filtering Algorithms

A signal is obtained from measuring some time-dependent value X (t) at n sampling points
to,t1,...,tn—1, Which we write as a vector € R". The process of acquiring such a vector is
called sampling. Usually, we sample at equidistant points and denote the time-difference between
t; and t;1q with At. Those are time-discrete (discrete sampling points), finite (finite sampling
points) and analog (values of X are € R). If we omit finite, we leave the scope of Linear Algebra
as we get infinite sequences in the real numbers: (X )kez € RZ.

In this section, we will consider how to work with signals, analyze them, decompose them,
... We start with a basic theoretical introduction and then discuss the Fourier Transform in length,
specifically the Discrete Fourier Transform (DFT).

5.1 Filters and Convolutions

A filter/channel is a function F' : input signals — output signals. More formally, F' : [*°(Z) —
1°°(Z) where I'(K) := {(z;)jex|sup|z;| < m}. So that we can use Linear Algebra to work with
signals and describe filters, we introduce four properties which we will assume in the following.

5.1.1 LT-FIR

Finiteness means that finite input signals are mapped to finite output signals.

Definition Finite Channel/Filter: A channel/filter F' : [*°(Z) — [°°(Z) is called finite, if
every input signal of finite duration produces an output signal of finite duration,

(M eN:|j| > M = z; =0)
.
(BN eN: |k > N = (F((zj)jez))r = 0)

Time invariance means that is should not matter when a signal arrives. With S,,, being the
shift operator (/channel/filter) as Sy, ((z})jez) = (Tj—m)jez:

s )

Definition Time-invariant channel/filter:
Afilter F : [°°(Z) — [°°(Z) is called time-invariant (TT), if shifting the input in time leads
to the same output shifted in time by the same amount.

V(xj)jez € I°(Z),Ym € Z : F(Sp((25)jez)) = Sm(F((25)jez))

Time-invariant filters/channels commute with the time shift operator.

Linearity means that the channel/filter is a linear map.

Definition Linear Channel/Filter: A filter F' : [*°(Z) — [°°(Z) is called linear, if F' is a
linear mapping:

F(a(zj)jez + B(Wi)jez) = aF' ((z))jez) + BEF(y5)jez)

for all sequences (z;) jez, (y;);jcz and real numbers «a, 5 € R.
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Causality means that the output should only arrive after the input.

Definition Causal Channel/Filter: A filter F' : [*°(Z) — [°°(Z) is called causal (or
physical, or nonanticipative), if the output does not start before the input

VM € N: (zj)jez € I°(Z),2; =0,Vj < M = F((zj)jez)r =0,Vk < M

We may use the acronym LT-FIR for filters that are linear, time-invariant, finite, and causal.
From now on, we only consider LT-FIR filters with finite, time-discrete, and analog signals - unless
explicitly stated otherwise.

Impulse Response A linear mapping is uniquely defined by actions on the basis vector. For
[°°(Z), a basis is given by e, := (0;)jez, which we call an impulse. Form time-invariance
follows that we can shift any basis signal e, to the ’origin’ eg, evaluate there, and then shift back.
Thus, from S_j(ey,) = ep follows that knowing F'(eg) fully defines a LT-FIR.

r

Definition Impulse Response: The impulse response (IR) of a channel/filter is the output
for a single unit impulse at ¢ = 0 as input, that is, the input signal is

1, ifj=0
T8 = Gl = oY (Kronecker symbol)
0, else

Now we will reason more formally, why a LT-FIR signal is fully defined by its impulse re-
sponse. From F' o S,,, = S, o F',Vm € Z follows with time-invariance that

F((éj,k)jEZ) = (hj—k)jGZ = ( .. 0 hyg hit ... hp_q1 O .. ) , hg being at t;, = k- At
With linearity follows:

F((x ZfﬁkF Sk(d50)jez) Zwksk j.0)jez))

5.1.2 LT-FIR Linear Mappings

We have just seen that any signal is a superposition of shifted impulse responses. For some input
signal of length m, a filter with an n impulse response produces an output of length m + n — 1.
Generally, ”output duration is = input duration + duration of impulse response — 1.

m—1
Y = Z hp—jxj,k=0,....,m+n—2
§=0
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Figure 21

We can extend this to infinite signals (if they are zero after some time), because the additionally
considered h values are trivially O:

m—1
vk = D hi—jes = D s
=0 jez

Definition Convolution of Sequences: Given two sequences (hi)kez, (Tk)kez, at least one
of which is finite or decays sufficiently fast, their convolution is another sequence (y)xez,
defined as

Y = th—ijvk S/
JEZL

We write (y;) = (hg) * (z).

We require finiteness of one or sufficiently fast decay so that this sum exists. For practical
applications we want finiteness, so that we can represent ¥ in memory.

Theorem Convolution of Sequences Commutes: If well-defined, the convolution of se-
quences commutes

(zk) * (hi) = (hg) * (zk)

Convolutions can be used to just arbitrarily combine two signals. Or we can also explicitly use
it to apply a filter to a signal by considering the cnovolution with its impulse response.
5.1.3 Discrete Convolutions

Just as a reminder: We restrict ourselves to finite sequences/signals with finite filters/channels.
This enables us to use methods form Linear Algebra. As such, (discrete) convolution, i.e., convo-
lution of finite signals, can be understood as a matrix vector product.
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Figure 22: Discrete Convolution

The first column is the zero-extended/-padded impulse response. The columns in the matrix
arise from cyclic permutation.

-_1/0 h() 0 0 0 -]/0_ -ho 0 0 0]

VAt hl h() 0 0 1 I’ll I’lo 0 0
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y3| _ . |h3 ha 1 0 y3| _ |hs h2 hy ho| |x
ya| = 0| hy T | T2, +%s hy Ya|  |ha h3 hy hi| |x
Ys 0 h4 I’l3 I’lz Ys 0 I’l4 I’l3 I’lz X4
Ye 0 0 h4 h3 Ye 0 O I’l4 I’l3

LY7 ] L 0 ] L 0 ] L 0 i _h4_ LY7 ] L 0 0 O h4_

Discrete Convolution (Formula/Definition)  Discrete Convolution (Linear Algebra)

Figure 23: Discrete Convolution Example

Definition Discrete Convolution: Given x = [xo,...,xm_l]T € K™ and h =
[hoy - hn_l]T € K", their discrete convolution is the vector y € K™~ with com-
ponents

m—1

Y = Z hk_j:cj,k: = 0, ...,2n —2
j=0

where we have adopted the convention /; := 0 for j < 0 or j > n.

The notation is as for sequences: y = h * x = x * h with y, h, x being vectors.

Example: (Discrete) Convolutions are not only used for signal processing/applying filters.
The multiplication of two polynomials p(z) and ¢(z) of degree < n—1 can also be achieved
by computing the discrete convolution of their coefficient vectors.
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5.1.4 Periodic Convolution

So far we looked at finite, time-discrete, and analog signals. We can omit finiteness for a certain
case while still being able to use Linear Algebra. This case are periodic signals.

Definition Periodic Time-Discrete Signal: An n-periodic signal, n € N, is a sequence
(7)) jez € 1°°(Z) satistying

Tjtn = CL‘j,Vj S/

x0
Such period signals can still be represented by vectors x = : e R".

Tn—1
If we apply a LT-FIR filter to a periodic signal, the output signal is periodic itself. If we apply
a filter with impulse response (hj)rez to an n-periodic signal/sequence (xx) we can compute
(yg) := F((zy)) like this:

Y = Z hk,jxj = Z hj-rk—j

JEZ JEZ
—otin n—1 n—1
_— Z Z hv+ln$kfvfln = Z Z hv+ln Tp—vy
v=0 leZ v=0 \Il€Z
n—1
= Z PuTk—y With (p,) being a periodic sequence from the impulse response (hy)
v=0

So, the output signal of applying a LT-FIR filter to an n-periodic signal is again an n-periodic
signal. We see that we can express this as a discrete periodic convolution of the n-periodic input
signal with the n-periodic sequence (p,) created from the impulse response (h). Such discrete
periodic convolutions are different from the discrete (non-periodic) convolutions in the size of the
output vector.

Definition Discrete Periodic Convolution: The discrete periodic convolution of two n-
periodic sequences (px)kez, (Zk)kez yields the n-periodic sequence (yx)kez.

(yr) == (Pr) *n (1)

n—1 n—1
Yk =D Ph—jTi = Y Tp—jpj,k €L
=0 =0

Discrete periodic convolutions can be interpreted as applying an LT-FIR filter to a periodic
signal. And remembering the LT-FIR filters are linear, leads us to realizing that the periodic
convolution is a linear map. Just as the discrete (non-periodic) convolution could be expressed as
a matrix multiplication, we can also write this linear map R? — R, p x x > v,y := p %, « (with
Y, p, ¢ € R™) as a matrix multiplication.
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Figure 24: Discrete Periodic Convolution as Matrix-Vector Multiplication

The matrix used for such a discrete periodic convolution has a special form. We call such
matrices circulant matrices.

~

Definition Circulant Matrix: A matrix C = [c;]};_; € K™" is circulant
:<=> 3(pk)kez n-periodic sequence: ¢;; = pj—i, 1 <i,j <n

Notice that this definition uses different indices than the above figure.

A circulant matrix is fully defined by its associated n-periodic signal/sequence (py).

Convolution by Periodic Convolution So far we have defined discrete (non-periodic) convo-
lutions and discrete periodic convolutions differently. And by how we defined them they are
actually different. Specifically, the matrix for discrete (non-periodic) convolutions did not have to
be square while it is square with discrete periodic convolutions. However, we can express discrete
(non-periodic) convolutions as discrete periodic convolutions.
ao bo
Considera = | : |,b=| : |,n € Nandletz = axbz = >)aj bk =
Gnp—1 bn—1
0, ...,2n — 2. The idea to express this discrete (non-periodic) convolution as a periodic one, is to
suppress the interactions between different periods by padding the sequences with zeros. Instead
ar, 0<k<n {bk, 0<k<n
and y; = .
0, n<k<2n-1 0, n<k<2n-1
Those are called the associated 2n — 1 periodic sequences. Then we have z = a * b = x *9,,—1 ¥.

of a and b, let’s consider xj; := {

60



L [ a0 ]
20
= An—1
0
| Z2n—2 | :
L 0 |

Figure 25: Discrete (Non-Periodic) Convolution by Discrete Periodic Convolution

5.2 Discrete Fourier Transform (DFT)

The Fourier Transform is one of the most important achievements of mathematics and has a huge
impact across a very wide range of applications. For instance, without the Fourier transform, mod-
ern cellular communication would not be possible as is. The basic idea of the Fourier Transform
is, given a signal, to decompose it into pure sin and cos waves, which sum up to the actual sig-
nal when scaled and added. This can be understood as wanting to find the “ingredients” of some
signal. This is very important to transmit information using signals and of utmost importance in
signal processing.

Here, we consider the Discrete Fourier Transform (DFT), which deviates from the theoretical
Fourier Transform in that its signals are sampled in a time-discrete fashion. We will base our
theory of DFS on circulant matrices.

5.2.1 Diagonalizing Circulant Matrices

This section will look at DFT and various of its properties.

Experiment: Eigenvectors of Circulant Matrices This provides some motivation to how we
arrive at DFT, what all of it has to do with sin and cos, the connection to circulant matrices, ...
Lets consider a numerical experiment to get a better feeling for the situation. Let C = circul
(VectorXd: :Random (8)); be some arbitrary 8 x 8 circulant matrix. If we compute the
eigenvectors of such C we make an interesting observation. For all n X n circulant matrices, the
eigenvectors are identical!

If we consider circulant matrices in R™", the eigenvectors are usually in the complex numbers
and their real and imaginary components remind us of sampled cos / sin signals with different
frequencies.
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Figure 26: Eigenvectors of Circulant Matrix circul([1,2,...,128]")

Eigenvectors of Circulant Matrices Now we will continue with a formal treatment. Recall that
trigonometric functions are closely linked to complex calculus through
e = cost+i-sint
We will proceed with suggesting a formal definition of eigenvectors for circulant matrices
and will afterwards verify that those are indeed the eigenvectors for all circulant matrices. As an
answer to the question how to find those eigenvectors: Intuition, ingenuitity, luck, try-and-error, ...
The definition relies on the n-th roots of unity {/1. But instead of considering the trivial

27

solution 1, we look at ¥/1 = w,, = e~ . Generally, the n-th roots of unity have many properties:

® W, =w,

o w, =1
n

o wi =—1

n, j=0 modn

0, 7#0 modn

Skl = Sy - {
We define

n—1
Vi = [W;k-]]:zo eC", k=0,...,n—1

We will show that vg, k = 0, ...,n — 1, are the eigenvectors of any circulant C € C™™

|
—

n n—1

(Cvi)j = > (C)juvi)i =D ujqw, ™
1=0

n—1
lota=7—1 i i
old .7: new ulw(l _])k — wn_]k Z ulwilk
=0

S ~
[l
_ O

n

Iy
=

n—1
= (Vk)j A with A\, = Z ulwilk
=0

This holds for j = 0,...,n — 1. Thus, Cv; = A\pvy. This means that with v we have the
eigenvectors of C. As there are n different v and at most n eigenvectors, those are all eigenvectors
of C. Furthermore, all eigenvectors v, are pairwise orthogonal:

n—1 n—1
vilv, = Z wkiw, ™ = Z wh=™I =0, ifk#m
7=0 n=0
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However, they for £ = m we DON’T have ka Vv, = 1, but = n. Thus, this does NOT form
an orthonormal basis but only an orthogonal basis. We can and will still use the orthogonal basis
to diagonalize C below.

F07 T w0 0 [ wy ]

wn| [ @n P o

|| Sn | | o

2(2—n —n

; n Wn
{VOI“'lvn*l}: ’ 7ty : 7

0 1-n —(n—1)(n— —(n—1)2
(] |wln] oy D) || =(n-12)

Figure 27: Orthogonal Eigenvector Basis for Circulant Matrices

If we write the orthogonal vectors v, in a matrix, we call that matrix the Fourier matrix.

[, 0 0 0 7
ron )
e
wn wn O.)&n )
2(n—1 An—1
Fo= |8 2 A ] e
n 0

. . 1,j=0

0 (n—1) (n—1)2
_wn Wn, o Wn, |

But we can scale the vectors with ﬁ so that they have norm 1. Then, we have an orthonormal
basis.

Lemma Properties of the Fourier Matrix: The scaled Fourier-matrix ﬁFn iS unitary:

1 1
Fnlz—FfzﬁFn
1 1
s ——F 1= _FH
Vo " Vvno "

Lemma Diagonalization of Circulant Matrices: For any circulant matrix C € K™,
Cij = U;i—j, and (u)kez being an n-periodic sequence, holds true:

CF,, = F,diag(dy, ...,d,) i.e., eigenvectors are just scaled by their eigenvalue (d; = \;)

|:d0, ceey dn_1:|T = Fn [UO, ...,un_l]T

Proof. Above we derived that vy, are the eigenvectors with eigenvalues \y. For the eigenvalues we
had the expression A\ = Z?:_()l ulwff . If we denote d; = )\, the first statement follows directly
from that derivation.

If we perform this derivation again (we skip some steps, see earlier derivation for details) with
slightly different notation, we quickly see that the diagonal entries/eigenvalues can be computed
as given by the second expression.

n—1 n—1
Cvi=C(Fp)k = Fn)p > wwh = (Fp)ix Y w(Fn)ey = (Fr).p(Fru)
1=0 1=0
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Generalizing from one vy, i.e., one column of F,, leads to the statements of the Lemma. [

With F,, t= nF,; ! from the Lemma on “Properties of the Fourier Matrix” follows:
— C =F,'DF,

This is the diagonalization of any circulant matrix C.

Definition Discrete Fourier transform (DFT): The linear map

DFT,, : C" — C"
DFT,(y) :=F,y, yeC"

is called Discrete Fourier Transform (DFT).
For example: [co, ey cn_l} := DFT,(y)

n—1
ik
cp = Zijﬁl , k=0,...,n—1
=0

5.2.2 DFT in Eigen

The implementation of DFT in Eigen isn’t optimal. Anyway, implementing DFT in a performant
and stable way is tricky. Generally, we should use library functions.
To use DFT in Eigen, we must #include <unsupported/Eigen/FFT>.

Listing 23: DFT in Eigen

I int main () {
using Comp = complex<double>;
const VectorXcd::Index n = 5;

| VectorXcd y(n), c(n), x(n);

5 y << Comp(l,0), Comp(2,1), Comp(3,2), Comp(4,3), Comp(5,4);
6 FFT<double> fft; // DFT transform object

7 c = fft.fwd(y); // DFT of y

8 x = fft.inv(c); // inverse DFT of c

9

10 cout << "y = " << y.transpose() << endl
1 << "¢ _=_" << c.transpose () << endl
12 << "x =" << x.transpose() << endl;

13 return 0;

We will have x = y in the end.

5.2.3 Discrete Convolution via DFT

All operations with circulant matrices can be implemented by means of Fourier matrices/DFT. We
will now see how this can be done and discuss the benefits of doing so.

64



1

&)

Recall discrete periodic convolution:
n—1
(yr) = (pr) *n (1) & yp = Zpkfjxj withk =0,...,n—1
j=0
In Eigen, we can implement this as given by the formula in O(n?):

Listing 24: Discrete Periodic Convolution in Eigen

Eigen::VectorXcd pconv (const Eigen::VectorXcd &u, const Eigen::
VectorXcd &x) {
const int n = x.size();
Eigen::VectorXcd z = VectorXcd::Zero(n);
for (int k = 0; k<n; ++k) {
for (int j = 0, 1 = k; j<= k; ++3j, —--1)
z[k] += ull]l » x[J];
for (int j = k+1, 1 =
z[k] += ull]l » x[J];

n-1; j<n; ++3j, --1)

}

return z;

Now we will so how to compute this convolution with DFT. For this we assume that our
implementation of DFT is "ultra fast”. Later we will discuss the Fast Fourier Transform and see
that this assumption is (somewhat) realistic.

Already in the beginning we have expressed discrete periodic convolutions with circulant ma-
trices. We will do so now again and additionally write the circulant matrix by its DFS.

n—1
n—1
2L = Z Uk—jXj <> Z = CX, C= {uifj:|ij_0
j=0 =

z = F 'diag(F,u)F,x

This reduces the computation to a few multiplications with the Fourier transform and its in-
verse (being how we construct F-1). If this is very fast (by assumption), computing the convolu-
tion suddently also is very fast.

The discrete periodic convolution *, between n-
dimensional vectors u and x is equal to the inverse DFT of the component-wise product
between the DFTs of u and x.

n—1

n—1
() *n (@) = | D up—j; = F [(Fow)j(Faz)s]7—y
J=0 k=0

periodic convolution
Cr xCc > C"

DFT x DFT DFT | |DFT !

" .  component-wise multiplication
C'xC >

Figure 28: Commuting Diagram for Periodic Convolution with DFT
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Implementing convolutions using DFT is easy.

Listing 25: Discrete Periodic Convolutions using DFT in Eigen

Eigen::VectorXcd pconvftt (const Eigen::VectorXcd &u, const Eigen
::VectorXcd &x) {
Eigen: :FFT<double> fft;
return fft.inv(((ftt.fwd(u)) .cwiseProduct (ftt.fwd(x))) .eval())

4

With this technique we can also compute discrete (non-periodic) convolutions by means of
zero-extension/-padding.

Listing 26: Discrete (Non-Periodic) Convolution using DFT in Eigen

Eigen::VectorXcd fastconv(const Eigen::VectorXcd &h, const Eigen
::VectorXcd &x) {
assert (x.size() == h.size());
const Eigen::Index n = h.size();
return pconvift (
(Eigen::VectorXcd(2 » n — 1) << h, Eigen::VectorXcd::Zero(n
-1)) .finished (),
(Eigen::VectorXcd(2 » n - 1) << x, Eigen::VectorXcd::Zero(n
-1)) .finished(),
)i

5.2.4 Frequency Filtering via DFT

Going back to the beginning, circulant matrices correspond to some LT-FIR filter. What we have
derived with DFT is: Such circulant matrices correspond to multiplication with F,,, some scaling
(with eigenvalues), and some multiplication with F;! = %Fn This corresponds to a basis change,
scaling in this different basis, and reversal of the basis change. What we will see here is that this
intermediate basis in which we perform the scaling has significance (and, thus, is important in
many applications).

If we visualize some columns of a Fourier matrix (the intermediate basis), we see that the real
and imaginary components of those columns correspond to oscillations with different frequencies.

Fourier-basis vector, n=16, j=1 Fourier-basis vector, n=16, j=7 Fourier-basis vector, n=16, j=15
05 os} 1 os
04 04 04

ﬂ I I

02 | I
04
08
. Real part
- ragiary p.
16 18

T Real part
N (maginary p.
12 14

=
] 2 0

Value
Value

—
——
——
Value
s L 5

5 8 10 12 6 8 10 12 % Fig 1 o 2 0 8 10
Vector component k Vector component k 9 Vector component k

slow oscillation/low frequency fast oscillation/high frequency slow oscillation/low frequency

Figure 29: Imaginary & Real Components of Columns of F¢
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We may consider the definition of the Fourier matrix and express its entries by means of cos
and sin. Then we see that the k-th column corresponds to the sampled trigonometric function of
frequency k.

(B = [l ) = 7549, = [eos (@ﬂ s <@)]

As stated before, applying a filter/circulant matrix corresponds to:
1. computing DFT: ¢}, = ?:_(} ywhd

2. performing scaling on cy,

3. computing inverse DFT: y; = Ek 0 CkWy,

The following reveals that the result y; of the inverse DFT we compute as the last step cor-
responds to the superposition of oscillations of different frequencies. The values of c, i.e., |cg|,
correspond to the strength of different the frequency/mode k in the output signal y. For simplicity
in the notation we consider y € R",n = 2m + 1.

2m
—kj —kj
ny]—co+§ cpw,, " + E cpw,, "™’
k=1 k=m+1

m

—kj k—n)j

=co+ Z crw ¥ 4 ep_pwFI
k=1

=co+ Z crWw,, Migep kwﬁj property of w,, from the beginning
k=1

=co+ f: ck (cos(2mkj/n) +isin(2wkj/n)) + cp—k (cos(2wkj/n) + isin(—27kj/n))
k=1

=co+ i ¢ (cos(2mkj/n) +isin(27kj/n)) + ¢ (cos(2mkj/n) — isin(27kj/n))
k=1

m

=co+ Y _(Re(ck) + ilm(cy)) (cos(2mkl/n) + isin(2mkl /n))
k=1
+(Re(cg) — iIm(cy)) (cos(2mkl/n) — isin(27kl/n))

=co+ i 2Re(cy) cos(2mkl/n) — 2Im(ck) sin(27kl/n)
k=1

=co+2 i Re(cy) cos(2mkj/n) — Im(cy) sin(2wkj/n)
k=1

Now that we have understood the connection between DFT, signals, and frequencies, we will
continue by discussing how to apply this interpretation of DFT.

Frequency Identification with DFT For illustratory purposes, we will consider an artificially
generated signal with two dominant modes/frequencies:
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Listing 27: Two Mode Signal

VectorXd signalgen () {
const int N = 64;
const ArrayXd t = ArrayXd::LinSpaced(N,0,N);
const VectorXd x = ((2*M_PI/N*t).sin() + (14*M_PI/N=*t).sin()).
matrix();
return x + VectorXd::Random (N) ;

Below we see the raw signal. From it, we can’t clearly identify the two dominant frequen-
cies. However, through DFT we get vectors whose content describes the strength of different
frequencies. There we clearly see the frequencies corresponding to indices 2 and 7 dominate.

3

Signal
°
"

2k

3 L L L L L

. .
0 50 = [ 5 1 0 25 30
Fig

30 40 5
Sampling points (time)

0 15 2
Coefficient index k

raw randomized two mode signal frequency decomposition through DFT

Figure 30: Frequency Identification with DFT

Detecting Periodicity in Data The fact that DFT decomposes a signal into its frequencies allows
us to apply DFT to data and see whether there are some dominant frequencies in the dataset. In this
example we consider the count of google searches for the term Vorlesungsverzeichnis” (lecture
catalog). The analysis reveals that most requests come at frequencies of 1 term (14 weeks) and 1
semester (1/2 year).
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Figure 31: Frequency of Google Searches for ”Vorlesugnsverzeichnis”

’low’ and ’high’ frequencies The columns of F,, correspond to the frequencies which we can
identify with DFT. And it is sufficient to consider the first half of the frequencies, because the last
half columns simply correspond to the complex conjugate of the first half without introducing new
frequencies.
(Fr)ep—r = [wi"™M)720 = [w, %720 = (Fp).p,  withw)} =1
We may get a better intuition for this, when considering the frequencies, which are defined by
the different n-th roots of unity, on the unit circle.

Lew frequencies

Figure 32: Low and High Frequencies of Fourier Matrices on Unit Circle

Filtering Frequencies Now we have all the necessary background to understand how frequency
filtering by using DFT works. We proceed in those steps:
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1. start: signal y (signal in time-domain)
2. apply DFT to y to get vector ¢ (frequency-domain)
3. do some operations/filtering on the frequencies to get vectors ¢

4. apply inverse DFT to get a time-domain signal again

The operations and filtering in step 3 mostly corresponds to very basic numerical operations.
If those operation are linear operations, we call it linear filtering.

e low-pass filter: This removes high frequencies but lets low frequencies persist. It sets ¢; = 0
for high frequencies (|j — 5| < k for some threshold &)

e high-pass filter: This removes low frequencies but lets high frequencies persist. It sets
cj = 0 for low frequencies (|j — §| > k for some threshold k)

Listing 28: Low- and High-Pass Filter in Eigen

void fregfilter (const VectorXd &y, int k, VectorXd &low,
VectorXd &high) {

const VectorXd::Index n = y.size();
if (n%2 !'= 0)

throw std::runtiem_error ("Even vector length required!");
const VectorXd::Index m = y.size() / 2;

Eigen: :FFT<double> fft; //DFT helper object
VectorXcd ¢ = fft.fwd(y);

VectorXcd clow = c;
// set high frequency coefficients to zero
for (int 1 = -k; Jj<= k; ++3)
clow(m+j) = 0;
// (complementary) vector of high frequency coeffieicnts
VectorXcd chigh = ¢ - clow;

// recover filtered time-domain signals
low = fft.inv(clow) .real ();
high = fft.inv(chigh) .real();

Sound Filtering & Compression with DFT When given an audio recording as a frequency, we
can perform DFT. The result is the frequency decomposition. In many recordings (such as of the
human voice), only a small subset of all frequencies contain important information. Instead of
storing the audio file, it is often cheaper to only store the weight for some select frequencies.

With such an approach we might also consider that the human ear can only hear certain fre-
quencies. Frequencies not in that range can be neglected for some good compression.

5.2.5 Two-Dimensional DFT

The idea of DFT can be extended from one to multiple dimensions. For instance, we can consider
images (grayscale so that 2D) to be a two-dimensional signal. The applications from the previous
subsection (compression, filtering, ...) then can be transferred to such multi-dimensional signals.
The core to this transfer is to understand the Fourier transform for mulutiple dimensions.
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Matrix Fourier Models We will now discuss how to get from 1D DFT to 2D DFT. In 1D,
DFT corresponds to a change of basis so that we are in the frequency-domain instead of the
time-domain. For 2D, we take the frequency vectors from 1D and ’blow them up’ as tensor
products. The resulting rank-1 matrices can be understood to each correspond to one combination
of frequency for each dimension.

{(Fm):,j(Fn);—[—l}jzo,...,n—l ccmn
1=0,...,n—1

The 2D DFT of Y € C™" is

m—1n—1
DFT,, ,(Y) = Z Z(Y)j,z(Fm):,j(Fn);Tl =:C
7=0 1=0
m—1 n—1 m—1 n—1
= (C)kth = Z Z yjly]'QU)gflL 1w¥L2 ? = Z w% ! Z wff zyjhh )
Jj1=072=0 j1=0 j2=0

0<ki<m,0<ka<n

The part in the brackets corresponds to 1D DFT,, for one row of Y. Then, the outer part computes
the 1D DFT,), for the computed DFT/for one column of Y/for one row of DFT,,(Y ").

m—1
(C)k1,k2 = Z (Fn(Y)jh:)kzwgv}Lkl — C= Fm(FnYT)T =F,YF,
Jj1=0

Knowing the inverse of F; also lets use quite easily compute the inverse for 2D DFT:

1 — _
C=F,YF,=Y=F,'CF,! = —F,CF,
mn

Listing 29: 2D DFT in Eigen

| template <typename Scalar>
> void fft2 (Eigen::MatrixXcd &C,const Eigen::MatrixBaseyScalar> &Y
) |
using idx_t = Eigen::MatrixXcd::Index;
4 const idx_t m = Y.rows (), n = Y.cols();
5 C.resize(m,n);
6 Eigen::MatrixXcd tmp (m,n);

8 Eigen: :FFT<double> fft;

9 for (idx_t k = 0; k<m; k++) {

10 Eigen::VectorXcd tv (Y.row(k));

1 tmp.row (k) = fft.fwd(tv) .transpose();

14 for (idx_t k = 0; k<n; k++) {
15 Eigen::VectorXcd tv (tmp.col (k));
16 C.col(k) = fft.fwd(tv);

w0 template <typename Scalar>
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2 void 1ifft2 (Eigen::MatrixXcd &C, const Eigen::MatrixBase<Scalar>

&Y) |
2 using idx_t = Eigen::MatrixXcd::Index;
23 const idx_t m = Y.rows (), n = Y.cols();

24 fft2(C, Y.conjugate());
25 C = C.conjugate()/ (mxn);

Periodic Convolution of Matrices This paragraph justifies why {(Fm):J(Fn)Tl}j:07,_,7n,1 C
" 1=0,...,n—1
C™"™ is the set of eigen”matrices” for all 2D convolutions/for the equivalent of the circulant ma-

trices for 2D DFT.
We assume Y = (F,). »(Fp)s. € C™" «— (Y);; = whiwd:

m—1n—1
X X Y = (B(X,Y))ke = (X)ij (Y)(k=i) mod m,((—j) mod n
1=0 j=0
m—1n—1
= (X)i Jwﬁk_i)wfz(e_])
=0 j=0
m—1n—1 i
= (X)s i | - wikws!
i=0 j=0
m—1n—1 i
— B(X, (Fm):,r(Fn)s,:) = (X)i,jwrﬁwflj (Fm):,r(Fn)s,:
e — i=0 j=0
eigenmatrix/eigenvector
eigenvalue
m—1n—1 ] ]
= B(X, (Fn).r(Fn)s:) = Z Z(X)ivjw%wij (Fm).r(Fn)s,:
—— — — — =
eigenmatrix/eigenvector =0 j=0
eigenvalue

As (Fp,)..;(Fy,)., indeed corresponds to the eigenmatrices, we can diagonalize 2D convolution

.

using those basis matrices. Also, this reveals the eigenvalues, which are entries of DFT,,, ,,(X).

: Forany X,Y € C"™", we have

X #my Y = DFT,.! (DFTp, ;,(X) ® DFTp, 5, (Y))

where © stands for the entrywise multiplication of matrices of equal size.

The theorem can be justified analogous to the 1D case. But due to the complexity of dealting
with the additional dimensions, we don’t do so here.

Listing 30: 2D Convolution in Eigen

I template <typename Scalarl, typename Scalar2, class EigenMatrix>
> void pmconv (
const Eigen::MatrixBase<Scalarl> &X,
' const Eigen::MatrixBase<Scalar2> &Y,
5 EigenMatrix &
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7 using Comp = std::complex<double>;

8 using idx_t = typename EigenMatrix::Index;
9 using val_t
10 const idx_t n = X.cols (), m = X.rows();

1 if ((m !'= Y.rows()) || (n != Y.cols()))

12 throw std::runtime_error ("pmconv:_ size _mismatch");
13 Z.resize(m, n);

14 Eigen::MatrixXcd Xh(m, n), Yh(m, n);

s // Step \ding{202}: 2D DFT of \Blue{S\VY$}

Il

typename EigenMatrix::Scalar;

16 fft2 (Yh, (Y.template cast<Comp>()));

7 // Step \ding{203}: 2D DFT of \Blue{$\VX$}

18 fft2 (Xh, (X.template cast<Comp>()));

19 // Steps \ding{204}, \ding{205}: inverse DFT of component-wise
product

20 1ifft2(z, Xh.cwiseProduct (Yh));

Deblurring by DFT Before we can deblur, we need to understand blurring. Let’s consider an
image P € R"™" (being a pixel matrix). The blurring operator 5 is defined through a point
spread function (PSF) S;, ,, which identified through a small 2L x 2L matrix indexed through
[-L, L] x[-L, L] (L < n,m). Applying the blurring operator to some image (3(P)) corresponds
to computing each pixel by moving the PSF across the image and using its entries as weights for
the new pixel.

L
(C = B(P))l,j = Z Sk,q(P)(l+k) mod m,(j+q) mod n
k,q=—L

Example: Let S , = m and L = 5.

Original Image Blurred Image

Figure 33: Blurring Example

Through a lengthy but actually rather easy transformation chain, one can see that blurring
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corresponds to a 2D discrete periodic convolution.

Clj = Z Z Sk,q l+k mod m;,(j+¢q) mod n

k=—Lq=—L

L L
Z Z S_ k,— q (l k) mod m;,(j—gq) modn
k=—Lq=—L

L L
= Z Z Sflqu(P)(l—k) mod m;,(j—g) modn

k=0g¢=0
L
+Z Z ka,fq<P)(lfk) mod m;,(j—g+n) mod n
k=0qg=—L
L
+ Z Zs—k,—q(P)(l—k+m) mod m;,(j—¢) mod n
k=—L q=0
—1 -1
+ Z Z S—k,—q(P)(lkarm) mod m;,(j—g+n) mod n
k=—Lq=-—L

L L
= Z Z S—k7—q(P)(Z—k) mod m;,(j—q) mod n

k=0 q=0
L
+Z Z S—k,—q+n(P)(l—k) mod m;,(j—¢q) mod n
k=0g=n—L
L
+ Z Z —k-{-m,—q(P)(lfk) mod m;,(j—¢g) mod n

k=m—L q=

S
0
-1
+ Z Z ka+m,fq+n(P)(l—k) mod m;,(j—q) mod n
k=m—Lqg=n—L

Notice that the form of this is quite similar to:

m—1n—1

X*mnY BXY ZZ —4i) mod m,(I—j) mod n
=0 j=0 kl:

with X, Y € C"™"

P perfectly corresponds to Y. And we can modify S to correspond to X (remember L < n, m):

S_k7_q, O S k’q S L
S—k+ﬂu—qa m— L < k <:Tn70 < Qi§ L
(S)’WI: S—k,q+n7 0<k<Ln—-L<g<n

S_ktm,—gtm;, Mm—L<k<mmn—-L<qg<n

0, else

This corresponds to putting the PSF weights into squares in the corners of S.
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If we are given a blurred image C and the blurring weights S, we can reconstruct P. From the
2D convolution theorem follows:

P = DFT;L{R(DFTm,n(C) +entrywise division DFTm,n(S))

We can only perform this deblurring if DFT,,, ,,(S) is element-wise # 0. If that doesn’t hold, we
can intuitively understand the blurring to be such that deblurring isn’t possible.

Listing 31: DFT Based Deblurring in Eigen

MatrixXd deblur (const MatrixXd &C, const MatrixXd &S, const
double tol = le-3) {
const long m = C.rows(), n = C.cols(), M = S.rows (), N = S.

cols();
const L = (M-1) / 2;
if (M !'= N)
throw std::runtime_error ("Error:_S_not_quadratic!");

MatrixXd Spad = MatrixXd::Zero(m,n);
// filling S matrix

Spad.block (0, 0, L+1, L+1l) = S.block(L, L, L+1, L+1);
Spad.block (m-L, n-L, L, L) = S.block(0, 0, L, L);
Spad.block (0, n-L, L+1, L) = S.block(L, 0, L+1, L);
Spad.block (m-L, 0, L, L+1) = S.block (0, L, L, L+1);

// inverse of blurring operator

MatrixXcd SF = fft2 (Spad.cast<complex>());

// test for invertibility

if (SF.cwiseAbs () .minCoeff () < tol x= SF.cwiseAbs () .maxCoeff ())
std::cerr << "Error: Deblurring impossible!\n";

// DFT based deblurring

return 1ifft2 (fft2 (C.cast<complex>()) .cwiseQuotient (SF)) .real ()

’

5.3 Fast Fourier Transform (FFT)

In previous sections we have derived methods using DFT. Initially, we assumed that we have some
“ultra-fast” DFT implementation. Otherwise, all those methods would not yield performance
improvements. In this section we take a look at the Fast Fourier Transform, which provides this
fast DFT implementation.

At its core, DFT corresponds to matrix multiplication: ¢ = F,;y which can be computed in
O(n?) for n — oo. But when looking at different implementations of DFT (manual loops, Eigen
matrix multiplication, native FFT function), we see that the performance differs substantially.

75



1

loop based computation

10-!

o direct matrix multiplication
MATLARB fft() function

--_On log(n))

run time [s]
10 102
T T
1 1

10+
T
L

10-5
T
1

0 500 1000 1500 2000 2500 3000 4 z . . L
vector length n 10 102 108

Timing in MATLAB Timing in Eigen

Figure 34: Performance Comparison of different DFT Implementaitons

The reason for the superior performance of the native functions is that they use FFT.

The Fast Fourier Transform (FFT) algorithm was discovered by C.E. Gauss in 1805 and
rediscovered by Cooley & Tuckey in 1965. It is considered one of the most influential/im-
portant algorithms of the century.

5.3.1 FFT Derivation & Complexity

The basic idea of FFT is divide-and-conquer. We will split the computation of DFT into two
smaller DFT computations. Repeating the process of splitting the computation into smaller DFT
computations yields FFT. We will now do the formal derivation of one such ’split’” with n =
2m,m € N for simplicity.

We do the ’split’ by separating even from odd indices:

Ck—zye ek Zyze n 2jk+zy2j+1€ ERCAnl

m—1
_m _mjk
= Y25 ™ Z Yaj+1& ™"
=0 =
::EZUEn —.godd

2mig,
k czdd

U™ = DF T, [y2j] 7"
{ k [y2j]]—0 ’ and Cp = czven +e n

%1 = DF Ty, [y2)41]72"

~odd geven.

Observe the m-periodicity of ¢7** and ¢,
If n = 2%, we can implement thls by just using this recursion:

Listing 32: FFT for n = 2F

VectorXcd fftrec(const VectorXcd& y) |
using idx_t = VectorXcd::Index;
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using comp = std::complex<double>;
// nothing to do for DFT of length 1

const idx_t n = y.size();
if (n==1) return y;
if (n%2 !'= 0)

throw std::runtime_error ("size (y), must_be_even!");
const Eigen::Map<const Eigen::Matrix<comp, Eigen::Dynamic,

Eigen::Dynamic, Eigen::RowMajor>> Y (y.data, n/2, 2);
const VectorXcd cl = fftrec(Y.col(0)), c2 = fftrec(Y.col(l));
const comp omega = std::exp(-2+M_PI/n+comp(0,1));
comp s (1.0, 0.0);
VectorXcd c(n);
// scaling of DFT of odd components plus periodic copying
for (long k = 0; k<n; ++k) {

c(k) = cl(k%(n/2)) + c2(k%(n/2))*s;

S x= omega;
}
return c;

}

This has the runtime T'(n) = O(n) 4 2 - T'(5). That leads to O(n logn), which is noticeably
better than O(n?) of the trivial implementation.

Special Case. Of course, this can be generalized for n not even and n # 2¥, k € N. One special
generalization is for n = pq where n is not prime.

p—1 g—1
CL = Z y;w sz J—lp+M] Z Zyzp+m€_ QP’:; Ip+m)k Z Zylp—l—mw (k mod q)

m=0 [=0

We compute ¢, not directly but in two steps:

1.: 2?2—01 ylermwé(k mod q) corresponds to some DFT,. We compute p DFTs of length g.
-1
Zm := DFT [ylerm] =0
q—1
(Zm)k = Emk ‘= Z ylp—i-mwf]ka 0<m<p0<k<gqg
1=0

2.:Withk =rqg+ s (0 <r <p,0< s < q)we can compute cg:

p—1
27r7,
Craq+s = Z e~ pa (T4H9) M s = Z (w2, s)w,”, 0<r<p0<s<qg-—1

m=0

This is strongly related to 2D DFT. There, we split DFT to separate DFTs for each dimension.
Here, we also split the DFT so that we can consider two DFTs of smaller dimension.

Runtime The execution time for fft depends on the length of the transform. It is fastest for
powers of two. It is almost as fast for lengths that have only small prime factors. It is typically
several times slower for lengths that are prime or which have large prime factors. This explains
the high variability of execution time/performance seen in the introductory runtime observations
in MATLAB. It usually pays off to use DFTs on vectors of length of powers of two even if it
requires to artificially length ’data’ vectors noticeably.
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To actually achieve great performance, this approach has to be implemented in a smart way
(considering caches, computer architecture, compiler optimizations, ...). Thus, don’t lightly im-
plement DFT/FFT by yourself. Generally, use high-quality numerical libraries.
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6 Data Interpolation and Data Fitting in 1D

Our goal here is to perform one-dimensional interpolation:

We are given data points (¢;,y;),i = 0,...,n,n € N;t; € I C R,y; € R. t; are called
nodes and y; are called values.

Our objective is the reconstruction of a function f : I — R:

e satisfying the n + 1 interpolation conditions (IC) f(¢;) = y;, 1 =0, ...,n
e and belonging to a set V' of eligible functions.

The function f is called the interpolant of the given data set {(;, y;) }7"-

Through V' one can add additional constraints on the model for the data set. Such constraints
may include: Smoothness, differentiability, periodicity, behavior towards limits, ...

1D interpolation is important for numerical applications. Given a few precise measurement
pairs (voltage & current, pressure & density, ...), the task of finding an interpolant means to model
the relationship functionally. A functional model/relation y = f(t) is needed for many numerical
analysis. Of course, math doesn’t restrict us to one dimension. But we restrict ourselves to 1D
here for simplicity.

Functions in Code When implementing 1D interpolation, we usually do so with functors (at
least in C++).

Listing 33: 1D Interpolation Functors

class Interpolant {
private:
// various internal data describing f
// can be the coefficients of a basis representation
public:
// constructor: computation of coefficients of
representation
Interpolant (const vector<double>& t, const vector<double>& y
)i
// evaluation operator for interpolant f
double operand() (double t) const;

Various methods may allow for special functionality such as adding individual data points with
an additional method. But this is the basic framework we will target when implementing different
1D interpolation methods considered below.

6.1 Abstract Interpolation

Here, we will consider how to compute an internal representation of the function given a set of
data points. We consider the special case of eligible functions being from a vector space:

V = span{{t = bo(t)}, ..., {t = by, (t)}} = span{bo, ..., b}
We call those functions by, ..., by, the basis functions and generally assume that they are lin-

early independent. (If they are not, just remove linearly dependent ones.) dim V' = m + 1. The
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basis property guarantees that every f € V has a unique representation in the basis functions:
Jaj € Rso that f(t) = >°7_ a;b;(t). The a-values are called basis expansion coefficients.

Finding those coefficients o can be done by solving a linear system of equations. For in-
stance if we only have finitely many b;, the system may be overdetermined so that we can only
approximate.

bo(to) ... bm(to)] [0 Yo
Ac:=| L= =y
bO(tn) cee bm(tn) Qo Yn
Again, a unique solution only exists if m = n and A is regular. Then: f(t) = >7_o(A™y);b;(t).
We can understand interpolation for some basis through a linear interpolation operator:
R v
f . Linear interpolation corresponds to a linear map.
Y=

Definition Linear Interpolation Operator:  An interpolation operator I : R"!
C%([to, tm)) for the given nodes ty < t1 < ... < t,, is called linear, if

I(ay + B2) = al(y) + BI(z),Vy, 2 € R o, B € R

C"Y are the set of continuous function. This contains the V' we considered before.

A basis for which A = I < b;(t;) = 0;; holds is called a cardinal basis. Then:
f= Z?:o Y;jb;-

This is a simple example of a cardinal basis. For V' let:

V= {f € CO([t07tm])’ {f(t) = ot 51t’ ai?ﬁi €eR RS [ti?ti—l-l]}

f(t) =0, , otherwise

A simple cardinal basis for which this holds are the “tent” functions:

i by by b3 by by
i | i ! i i \ —
to t [2) t3 fy t5 1t

Figure 35: Cardinal Basis - Tent Functions

6.2 Global Polynomial Interpolation

In this section we look at how interpolation in 1D works if we want to model our data set with
polynomials. There are many reasons why we want to work with polynomials:

e Polynomials form a vector space. Thus, we can easily compute with them.
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e Multiplying two polynomials has a very predictable effect on the form of the resulting poly-
nomial. Specifically, the new degree is the sum of the two input degrees. (Similarly for
other operations.)

e Polynomials are easy to derive and integrate.

e Polynomials appear in Taylor polynomials with suggests that we can use them well for
approximations.

e Polynomials are easy to evaluate.

Polynomial interpolation is done using the Horner scheme. Let p € P, be in monomial
representation. Thus, it is represented by a vector of its monomial coefficients. We can compute
p(t) with cost O(n) using the Horner scheme. This algorithm becomes apparent when writing the
polynomial in special form:

p(t) =t(... t(t(ant + an—1) + an—2)+---+a—1)+ap

Listing 34: Horner Scheme in C++

// IN: p = vector of monomial coefficients starting with leading
coefficient, length = degree + 1
// IN: t = vector of evaluation points t_i

// OUT: vector of values of polynomial evaluated at t_i
Eigen::VectorXd horner (const Eigen::VectorXd &p, const Eigen::
VectorXd &t) |

const VectorXd::Index n = t.size();
Eigen::VectorXd y{p[0] % VectorXd::0Ones(n)};
for (unsigned i = 1; i<p.size(); ++1i)

y = t.cwiseProduct(y) + pl[i] % VectorXd::0Ones (n);
return y;

}

6.2.1 Uni-Variate Polynomials

Polynomials in 1D are functions R — R and written as linear combinations on monomials. For
polynomials up to including degree & we have:

Ppi= {t = agt’ + a1 t" 1+ -+ agt + ag, a5 € R}

It is already known that polynomials form a vector space. Here, we will consider interpolation
with V' as the set of uni-variate polynomials (i.e., polynomials with one variable). The monomial
basis of Py, is the set of monomials {t — t'}F_ . We immediately see that dim Py, = k + 1.

6.2.2 Lagrange Polynomial Interpolation Problem

Definition Lagrange Polynomial Interpolation Problem: Given the set of interpolation
nodes {to, ..., t,} C R,n € N, and the values yo, ..., y, € R, compute p € P, such that it
satisfies the interpolation conditions (IC)

p(tj) =Yj fOI’j = O, R (%
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Existence and uniqueness follows from considering a cardinal basis {L;};_ of Pp: L;(t;) =
d;j fori, j € {0, ...,n}. Such a cardinal basis is given by the Lagrange polynomial:

(t—t0) ... (t —ti))(t —tisn)... (t —tn)
(ti — to) . (ti — ti—l)(ti — ti+1) e (ti — tn)

As this is a cardinal basis (which can be easily seen and of which the proof is omitted here),

. . {Pn - R .
we get p(t) = > viLi(t). The interpolation operator is clearly a linear
p = [p(t;)]=o
mapping. As we can generate any vector in R”*! by appropriately choosing p € P,,, this mapping
is surjective. But as dim P,, = dim R™*! the mapping then must also be bijective. This implies

existence and uniqueness of a solution.

Li(t) =

Theorem Existence & Uniqueness of Lagrange Interpolation Polynomial: The general La-
grange polynomial interpolation problem admits a unique solution p € P, for any (¢;, y;).

6.2.3 Polynomial Interpolation Algorithms

Polynomial interpolation is relevant in different use cases with different requirements. We may
be given some initial data set but then want to evaluate the interpolating polynomial in multiple
points. Or we may only want to interpolate in the same point. Or we may want to continue adding
data points to the data set while evaluating only at one point/in various points. Or ...

According to this different requirements, there are different algorithms for polynomial inter-
polation which optimize the runtime for specific use cases.

Multiple Evaluations
e fixed set of nodes {tg,...,t,} fori =0,....,n
e many different data values y; for: =0, ...,n
e many arguments z for k = 1,..., N with N > 1
We should efficiently compute all p(zy) for p € P, interpolating in (¢;,y;) fori =0, ..., n.

Listing 35: Multiple Evaluations Interpolation C++ Interface

class PolyInterp {

private:
Eigen::VectorXd t;

public:
PolyInterp(const Eigen::VectorXd &_t);
// evaluation
Eigen::VectorXd eval (const Eigen::VectorXd &y, const Eigen::

VectorXd &x) const;

A straightforward implementation takes the Lagrange polynomials and computes p(xy) =
> im0 YiLi(x)) with the Lagrange polynomial L;(t) = []j—o % Evaluating a single Lagrange
J#i

polynomial has cost n, which we must do n times to compute p(xy). As there are N xj values,
we get the runtime O(n2N).
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But this does a lot of unnecessary computations. We will precompute some of this and reuse
it to improve asymptotic runtime. First, we will precompute:

1

A= (ti —to)...(ti —tic1)(ti —tiy1) ... (L — tn)’

1=0,...,mn

According to the lectures, this can be done in O(n?). But it should also be possible in O(n).

n nonoy g n o n
p(t) =Y Litt)yi=>_ [] —— Y = ST At —ty)y;
i=0 i=0j=0 "* J i=0 j=0
J#i J#
n n n g
A i=0 7—¢; Yi
j=0 i=0 ¢ =0 t—t;
where we use 1 = [[i_o(t — ;) >oito ti—lt, = [lj=o(t — tj) = ﬁ This is called the
i=0 T—t;

Barycentric interpolation formula.
e Construction/initialization requires computing \; in O(n?).

e Evaluation requires evaluating the Barycentric interpolation formula which can be done in
O(Nn).

Listing 36: Multiple Evaluations Interpolation

template<typename NODESCALAR>

template<typename RESVEC, typename DATAVEQ>

RESVEC BarycPolyInterp<NODESCALAR>::eval (const DATAVEC &y, const
nodeVec_t &x) const {

const idx_t N = x.size();
RESVEC p (N) ;
for(int i = 0; 1i<N; ++i) {
nodeVec_t z = (x[1] * nodeVec_t::0nes(n) — t);

// check if we want to evaluate close to a node

const double tref{z.cwiseAbs () .maxCoeff()};

idx_t k;

if (z.cwiseAbs () .minCoeff (&k) < tref % std::abs(std::
numeric_limits<NODESCALAR>::epsilon())) {

pli] = y[k];
} else {

const ndoeVec_t mu = lambda.cwiseQuotient (z);

pli]l = (mu.cwiseProduct (y)).sum() / mu.sum();

}

return p;

We check z ~ 0 elementwise numerically, to avoid division by zero for stability/to avoid
cancellation. If z =~ 0 for some index k, then we just return yy.
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Single Evaluation

e fixed set of nodes {t, ..., t,} with one set of data values y; fori =0,...,n

We will extend this algorithm this in the end so that the set of data points is extendable.
e one argument x
We should efficiently compute all p(zy) for p € P, interpolating (¢;,y;) fori =0, ..., n.

Listing 37: Single Evaluation Interpolation C++ Interfact

i class PolyInterp {
private:
public:
4 double eval (const Eigen::VectorXd &t, const Eigen::VectorXd
&y, double x);
50}

The approach for this is called partial polynomial interpolation. Let py; € P;_j be defined
as pi(t;) = y;,J = k,...,1 to interpolate a certain ’subset’ of the given data points. Then, we
compute p recurisvely.

e base case: py ,(x) = Y (constant polynomial)

® pri(x) (m_tk)pk“’l(fl)__t(:_tl)pk’“l(x) = pry1,(x) + g:i; (Pry1,0(x) — pry—1(x)) for
0

i
<k<Il<n

o~

Althrough we require 0 < k£ < [ < n there seems no reason why the points should be ordered
by their z-coordinate, i.e., by nothing it seems necessary that g < t; < 9 < --- < ¢, must
hold. The correctness of partial polynomial interpolation, i.e., that the resulting p satisfies the
interpolation conditions, can be shown by induction.

The evaluation according to this recursion can be done with the Aitken-Neville scheme/algo-
rithm for some point x.

Listing 38: Aitken-Neville Scheme Evaluation in C++
i double ANipoleval (const VectorXd& t, VectorXd y,const double x) {

for (int i = 0; i<y.size(); ++i) {
for (int k = i-1; k >= 0; —--k) {
4 ylk] = ylk + 1] + (y[k + 1]-y[k])*(x-t[i])/(£[1]-t[k]);
5 }

—

n= 0 1 2 3
to | yo =: poo(x) = po,(x) 7190,2(95) 7Po,3(x)
t | y1=:p1a(x) 7?’1,2(3‘) 7P1,3(x)
ta | y2=:p22(x) —2p23(x)
ts | y3=:ps3(x)

Figure 36: Aitken-Neville Scheme
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The computational cost is O(n?) with memory O(n). The polynomial interpolant is never di-
rectly computed. For a single evaluation this is not asymptotically faster compared to the approach
using the Barycentric interpolation formula. However, we can very simply extend this so that we
can add more data points. We will simply consider an additional g; and run one more iteration of
the Aitken Neville scheme. This can be done in O(n). Furthermore, evaluation then is trivially
O(1) at any point. Memory utilization stays at O(n), which is very efficient.

Listing 39: Partial Polynomial Interpolation and Atiken-Neville based Interpolation
1 class PolyEval {

2 private:

public:
4 // constructor taking the evaluation points as argument
5 PolyEval (double x);

6 // add another data point and update internal information
7 void addPoint (t,y);

8 // value of current interpolating polynomial at x

9 double eval (void) const;

Extrapolation to Zero This is a somewhat special case of interpolation. The goal is to evaluate
some function as some specific point. Without loss of generality we can assume that we want to
compute ¢(0) for some smooth ¢ : [—1,1] — R. We have a function in procedural form (i.e., a
C++ function double psi (double h)). But this function is not reliable for |h| < 1. Thus,
we want to interpolate the function ¢ so that it is most accurate at x = 0. To do so, we can use an
arbitrary data set which we gain from evaluating ¢ for stable points.

: Let f € C? and ¥(h) := W the difference quotient that approxi-

mates the derivative at x = 0. We can’t evaluate this for ~ = 0 and due to cancellation
evaluations close to zero will be unreliable.

Here we think that polynomial approximation is a good approach after looking at the Taylor
approximation. For small h, the remainder will be zero and the polynomial approximation will be
close to perfect.

k!

M) 3
¢(h) =D ===+ O(h"*) =3 b’ + O(h"H)
=0 =0

One question remains: How to get this approximation polynomial. The idea to approximate
this polynomial so that we get a close to perfect approximation for h = 0 is:

1. Pick hyg, ..., h, for which ¢ can be evaluated safely.

2. Evaluate ¢ for all those h;.

3. Then we conclude ¢(0) ~ p(0) with the extrapolating polynomial p € P,,.

We say extrapolation here, because the evaluation point is not in the interval covered
by the nodes.

We compute p(0) using the Aitken-Neville scheme. As discussed, it is update friendly for a
single evaluation so that we can continue to add h; until we are satisfied with our approximation
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(if the procedural ¢ allows further evaluations). Alternatively and as implemented below, we can
define an upper bound for the data set size and just terminate before the entire set is considered if
the error between iterations vanishes below some absolute or relative tolerance.

Listing 40: Extrapolation to Zero with Aitken-Neville

I template <class Function>

> double diffex (Function& f, const double x, const double hO,
const double rtol, const double atol) {

3 const unsigned nit = 10;

4 VectorXd h(nit); h[0] = hO;

5 VectorXd y (nit);

6 y[0] = (£ (x+h0)-f(x-h0))/(2xh0);

8 for (unsigned i = 1; i<nit; ++1i) {

9 h[i] = h[i-1]1/2;

10 y[i] = (£(x+h[i])-—f(x-h[1]1))/ (2.0 = h[i])

5 for (int k = i-1; k>=0; --k)

12 ylk] = y[k+1] - (ylk+1l]-y[k]) *» h[i]/(h[i]l-h[k]);
13 cosnt double errest = std::abs(y[i]l-y[i-1]);

14 if (errest < rtolxstd::abs(y[i-1]) || errest < atol)
15 break;

16 }

17 return yI[0];

Compared to directly evaluating (especially for computing derivatives as illustrated in the
example), on the one hand, this enables much higher accuracy. But on the other hand, it also
allows for much better control over the error so that we can stop early if we don’t require a high
accuracy but can also keep going for quite long if we want the best possible accuracy.

Newton Basis and Divided Differences This may be the most general case of all.
e extendable set of nodes {t, . .., t,} with data values {yo,...,y,} fori =0,...,n

e arbitrary arguments x for evaluation

Listing 41: Newton Basis and Divided Differences Interpolation Interface in C++

i class PolyEval {

2 private:
public:
4 PolyEval();
5 void addPoint (t,v);

6 Eigen::VectorXd operator () (const Eigen::VectorXd &x) const;
7}

So far we considered two approaches. Aitken-Neville only enabled evaluation at one point.
The Barycentric interpolation formula requires recomputing all coefficients, i.e., repeat the entire
setup phase, if an additional data point is added. To avoid this, we introduce a new basis for the
space of polynomials which is update friendly: The Newton basis.

o No(t)=1
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o Np(t)=TIFJ(t—t;)fork=1,....,n

{Ny, ..., Ny} is a basis of P,. The polynomials of the basis are linearly independent, because
all polynomials have different degree. We consider this basis to be update friendly because of its
property Ny (t;) = 0for j = 0,...,k — 1. The interpolating conditions (IC) for this basis (as for
any basis) are expressed through:

aoNU(tj) + alNl(tj) —+ e+ anNn(tj) = Yj, 7=0,..,n

No(to) Ny (to) ... Nn(to) agp Yo

No(tl) N1 (tl) . Nn(tl) al _ Yo

No(tn) Niltn) ... Nu(t)| lan|  lum

1 0 0 ao Yo

_ : ay Y

. 1 (tl to) _ 1
: : : 0 :
L (ty—to) ... TIig(tn—t)| Lon Yn

From this we can directly see that a;, only depends on (t;, ;) with 0 < j < k. There is no
change of ag, . .., ap if (ty41,Yn+1) is added.

Efficient Evaluation of a Polynomial in Newton Form If we want to work with this ba-
sis, one task we can’t avoid is evaluating the polynomial for some = given a set of coefficients.
Evaluation is possible similar to the Horner scheme in an analogous special form:

p(t) = agNo(t) + a1 Ni(t) + - - - + anNy(t)
n—1
=ag+ai(t —to) + ag(t —to)(t —t1) + -+ +an [[(t—t;),t €R
=0

= ao + (((an(t —tn) + an—1)(t = tn-1) + an—2) - +a1)(t —t1)
Evaluation for one point is O(n). Evaluating k points takes O(nk).

Listing 42: Evaluating Polynomial in Newton Form

I Eigen::VectorXd evalNewtonForm (
const Eigen::VectorXd &t,
const Eigen::VectorXd é&a,
4 const Eigen::VectorXd &x
s ) |
6 const unsigned int n = a.size() - 1;
7 const Eigen::VectorXd ones = VectorXd::0nes (x.size());
8 Eigen::VectorXd p{al[n] * onesx}
9 for (int 3 = n-1; 3>=0; --3) {
10 p = (x—- t[j]l*ones).cwiseProduct (p) + al[j]*ones;
1 }

return p;
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Divided Differences Algorithm Another unavoidable task is to compute the coefficients of
the polynomial in Newton basis given some data points and to extend the coefficients when given
additional data points. We need to find a; so that p(t) = >°7_ a; N;(1).

This algorithm employs an approach similar to partial interpolation as discussed before. Notice
that /V; has degree j and leading coefficient 1. No other /V; has degree j. Thus, a; is the leading
coefficient of the partial interpolating polynomial pg ;. If we continue and add more points, we
have already argued that a; will remain unchanged. So its safe to compute a; as the leading
coefficient of pg ;. We will use the following notation to denote leading coefficients from now on:

y {tl, e tm} for the leading coefficient of p; ,,
specifically: a; =y [to, ...,tj]

Partial interpolation reminds us of the Aitken-Neville scheme. We will use its approach to
compute the leading coefficients.

o ylti| =y
Lig1,tipk] =Yllise s livk—
o ylti, .., tigs] = L0 fﬂkﬂ k]
(z—ti)pr+1,1(x) —(—t1)pK,1—1(T)

This follows swiftly from
Neville scheme.

- as derived as part of the Aitken-
l k

This is called the divided differences recursion for obvious reason. The divided differences a; can
be computed using this scheme/recusion. The following implementation does so slightly different
from the Atiken-Neville scheme. It starts at the bottom instead of at the top so that the divided
differences/quotients are in the vector in the end.

to | ylto]
1=3> y[l‘o, tl]
t | y[t] 1=3>  ylto,ty,t]
1=2> y[tlftz] 1=3> y[tOI t1,t2, t3]
ta | y[to] 1=2>  y[ty, o, t3]
1=1> y[tz, t3]
t3 | ylts]

Figure 37: Divided Differences Evaluation Order

Listing 43: Divided-Differences
I void divdiff (const VectorXd &t, VectorXd &y) {

const int n = y.size() - 1;
for (int 1 = 1; 1<n; ++1) {

4 for (int j = n-1; j<n; ++3) {
5 y[3+1] = (y[3+1] - y[3]) / (£[J+11-t[n-11);

This implementation is slightly different than in the lecture document as it seemed flawed.
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We can use this only to compute the initial coefficients. Extending the data set is not pos-
sible due to the order of performing the scheme. It overwrites values we would need for
extension. Extending the dataset is considered in the next section.

This evaluation runs in O(n?) - just as Aitken-Neville did.

Implementation in Eigen Here, we will put everything together to enable evaluating in
many points as well as adding data points. Remember the LSE we introduced earlier for the
coefficients a;. We will use is now to extend the dataset.

1 0 0 a0 o
1 (tl — to) . a . n
: : : 0 : :
1 (th—to) ... TI'5(tn—t;)]| LOn Yn

n—1 n—1k—1
anp = H (tn - ti)_l <yn - Z H(tn - ti)ak>

=0 k=0 i=0

— n—1ln—1
H yn - Z H (tn -
=0 k=0 i=k

= ((((yn = a0)/(tn = to) = a1)/(tn — t1) = a2)/... = an-1)/(tn = tn-1)

Listing 44: Divided Differences Extension & Evaluation in C++

class PolyEval {
private:
std::vector<double> t; // Interpolation nodes
std: :vector<double> y; // Coefficients in Newton
representation
public:
PolyEval(); // Idle constructor
void addPoint (double t, double y); // Add another data point
// evaluate value of current interpolating polynomial at \
Blue{$xS},
double operator () (double x) const;

}i

void PolyEval::addPoint (double td, double yd) {
t.push_back (td);
y.push_back (yd) ;

int n = t.size();
for(int j = 0; j<n-1; Jj++)
y[n-1] = ((y[n-11-al3jl) / (t[n-11-t[]1));

double PolyEval::operator () (double x) const {
double s = y.back();
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Both functions run in O(n) each.

__i)
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7 Iterative Methods for Non-Linear Systems of Equations

We have already discussed solving linear systems of equations when they are regular as well as
overdetermined. But we did not yet look at NON-linear systems of equations at all. This section
is dedicated to such non-linear systems of equations (NLSE). There is no general solution scheme
for NLSE. Hence, we can only discuss heuristics.

An abstract NLSE can be written as F'(x) = 0 where F : D C R" — R™ (n € N) is an
arbitrary function. n defines the number of (scalar) equations as well as the number of (scalar)
unknowns. We always have #unknowns = #equations. As NLSE also contain LSE as a
subset, we can express those in this formalism. Ax = b, A € R™" b € R" would be expressed
as F'(z) = 0 with F'(z) = b — Ax.

Although F'(z) may look very simple, it may contain an arbitrarily complex expression. Thus,
there is no general theory for solving such problems. Only for specific examples/instances, a the-
ory can be developed. Furthermore, F' may often be only available in procedural form. Meaning,
we can evaluate F' for a specific argument but don’t know its functional expression.

7.1 Iterative Methods
7.1.1 Fundamental Concepts
Iterative methods for (approximately) solving a non-linear system of equations F'(z) = 0 are

algorithms, which generate an arbitrarily long sequence (as(k))k of approximate solutions. Those

approximate solutions may be vectors if x € R”,n > 1. 2(¥) is the k-th iterate.
A fundamental question is, whether this series converges to our target value z*, i.e., whether
2* := limy,_,o ¥ exists. For the iterative method to be any good, this is necessary.

m-point iteration computes the next iterate based on m previous iterates.

$(k+1) _ (b(x(k)’ o 7x(kfm+1))

To use this approach, we need some initial vectors to start the estimation. Those vectors are called
initial guesses. For an m-point iterative guesses, we need m initial guesses: (9, ..., 2(m=1),
1-point iteration is the special case with m = 1 and z(*+1) = (2 ().

One very important property of iterative methods is consistency. It is necessary to make many
meaningful statements about iterative methods. Usually, we only consider iterative methods which
satisfy consistency. Besides, its a very reasonable property.

Definition Consistency of Iterative Methods: A stationary m-point iteratie method
gkt = (bp(q:(k), . ,x(k*mﬂ)), m €N
is consistent with the non-linear system of equations F'(z) = 0, if and only if

If some iterative method ¢ (a) converges, (b) ¢ is continuous, and (c) ¢ is consistent,
then it must converge to our target value x*. Unfortunately, the problem mostly is that for many
methods there is no guarantee that it converges. The convergence heavily depends on where the
convergence starts, i.e., the initial guesses. If one starts close enough to a solution, the sequence
might converge nicely. But if one starts further away, the sequence may go anywhere. This is a
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challenge, because a-priori one doesn’t know how close a guess is to the solution. Other important
questions are: How fast do the sequences converge to solutions? What is the region of (local)
convergence?

o< D .

Figure 38: Local Convergence

7.1.2 Speed of Convergence

If some iterative method converges, we want to know how fast it converges. Hence, we classify
iterative methods according to their speed of convergence.

With the speed of convergence we measure how fast the error goes to zero:
e = ||z —2*|| — 0.

~

Definition Linear Convergence: A sequence t® k=0,1,2,...inR" converges linearly
to z* € R" if and only if

0 < L<1:|lz*+Y — 2| < L|jz® — z*|,Vk € Ny

The smallest possible L is called the rate of convergence.

Here, ||2(®) — 2*|| — 0 is guaranteed by a geometric decay of the error.

Detecting Linear Convergence If we want to identify linear convergence in a numerical ex-
periment, we assume sharpness of the convergence. This means, instead of ||z(*+D) — z*|| <
L||z® — z*|| we assume [|z*t1) — 2*|| ~ L||z®) — 2*| & €441 ~ Ley. When looking at
tabulated data, we can compute E’Z—Zl for all k. If this quotient is = L < 1 for some L for all
values, we have an indication for linear convergence.

There is also a graphical approach. If we have linear convergence, then ¢, ~ LFey = log ¢}, ~
klog L + log €. Thus, in a lin-log plot the points should be on a line. The slope of the line gives
us the rate of convergence. Note that the slope of the line must be negative as L < 1.
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. : 2n g : (k)
Example: We consider the scalar 1-point iteration gkt = (k) 4 %, k € Ny. If

2(*) converges, it must converge to a value so that cos of that value is —1.
We can compute the sequence for different initial guesses and plot the computed values
with the associated error. This reveals a rate of convergence of ~ 0.5.

k 0 =04 x© =06 X0 =1
k 15 k 15 k 15
(k) % x(®) % 20 %
2 || 3.3887 0.1128 3.4727 0.4791 2.9873 0.4959
3 || 3.2645 0.4974 3.3056 0.4953 3.0646 0.4989
4 || 3.2030 0.4992 3.2234 0.4988 3.1031 0.4996
5| 3.1723 0.4996 3.1825 0.4995 3.1224 0.4997
6 || 3.1569 0.4995 3.1620 0.4994 3.1320 0.4995
7 || 3.1493 0.4990 3.1518 0.4990 3.1368 0.4990
8 || 3.1454 0.4980 3.1467 0.4980 3.1392 0.4980

Figure 39: Determining the Rate of Convergence with Linear Convergence

(15)

In the error computation, x* has been replaced by x'*°/ for convenience.

Linear convergence is just a special case of general order p convergence.

Definition Order of Convergence: A convergent sequence z®) k=0,1,2,...in R” with
limit x* € R" converges with order p (usually p > 1) if

3C > 0: ||z — ¥ < O™ — 2*||P, Vk € Ny

If p = 1 (linear convergence) we additionally require that C' < 1.

C' is called the rate of convergence. According to our definition of the order of convergence:

C' := supy>q 5. However, in the literature it is common to also define it as lim “5.
- k

k

Detecting Order p > 1 Convergence Again, we assume sharpness of the convergence, i.e.,
|2+ — 2*|| = C||2®) — 2*||P < ex41 A2 O€L for some C and p.

= loger41 ~ logC + plog e

— logegr1 ~logC +ploger, and loger ~logC + ploger_1

__ logepi1 — log ey
- log e, —logep_1

We then create a table and print the computed quotient for many k£ and observe whether it is ap-
proximately constant. But notice for large k this quotient will become unreliable due to roundoff
as € N €1 N €k41-

In the below example one can see that with quadratic convergence the number of correct digits
doubles with each iterative step. This is very fast convergence. m correct digits mean that the
relative error is below 10~™. If we denote the relative error with 6: 2(F) = z*(1 + &;,).

‘x(k+1) . 1_*’ ~ C’{E(k) _ x*|2 - ’(5k+1l’*‘ ~ kax*‘? = 0pr1 = C‘;[;*’(S]%

assuming x* # 0 so that the relative error exists
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This has to hold for all iterations of order 2 as can be seen from €1 < Ceﬁ. Similar state-

ments also hold for order 3 convergence etc.

7

: This is a famous example of converges to the square root of some number a > 0.

L41) _ %(xw) "

@) = e —val =

2(F)

1

2x(k)

2® —af?

This shows that the error in some step is the squared error of the previous step multiplied
with some factor. And we can give the upper bound ﬁ for that factor as 2(¥) >./a. Thus,

this is order two convergence, where we can also give the constant: p = 2 and C' =

1

a/a
® *k-1)

k x (k) e®) .= xk) — /2 log ‘elgcfl‘)' :log l‘i(kfz)l

0 | 2.00000000000000000 | 0.58578643762690485

1 | 1.50000000000000000 | 0.08578643762690485

2 | 1.41666666666666652 | 0.00245310429357137 1.850

3 | 1.41421568627450966 | 0.00000212390141452 1.984

4 | 1.41421356237468987 | 0.00000000000159472 2.000

5| 1.41421356237309492 | 0.00000000000000022 | 0.630

Figure 40: Square Root Iteration Error & Order

7.1.3 Termination Criteria

If we designed ¢ well, it will converge to the solution x*. However, almost always none of the
sequence elements will correspond to the solution perfectly. So, we must decide when to stop
computing next elements in the sequence as we can’t do infinitely many iterations.

Let’s assume the iterative method produces the sequence (x(’“)) keN. We then want that the
current iterate is sufficiently close to the solution if we stop in step K. We consider either an
absolute or a relative tolerance.

o ||25) — 2*|| < Tups, Tavs being the prescribed (absolute) tolerance

o [|2U5) — 2*|| < Tpel|z*|, Trer being the prescribed (relative) tolerance

The ideal stopping rule is to stop at step K = argmin {k eNg: [Ja®) — z*|| < {TabsH . }
Trel ||

But this is not accessible, because we don’t know z* as it is the value we try to compute. Hence,
we must consider practical stopping rules.

e A priori termination rules set some fixed step K after which we stop.

This works if we have precise information on the convergence. For instance, we may
know that it converges linearly and it’s rate of conversion. Then, we can easily predict when
accuracy requirements are met.

e A posteriori termination rules rely on the iterates while they are comptued.

This is relevant, because we rarely have precise information beforehand. An example
is residual-based termination as discussed next.
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Residual-Based Termination We step as soon as || F'(z(®))|| < 7 for some prescribed tolerance.
But unfortunately, this tells us little about the error norm ||z(*) — 2*||.

F(x) F(x)

| F (x| small # |2 — 2*| small | F(x*))|| small = |& — z*| small

Figure 41: Problem with Residual-Based Termination

Correction-Based Termination The heuristic is to stop the iteration when the computed z(*)
only change very little between iterations. We stop the convergent iteration {:r(k) }ren, when

41 — 209 < {:bluﬂ

k+1) ”

|21 — 2(®¥)|| is often called the correction. This is especially justified for order p iterations
where p > 1, because we have seen that the iteration will converge very fast. Meaning, z(*+1) ~
a* as the error shrinks geometrically.

Stationary in M Termination With real numbers, most iterations will never settle on one value.
But remember that machine arithmetics is discrete. So once we are close enough to the target
value we can’t get any closer in machine numbers and will settle on one machine number. This
has a guaranteed relative error equal to EPS (machine precision).

This is suitable (only) for special functions. In many cases it is "overkill” and not so relevant.

A Posteriori Termination for Linear Convergence This shows that the usefulness of correction
based termination can also be theoretically justified for linear convergent sequences.

”l'(k) o 'T*H _ Hx(k) o x(k-l—l) + l'(k+1) o :L,*H < ”l‘<k+l) _ 'T*H + ”x(k-i-l) o x(k)”
< Lfja® — 27| + [« — 20|
— (1= Dlla® — 27 < 2+ - 2

. 1
= ) — o] < Tl - 0]
— [+ — 2 < m”ﬂkﬂ) — 2]

With the final formula we can always compute an upper bound for the error. And although L is
usually not known, we can just use a coarse upper estimation for L and still get a good termination
criterion. Due to such estimations and the estimations in the derivation we may compute a value
much more precise than required, but it will have at least the required precision in any case.
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: Consider again z(**+1 = z(*) 4 % = 2 — 7, for (9 close to 7.
From numerical experiments, we can conclude that L ~ %
The following table shows the actual error and error estimation. This showcases that the
actual error may be much lower, but the error estimation still is accurate.

k z®) — 1 2 |2®) — gk slack of bound

1 | 2.191562221997101 | 4.933154875586894 | 2.741592653589793

2 | 0.247139097781070 | 1.944423124216031 | 1.697284026434961

3 | 0.122936737876834 | 0.124202359904236 | 0.001265622027401

4 1 0.061390835206217 | 0.061545902670618 | 0.000155067464401

S | 0.030685773472263 | 0.030705061733954 | 0.000019288261691

6 | 0.015341682696235 | 0.015344090776028 | 0.000002408079792

7 | 0.007670690889185 | 0.007670991807050 | 0.000000300917864

8 | 0.003835326638666 | 0.003835364250520 | 0.000000037611854

9 | 0.001917660968637 | 0.001917665670029 | 0.000000004701392

10 | 0.000958830190489 | 0.000958830778147 | 0.000000000587658

11 | 0.000479415058549 | 0.000479415131941 | 0.000000000073392

12 | 0.000239707524646 | 0.000239707533903 | 0.000000000009257

13 | 0.000119853761949 | 0.000119853762696 | 0.000000000000747

14 | 0.000059926881308 | 0.000059926880641 | 0.000000000000667

15 | 0.000029963440745 | 0.000029963440563 | 0.000000000000181

7.2 Fixed-Point Iterations

We already discussed that fixed-point iteration is a special case of m-point iteration.

Definition Fixed-Point Iteration: A fixed point iteration is defined by iteration function
¢ : U C R" — R". With an initial guess z(?) € U, the iteration is

(@®heny : @®HD = g(a®)

Let z* = limy_,oo (). If ¢ is continuous, we can take the limit into ¢ and get z* = (™).
So, x* is a so called fixed point of ¢, which is where the name of this special case comes from.

7.2.1 Consistent Fixed-Point Iterations

7

Definition Consistency of Fixed Point Iterations: A fixed point iteration z(**1) = ¢(z(*))
is consistent with F'(z) = 0 if, forz € U N D,

Flz)=0<«<=¢(z) =2

L.e., every fixed point is a solution.

Of course the question rises, how to find a consistent fixed point iteration given some F'. The
general construction follows two steps:

1. Rewrite equivalently F'(z) = 0 < ¢(z) =z

2. Use the fixed point iteration z(*+1) := ¢(z(¥)
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3. Hope that ¢ converges.

Definition Contractive Fixed-Point Iteration: ¢ : D C R™ — R" is contractive (W.r.t.
norm || - ||), if for some L < 1 and for all x,d € D

lo() = ¢(y)|| < Lilz -y

Theorem Banach’s Fixed Point Theorem: If ¢ : K* — K" is contractive, then (z(*))
converges to a unique fixed point from any (%) at least linearly.
(Not discussed or proven in the lecture but probably relevant.)
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: We consider the function F'(z) = ze®—1,x € [0, 1] of which we want to find the
root. From this, we can find many different fixed-point forms, i.e. ¢;(z) = z & F(x) = 0.

Some are:

o i(x)=e""

o Po(x) =

14z
1+4e*

o p3(x) =x+1—xe”

Those functions and their iterations behave very differently.

g+ .= Dy (:v(k))

g+ = Dy (x(k))

g+ = D3 (az(k))

O 01NN B W= O

—
)

0.500000000000000
0.606530659712633
0.545239211892605
0.579703094878068
0.560064627938902
0.571172148977215
0.564862946980323
0.568438047570066
0.566409452746921
0.567559634262242
0.566907212935471

0.500000000000000
0.566311003197218
0.567143165034862
0.567143290409781
0.567143290409784
0.567143290409784
0.567143290409784
0.567143290409784
0.567143290409784
0.567143290409784
0.567143290409784

0.500000000000000
0.675639364649936
0.347812678511202
0.855321409174107
-0.156505955383169
0.977326422747719
-0.619764251895580
0.713713087416146
0.256626649129847
0.924920676910549
-0.407422405542253

Figure 42: Iteration Values

k+1) —z*

7]

k+1
xé+)—x*

(=Y

—_
(e

O 00 O\ DN B~ W~ O F

0.067143290409784
0.039387369302849
0.021904078517179
0.012559804468284
0.007078662470882
0.004028858567431
0.002280343429460
0.001294757160282
0.000733837662863
0.000416343852458
0.000236077474313

0.067143290409784
0.000832287212566
0.000000125374922
0.000000000000003
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.067143290409784
0.108496074240152
0.219330611898582
0.288178118764323
0.723649245792953
0.410183132337935
1.186907542305364
0.146569797006362
0.310516641279937
0.357777386500765
0.974565695952037

¢1 converges linearly, ¢2 converges very fast (approximately quadratic), and ¢3 is erratic/-

Figure 43: Iteration Errors

does not converge
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7.2.2 Convergence of Fixed-Point Iterations

In this subsection we will discuss whether we can make predictions regarding the convergence of
an iteration based on its functional form/without a numerical experiment.

The following figure illustrates how the derivative is crucial for convergence for initial guesses
close to z*. Note that this is not definitive but just an indicator for initial guesses close to z*. If we
start far away, anything may happen as we don’t know the function behavior there and in between
our target point.

D(x) (¥

\

\
\\
x x
—1 < ®'(x*) <0 > convergence @’ (x*) < —1 > divergence
P(x)
x / x
0 < ®'(x*) <1 > convergence 1< ®'(x*) > divergence
Convergence if |¢'(z)| < 1 Divergence if |¢/(z)| > 1

Figure 44: Convergence of Fixed-Point Iteration based on Derivative

Lemma Sufficient Condition for Local Linear Convergence of Fixed Point Iteration:
If  : U C R" — R", ¢(x*) = z*, ¢ differentiable in z*, and ||Dp(x*)||2 < 1, then the
fixed point iteration

2D = gz )

converges locally and at least linearly that is
<L <1:|lz* Y — o < Lljz® — z*||,Vk € Ny

provided that the initial guess 2(*) belongs to some neighborhood of z*.

As justification (not a proof!) consider the Taylor approximation. If we are sufficiently close,
the remainder can be neglected and this is guaranteed to converge. But if we are not sufficiently
close, the remainder may prevent convergence.

24D — 27 = 1¢(®) = 6(a")| = [ D$(a")@® ~ a) + O(lz®) — &)
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5

Lemma Higher Order Local Convergence of Fixed Point Iterations: If ¢ : U C R — Ris
m + 1 times continuously differentiable, ¢(z*) = x* for some z* in the interior of U, and
Ay (z*) =0forl =1,...,m, m > 1, then the fixed point iteration converges locally to z*
with order > m + 1.

This can be understood with the same Taylor polynomial argument as for the previous lemma.
It follows from the fact that from ¢(l)(w*) = 0 we get that the next summands in the Taylor
polynomial are zero and the remainder is O(||z(*) — z*||™+1).

7.3 Finding Zeros of Scalar Functions

This considers the simplest case of NLSEs with F': U C R — R. We want to find * € U so that
F(z*) = 0.

7.3.1 Bisection

We assume that F' is continuous and use the intermediate value theorem from Analysis. Re-
member it as: If a,b € U so that F(a)F(b) < 0 (ie., a and b have different signs) then
dz* €] min{a, b}, max{a, b}| so that F'(z*) = 0.

We want to enclose z* in geometrically decreasing intervals [a(""), b(k)] on which f changes
sign: f(a®)f(b(*)) < 0 (equality with 0 iff we have found the root/zero exactly with one border).
Because this approach is very simple we won’t explain it in detail but just give its implementation
as explanation:

Listing 45: Root of Scalar Function with Bisection

template <typename Func, typename Scalar>
Scalar bisect (Funcé&& F, Scalar a, Scalar b, Scalar tol) {
if (a>b)
std: :swap(a,b);
if (F (a) *F (b)>0)
throw "f (a)_and,_f (b)_have_ same_sign";
static_assert (std::is_floating_point<Scalar>::value,
"Scalar must_be_a_floating_point type");
int v = F(a)<0 2?2 1 : -1;
Scalar x (a+b) /2; // determine midpoint
while(b-a > tol) { // if tol=0, termination relies on machine

I ~T

arithemtic
assert (a<=x && x<=Db);
if (vxF (x)>0)
b=x;
else
a=x;
x = (a+b)/2;
}

return x;
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This is not quite an iterative method in a strict sense, because it does not compute a sequence
of approximate zeroes but intervals. But we can just set z(*) to one of the end points (:= a*) for
example) or even their average, which will generate a sequence.

This has a “linear-type” convergence with the rate 3, because b)) — aF)| < 27F|b — al. As
our sequence element and the root have to lie in the interval [a(®), b(*)], we get:

lz®) — 2| < 27F|b — 4
Despite its simplicity, this method has various advantages:

e Because it guarantees convergence, we call this a robust method. Also, the convergence rate
is known.

e This method does not require any information on differentiability. Instead we only need
evaluation of F' at different points. We say, it is a “’derivative-free” method.
e We can apply this method to many functions. Specifically, all continuous methods.

The price we pay is that this method is not very fast.

7.3.2 Model Function Methods

The most important iterative method is the Newton method. We dedicate the entire next subsection
to study it. But we already introduce it in a limited form for one dimension here. The Newton
method itself is a special case of a certain approach: Model function.

The general idea of model function methods is as follows: Given recent iterates (approximate
zeroes) z(F) | (k=) plk=m+1) 4y e N:

1. replace F' with a k-dependent model function Fj, which is based on the function values
F(z®), F(z®=1), ... F(z*=m+1) and, possibly, derivative values.
2. Then, 21 := zero of F}, is found analytically given F},.

This means that locally around z(*) we approximate F'(z:) with some FJ,(z).

Newton Method We assume that F' € C’l~ (continuously differentiable) and that we have the
derivative F’ of . Here, the model function F" is based on the tangent function G in (z(¥), F(z(*))).
So we get F'(z) = F(z®) + F'(z®))(z — ). Then:

()
L)) _ ) F(@)
F'(z(k))

So that this works properly we have to assume that F’ (m(k)) #0.

tangent

Figure 45: Newton Method
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Listing 46: Scalar Newton Method in Eigen

I template <typename FuncType, typename DervType, typename Scalar>
> Scalar newtonlD (

; FuncType &&F,

| DervType &&DF,

5 const Scalar &x0,

6 double rtol,

7 double atol

s ) |

9 Scalar s, x = x0;

10 do {

i s F (x) /DF (%) ;

12 X —= S

13 } while ((std::abs(s)>rtol*std::abs(x)) && (std::abs(s)>atol));
14 return (X);

Example: Consider F(r) = 2% — a,a > 0, which as \/a as its root. From the function

we get F'(z) = 2x. Using the Newton iteration leads to the famous square root iteration
formula.

(k)y2 _
o) — ) E) Loy @

2x(F) 2

Theorem Convergence of Newton’s Method in 1D: Newton’s method locally converges
quadratlcally to a zero z* of F, if F'(x*) # 0.

Proof. A Lemma from above told us how to find a lower bound for the order of convergence
using ¢ and its derivatives. (We reasoned using the Taylor polynomial.) Here, we have ¢'(z) =

1 - P@P @@ _ Fal@) wih P(a*) = 0 and F'(z*) # 0 we see that ¢/ (%) = 0.

F/(x)z
From the mentioned Lemma %ollows directly that we must have at least order 2 convergence for
sufficiently close initial guesses. O
Example:

o F(z) = ze” — 1 with F'(x) = ¢(1 + @) has:
k+1) _ .(k (k) gz®) _1 . (m(k))2+e—x(k)
l’( ) = .T( ) — ei(k)?].-‘rx(k)) - 1+2(®

o F(r) =z — e ® with F/(x) =1+ e " has:

_z(k) k)
(k+1) _ .(k) _ zk) _e—7 _ 144
H A =X = o
1+e*m(k) 1+ez(k)

Observe that those two F' have the same roots x* but their Newton iterations look very
different and may also behave very differently. This suggests that is may be worth to recast
some function into an equivalent F' with the same roots that is easier to analyze.
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We may be given F' in functional form but still need to compute F’ ourselves. Generally,
we should apply our knowledge from Analysis to do so. Additionally, one should remember
implicit differentiation. Often, it is the only way to apply the Newton method.

With implicit differentiation one can find the derivative of a function that is not explicitly
solved for one variable in terms of another. It is particularly useful when dealing with
equations where it is difficult or impossible to solve for one variable in terms of the other.
In this process, you differentiate both sides of an equation with respect to a chosen variable,
treating other variables as functions of that variable, and then solve for the derivative of
the function of interest. This technique is widely used to find the derivatives of functions
defined implicitly.

: Consider F(x) = w' (A + xI)~'b — 1. We identify u(x) = (A + xI)~'b
which we need to differentiate. We can write that as (A + xI)u(x) = b and apply the
product rule to get:

I u(x)+

When substituting u(x), we have an expression for u/(x).

(A +xID)u/(x) =0 = u'(x) = —(A + xI)u(x)

Preconditioning of Newton’s Method In this paragraph we want to replace F'(x) with some
other function G () so that G has approximately the same roots but offers a larger range of conver-
gence. We do so by defining g(z) = F'~!(F(z)) ~ x with the assumption that some F'~! ~ F~1
is available. G then is G(z) := g(z) — F71(0) = 0 & F(z) = 0. G is an “almost linear”
function. Thus, we expect a very large convergence range (global?) from the Newton method.
Furthermore, we can expect quadratic convergence.

Let’s compute the Newton iteration. For that we need to know G’(x) which we get as ¢/(z):

1 . 1

FYW) = 51— r)= ——F(x
( )(y) FF1(y)) =g (z) Fa@) ()
e _ 9 _ G (g(a®))

: Consider F(z) =

&t )2 + ($+0 e — 1 with x > 0. We approximate

F(z) = (x) = x% —1= F(y) = +1. With 2(°) = 0 we then get nice convergence:
1 | 0.91312431341979 | 0.24747993091128 | 0.91312431341979 | -0.13307818147469
2 | 1.04517022155323 | 0.00161402574513 | 0.13204590813344 | -0.00103227334125
3 | 1.04620244004116 | 0.00000008565847 | 0.00103221848793 | -0.00000005485332
4 | 1.04620249489448 | 0.00000000000000 | 0.00000005485332 | -0.00000000000000

Multi-Point Methods Now, we want to create a more elaborate model of the function compared
to the simple linear approximation of the Newton method. We want to replace F' with an inter-
polating polynomial. On the one hand, this allows us to use more points to create more accurate
approximations and, one the other hand, we don’t rely on the the derivative of the function F'.
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Secant Method We model F' by the linear function connecting (z(*~Y, F(z(*~1)) and
(z®), F(2(*))). The iteration becomes:

F®) - Fa*0) o,

Figure 46: Secant Method

While we don’t need the derivative of F' for this method, we now need two initial guesses. But
after those, we only need to do one evaluation of F' per iterative step.

Listing 47: Secant Method in C++

I template <typename Func>
» double secant (double x0, double x1, Funct &&F, double rtol,
double atol, unsigned int maxit) {
double fo = F(x0);

4 for (unsigned int i = 0; i<maxit; ++i) {
5 double fn = F(x1);
6 double s = fn * (x1-x0) / (fn-fo);
x0 = x1;
8 x1l = x1 - s;

9 if (abs(s)<max (atol, rtolxmin (abs(x0),abs(x1l))))
10 return x1;

11 f0 = fl’l;

12 }

13 return x1;

It can be mathematically shown that this converges with order p ~ 1.62. Fractional orders
of convergence are typical for two-point iterations. One can extend this approach to more-point
iterations by modeling a polynomial of higher degree with more points and more initial guesses.

Multi-point iterations (and especially the secant method) usually only converge locally!

Inverse Interpolation We assume that F': I C R — R is one-to-one, i.e., monotone. Thus:
F(z*) = 0 = F~!(0) = x*. We now interpolate F~! by a polynomial p of degree m — 1
degermined by the points/interpolation conditions:

p(F@®0)) =20, j=0,... ,m—1
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The iteration then is given through evaluation of p at 0: z(**1) := p(0). With m = 2 we just get
the secant method. But with m = 3 we get quadratic inverse interpolation. The iteration breaks
down if previous points agree as the root of the polynomial then can be arbitrary. For the case that
the polynomial is well-defiend:

x(k_H) _ F02 (Fll'Q — FQZL‘l) + F12 (FQQJO — F0332) + F22 (Fgl’l — Fll‘o)
F3(Fy — By) + F2(Fy — Fy) + F§ (Fy — F1)

with:
Fy:=F (m(k_2)> JF = F (as(k_l)> JFo :=F (m(k)> , X 1= x(k_Q),xl = az(k_l),asg = %)

The 3-point iteration also converges with a fractional order, but with ~ 1.8 it is slightly higher

than for the secant method.

: F(x) = ze® — 1 with initial guesses (¥ = 0,z(1) = 2.5, 23 = 5.

k 20 F () e®) = gk — gr | 22 Eﬁj_glﬁ'(i
3 | 0.0852039005817 | -0.90721814294134 | -0.48193938982803

4 | 0.1600925262258 | -0.81211229637354 | -0.40705076418392 | 3.3379115437883
5 | 0.7987938181639 | 0.77560534067946 | 0.23165052775411 | 2.2874048891220
6 | 0.6309463675284 | 0.18579323999999 | 0.06380307711864 | 1.8249466728971
7 | 0.5610775099102 | -0.01667806436181 | -0.00606578049951 | 1.8732326421421
8 | 0.5670694103310 | -0.00020413476766 | -0.00007388007872 | 1.7983293698045
9 | 0.5671433170709 | 0.00000007367067 | 0.00000002666114 | 1.8484126152709
10 | 0.5671432904098 | 0.00000000000003 | 0.00000000000001

Figure 47: Numerical Experiment for 3-Point Method

7.3.3 Asymptotic Efficiency

We have discussed different iterative method to solve (one-dimensional) NLSEs. But so far we
did not yet formally compare them. We only looked at numerical experiments and orders of con-
vergence. But for a proper comparison we must consider not only the order of convergence but
also the computational cost of each iterative step.

We say that a method is efficient if the fraction ng"(‘)irrl’( is high. As a measure of gain we will use
p. Tt measure the relative reduction of the error by a factor of p: [e®)| < ple(®| with 0 < p < 1.
| log p| then corresponds to the number of digits gained.

As a measure for work we will use W - k(p). W is the work/computational effort per step as
the number of evaluation of F' and and its derivatives in that step. k(p) is the number of iteration
steps required to reduce the relative error by a factor of p.

#digits gained | log p|
total work required  k(p) - W

efficiency :=
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We now compute k(p) for order p convergence.

3

‘e(k)‘ <C ’e(’f—l) <ot ‘e(k—2)‘p2 < ol ’6(k—3) AP
< ot O _ 0B [ o)
pF—1

assume |e(9) | so small so that <1

k1
= 1e®] < ple®] it (CTFO) T <p

= (pk - 1) log(C’ﬁ|e(O)|) <logp

1 1
:>pk -1> &P with Ly := Clip\e(o)‘ <1

log Lg

log p
k

= >1
przis log Ly
log(1 + 1log ) log p
=Lk > oV loglLo’ =1 1
B logp ng( * log LO)

Asymptotic Perspective For very small p: p < 1 = logp < 0,log Ly < 0, |logp| > 1 and

get an approximation by the simplification %go;%p‘
|(10§;p| — loaCllogp|l _ _loeC 4
) _ JE(eW T Togp W T W > B
efficiency = llogp| _ logp |logpl >1
k(p)-W W Toglogp|’ p

For p > 1, only the factor lo# is specific to one iterative method and relevant for the asymp-
totic analysis.

Newton Method vs. Secant Method
o Wyewton = 1 - F-evaluation + - F’-evluation
PNewton = 2
® Weecant = 1 - F-evaluation

Psecant = 1.62

lOg PNewton

WNﬁwton ~ 0 71
log psecant ’

Wsecant

We see that the secant method has higher efficiency. This means that the reduced work per
iteration step pays off although the convergence order is lower.

7.4 Newtons Method for Rn

We have been introduced to the Newton method in 1D already. Now we generalize to arbitrarily
many dimensions. The goal is to find z* € D C R™ where F(z*) = 0 and F is some function
F : D — R™. For the Newton method to be applicable, F' must be continuously differentiable.

106



7.4.1 Multi-Dimensional Differentiaton

Before we actually get started we will discuss multi-dimensional differentation. This is a prereq-
uisite for this section, because the Newton method in multiple dimensions relies on the Jacobian -
the equivalent of the differential in multiple dimensions. This has mostly been discussed at some
point in Analysis 2.

Derivatives Derivation can be understood as local linearization. F'(x+h) = F(z)+ DF(x)h+
O(||h||?), which is a good approximation for small h/h — 0. DF(z) is a linear mapping R™ —
R™. The following definition of the derivative/Jacobian and Hessian are different from Analysis
2. But they boil down to the same concepts. So understanding the (properly explained) definition
from Analysis 2 should suffice.

r

Definition Multi-Dimensional Derivatives: Let V, W be finite dimensional vector spaces
and F': D C V — W a sufficiently smooth mapping. The derivative (differential) DF'(z)
of Fin x € V is the unique linear mapping DF(x) : V' — W such that there is § > 0 and
a function € : [0, 6] — R satisfying lim,_,o () = 0 such that

|1F(x + h) = F(z) = DF(2)h| = e(|[R]]), Vh € V, [|Al| <o (D

Definition Gradient and Hessian: For sufficiently smooth F' : D C R" the gradient
gradF : D — R", and the Hessian (matrix) H F'(x) : D — R™" are defined as

grad F(z)"h := DF(z)h (2)
h{ HF(x)hy := D(DF(x)(h1))(hs),Yh, hi, hy € R" 3)

High-Level Differentiation Rules If F': V — W is a linear map, we just have DF' = F'|

Chainrule For F:V — W,G : U — V sufficiently smooth

D(F o G)(x)h = DF(G(x))(DG(x)h),h € V,x € D

Product Rule The generalization of the product in 1D are bilinear combinations b : W X
U — Z,i.e., mappings that are linear in each argument. Meaning, they are linear on each argument
as usual when the other argument is held fixed.

T(x) :=b(F(x),G(x)) = DT'(x)h = b(DF(x)h,G(x)) + b(F(x), DG(x)h)

T(x+h)=bF(x+h),G(z+h))
= b(F(z) + DF(x)h + o([|hl), G(x) + DG(x) + o([[A]]))
()

= b(F(z),G(z)) + b(DF(x)h,G(x)) + b(F(x), DG(x)h) +o(||h])
DT (z)h
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Example: Derivative of a Bilinear Form/Product Rule
Y :R® = R,1p(x) := " Az, A € R™™. We use the product rule with F, G : id : R® —
R™ and b(z,y) = x ' Ax.
Dy(z)h=h"Az +z " Ah = (z" AT +z" A)h
= grad (z) = (AT + A)z € R"

Example: Derivative of Euclidean Norm
We can compute the Euclidean norm manually by computing partial derivatives. But that
is very cumbersome. Instead, we can also write the Euclidean norm F' : R"\{0} — R,

F(x) = ||lz|l2 =4/, 22 by splitting it: F' = G o H,G(¢) :=+/{, H(z) = 2" z. Those

components have the derivatives H (x) = 2"z and DH (z)h = 2z h.

DF(x)h = DG(H (x))DH (x)h
= 1T 22" h

7.4.2 The Newton Iteration

Just as in one dimension we approximate our function with a linear function and the compute the
root of that approximation as the next iterate. With what is known from Analysis we get the model
function F:

F(z) := F(z®) + DF(2®)(z — 2)

In 1D we required that the differential is # 0. Here we require that det DF' # 0, i.e., that the
Jacobian DF is invertible. This is required so that we have a unique root of the approximation.
Then:

Fz® Dy =0 20D = 2B _ pp (o)=L p(z®)

S := —DF(z")~1F(2®)) is called the Newton correction. Notice that in practice we clearly
don’t compute the inverse of the Jacobian but instead solve the nxn LSE DF (z(¥))S = —F(z(*)),

Listing 48: Newton Method in C++

I template <typename FuncType, typename JacType, typename VecType>
> VecType newton (

3 FuncType &&F,

4 JacType &&DFinv,

5 VecType X,

6 const double rtol,

7 const doulbe atol

s ) |

9 VecType s(x.size());

10 do {
0 s = DFinv(x,F (X)) ;
X —= s;
} while((s.norm() > rtol * x.norm()) && (s.norm() > atol));
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return Xx;

Affine Invariance of the Newton Method Consider some function F'. Looking for a zero of F’
is equivalent to seeking a zero of G 4, i.e., Ga(x) = 0 where G4(x) = A- F(x) and A € R™" is
regular, because only every root of F'(x) is aroot of G4 as DG 4(x) = A- DF(z).
2D = 20 1A DF ()7 AF (2®)
= 2" — DF (™)AL AR (2®)
= 2" — DF(a®)F(2®)
Affine invariance is important, because also the stopping criteria are then affine invariant.
A ”Quasi-Linear” System of Equations We consider A(z) -z = bwithb € R", A: R" - R"”
continuously differentiable. If A would just be some matrix, this would be a LSE. But as A
depends on the solution z, this is a NLSE. With F'(x) := b — A(x)x this is equivalent to solving

F(z) = 0. To apply the Newton method, we must know DF'(z), which we determine via the
product rule.

DF(x)h = (DA(z)h)x + A(z)h
To solve the Newton method we need to solve this for s.
DF(z®))s = —F(z®)
= (DA@®)s)z®) + A(2®))s = A(zF)z®) —p

A Special Quasi-Linear System of Equations We consider A(z)z = b with

Vz) 1
1 ~(x) 1
A(w) = o R
1 @) 1
1 ~v(x) 1

— A(x)x =Tz +z|z|2, T :=
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From F(x) = Tx + z||z||2 — b we can compute DF'(x)h.
DF(x)h = D{x +— Tz} (x)h + D{x — z - ||z|2}(x)h

2T
=Th+h-|z|2+x—0"
2]]2
-
xrr
= (Alw) + =

Now we can compute the Newton correction using DF'(x)h:

(8) ()T
Al®) 4 222 (f,”c ) ) s = b= A@®)a®
l2®]|2

The system matrix is a rank-1 modification of A(z(*)), which we have seen in the section
on LSEs to be solvable in O(n) with the Sherman-Morrison-Woodbury Formula as A(z(®) is a
triadiagonal matrix and itself easy to solve.

Matrix Inversion by Means of Newton Method We construct a special /' : R™"™ — R™" so
F:RY™ — R™"
F(X)=A4-X"1
being the invergible n x n matrices. As the derivative of ' we have DF(z)H = X 'HX 1 X ¢
RY"". See the next subparagraph to understand deriving matrix inversion.

that the root of F' corresponds to the inverse of A € R™". Let { , with R}Y""

g* D) — 0 s 5= DF (W) R(z®)
= DF(a®)s = () s(a®) 7 = Fa) = A~ (a9

= ) = 2B — (20 Az — g R)y = (B (21 — Az(¥)

Derivative of Matrix Inversion Before we used the derivative of the matrix inversion oper-
ator as part of our computation. Now we show how to get the derivative of matrix inversion, i.e.,

RZLJL — R
X=Xt
differentiation. We differentiate the expression XX ' = I on both sides and then extract the
derivative of matrix inversion.

the derivative of inv : { . Here we use a technique introduced earlier: implicit

D(X -inv(X)) = DI
= H -inv(X)+ X - Dinv(X)H =0

— Dinv(X)H = - X 'HX!

Simplified Newton Method This approach trades speed of convergence for less work per inter-
ation step. We do so using this iteration:

2* D) = 20 _ Dp@)tp@E®) ke N

This always considers the same DF(x(?))~! instead of DF(z(*))~1. This allows us to reuse
the same LU-Decomposition for solving the LSE to get the Newton correction. Hence, the LSE
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can be solved in O(n?) instead of O(n?) as we only need to do the elimination but not the factor-
ization. However, the approximation is also worse. Hence, the speed of convergence is lower.

Listing 49: Simplified Newton Method
I template <typename Func, typename Jac, typename Vec>
> void simpnewton (Vec& x, Func F, Jac DF, double rtol, double atol

) |
auto lu = DF(x).1lu();

| Vec s;

5 double ns, nx;

6 do {

7 s = lu.solve (F(x));

8 X —= Sy

9 ns = s.norm(); nx = x.norm();

10 } while((ns > rtol*nx) && (ns > atol));

7.4.3 Convergence of Newton’s Method

We justify that the Newton method converges locally quadratic.

The Newton iteration is the fixed point iteration z(*t1) = &(z(0)), &(z) = 2 — DF(z) "' F(x)
as introduced above. Through some transformations based on the Taylor approximation of the
error ||z(*+1) — 2*|| we see that it is quadratic in the previous error ||2(*) — z*|.

||$(k+1) _ :E*” — ||@($(k)) - @(x*)n
= | DB(z*) (@™ — &%) + O(||2*) — 2*|[?)]
= O(Hx(k) — z*||?) for z®) close to *

It remains to show why || D®(z*)(z¥) — 2*)|| = 0 for () close to z*.

Dd(x)h = h— (D{z = DF(z)""}(x)h - F(x) + DF(z) "' DF(x)h)
=h—D{z~ DF(z)"'}(x)h - F(z) - h
= —D{z+— DF(z) "} z)h - F(x)

D®(x*)h = —D{x +— DF(z) '} (z)h - F(z)
=-D{... }z)h-0=0

Local quadratic convergence only holds when the initial guess is sufficiently close to the target
value. Unfortunately, it is very difficult to say a priori how close is close enough.

When only looking at one dimension, this is a special case of a more general theorem
considered for the 1D case.
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1

: As an example for the convergence of the Newton method we will again look
at matrix inversion. We have already derived the Newton iteration as gkt = k) _
) (20 Az®) — (k) = (- (21 — Az(*)). The error of this iteration is given by e(¥) =

(k) — A-1
g5 .

o(ktD) _ p(k+1) _ g-1
=z®) (21 — Az®)) — 471
= (e® A (21 — A(e® + A7) — 47!
= (e® + AT — 4e®) — A7 = —e(B) ge*)
For the Euclidean matrix norm we have submultiplicativity: ||AB| < [|A| - ||B]|. Then:
le®+D || < [le®)||2||Al|. This exhibits local quadratic convergence.

In this special case we can even give a bound for when we have local convergence. Specif-
ically, the error converges to 0 if ||eD A|| = |2V A — I|| < 1.

7.4.4 Termination of Newton Iteration

zFHD — 2| < [|lz®) — 2*|| = [|]2®) — 2*|| = ||z®) — 2 +D)|| explains why the difference
between different iterations, i.e., the correction is a good indicator for the error. With AzF) we
denote the absolute correction between (%) and z(**1). When working with Az(*) we may stop
based on an absolute or relative tolerance: || Az®) || < 7,.]|z®) || or [|AzF) || < Typs.

One shall remember that the Newton method converges very fast (locally quadratic if it con-
verges). Thus, we often only need a few iteration steps to reach a sufficient solution. If z(*) is
sufficient, just computing one more iteration, i.e., z(¥*1), corresponds to a significant higher (rela-
tive) cost. Each iteration of the Newton method takes O(n?) due to the LSE solve. Thus, we want
to avoid computing any unnecessary step. This is a problem, because to consider Az(*) for the ter-
mination criteria, we must compute z(*+1). But computing that comes at a high cost considering
that we arent’t actually interested in the value if our current solution is already sufficient.

The idea to avoid the costly operation of computing z(¥t1) is to compute an approximation
by replacing DF(z*)) with DF (2(*=1)). This allows us to reuse the LU-Decomposition already
computed for DF (2(*~1)) and the solve can be done in O(n?).

Listing 50: Simplified/Economical Newton Correction based Newton Method
template <typename FuncType, typename JacType, typename VecType>

» void newton_src (const FuncType &F, const JacType &DF, VecType &x

, double rtol, double atol) {

using scalar_t = typename VecType::Scalar;
scalar_t sn;
do {

auto jacfac = DF(x).1lu();

x —= jafac.solve (F(x));

sn = jacfac.solve (F(x)) .norm();
} while ((sn>rtol*xx.norm()) && (sn>atol));

AZ (the approximation of Az through the approximation of zz(¥*1)) is affine invariant. It does
not change when replacing F' with AF’ where A is some regular matrix.
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7.4.5 Damped Newton Method

Remember that the Newton iteration converges locally quadratic. But unfortunately, our initial
guess has to be quite close to the result so that we are guaranteed convergence. With the damped
newton method we intend to address this challenge of rather limited convergence range. The goal
is to enlarge the domain of convergence.

We look at some examples to understand why the Newton Method may fail. The observations
lead to introducing damping afterwards.

r

Example: F(z) = ze® — 1. Notice that F'(—1) = 0.
e 20 < —1 = 2 — _oo (as we have Newton correction in the wrong direction)
o (0 > 1= 2k 5 g

This issue cannot be corrected for as it is caused by the core idea of the Newton correction.

2

i x—xe* —1

L L L L L L L
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1

Figure 48: Newton Method Diverging due to *wrong’ Derivative

Example: F(xz) = arctan(az),a > 0,z € R has z* = 0.
Here, we observe overshooting. This can be best understood by looking at the graph.

15

0.5

05

-1.5

L L L L L 1 L
-6 -4 -2 0 2 4 6

Figure 49: Newton Method Diverging due to Overshooting

The problem of overshooting can be fixed. We can trade speed of convergence for an increased
range of convergence. We add a damping factor A\(¥)0 €]0, 1] to the iteration. Choosing the
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damping factor is non-trivial, because functions behave very differently.

The following is a heuristic. There is no guarantee that this works. To understand the different

components of this, consider the explanation afterwards.

~

Definition Affine Invariant Damping Strategy: We choose the damping factor based on
the affine invariant natural monotonicity test (NMT). Specifically, we choose A(*) maximal
from 0 < A(*) < 1 such that the following inequality still holds.

A (k)
| AzAR)l2 < (1= =) A2l

o Az®) .= DF(2(®))~1F(2®)) is the current Newton correction

o ATZ(AR) .= DF (")) ~1F (2 — \(®) Az(*)) is the simplified Newton correction

2F) — (%) Az(%) is the tentative next iterate

Az®) is the Newton correction from the current (%) to 2(**1). AZ(A(*)) approximates the

Newton correction from z(**1) to 2:(A+2)_ The precise Newton correction for that step would be
DF(z++D)=1p(g*+D)) = DF(a*+D))=1p(z*) — Az(k)). Thus, the approximation differs
in that (a) we use the simplified Newton correction with DF(z(*))~1 instead of DF (z(+1))~1,
which we do to avoid having to compute D F' (x(k“))_l, and (b) add the damping factor A(%).

The inequality then tests whether the Newton correction decreases in size. Wanting to choose

the maximum \(¥) corresponds to wanting to avoid damping. But we only avoid damping if it
allows us to shrink the Newton correction. Otherwise we introduce damping to such an extend that

— Ay

we still shrink the Newton correction reasonably, which is expressed through the factor ( 5

For sufficiently close (%), quadratic convergence clearly allows us to choose A¥) = 1 as

AT A®)) ||y = |Az*HD], < TAazP|y = (1 - %)HA-T(IC)HQ- This means we require no
damping for quadratic convergence. But if The inequality doesn’t hold, we introduce the damping
factor by decreasing A(¥).

o NMT fails: A(¥) — % & retry

e NMT passed: do the update according to damping formula, increment & — k + 1, and use
less damping initially in the next step with A — 2.

Listing 51: Damped Newton Method

I template <typename FuncType, typename JacType, typename VecType>
void dampnewton (const FuncType &F, const JacType &DF, VecType &x

)

, double rtol, double atol) {
using index_t = typename VecType::Index;
using scalar_t = typename VecType::Scalar;
const index_t n = x.size(); // number of unknowns
const scalar_t lmin = 1E-3; // minimal damping factor
scalar_t lambda = 1.0; // initial and actual damping factor
VecType s(n), st(n); // newton corrections
VecType xn(n); // tentative new iterate
scalar_t sn, stn; // norms of newton corrections
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do |
auto jacfac =
s =
sn = s.norm();
lambda = 2.0;

DF (x) .1u();
jacfac.solve (F (x));
// norm of newton correction

do {
lambda /= 2;
if (lambda < 1lmin)
xn = x—-lambdax*s;
st = jacfac.solve (F(xn));
stn = st.norm();

} while(stn >

X = xn;
lambda =
damping

} while((stn>rtolxx.norm()) &&

Notice that this entire heuristic is affine invariant (as its name already suggests). This can be
easily seen as Az(*) and Af()\(k’)) are not affected by replacing F' with AF’, A being an invertible

matrix.

(1-lambda/2) *sn) ;
// xn accepted as new iterate
std: :min(2.0+xlambda,

1.0);

// LU-factorize Jacobian
// newton correction

// reduce damping factor
throw "No_convergence: lambda, —>_0";
// tentative next iterate
// simplified newton correction

// natural monotonicity test

(stn>atol));

// try to mitigate

: F(z) = arctan(z) was already considered in the beginning to motivate damp-
ing. Now we will see that applying the Heuristic actually increases the range of conver-
gence. We consider z(?) = 20 (a point that is rather far away from the target * = 0) and

a lower bound for damping of 0.001.

Eloa® o) F (x(k))

1| 0.03125 | 0.94199967624205 | 0.75554074974604
2 | 0.06250 | 0.85287592931991 | 0.70616132170387
31 0.12500 | 0.70039827977515 | 0.61099321623952
4 1 0.25000 | 0.47271811131169 | 0.44158487422833
5 | 0.50000 | 0.20258686348037 | 0.19988168667351
6 | 1.00000 | -0.00549825489514 | -0.00549819949059
7 | 1.00000 | 0.00000011081045 | 0.00000011081045
8 | 1.00000 | -0.00000000000001 | -0.00000000000001

Figure 50: Dampted Newton Method on arctan

We see that initially, the damping factor is very small to accommodate for much over-
shooting. But within several iterations, we are sufficiently close to the target so that the
algorithm goes back to quadratic convergence.

But with F(z) = ze® —1 and 2(®) = —1.5, this wouldn’t work. The damping factor would
continue to go down until we reach the minimum. Then, one could terminate/bail out.

7.5 Quasi-Newton Methods

One drawback of the Newton method is that it requires the derivative of the function F'. In many
applications that may not be available. Thus, we now consider derivative-free variations of the
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Newton method.
For one dimension we already discussed the secant method, where we replace the derivative
with an approximation based on the last two iterates to interpolate a line.

(k+1) _ ) _
T T FE®y - o)

F(x(k))

For higher dimensions n > 1 we generalize by replacing DF’ (a:(k)) with an approximation of
the Jacobian J; € R™". One basic idea for this is to approximate all partial derivatives of F' by
means of difference quotient. But that is computationally extremely expensive, because computing
n? difference quotients requires many evaluations of F.

Now, we specify two conditions for Ji. First, the secant condition so that J, ~ DF (x(k)).

Jp(z®) — 26Dy = P20y — p(gF—)

This leads to the iteration (1) = (¥ — 1 & 'r (a:(k) ). But the secant condition does not uniquely
determine Ji, because we only specify its incline in one direction. But in a multi-dimensional
space also all other directions must be considered. The idea for the remaining dimensions is to
reuse Jx_1. Broyden’s condition requires that J; and J;_; are identical in all directions not
covered by the secant condition.

Jpz = Jp_12,Vz 2 L (x(k) _ x(kq))

Broyden’s condition and the secant condition together uniquely determine Jk.

-

Definition Broyden’s Quasi-Newton Method:

g* D) = £ ®) L Az®) Az®) = _ g1 R(2 ()
F(aj(k+1))(Am(k))T
1Az ®[3

Jpt1 = Jg +

That this satisfies the conditions specified earlier can be seen when multiplying with Az®) or
with a vector defined to be orthogonal. In the former case, Jy Az®) = —F(2(*)) and the right
fraction becomes F' (x(k+1)). In the latter case, the right fraction becomes zero as the dot product
between Az(*¥) and a vector orthogonal to it is zero.

Notice that we require an initial guess for Jy. If we can compute the Jacobian, we can take
Jo := DF(z(0),

Convergence of Broyden’s Method We only considered anecdotal evidence. The concluson is
that th pure’ Newton method converges locally quadratically. Broyen’s method also converegs
nicely but not quite quadratic. But it performs still noticeably better than the simplified Newton
method.

Implementation of Boryden’s Method In this paragraph we consider a smart way to actually
compute Ji. The idea relies on the observation that according to the above definition Jy1 is
a rank-1 modification of J;. In the section on solving LSEs, we discussed the special case of
updating the solution of a LSE given a rank-1 modification of the system matrix. We will apply
that here.
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The Sherman-Morrison-Woodburry formula was used to update the solutoins given some low-
rank modification. For a rank-1 modification the formula is:

Ay T

(A+uw") ™t = <I - m) A7t assuming 1+ 0" A u #£0

(k)

When choosing v := F(z*+1)) and v := ||A::T||§

we get an update formula for ./, 1,

g1 (r_ TR (2 D)) (AT () A0+ (Az (D) T o
- |Az®3 + Ae® - J P (e(+D) )78 AP |2 - Az® - AzC+D ) 7%

where A1) .= J & 'F (x(k+1)) is called the simplified quasi-newton correction. This vector is
very helpful for simplified termination and damping. Thus, computing it is not wasteful.

In an algorithmic implementation we of course have to check that we never divide by zero.
For that we test whether |(Az*))T Az(*+1)| < 1. This can be expected, because those vectors
should be rather small in the asymptotic phase if the method converges nicely.

For the k-th update of our iteration we get:

k-1 ( Af(lJrl)(Ax(l))T
+

(k) — _ g1 (k)y — _
Ax Jk F(SU ) H 1+ (A.%‘(l))TAT(H_l)

) . Jalp(x(k))
=0

But clearly we don’t always perform k& matrix multiplications. Instead, we only take the previous

correction and multiply one rank-1 matrix to get the next correction. With Az(%) := —¢;.:
(Az0) Tty

1+ (Az®) T AgHD

tier =t + Az 1=0,...k—1

For the entire algorithm we first compute the LU-Decomposition of Jy so that we can com-
pute Jy ' F(z®) for all k in O(n?) after this initial O(n?) investion. Then, we must do the above
iteration for each & up to our ’target k’, because we always have a different initial F(az(k)). For
each iteration, we do two triangular solves to get to in O(n?). Afterwards, each recursive step is

done in O(n). So for k steps we have O(kn). For N steps, i.e., different & values, in total, we get
O(n® + Nn? + N2n).

The quality of the result can be adversely affected by roundoff due to the use of the Sherman-

Morrison-Woodbury formula. Thus, this algorithm may not be very stable. One could use updates
with QR instead of LU. That would increase complexity and cost.

117



