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Lecture 1: Introduction to Numerical Analysis (8/29/19)

The following is MATLAB output that shows a difference between computer arithmetic and exact arith-
metic.

>> 170.6 + 6.9

ans =

177.5000

>> 177.5 - (170.6 + 6.9)

ans =

0

>> 177.5 - 170.6 - 6.9

ans =

5.3291e-15

The explosion of the Ariane 5 was caused by a numerical software error (see http://www-users.math.
umn.edu/~arnold/disasters/ariane.html).

Specifically a 64 bit floating point number relating to the horizontal velocity of the rocket
with respect to the platform was converted to a 16 bit signed integer. The number was larger



http://www-users.math.umn.edu/~arnold/disasters/ariane.html
http://www-users.math.umn.edu/~arnold/disasters/ariane.html

than 32,767, the largest integer storeable in a 16 bit signed integer, and thus the conversion
failed.

Round-off errors and computer arithmetic

Numbers are stored in a finite number of bits by a computer. The amount of numbers that can be stored
by a computer is finite. These numbers are called floating point numbers. Many computer operations

with integers are exact e.g. 14+1=2. But not many operations with non-integers are exact e.g. \/52 #£2.
The error produced is called round-off error.

Binary floating-point numbers

The IEEE standard as created in 1985, and updated in 2008, is a specific system of representing floating
point numbers. For 64-bit double precision,

b1 — s is the sign
ba,...,b1o > c= 02210 4+ 4+51;2° s the characteristic or exponent
1 1
b13,...,bga — f = blgﬁ +... +b642ﬁ is the mantissa or significand
(=1)%-2¢71023 (14 ) s the resulting double precision number
Note that
0<f<l=1<14+f<2
0<e<2047T = —1023 < ¢—1023 <1024
also, ¢ =0 and ¢ = 2047 are special cases, which may be 0,00, —0c0, or NaN.

The smallest positive f is called machine epsilon. For 64-bit double precision, €pach = 2722 ~ 2.2204 x
10716,

2 52 52
The largest possible allowed number is achieved at s =0, ¢ = 2046, and f = (%) +...+ (%) =1- (%) ,

and is equal to 2'0%3(141—2752) = 1.7977 x 103", Numbers above this produce overflow.

The smallest positive number is achieved at s =0, c=1, and f =0, and is equal to 271022 ~ 2.251.1073%8,
Values below this produce underflow.

Integers are represented similarly. 16-bit integers are represented as r = b2 +... +b;620. 216 -1 215 =
32767 is the largest positive 16-bit integer. This limit lead to the crash of the rocket.

Given y € R, we denote the floating point representation of y as fI(y).

Definition 0.1. If p* is an approximation of p, then we define

e p—p* actual error

e |p—p*| absolute error

lp—p*|

Bl relative error




Definition 0.2. p* approximates p to t significant digits if

Ip— p*|

<5x107¢
p|

Finite-Digit arithmetic
The operations +, —, x,+ produce round-off error. Computer addition is denoted
x®y= fl(fl(z)+ fl(y)), and the other operations are defined analogously.

Cancellation errors can occur in computer arithmetic. For instance, when z =~ y and both are approx-
imated to t significant digits, then z ©y can have very large relative errors above ¢ signficant digits.

Example 0.1. For z = ? and y = .7142857142857141, the relative error is

[(z—y)— (z6y)]

~ .1956
|z —y|

the 19% error is very large.

The order of operations also matters. The computer operations are not associative.

Example 0.2. Let f(z) =2® —6.12% +3.22 4+ 1.5. We want to evaluate f(4.71).

Naive: fi(x)
Nested: fa(x)

rR(xRr)—6.10rR...
(206.1)Rx®3.2)Rxd 1.5

The relative error for nested evaluation is an order of magnitude lower.

|f(x) = fr(z)] _
—|f(x)] ~ 0.05
|f(x) = falz)| _
—|f(x)| ~ 0.005

Example 0.3. Suppose we wish to find the roots of ax?+ bz + ¢, where a =c =1 and b>> 1. Then
b% — dac ~ b%, so the root =btyb —dac W faces cancellation error in the numerator.

Thus, instead we can look at

B —b+\/b2—4ac<—b—\/b2—4ac>

o 2a —b—Vb?—4dac
b — (b? — 4ac)
2a(—b—Vb? —4ac)
2c

—b—vVb%—4dac



Lecture 2: Interpolation (9/3)

1 —cos?(x)
$2
f = @(x) (1-cos(x)."2)./x72;
x = le-7;
format long
fexact = .999999999
f(x)
sin?(x)
2

g = @(x) sin(x)."2/x.72;

fexact
g(x)
x __ 1: n
e —nh_>rrolo(1+1/n)
clc
n = lelb
exp (1)

e = (1+1/n)"n

Dividing 1 by a large number produces large error, which is amplified by raising the result to a large
power.

Applying the binomial theorem to (1+1/n)" provides an accurate result.

s = 1;
for k = 1:20
s = s + prod(1-(1:k)/n)./factorial (k);
end
exp (1)

S

Overflow/ underflow error

n!

(1/2)(3/2) -+ (n—1/2)

n = 1000;
factorial(n)
prod(1/2:n-1/2)




eval=factorial(n)/prod(1/2:n-1/2)
eval2=prod( (1:n) ./ (1/2:n-1/2))

Consider the Hilbert matrix, given by

1

Hp)jp=———
( )]k Jtk—1

for 1<jk<n

we want to solve the linear system (H,)v =>b for v.

n = 10;
[ii, jj] = meshgrid(1l:mn);

H=1./(ii+jj-1);
v = rand(n,1);

b = Hx*xv;

v -H\bD

There are at least 4 digits of error in solving for v. The condition number of this matrix is on the order
of 1013.

cond (H)

Interpolation
Consider a function f € Cla,b]. We want to approximate f(z) from a sample (x;, f(x;)); and possibly
derivative information f'(z;).

One natural idea is to use polynomials:

e Easy to compute, differentiate, integrate

e Polynomials can approximate continuous functions arbitrarily well

The second item is formally due to the following theorem

Theorem 1 (Stone-Weierstrass). Given f € Cla,b|, there exists a sequence of polynomials p,, € R[z] such
that p, uniformly converges to f.

Equivalently, for all e >0, there exists p € R[z] such that || f —p|| ., <€

However, this theorem does not answer an important question—what degree should p be? This depends
on f and other factors.

The study of approximating functions with simpler functions is called approximation theory.

If we have f(z0),f (20),..., ™ (xo), then we can approximate f(z) by the Taylor polynomial about zg

flx) =~ z”: M(fc —20)* near g

= K




This is not a good choice for approximating f(x) where z is far from z¢. In fact, in can be an arbitrarily
bad choice away from xg.

The next simplest approach: given a sample of n+1 points (zg, f(xg)),...,(Zn, f(zy)), we can find a
unique polynomial p,(x) of degree n passing through those points.

The polynomial can be found by solving a linear system of equations.

f(xo) = pn(z0) = anzy +...+a1zo+ap

f(zn) =pnl(xn) = anxp +...+ a1z, + ao

8
o3
8
)
—_
S
3

f(xo)

8
33
3

—

=
)

f(n)
b

It can be shown that V is invertible. Thus, Va = b has unique solution a = V~'b. However, it turns out
that V is ill-conditioned. Computing V~'b produces large errors due to this ill-conditioning (especially
as n — o0). Conditioning is a measure of how much a function changes with small changes in the input.

For a continuous function g(x), the relative condition number at x is

. g(x)

cond(g) = (@)

For matrices, the relative condition number is
cond(A) = HA‘1H\|A||

for symmetric matrices A,

AI'ﬂaX
cond(A) =

)\min
To see why this is the definition of the condition number note that

g($+5)—g(ﬂs)/fﬂ+5—x: x  gle+d)—g(x)
9(x) @ 9(x) 0

Lagrange interpolation

Given xy,...,xn, we wish to construct polynomials of degree n, called Lagrange polynomials Lg,...,L,
satisfying

Li(x;) = bij
where 6;; is the Kronecker delta.

We know the exact form of these Lagrange polynomials:
(z—z0) - (@ —ap-1) (T —Tps1) - (T —2p)
(e —0) - (T — Tp—1) (T — Th41) - (T — Tn)

I,

itk Tk X

Ly(z) =




Then given f € C|a,b], the unique interpolating polynomial of degree n passing through
(o, f(20));-- -+ (@n, f(zn)) is given by pp(x) = 3F_o f(2k) L (2).

Lecture 3: Lagrange Polynomial Theory and Computation (9/5)

The following codes compute and plot Lagrange polynomials.

n = 4;

xk = linspace(-1, 1, n+1);

/4 can also choose another nodes like zk = [-.9, -.1, .2, .5]
% or zk = chebpts(n+1,1);

n = length(xk)-1;

x = -1:0.01:1;

y = mylagrange (xk,x);

figure

hold on

plot (xk, zeros(l,n+1), ’ko’, xk, ones(l,n+1), ’ko’)
for k=1:n+1
plot(x, y(k,:))
end
hold off

The following theorem is a result on how well the function f is approximated by the polynomial interpolant
P,.

Theorem 2. Let f € C"a,b], x0,...,2, € [a,b], and P, is the unique polynomial interpolant of degree
n through these points. Then for all x € [a,b], there exists a & € [a,b] such that

FrIE)

(n+1)! (z=20) -+ (z—2n)

f(@) = Palx) +

Ry (x)

In particular,

(n+1)
sup |f(z)— Pa(z)| < sup M

aje[a7b] yE[a,b} (n+ 1)' (y_xo)(y_xn)

To prove this theorem, we recall the following:

Lemma 1 (Rolle Theorem). For a function g € Ct[a,b] with g(a) = g(b) =0, there ewists £ € (a,b) such
that ¢’'(€§) = 0. i.e. g must attain a mazimum or minimum inside the domain.

Lemma 2 (Generalized Rolle’s Theorem). For a function g € C""[a,b] that vanishes at n+2 points
T_1,20,...,2n € [a,b], then there exists a & € [a,b] such that ("D () =0.

Proof of theorem. If x = xj, for some k, then f(z) = f(zx) = Py(xx) = Pp(z), and R, (z)) =0, so the claim
holds.

If x # xy, for any k, define a new function

—x;

9(t) = £~ Pult) — (£(@) ~ Pu@)) - ] -

. r—X;
=0 ¢




Note that g € C"*[a,b]. Moreover, g(x)) = f(zx) — Pu(x)) = 0 for each k. Also, g(z) = 0. Using the
generalized Rolle’s theorem, there exists a & € [a,b] such that ¢+ (€) = 0. Thus, we have that

0=g"0©) =10 - (f(x) N P"(x)> (x— xi)?;+1(>x' — )
(n+1)
f(l') _Pn(x)‘i‘m(x—xo)(x—xn)
]
We can also derive that
F I (E(y))
If = Palloo < v e (y—20) - (y—an)
. FOD(E(y)) o g o) (s
< S ) ZZ[GI?HK 0): (2 —n)|
o
R RS e

Thus, the approximation can be expected to be better if the (n+ 1)th derivative is small and the sample
points are distributed "well” in [a,b]. However, equally-spaced nodes may lead to instabilities, especially
as n — o00.

Computing the Lagrange interpolation

Recall the formula for the polynomial interpolant:

n

Po(w) =" flax)L(z)  Li(w) =]

k=0 ik

Xr—X;

T — T4

Evaluating the polynomial interpolant at a given z naively in this manner requires O(n?) flops since each
of the n+ 1 Lagrange polynomials requires O(n) flops. Also, updating with a new node (zp+1, f(Tn41))
requires a new computation from scratch.

To compute this in a better way, Newton’s divided differences have been used for a while. Now, the gold
standard is Barycentric Lagrange Interpolation. We rewrite

r—T; T—Tg
Lk:c :Il .
( ) #kxk—ﬂci xr— Ty

_ H:‘L:ol‘*l‘i
B (z — ) Hi;ék(l”k: — ;)
= L(z)—*

T — Tk

where we define
1

T — T4

L(:L‘):Hl‘7$i wk:]:[
=0

itk



therefore we have an equivalent form of the interpolant, called the Barycentric interpolation formula
in its first form

f(zk)
k

This requires O(n?) flops to compute the wy, but this only has to be done once as a preprocessing step.
Then O(n) flops are required to evaluate the polynomial at each x. Also, it only takes O(n) flops to update
with a new node. Additionally, the wy do not depend on f. Thus, it does not take extra preprocessing
to evaluate the interpolant of a different function f. Also, this does not depends on the ordering of the
nodes.

However, this formula can be numerically unstable near the xj. This issue can be fixed, using the
Barycentric formula of the second form.

1= ZLk(m) = L(x) Z Wk
k=0 k=0t Tk
L(2) g 2 ()
L)Yy
_ 2 k=0 ﬂ];kf(iﬁk)

n w
2 k=0 7=y

although it may seem like there is cancellation error, the division cancels out the cancellation errors.

P, (x) =

Lecture 4: Osculating Polynomials (9/10)

n=10;

xk=linspace(-1,1,n+1);

Azk = chebpts(n+1,1); J stable!
x=-1:0.001:1;

y=mylagrange (xk,x);

This gives Lagrange polynomials which take large values. The spacing between the nodes is uniform,
which gives issues. Also, for interpolating along the function m, we see Runge’s phenomenon, where
there is severe oscillation of the interpolating polynomial along the edges of the interval of approximation.
Chebyshev nodes work much better.

Hermite interpolation

We will again have a function f : [a,b] — R that we wish to interpolate. Now, we also assume we know
the values of the derivative f’, along with the value of f, at sample points xg,...,2,. Our problem is
to find the polynomial of minimum degree that both agrees with f and shares the same derivative as f
for all points zg,...,z,. This polynomial is called the Hermite interpolant. It is one example of an
osculating polynomial.

Definition 0.3. Let xy,...,z, be distinct points in [a,b]. For each i =0,...,n, let m; > 0 be an integer.
Suppose f € C™[a,b], where m = max;(m;). The osculating polynomial p(x) approximating f is the




polynomial of minimal degree satisfying that
p(k)(xi) = f(k)(xi) fori=0,...,n, k=0,...,m;
the degree is at most M = (37, m;) +n.
Note that when m; = 0 for each 4, the osculating polynomial is just regular polynomial interpolation.
When m; =1 for each 4, the osculating polynomial is the Hermite interpolant.

Theorem 3. Let f € C'[a,b] and xo, ..., =, € [a,b] be distinct points. The Hermite interpolant is of degree
at most 2n+ 1, and is given exactly by:

n n
A

Qont1(x) =Y f(an)Hi(x)+ ) f'(xx) Hi(2)

k=0 k=0

Hy(2) = (1= 2(2 — z) L (k) ) L ()

A

Hy(x) = (x— ) Lj(x)
Lk(iﬂ) _ H T —x;

gk TR T
Moreover, if f € C?"*2[a,b], then for each z € [a,b],
2n+2
f(z) = Qany1(x)+ m@; —3;0)2 (- xn)Q for some &(x) € [a,b]
And thus the error is bounded as such:
FE2(y)

If = Qans1llog < sup (y—m0)* (y—zp)”

y€la,b] (2n + 2)'

Newton divided differences

Evaluating Hermite interpolant by hand is tedious. There is an easy way to evaluate them using divided
differences. This is another way of interpolating polynomials.

For a function f and sample points xg,...,x,, we wish to find an interpolating polynomial p,,. We rewrite
Pn(x) as pp(x) = co+c1(x —x0) +ca(x —xo)(x — 1) + ...+ cp(x —20) -+ - (x — 25,—1). This is just rewriting
the polynomial in a basis different from the power basis. Here, the basis is [1, (z —x¢), ...,(x —xg) - (z —

10



Zn—1)]. Then we have that

f(x0) = pn(x0)

=y
f(z1) = pn(21)

= co+c1(z1 —x0)

= f(xo) +c1(x1 — x0)
f(@1) — f(@o)

T1 —Zo
f(a?z) =cp+cCy (:Ul —3:0) —l—CQ(CEQ —xo)(a}Q — 1’1)

I (CA R

—— C1 =

(x2 —x0) + ca(w2 — x0) (T2 — 1)

1 — X0
= f(z0) + W(wz —x1+x1 —x0) + c2(w2 — o) (22 — 1)

f(z1) = f(wo) f(z1) — f(@o)

:f($0)+ 21— 70 (:L‘lfl'o)Jr 71— 70 (l‘Q*ﬂfl)‘i’CQ(ﬂ?Q*l’o)(l’Q*ﬁl)
= f(z1) + M(l’z —x1) +ca(r2 —x0) (T2 — 21)
1 — X0
flz2)—f(z1) _ flzi)—f(zo0)
— = B2 x1—x0
T9 — Tg

We define f[z;,...,z;+k], the kth divided difference, recursively as follows:

fla] = f(@i)
flzismipa] = W
el = P e
Flzis e wign] = f[xiJrl’“"xi;_i]_]:fq[:fi’.”’xi—i_k_l]

To reconstruct the polynomial from these, use Newton’s interpolation formula for p,(z)

flzo] + flxo,x1](x — z0) + flxo, x1,22](x — x0) (x — 21) ... + fl20,- - s Tp| (X — 20) -+ (T — Tp—1)

n k—1
= flaol+ > flwo,- .,z [[ (#— ;)
k=1 Jj=0

This can be written in nested form for more efficient computation, but we will not do this. Now, we
discuss how to compute the polynomials.

We use a Newton’s tableau of divided differences

Lecture 5: Divided Differences, Cubic Splines (9/12)

Note that we only use the top row of the Newton tableau to compute the polynomial.

11



When updating a Newton tableau with a new node, we can simply add a new row, then the tableau can
be updated in O(n) operations, where n is the number of nodes. Note that all divided differences are
independent of z, so it takes O(n?) flops to compute the tableau. Then it takes O(n) flops to evaluate at
each point. Thus, the divided difference method is more efficient than Lagrange interpolation. However,
the coefficients in the table depend on the function. If the function changes, then the table must be
recomputed. Also, the table depends on the ordering of nodes, which may lead to unstable computations.
Barycentric Lagrange interpolation polynomials do not face these last two weaknesses.

For Hermite interpolation, there is an easy modification. Say we have nodes xg,...,z,, and the function
values f(x;) and f'(z;) at these nodes. Define zg,z1,... 220, 22n+1 a8 225 = 29541 = x; for j =0,...,n.
Define the special divided difference f[z9;,22;41] = f'(z;). Note that the special divided difference is
defined when the normal divided difference is undefined due to division by 0. Then the final Hermite

polynomial is
2n+1

Qant1(z) = flzo]+ D flzos--nzkl(w —20) - (z — 2p-1)

k=1

This method also works to find the osculating polynomial when we have derivative information at some
subset of the nodes.

Cubic spline interpolation

Issue with single polynomial interpolation: The choice of nodes may lead to erratic or large oscillations
(like in the Runge phenomenon).

Benefits: Smooth, easy to compute, backed by theory.

We have seen many benefits and some issues with single polynomial interpolation. Another type of
interpolation is piecewise linear interpolation. However, the interpolating function S is generally not
differentiable at the nodes. Also, the derivative will be a step function, so S € C°[a,b] but S ¢ C'[a,b].
The piecewise linear interpolation is still less prone to oscillations.

Piecewise quadratic interpolation is possible to guarantee continuous derivatives of the interpolating
function. However, the end nodes are edge cases. Thus, piecewise cubic interpolation is often used.

For nodes xq,...,x,, define Sy to be the interpolating function between xy and x1, S1 to be the inter-
polating function between z; and x2, and so on. We require the interpolating function to satisfy the
following:

(a) S(z) restricted to [xj,x;4+1] is a cubic polynomial S;(z)
(0) Sj(xj) = flxj),  Sj(wjra) = fzjp)

(¢) Sj(jt1) = Sjta(jt1)

(d) Sj(xj41) = Sy (xj41)

(e) S (xj11) = Sy (j41)

The last three conditions are called compatibility conditions. These conditions are not enough to get
a unique spline. Any one of the following boundary conditions is sufficient to guarantee uniqueness:

o (f)(4) S"(x9) = S"(x,) =0 called a natural or free spline.

12



o (f)(i7) S (xo) = f'(x0), S'(xn) = f'(xy) called a clamped spline.

The natural or free spline is used most often, for instance in the MATLAB implementation.

Construction of cubic splines

We use this following ansatz for S;(x):

Sj(x) = aj+bj(x — ;) + cj(x — ;) + dj(x — z;)°

We have n Sj’s, each with a;,b;,c;,d; unknown, so we have 4n constants to determine. This ansatz
is convenient, because f(z;) = S;(z;) =a;. Thus, we already know n of the constants. Using (c) with
hj = Tj41 — Xy,

aji1 = Sjp1(xj41) = Sj(xj41) = aj +bhj + c;hF + d;h?

using (d), we obtain
b1 =bj+2c;h; +3d;h

Lecture 6: Cubic Splines, Bezier Curves (9/17)

Comparing Lagrange, Hermite, and cubic splines on Runge’s function with equally spaced nodes, we
see that the Lagrange and Hermite interpolants both oscillate, while the cubic spline matches the curve
pretty well. With not too many Chebyshev nodes, the Hermite interpolant matches the function very
well, while the Lagrange interpolant still somewhat oscillates.

Note that the US Treasury yield curve is computed daily using cubic spline models! See treasury webpage
here.

Construction of cubic splines (cont.)

After several manipulations, we get that

1

dj = %(Cjﬂ —¢j)
1 h;

bj = 1= (aj1—a;) = 2 (2¢j +¢jh1)
J

Finally,
3

3 .
hj_lcj_l +2(hj_1 + hj)Cj + hjCj.H = F(ajﬂ — aj) — Tl(aj — aj_l) ] = 1, ey, — 2
J )=

Note that we are missing j =0, j =n—1. Adding one of the boundary conditions gives sufficient data to
solve the system.

Theorem 4 (Natural splines). Let f be defined at a =29 <1 < ... <z, =>b. Then there is a unique
natural spline S € C2[a,b] interpolating f such that S"(a) = S"(b) = 0.

13
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Proof. The boundary conditions imply that ¢, := % =0, and 0 = 5"(a) = 2¢y+ 6do (o — x0) = 2¢0, SO
co = 0. This gives n+ 1 equations and n+ 1 unknowns

1 B T B -
Co 0
ho 2(h0+h1) h1 3 - v -
h’l 2(h1 —'I_ h2) h2 a1 h1 (0’2 al) . hO (al ao)
., . .. . , B _.i )
hn—2 2(hp—24+hn-1) hp-1 szl Fon—1 (an —an—1) Oh%? (an—1—an—2)
1 L L ]
Asc=by

Ay is strictly diagonally dominant, hence nonsingular, and the linear system has a unique solution. [

Theorem 5. Let [ be defined at a = x9 < x1 < ... <z, =b. Then there is a unique clamped spline
S € C?[a,b] interpolating f such that S"(a) = S"(b) =0

Proof. The proof is much the same, except the first and last rows of the linear system will be different. [J

Theorem 6. If f € C*[a,b], M = Hf(4 H , and S is the unique clamped spline, then
4
Hf S”oo — 584 0<_]<an 1($]+1 )
h;

Clamped splines typically perform better than free splines, but require more information about the
function.

Parametric curvers/ Bezier curves

These curves are very important in computer graphics. If we have a curve that is not a well defined
function of one variable, we cannot approximate the curve by directly applying the previously covered
approaches. Say we have a parametric curve (z(t),y(t)) with a parameter ¢, and nodes

(z(to),y(to)), ---, (z(tn),y(ty)). Then we can interpolate a polynomial on each set of nodes.

n

Pr(t) =" x(ty)Li(t)

PY(t) =" y(tr)Li(t)

k=0
This forms an interpolating parametric curve (PZ¥(t), PY(t)). Likewise, we can form a spline approxima-

n n
tion.

Some issues with these approaches include the fact that an interpolating curve must be completely
recomputed if one node is moved. In graphics applications, this is often unacceptable, so approximations
depending on local data are often used and thus updates are based on local changes.

14



We seek the lowest order polynomial between two points vy = (xg,%0) and v; = (x1,y1) where the deriva-
tives of the function are known. This is a Hermite interpolant (for each coordinate), where n =1, so it is
a cubic. Say we have control points ¢y = (z9+ ap,y0+ fo) and ¢; = (1 —a1,y1 — f1). Thus, we have

Ay, G 3
dx '™ ag  3ag

x(0) = xo z(l) = 2'(0) = 3y 2'(1) = 3z,
yO =y yM=yn Y 0)=36 ¥ 1)=3n

That Hermite interpolant also coincides with the simplest clamped spline. After manipulation, the
resulting curve is

olt) = z(t)| (1 =t)3z0+3(1—1)%t(xo+ ) +3(1 — t)*t(z1 — 1) + 321
B | (T=1)yo+3(1 —1)%t(yo + Bo) +3(1 = 1)*t(y1 — B1) +t°m

or, equivalently,
v(t) = (1 —t)3vg + 3(1 — t)%tcg + 3(1 — t)t2cy + v,

To+ Qo
Yo+ Bo

This is called the Bezier curve between (zg,yo) and (x1,y1).

where vy = lxol
Yo

_|ro—an
Yo — b1

[xll
Ul =
Y1

Note that this can be extended to higher dimensional points in the obvious way. Other curves used in
computer graphics include B-splines, NURBS, and T-splines.

Lecture 7: September 19

Approximation Theory
The goal is to find simple functions that approximate a given function. We want the best way to "fit”
the data. Say we have data (z1,91),...,(Zm,Ym)-

A basic example is discrete least squares approximation. Exact interpolation by polynomials for many
noisy data points is likely not useful. In discrete least squares approximation, we find the best fit line
ap +aix. We can measure the error e; = ]yz — (ao—i—almi)] for a single data point. There are several
approaches to measure global error of the approximation:

e Best approximation in [, norm.

Ex(ag,a1) = max e; = lrgngin\yi— (ao+ a1)

We want to find (ag,a;) € R? that minimizes E.. The resulting minimax optimization problem is

(o0 02X |y — (a0 +ar )|

which cannot be handled with elementary techniques.

Note that this error is very sensitive to outliers.

15



e Best approximation in /; norm.

m

Ei(ag,a1) =Y _|yi— (a0 +a1)z;|
i=1

Minimizing F; could lead to trouble because the absolute value is not differentiable at 0. This error
could place too little weight on data that is far from the trend.

e Best approximation in I norm.

n

Ea(ao,a1) = | Y (yi — (a0 +a1)x;)?
i=1

minimizing this is equivalent to minimizing

n

Es(ag,a1) =Y (yi — (a0 +a1)z:)”
=1

This function is differentiable, which is very convenient theoreticallly. For minimization, we find
roots of the partial derivatives.

0=04E=—=>_2(yi — (a0 +a1)z;)
=1
= —Q{Zyi —aq le —GOZI}
=1 =1 =1
0=00,E =2 2(yi — (ao+a12;))(—;)
=1

m m m
o DT S 9P
i=1 =1 =1

Thus, we have the normal equations

m m
agm+ay Zﬂﬁz = Zyz
i=1

=1

m m m
ao) zitar) @i =) vizi
i=1 i=1 =1

This is a linear system of equations with only two unknowns that can be solved for explicitly.

oo Cor| [ao| _ |do
clo cii| |1 dq

Now, we consider approximation with more complicated functions, such as higher degree polynomials. In
the problem of polynomial least squares, we wish to find (ag,...,a,) such that p,(z) =ag+a1x+...+a,z"”
is the best least squares approximation to the data (z1,y1),...,(Tm,ym) with n+1 < m. Note that if
n—+1 > m, then exact interpolation would be possible.

16



m

E(ao,...,an) = > _(yi — pn(:))”

i=1
m m m
= ny - QZszn(l’z) + an(xi)Q
i=1 i=1 i=1
m m n . m n .
=2 0 —2) (D aal)yi+ Y (D a;xl)®
i=1 i=1 j=0 i=1 j=0
m n m n n m k
. n
= yi =2y a3 Dyt Y Y ajary
i=1 j=0  i=1 j=0k=0 i=1
Now, we compute the roots of the partial derivatives d,; F' =0 for j =0,...,n

m n m
0=04,FE = —2ngyi+22ak2xf+k
i=1 k=0 i=1

then we rearrange them to get the n+1 normal equations

n m m '
Z“k2$g+kzzyi$f j=0,...,n
i—1

k=0 =1

——— N —
Cik bj
so we have a linear system of the form
coo .-+ Con a b(]
Cno -+ Cnnl| |Qn b,

We can also consider other ansatzes. For instance, we can consider a best least squares approximation
to y = be®, with error FE(a,b) = Y7, (y; —be®i)2. In general, other ansatzes give nonlinear systems of
equations, which may not have a unique solution or may pose other complications such as existence of
many local minima which are far from the global minimum.

Note that y = be® = In(y) = In(b) + ax. This gives a linear least squares problem. However, this may
give a different solution than that of properly solving the original problem.

Lecture 8: September 24

Orthogonal polynomials and least squares approximation of functions
Previously, we wished to compute an approximation to a finite number of points

(1,41)y- -+ (Tm,Ym). Now, say we have a function f € C[a,b], and we wish to approximate it over the
entire domain.

17



With discrete data, we minimize ly error Es(ag,...,an) = > ity (y; — pn(z))?. We can also write this as

m

E= : (yl _pn(xz))(yl _pn(l'i))
= (y—pn()) - (y—pn(x))
- <y_pn($)7y_pn(x)>

We have already used the L°° norm || f —p|| ., = max,<z<p|f(x) —p(x)|. Another choice is the L' norm,
given by || f—pll; = fb‘f z)| dz. We will use the L? norm,

If =plls = /12| (@) \ dw

L? error (squared) is given by

b

B =Eao,..san) = (F=p.f =p) = [ (1) ~p(2)* do

a

where the L? inner product is (f,g) = fff(x)g(m) dx

Now, we consider how to actually find p. First, rewrite E.
b
= [(f@)~p(a)? do
b b, " 9
:/ f(x) 2 do — QZak/xf dw+/ (Zalﬂk) dx

Since we want to minimize F, we differentiate with respect to the coefficients.

b
0, E :—2/ 2 f(z d:c—l—QZak/ 27 TR da

k=0 @

This leads to the normal equations:

n b b
Zak/ l‘]+kdl‘:/ ) f(x) de, j=0,...,n
k':0 a a

Ajk bj

Al |=b
an

Now we rewrite the normal equations
Zak 2l 2k = (29, f) ji=0,....,n

this is analogous to the normal equations for discrete data, with the difference that the inner product is
now the L? inner product instead of the dot product. Note that
pItk+1 _ gitk+l

b
A :/ Itk Jp — :
w= ) jtk+1

A is a Hilbert matrix, which is notoriously ill-conditioned and difficult to invert. Instead of computing p
in this way, we use orthogonal polynomials.

18



Theorem 7. Suppose ¢; is a polynomial of order j for j =0,...,n. Then {¢g,...,¢n} is linearly inde-
pendent.

Proof. Suppose p(x) = copo(x) + ...+ cndn(z) =0. Rewrite p(z) = anz™ +...+a1x+ a9 =0. This means
that a; =0 for i =0,...,n. The only degree n term is in ¢, ¢, (). So ¢, =0 (otherwise a,, # 0). Proceed
recursively. O

Theorem 8. dim P, =n+1

Orthogonal functions

Definition 0.4. A weight function is an integrable function w(z) on (a,b) such that w(x) > 0 (except
on some set of points of measure zero).

For example, w(zx) = \/11_7 is a weight function on (—1,1). This is putting more weight by the endpoints

of the intervals.

The weighted L? inner product (or L%, inner product), is

= [ 1@ i

Definition 0.5. {¢o,...,¢,} C Cla,b] is L}, orthogonal in [a,b] if

the usual L? inner product occurs at w = 1.

(65, B0 /asj Yo(@)w(@) de = 650

where a; = (¢j,¢;)w. If all the a; =1, the set is called L}, orthonormal.

Theorem 9. If {¢o,...,¢n} are L%V orthogonal, then the (weighted) least-squares best approzimation to
a function f € Cla,b] is

)= aj05(x)
=0

RN
916,65

—/ oi(z (z) dx

Proof. First, rewrite E

n

BE=(f- Zajqb],f Za]¢3>
<f,f>W—2;ak<¢j,f>w+iiajak<¢j,¢k>w

k=03j=0

19



we differentiate with respect to the a; in the same way as earlier, and obtain the normal equations

Zak’<¢k7¢]>W:<¢]af>W j:O,...,TL
—_———

k=0 i
Here, we have A, = (¢}, 0r)w = a0, by orthogonality. Thus,

o
A=

On
is a diagonal matrix with a; = [ ; (¢;(x))*w(z) dz. Therefore, the normal equations become

ajoi; = (¢, Hw  j=0,...,n

aj:W j:O,...,n
J
(95, [lw :
a, = ———— j:O,...,n
T (o), di)w
and the claim is proven. O

Lecture 9: September 26

Theorem 10. Let <f~>07~-7¢~7n € Cla,b] be linearly independent. Then the Gram-Schmidt process in L%V
results in an orthogonal set with the same span as the original.

k—1,7
7oy N (D 9w
Proof. By strong induction.
k—1 /7
N/ <¢k7¢j>
(61, 0i) = (B 2o %),
k—1 ,7
_ 7 . <¢k7¢j> e
<¢ka¢z> = <¢j7¢]> <¢]7¢1>W
= (k. i) — iz]:’zll; (P di)w
=0

20



Example 0.4 (Legendre polynomials). For L? and a linearly independent set {1,z,...,2"}, Gram-

Schmidt results in Legendre polynomials. On [a,b] =[—1,1],

po(z) =1
o) =~ (W o)

=z

2 <$2,(L'> <(L’2,1>
g2l
3

p3(z) =23 — %x
pa(w) =2t — gm2 + ?%

Example 0.5. When we choose weight e™® and the interval to be [0,00), Gram-Schmidt results in
Laguerre polynomials.

Chebyshev polynomials

The Chebyshev polynomials of the first type {7,,(x)}22, on [—1,1] result from Gram-Schmidt with
the weight

they are given by
T, (x) = cos(narccos(z)) n >0

The Chebyshev polynomials of the second type are
1

Up—1(z) = =T} (x) n>1
n

We verify that these are indeed polynomials

To(z) =cos(0) =1

T (z) = cos(arccos(z)) = x

Now, we use a recurrence relationship for the rest of the polynomials. Define 6(x) = arccos(x). Then

(
Thyi1(x) =cos((n+1)0(x))
= cos(0) cos(nh) —sin(6) sin(nh)
Ty—1 =cos((n—1)6)

= cos(f) cos(nd) +sin(6) sin(nb)
Tht1+Th—1 =2cos(0)cos(nd)
= 22T,
Toyi1(x) = 22T, (x) — Tho1 () n>1

21



We thus continue computing
Ty(z) = 22Ty (x) — To(z) = 222 — 1
Ts(z) = 22Ty (x) — Ty (x) = 22(22% — 1) —
=423 — 3z
Ty(z) =82 —82% 41

the recurrence guarantees that all of these T;, are indeed polynomials. Note that T}, has leading coefficient
an, =271 for n > 1. Now, we check that they are orthogonal

LT (2) T ()

TnaTm w
< ) -1 V1—2?
_/ cos(nf) cos(mb) e
V1—22
-1
0 = arccos(x), df = ——=dzx

V1—gx2

0 cos(n@) cos(mb)
__ ) T=a2 do
/7r V1—22

:/ cos(nf) cos(mb) db
0
1

= 5(cos((7H—7n)0)—kcos((n—m)&) do
0

For n # m, we have

Isin((n+m)f)y~ rlsin((n—m)h)q~
R
n+m 0 2 n—m
=0
For n=m > 1, we have
1
(T T 1sin((n+m)0) / 1 do
2 n+m
_r
2

When n =m =0, we have

1
(T, To)w = / S0+ do=r
0

Chebyshev polynomials:

1. Are used to optimally select interpolation points to minimize interpolation error (in [|-|| )
2. Show a way of reducing degree of an approximating polynomial with minimal loss of accuracy

3. Represent a close connection with trigonometric functions. For instance, they are used in spectral
methods, and can take advantage of many fast algorithms for trigonometric functions (e.g. FFT).
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Theorem 11. The Chebyshev polynomials T,,, n € Zy have n simple zeros in [—1,1] at the points

Qk_lw) k=1,....,n

Ty = cos(
n

Moreover, T,,(x) attains its absolute extrema at the n+ 1 points
k
T — =
Ik—COS(nT{'> k=0,...,n
at which T,,(Z},) = (—=1)*.

Proof. Let us manually check that Ty are zeros.

2k—1
T, (Tx) = cos (n arccos (cos ( 5 7'(')))

—cos(2-1)
— cos (kr— = k=1,...,n
(kn=3)

These are n distinct roots of a degree n polynomial, so they must all have multiplicity one.

To find extrema (minima/ maxima), we differentiate.

T (z) = d—cos(narccos(x))

x
in(narecos(z))n——
= —sin(narccos(z))n
V1—a?
_ nsin(narccos(z))
V1—a?
=nUp-1

We evaluate at each of the points

_ nsin(narccos(cos((k/n)m)))

T/ f/ —
nsin(km)
= ——===0 k=1,...,n—1
V1— 22
The endpoints are
7z, = —1=cos(m) Tp =1=cos(0)

Thus, the extrema are

T, (%},) = cos(narccos(cos((k/n)m))) = cos(kr) = (=1)* kE=0,...,n

Note in particular that || T}/, = 1.
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Lecture 10: 10/1

The monic Chebyshev polynomials are given by

- ~ 1
The recurrence to compute these polynomials is
. . 1.
Ty(z) = 2Ti(z) = 5 To(z)

. . 1.
Toi1(z) = 2Ty (z) — ZTn_l(a:) n>2

These polynomials of course have the same zeros as the Chebyshev polynomials, and its derivatives have
the same zeros as the derivatives of the Chebyshev polynomials.

T,(Tx) =0 k=1,....n
Ty(w},) =0 k=1,....n—1
N —1)k

Ty = U F=0. .

gn—1
so that HT"H = 2,1%1
[ee]
Let P, be the monic polynomials of degree n. Then T}, has a special minimization property.

Theorem 12. For all n € N, T, satsifies
1 ~
I <
oJa <t
for any monic polynomial p, € P,. Equality occur if and only if p, = Tj,.

Proof. Assume p, € P, has ||p,|| < 271%1 Define Q =T, — pn. Both T}, and p,, are monic, so Q has degree
at most n—1.

Moreover, at @) = cos((k/n)m), we consider the evaluation of Q. For k odd, Q(z}) <0 and for k even,
Q(7),) > 0. Since Q is continuous, the intermediate value theorem implies that there exist roots &; €
[TQ,@_H] for j =0,...,n—1. Since Q is degree n — 1 with n roots, @ is zero. O

Minimization of Lagrange interpolation error

For f € C"*t1[—1,1], recall that the interpolating polynomial P, satisfies that

]

1f = Prlloe < vl

(n+1)!

where w = (z —xg) -+ (x — ) € P,41. We do not have control over f, but we can control w by choice of
nodes. The minimizing ||w||, (optimal) is

e = Fona] = 5
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occurs when w = Tn+1- Therefore, choosing the nodes to be the roots of Tn, T = COS (ﬁﬁﬂ)ﬂ) for
k=0,...,n, will yield that w = T},. Therefore, with this choice of Chebyshev nodes,

1
_ < - - (n+1)
| f PnHoo— 2”(n+1)!Hf Hoo
Now, suppose we wish to approximate a function in another domain [a,b]. We simply shift the nodes
linearly from x € [—1,1] to s € [a,b], where s = 3((b—a)z + (a+b)). The final bound takes the form

1
n+1

1f=Palloo < (b;a)nHQn( )1Hf(n+1)Hoo

where the sup-norm is taken over x € [a, b].

Best approximations to other polynomials

Let Qni1(2) = ans12™ ™t + ...+ a12 +ag. We would like the best approximation by another polynomial
Pn € P" that minimizes || Qn+1 — Pnl| -

Theorem 13. The minimizing polynomial p, satisfies

an+1
D] Quis Pl <1t~ Van € P

and is given by pn = Qni1 — ane1Tps1 € P™.

Proof. For any polynomial p,, of degree at most n,

1
||Qn+1 _anoo = |an+1| T(QT&I _pn)

n+1 0
and ﬁlﬂ(QnH —pp) € Poy1. Thus, the minimal norm is
|ant1]
on :’|(Qn+1_pn)||oo
and occurs when ——(Qp41 —pn) = Ty+1. Rearranging this gives pn, = Qpni1 — ang1Tps1- O

an+1
The next theorem deals with the best approximation error in the supremum (L) norm.

Theorem 14 (Chebyshev’s Equioscillation theorem). For f € Cla,b], the polynomial p,, € P™ minimizes
|f —pnllo over P™ if and only if there are n+2 points a < xg < ... < Tpy1 < b such that

F(@5) = pals) = £(=1V[|1f = Pall

In practice, we use minimax algorithms (most commonly Remez algorithm) to approximate.
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Lecture 11: 10/3

Note that the Chebyshev points are uniformly spaced in radial coordinates. Whereas equally spaced
nodes in z do not work well with interpolation, these do. The Chebyshev points of the second type have
a nesting property when doubled; this is taken advantage of in certain algorithms.

Trigonometric polynomial approximation

Up to this point, we have been considering orthogonal families ¢g, ¢1,...,¢, of polynomials. Now, we
consider the family ¢y, ..., p2,_1 defined by
1 1
do(x) = 5= 5008(0[17)
or(x) = cos(kx) k=1,...,n
Gntk(z) =sin(kx) k=1,...,n—1

for x € [~m,7]. This family is L?-orthogonal. In particular,
(6165) = | 6iw)s5(a) dw = o
—T

(¢0,00) = 5

The trigonometric polynomials are 7, = span(¢oq,...,P2,—1). A general element of 7,, takes the form

Z axdr(z) + Z bk Pk (T

n—1
ap .
=5 + ay, cos(nx) + 321 ay cos(kx) + by sin(kzx)

Theorem 15. For f € L2, the S, € T,, minimizing the L* error

2 N 2
E=lf=Sule= [ (f@)=Su(@))  do
is defined by the coefficients

(f on)

(Pk, Pk)
= 71r/ f(z)cos(kz) dx

—T

<f ¢n+k>

¢n+k’7 ¢n+k’>

/ f(x)sin(kx) d

Proof. This follows from a previous theorem and integration. O

ap =

The limit of S, (z) as n — oo is called the Fourier series (for f periodic in [—m,7]). In this case, E— 0
as n — oo. In particular, So(x) = f(x) a.e for x € (—m, 7). This is also true in [—7, 7] if f(7) = f(—mn).
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Discrete trigonometric approximation (and interpolation)

We will consider something similar to the Fourier series but with discrete data. Let {(xj,yj)}?fo_ ! be
data points, where the x; are equally spaced in [—7, 7] and take the form

:Uj:—ﬂ—l—(%)%r:—ﬂ—i—(%)ﬂ 7=0,....2m—1

note that 1

ZCOIO, iL'm_H:l, me_lzﬂ—E<ﬂ'

Consider the family of 2n vectors

- 1/2
wo(z) = (%) =|: | eR®™ n<m
1/2
cos(kxo)
i (z) = cos(kZ) = : kE=1,...,n
cos(kxom—1)
sin(kxg)
On+k(z) =sin(k¥) = : k=1,...,n

sin(k::vgm_l)

If n = m, this becomes interpolation, and we define

. 3 cos(may)
Om(Z) = icos(mf) = : € R?™

% cos(mxam—1)

In the continuous case, we were minimizing

n—1
If—Snll2 Sn(z) = % + ay, cos(nx) + Z ay, cos(kx) + by sin(kx)
k=1

in the discrete case, we minimize
2m—1 9
(=) (y=5a) = >_ (95— (Su)s)
j=0

where our ansatz is

i’ n—1 ' '

S, = a0<§) + ];ak cos(kx) +bgsin(kx) ifn<m
i’ 1 n—1

S = ag (*) + ap, = cos(mT) + Z acos(kx) +bgsin(kz) ifn=m
2 2 =
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Theorem 16. If n <'m, the discrete least squares approxzimation / interpolation is given by

(,Ok( ) y 1 1 2m—1
akzi2 Y cos(k¥) = - Z yjcos(kx;) k=0,...,n
ler (@)l j=0
Prk(r)-y 1 Sy
bk:LQ ol sin(kZ) = Zy]sm kxj) k=1,....n—1

H‘pn-i-k(x)H

Pmo;. It suffices to prove that ¢;(z) - pr(z) = mdjx, except for pg (and ¢, when n =m), in which case
lleoll5 =m/2 (and ||¢m||5 = m/2). This amounts to showing that

0= (%) -cos(kT)
= (%) -sin (k&)
= cos(kzx) - cos(lx) k#1
= sin(kx) - sin(lx) k#1
= cos(kz) -sin(lx) Vk,l

and that
m = cos(kx) - cos(kx) = sin(kx) - sin(kx)

we use the following lemma.

Lemma 3. For the uniformly spaced x; = —m + %ﬂ', j=0,...,2m—1, we have

2m—1
I-sin(iz) = Z sin(lx;) =0 leZ
=0

2m—
-cos(lx) = Z cos lajj leZ

0 l is not a multiple of 2m
2m 1 is a multiple of 2m
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Proof of lemma. The trick is to consider e?* = cos(z) +isin(z). Then we have

2m—1

T (cos(lx) +sin(lz)) = 1- (&™) Z el
2m—1 .
_ Z eil(=m+:Lm)
j=0
2m—1
_ e—ilﬂ' il
j=0
. 2m—1 l
—l ™ ( wU— )
Z s
2m—1

Yy
§=0
_ {(—U”z’"i’” r#

(—1)!2m r=1
, , 2 A
when [ #£ 2mk, then r = eilm™ #1 and 72" = (e“iﬂ "o eiznl = thus, we have that

I (cos(lz) +sin(lz)) = {0 I # 2mk

2m | =2mk for some k € Z

The result follows from separately considering the real and imaginary components.

With this lemma, along with the equalities

sin(t1)sin(ts) = %(cos(tl 1) — cos(t1 +12))
cos(t1)cos(ta) = %(cos(tl —ta) +cos(t1 +t2))
sin(t1) cos(ta) = %(sin(tl —ty) +sin(ty +2))
one can show that {cos(kx),sin(kx)}}", are orthogonal. This is shown in Homework 6. For example

cos(kx) -cos(lz) =1- % (cos((k; —1)x) 4 cos((k+ l)at))

= k#1,k,1€{0,...,m}
cos(kz) - cos(kz) = ; (T—F cos(2kx))

(2m+0) =

l\D\H =l
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Lecture 12: 10/8

Discrete Fourier Transform (DFT)

Trigonometric interpolation is closely related with the discrete Fourier transform, which is ubiquitously
used in signal processing. For data yg,...,ynv—1 (generally assumed real-valued for our purposes), we
define the DFT (Yo,...,Yn_1) where

N-1 v
V=Y ye ™% k=0,...,N-1
=0
the Y}, are the frequency components and are in general complex-valued. In fact, for k=0,...,m=N/2,

it holds that

1 k
ap=—(—1)"R
p= (1) R(yx)
1
be=——(—1)*S
p=— o (21)S ()
the continuous Fourier transform applies to real functions f, and the frequency components are given by

[e.e]

Fy= [ pwe

—0o0

note that the % in the DFT is analogous to time ¢ integrated over in the Fourier transform. The Fourier
series coefficients (for periodic f) are

A 1 7T )
) =5 [ f@)e ™ do
The inverse discrete Fourier transform (IDFT) of frequencies Yj,..., N is defined

1 V=l o 1d
NZYkeﬂ’rkW j=0,...,N

Computed naively, the DFT costs O(N?) operations.

Note also that DFT is polynomial evaluation. To see this, note that

Y, = Zy]( —i2rk % )

2k
= PN—l(Zk)

where Py_1 is the polynomial
Pn1( Z y;2’

More importantly, the DFT is a matrix-vector multlply

= —i2r L kj
Yi= Y ()
j=0 wN
N-1
= Arjy; where Ay = wf\,]
=0
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Yo 1 wy w%_l Yo
Yn-1 1 LN w(N;1)2 YN-1
N N
Fn

Note that Fiy is symmetric, complex valued, but dense.

Fast Fourier Tranform (FFT)

Different lists of top 10 algorithms of the 20th century all include the FFT. The FFT computes the DFT
in O(Nlog(N)) operations. The idea is to write Fiy as the product of sparser matrices ina recursive way.

Example 0.6. Take N =6, and let w =wg = e~27% 1 is the primitive 6th root of unity, w® = 1. Thus,

WOt = Wt for any . We have our matrix

1 1 1
1 w w?
Fy=
1 w® ... W
For N =3, we have i
1 1 1
F3 = |1 w3 w§
_1 w% w§_
Thus, we can write i i
1 1 1
Fy=|1 w? w!
_1 wt w |
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1 1 1 1 1 1
1 w w? W oWt WP
1 w2 Wt Wb wd W0
Fs = 3.6 9 12 .15
1 w w w w w
1wt W w2 16 20
1 W® w0 15 20 25
1 1 1 1 1 1]
1 w w? W wt WP
1 W2 Wt Wb WS W0
Tl w1 w1 WP
1 w? w? W8 Wt Wd
1 Wb wt W) Wl Wi
1 1 1 1 1 11 |
1 w? wt w W WP 1
1 w? ¥ w? Wb Wl 1 .
=11 1 1 W S P 1 putting odd columns first
1 w? w?t ot Wb W 1
1 w? w® Wb oW Wl 1
_ 1 WS
F3 DiF3| ;1) 4
= P Dy = w Dy = w =-D
(F3 DyFy N ! w2 2 WP !
| b |[m o0 PO
I —Di| |0 F3 N
S(1) FO

Note that this final multiplication is of sparse matrices, and can be done quickly.

If N=2" then

Ing  Dnja | |Enj2 (1)
Y = Fy= P
Y |}N/2 —Dpyy2 Enp| N Y

. (1) e . (1) (N)? _ N2 e .
Applying Py 'y takes N multiplications, applying F,* takes 2 ( 5 ) = 5~ multiplications, and applying

S](\}) takes 2N multiplications. Overall, there are 3N + N2 /2 multiplications. By recursion, we have

N2
BN +2(3(N/2) +2(N/4)?) = 6N = o
N2
6N +4(3(N/4)+2(N/8)%) = 9N + =
N2 N2
r steps: 3rN + o = 3logy(N)N + N = N +3logy(N)N

If N # 2", modifications must be made, but the ideas are similar. There is an analogous algorithm for
the IDFT, known as the IFFT.
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Lecture 13: 10/10

Numerical Differentiation

We wish to compute the derivative

o) = tim LN =S @)

We have an obvious approximation

I (o) ~ f(xo—i-h})L—f(l‘o) h<1

This approximation is unstable, cancellation and round-off errors hurt it.

More rigorously, for numerical differentiation, we consider stencils, sets of nodes (often uniformly spaced),
about xg. We use Taylor’s theorem with f € C?[a,b] for zq € [a,b].

f(zo+h) = f(xo) Jrf’(xo)th%f”(é)h2 ¢ between o and o +h

This gives that

fl@o+h)—flzo) ["(Eh
h 2

(o) =
Thus, here we have the truncation error

7= f'(x0) — f(fEO"‘h]i—f(fUO) _ —f’;(é')h

and is bounded by

|7_’ < Hf”oo,[;o,zoJrh] ‘h’

7 is O(h). Here, we say our formula (or approximation) is O(h). Clearly, h -0 = 7 — 0. This is a
good approximation mathematically, but faces issues when comptued on a computer. The approximation
is called forward difference if the limit is taken from the right, and backward difference if the limit
is taken from the left, where the approximation is

f(x0) — f(wo —h)
2

(o) »
These are called two point formulas.

Three point formulas use a 3 point stencil. They are designed to be O(h?) (assuming higher regularity
of f). If we have a stencil xg,x9— h,zo+ h, then we derive the midpoint formula. Assume for now that
f is smooth, so
h? h3
flzo+h) = f(zo)+ f'(zo)h + ?f”(fo) + Efm(%) +..
h? h3
flzo—h) = f(x0) — f'(z0)h + ?f"(afo) - gfm(mo) +

3
flxo+h)—flxzg—h) = 2f’(xg)h++2%f"’(xo)+...

33



If f € C3[a,b], then (with some additional arguments to show that a ¢ can be found)

3
o+ )~ fwo — h) =2 (zo)+ 250

Rearranging, we get

x — f(xo— 2
f/(xO): f( 0+h)2hf( 0 h)—fgf”(f)

So that our truncation error is

_—f’”(&) - )
T= = 0(h)

This approximation is called the 3 point midpoint formula (also called centered differences). It
requires data on both sides of xg.

We also have endpoint formulas, where the stencil is of the form zg,zg+ h,z9+ 2h. Then we have
/ 4h‘2 4 8h‘3 "
f(l'() + 2h) = f($0) +2hf (ZL'()) + Tf (iL’o) + ?f (.7}0) +...
!/ h2 " h‘3 "
F(wo+h) = f(zo) +hf (wo) + 5 f7 (o) + - [ (w0) + ...
Again, we want to cancel the quadratic terms. In this case, we have
h3
Af(xo+h)— f(xo+2h) =3f(x0) +2hf (o) — 2§fm($0) ..

Thus, we rearrange to get (again with the arguments for existence of )

_ —3f(wo) +4f(zo+h)— f(zo+2h) +h73

(o) - 1)
Thus, our 3 point endpoint formula is
/ ~ —3f(xo) +4f(xo+h)— f(xo+2h)
f'(xo) =
2h
so our truncation error 3
r= 5 f"6) = O(h?)

note that the centered differences truncation error has a nicer constant, that is half of this truncation
error. This is due to the power of having information on both sides of the function.

The ideas behind these derivations extend to 5-point formulas and different stencils. Note the convenience
of having uniformly spaced stencils, since the Taylor series at the different points of the stencil align.

Now, suppose we want an approximation of f”(zg). We want an approximation of this given only
evaluations of f on a stencil (no evaluation of f’).

h? h3 hA
f(xo+h) = f(xo) +f/($o)h+f”(l“o)§ + f/”(ﬂfo)g + f””(xo)ﬂ +...

h? h3 ht
f(xzo—h) = f(xo) — f’(xo)thf"(ﬂ?o)? - f’"(fﬂo)g +f”"(960)ﬂ +...

2 4
o+ h)+ F (w0 — h) =2 (20) + 27" (o) o+ 1O w0) o .

— _ 2
f//(l,o) _ f(iL‘o—l—h) 2f}(L-§O) +f<$0 h) N %f(4)(f) £e [:L'O —h,l’o—i—h]

The approximation on the left is called the second derivative midpoint formula.
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Lecture 14: 10/22

Numerical differentiation by the techniques presented in the last lecture is unstable. This can be seen
for instance by computing the relative error in the forward difference formula of sin(x). As h decreases
from 1, the relative error decreases linearly, but then at small enough h the relative error increases as h
decreases. Other approximations to the derivative using more points also face this issue, but the relative
error increases at a lower rate.

Recall that theoretically, the truncation error 7 converges to 0 as h — 0, which suggests convergence of
the approximation to f’(zg). However, this is only truly true in exact arithmetic.

Let f(wo) = f(z0) +e€1, where f(xq) is the computer representation, and |€| < emach. Likewise, say f(xo+

h) = f(xo+h)+e€2. Then we have that

f(zo+h)+e2—(f(w0) +e1) L9,
h 2

f'(x0) =

Note that the approximation as computed on a computer is (we assume the computer operations are
exact now for simplicity)

f(zo+h) — f(xo)

h
The error is then
flzo+h)— f(x €1]+e h
f/(xO)_f( 0 ) f( 0) S‘ 1| | 2’+7f//(€)‘
h h 2
Thus, the upper bound on the approximation error is
2¢  hy.,,
—+ = fixed H > h
h T 2 ‘ f 00,[z0,z0+H] xe =

This goes to infinity as h — 0. Thus, we have no guarantee that the approximation converges to f’(xg).

We can minimize the upper bound, by differentiating in h. The minimizing h is

4e
A S
\/||f//||oo7[a:0,,7:0+H]

Below this h*, the upper bound grows to infinity. Often times, the optimal A is not possible to compute,
due to for instance being unable to compute the sup-norm of f.

Numerical differentiation is unstable, so we generally try to avoid it. Unfortunately, finite difference
methods rely on numerical differentiation. Numerical integration does not suffer from these instabilities.

Numerical integration

The most basic way to integrate a function numerically is to use numerical quadrature. The generic
approximation is

b n
/ (@) de = wi f(x))
a =0

The w; are integration weights, and the z; are integration nodes.
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Given a choice of integration nodes zo,...,x,, we know that f(z)~ P,(z) =>""_( f(z;)L;(z). It makes
sense to have

Notice that f = P, as functions if f € R,[z]. Thus, the quadrature formula is exact in this case. When
f & R,[z], we use the interpolation error theorem. Say f € C"*1[a,b]. Recall that the theorem states

n (n+1) n
F@) =3 fapmi@) o Owey W) =)

j=0 (n1)! 3=0
Then we have that

1
(n+1)!

Lbf<”+1><s<x)>W<x> dx

E(f)

/bf(m) dr = zn:f(xj)wj(x) +
a =0

Choosing equally spaced nodes for n = 1,2 yield the trapezoidal and Simpson’s rules, respectively. The
trapezoidal variant has xg = a, x1 = b, and

b br—b T—a
[ @ da= [T @)+ T (0) da+ ()
_(aj—b)Q}b (x—a)? b

= 2= Jf DT 2= | 1)+ B(p)
~ —(a—0b)

2

wo w1

=22 (@) + 1) + B ()

Now, we compute E(f) for the trapezoidal method

b
B() =5 [ F(E@)a—a)a—b)da

Note that (x —a)(x —b) does not change sign in [a,b]. Thus, we can apply the mean-value theorem for
integrals, to see that

b
E(f) = 30"0) [ - a)(w—t) ds nelad
L1 —(b—a)3
— 5=
_h3 " -
:ﬁf (n) h=b-a

Geometrically, the trapezoidal method integrates the trapezoid with two vertical sides at a and b, a side
connecting a and b on the z-axis, and a side connecting the points of function evaluation.
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Now, we do the same with Simpson’s rule. The nodes are x¢p = a,x1 = “TH’ =x9+h,xo =b=x9+2h,
where h = b_?a. This looks like a stencil as used in numerical differentiation.

/abf(x) dx:/m o)l —v2) f(xo)+Li(z) f(21) + La(x) f(w2) dz +

zo (o —x1)(w0 —T2)

/m:z (x—x0)(z —tsfl)(x_xz)f”’(g(m)) dz

After some (messy) computations, we have

b _h h® 4)
| 1@ do = (o) + 45 @)+ F (@) = 55/ D(6)
E(f)

This error E(f) is derived using Taylor expansions. Simpson’s rule is the approximation

 (F (o) + 45 (a0) + (o)

Note that the stricter error bound E(f) contains an evaluation of the fourth derivative f*)(¢). This
means that not only are quadratic f integrated perfectly by this rule, but also cubic f are integrated
perfectly, since the fourth derivative vanishes.

Lecture 15: Newton-Cotes and Gaussian Quadrature (10/24)

Closed Newton-Cotes formulas
Say we have n+ 1 equidistant integration nodes in [a, b], including the endpoints, a = xg < z1 < ... <z, =b.
xj=x9+jh, h= b_Ta, j=0,...,n. Our quadrature rule is f(ff(a:) dx =377 _qwjf(x)).

At n =1, we have the trapezoidal rule

b 3
[ 7@ do = 5 wo) + S @) - 3506

is exact for f € Ry[z].

For n =2, we have Simpson’s rule

5
/abf(w) dx = g(f(l‘o) +af(z))+ flag)) - %f(@ (©)

is exact for f € Ra|x].
For n = 3, we have Simpson’s 3/8 rule

3h°

20 ()
=)

b 3h
[ 1@ do = a0)+ 3 (1) +3F(22) + f(as)

is exact for f € Rs[z].

These cases motivate the definition of the degree of accuracy or degree of precision of a quadrature
rule/ formula. This is defined as the largest integer n € N such that the formula is exact for f € R, [z].
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Theorem 17 (General closed Newton-Cotes).
When n is odd and f € C"'[a,b],

b B n ‘ ‘ hn+2f(n+1)(§) n N
/af(:v)dx—jz:%w]f(m])jL(n_i_l)! /Ot(t 1) (t—n) dt

When n is even and f € C""2[a,b),

hn+3f(n+2)

b n n
/ f(x)dx:ijf(xj)—i—(nH)'(g)/o t2(t—1)~-'(t—n)dt
a =0 .

When n is odd, the degree of precision is n, and when n is even, the degree of precision is n+ 1.

Open Newton-Cotes

N OW as integration nodes, we take n+1 equidistant nodes without the endpoints. x; =xo+jh, xg =a+h,
h= for j =0,.

n+2 ’
At n =0, we have the midpoint rule

[ sy =ons (“T0) e

In practice, it is possible that b > a, in which case equidistant nodes may lead to high order interpolants
that oscillate wildly (e.g. for the Runge function). This motivates the method of composite integration,
where [a,b] is broken into subintervals, and the approximate integral over [a,b] is taken as the sum of
approximate integrals over the subintervals. Low-order rules are used for each subinterval. For instance,
the composite trapezoidal rule is of the form

/ flx dx— /xﬁlf(a:) dz
_Z ( (2, +f373+1>)

= g(f(xo)—l—QZf(%)"‘f(xn))
=1

This is the basic idea behind trapz in MATLAB (although MATLAB’s implementation also has opti-
mizations such as choosing intervals of different lengths). Using the intermediate value theorem, it can
be shown that there exist some p € [a,b] such that

—a)h?
[ stz f(xo) +2fo] 1)~ P

We have a similar error bound for composite Simpson’s rule. Assuming n is even,
n/2—1 n/2 4
b—a)h
/ f= f(@o) +2 Z ( x2]>+42( Z2j— 1)+f(37n))—(180)f(4)(ﬂ)
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Composite integration rules are numerically stable to round-off error. Say we have f(x;) = f(z;)+¢j,
where f(x;) is a machine representation and all |¢;| < € are bounded. Then the total round-off error for
the composite trapezoidal rule is

<ep=mnhe=n e=(b—a)e

(b—a)

so that as h — 0, the upper bound on the error is constant, and does not blow up. Round-off error does
not increase as more points are added, meaning the procedure is stable.

Now, say we have a function that has very particular local behavior, such as when a function is mostly
small but has a small neighborhood of oscillation. We can use adaptive quadrature, in which we
repeat the computation on a given interval with twice as many nodes. By utilizing information about
error bounds, one can determine which subintervals need more subdivisions in order to achieve custom
overall accuracy.

Efficient algorithms exist that calculate integrals within a specified user tolerance.

Gaussian quadrature

This approach to quadrature attempts to maximize the degree of precision (DOP) of an integration rule.
First, there does not exist any quadrature rule [!, f(z) dz = Yiow;f(zj) with DOP 2n+2 (this is
proven in the homework). Gauss-Legendre quadrature achieves a DOP of 2n+ 1, so it is optimal in this
sense.

Theorem 18. Given xg,...,x, be the roots of the Legendre polynomial of degree n+1, Ppy1. Then, the
Gauss-Legendre quadrature rule

n

1 1
/_lf(a;) d:c—jzowjf(a:j) wj:/_le(x) dx

has optimal DOP 2n+1.

Proof. First consider g € R, [z], so it is equal to its interpolant, meaning the Gauss-Legendre quadrature
has DOP at least n, because
1 1
| S L@t da= [ g@)do
-1% _

Now, consider f € Ry, 41[z]. Divide by pp41(x), the n+ 1th Legendre polynomial, so f(z) = q(z)pp+1(x) +
r(z) for ¢(x),r(x) € R,[z]. Thus, we have

1 1
/ f(z)dx = / q(z)ppt1(z) +r(z) de
-1 -1
1 1
= [ a@ps@ do+ [ (@) do

= O+/ r(x) dx orthogonality, ¢ € span(po,...,pn)
—1
= ijr(xj) r € Ry[]
§=0
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Moreover, we have that p,4i(z;) =0, so f(z;) =r(z;). Thus,
n

/1 f(@) de =Y wir(z))
1 o

O]

Note that the Gauss-Legendre quadrature rule has the same weights as Newton-Cotes, but has differently
spaced nodes.

Lastly, the error bound is very strong

b—a)2 it
< o el

(e 9]

[ s@yde =3 wis(ey)
a =0

Lecture 16: Clenshaw-Curtis (10/29)

We can use quadrature rules to integrate over any interval [a,b] C R. However, usually quadrature points
and weights are givne in [—1,1] for convenience. To use these weights for integrating over [a,b], we simply
use a linear transform on our inputs ¢t € [—1,1]

2(t) = % ((a+0)+(b—a)t) € [a,b]

(o—

20“) dt, so our integral is

Then we have dx =

where 10; are weights in [—1,1], and ¢; are integration points in [—1,1].

Clenshaw-Curtis

Usual quadrature assumes that f(z) ~ 377 L;j(z)f(x;), meaning that f is closely approximated by its
polynomial interpolant. Under this assumption, one can expect

/_11 f(x) dz zjf% (/_11 Li(x) dr) ()

and the formula is exact for f € R, [z]. Computing the w; and z; generally takes O(n?).

We rewrite this formula alternatively. Given xg,...,x,, we want that

/llf(x) d:c:iwjf(afj) VfeR,[z]
_ =
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wo
[Fao) - Faa)] | :/11f(m)dx v/ € Ry, [a]

Due to linearity of the integral, it suffices to consider a basis for R,[z]. For the canonical basis, the
requirement is

1
1 ... 1] w Jo, dx
Ty ... Tpl| |wi f_llx dx
z§ | |wy [t de

This transposed Vandermonde system can be solved to get the weights, but this method is numerically
unstable, and can also be slower than the direct formula f_ll Lj(x) dx.

If we instead use the Chebyshev basis, we get stability for certain choices of points. The system is

To(zo) ... To(wn)| |wo J2\ Ty de
Tl(xo) Tl(a:n) w1 _ fil T1 dx
To(zo) ... Th(zn)| |wn f_llTn dx

The set of nodes that make this linear system well-conditioned are the Chebyshev points of the first kind
i.e. the roots of T}, 1. With this choice of nodes and weights, we have Fejér quadrature. Here we have
CTw =b, so w=C~Tb which is simply an IDCT of b. Thus, the weights can be computed in O(nlogn)
time. Moreover, z; can be computed in O(n) time with their exact formulas.

.2 T ..
Fejér’s second quadrature takes all roots of Uyy1 (where U, = ~%%). This is the extrema of T}, 11
besides the endpoints. Clenshaw-Curtis quadrature chooses Chebyshev points of the second type i.e.
all extrema of 7}, including endpoints. The exact form of these are x; = cos (%7‘(‘), j=0,ldots,n.

The linear system for Clenshaw-Curtis is CTw = b where C7 is almost a DCT of type 1, up to a scaling
1/2
by D = 1 . The system is DCTw = Db. Since DCT is involutory, w = DCT Db, which can

also be computed in O(nlogn).

Clenshaw-Curtis quadrature integration points are nested. This means that when refining a mesh, we can
choose a refinement so that the function need not be reevaluated on all of the nodes again. This property
is particularly advantageous for adaptive quadrature and higher-dimensional integrals. Integration points
and weights are computed in O(nlogn) which of course scales very well for large n. However, the degree
of precision is only n. Thus, Gauss-Legendre is twice as good at integrating polynomials. For general
functions, sometimes Gauss-Legendre and Clenshaw-Curtis are comparable (e.g. for integrating |z|). For
analytic functions, Gauss-Legendre is often better for a given n.

Recently (Townsend 2013; Bogaert 2014) showed how to compute w; and z; for Gauss-Legendre in O(n)
operations (by using asymptotic expansions). In practice, computing the weights and nodes is not done
often. For instance, using composite integration, quadrature with low n can be used for each subinterval.
Also, integration points and weights are precomputed in [—1,1] and tabulated.
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Finally, we briefly discuss integration in multiple dimensions. We use cubature rules. We have a basic
approximation (for integrating over a rectangle in R?)

d rb d (a,b)
[ ] ey dedy [*3wl™ f(a;) dy
c a c ]:O

~ Z Zw,(f’d)w](a’b)f(:cj, yi) dy

k=05=0
(n+1)2—1

= > wf(a)

1=0
Integrating over non-rectangular regions is more difficult. Sometimes there are direct formulas for certain

types of regions. Another way to do this is to discretize a given region into quadrilaterals. To integrate
over a general quadrilateral A, use a bilinear transform to map the region into a rectangle.

/Af(x,y) dA:/ab/cdf(u,v)J(u,U) du dv

In a similar way, one can mesh the region by triangles, and then integrate the triangles. Another method is
to directly map A by a nonlinear transform into some rectangle. These methods may be more complicated
to deal with issues such as singularities at the boundaries.

Lecture 17: (10/31)

Initial value problems

Many phenomena in engineering and science can be modelled by differential equations. We have the
following general form for a first order ordinary differential equation

W fw)  telat)
y(a) =«

we often think of the parameter ¢ as time, and f : R? — R is a general function that is possibly nonlinear.
y(a) = a is called the initial condition. We want to solve for y(t), so our solution is a function of only ¢,
meaning that the equation is a first order ODE. This structure can be generalized for systems of ODEs
and high-order ODEs. We want to solve this equation numerically to obtain some approximations

wo = y(to), wy ~ y(tl),..., WN ~ y(tN>

at times a =ty <t1 <... <ty =0>. If an approximate solution is desired at an intermediate time, we can
use some interpolation scheme to evaluate it. The times are often chosen to be equally spaced.

Definition 0.6. A function f(t,y) is Lipschitz on y in D C R? if there exists a L > 0 such that
|f(ty2) = F(ty)| < Llya—wi|  Y(ty1),(ty2) €D
Example 0.7. f(t,y) =t|y| for a domain D = {(t,y) | t € [1,2], y € [-3,4]} satisfies
|f(ty2) = f(Ey0)] = [ty2| = ly1 )]

<tlya —y1]
< 2|y2 —y1]
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Theorem 19. Let f(t,y) be defined on a conver domain D C R%. If a constant L > 0 exists such that
0,f(t,y)| <L VY(ty) eD

then f is Lipschitz in y with Lipschitz constant L.

Theorem 20. Let D= {(t,y) |t €[a,b], y € R} =[a,b] xR, and f(t,y) € C°(D) (meaning f is continuous).
If f is Lipschitz in vy, then the IVP

y(t)=f(ty)  tela]
yla) =a
has a unique solution y(t) for all t € [a,b] (and is well-posed).

Example 0.8. Say we have the problem

y'(t) =1+tsin(ty) 0<t<2
y(0)=0

Then we compute
0, (1 + tsin(ty))| =2 cos(ty)‘

<t
<4

so that f is Lipschitz by our above theorem. This means that the IVP has a unique solution.
Well-posedness of an ODE is often defined in the sense of Hadamard

1. A unique solution exists.

2. Solution depends continuously on initial data.

This can be taken to mean that the solution satisfies some stability bounds measuring how much
the solution is perturbed when the initial data is perturbed.

Definition 0.7. The course text gives a definition—The IVP ¢/(t) = f(¢,y), t € [a,b] with y(a) =« is
well-posed if

1. A solution y(t) for ¢ € [a,b] exists and is unique.

2. Jeo > 0 and Jk > 0 such that Ve € (0,e9) and Vi(t) € C%a,b] with ||§|,, <€, and Vd such that
|0o| < €, the perturbed IVT

Z(t)= f(t,z) +5(t) te][a,b]
z(a) = a+do

has a unique solution satisfying
12 = ylloo < ke

(note that here k is the stability constant and represents the conditioning of the problem.)
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Euler’s method

Euler’s method is the most elementary method to solve initial value problems.

y(t)=fty) telaD]

~ f(ti,y(t:))
y(tiv1) = y(ti) +hf(ti,y(ti))

Note that with the initial condition, we have y(¢o), so we have a valid base case. The truncation error is

S ()

If |7] = 0 as h — 0, then the method is said to be consistent. In this case, the resulting numerical scheme
converges to the original equation. Note that the truncation error measures the error in the numerical
scheme, meaning only at the mesh points, and not the error of the resulting approximation of the solution

to the DE.

Lecture 18: (11/5)

Here we show the consistency of Euler’s method using a Taylor expansion

y(tiv1) = y(ti+h)

h2
=y(t:) +hy' (t:) + gh"(&') &i € [ti tit]

h2
=y(ti) +nhf(ti,y(t;)) + ?h//(&)

Then we have a truncation error of
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assuming that y” is bounded. This means that || — 0 as h — 0 under the given conditions. Thus, our
explicit Euler’s method numerical scheme is

Wy =«

w1 = w; + hf(ti,w;) 1=0,...,N—1

Such schemes are called time-stepping schemes, and the formula for how to move forward is called the
difference equation. We hope that w; ~ y(t;) and that |w; —y(¢;)| — 0 as h — 0.

Lemma 4. For x> —1 and m >0
(1 _|_:L,)m < eme

Proof. Taylor’s theorem with e* gives

1
e’ = 1+QZ+§$2€€
e*>1+zx

Lemma 5. For s,t >0, and ag,...,ar wth ag > %t, ai+1 < (1+8)aj+t fori=0,....,k—1. Then
; t t
a4y < elh)s (ao + *) - -
s/ s

Proof. Note that

;41 < (1+s)ai+t
<(1+8)((1+s)air+1) +t
<(1+45)"ag+ (1+(1+s)+...+(1+s)i)t
1_(1+8)i+1
1—(1+s)
(L+s)™ -1,
S

= (14s)"ag+

= (1+s)Tag+
. t t

— 1 +1 R
(1+s) <a0+s) .

, t t
< elitD)s (ao + ;) - previous lemma

O

Theorem 21. Let f continuous, Lipschitz on y in the domain D = [a,b] X (—00,00). Lety be the unique
solution to the IVP

y'(t) = f(t,y)
y(a) =«
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Suppose that y € C?[a,b] and Hy”HOO =M < oco. Moreover, let wy,...,wyn be the Euler approximations to
y(to),...,y(tn), where the tj are taken evenly spaced with spacing h. Then

hM
ly(ti) —wi| < i(emi*a)—l) i=0,...,N
where L is the Lipschitz constant of f.

Proof. There is nothing to show for ¢ = 0. For ¢ > 0, we have

2

(tisn) = (1) +hT (,(10) + 50" (€)

wip1 = w; +hf(t;,w;)
h2

|y(tiv1) —wig1| <|y(ts) —wi| + R| f(ts,y(t:) — f (i, wi)| + 5 y" (&)
<|y(ts) — wi| +hL|y(t;) —wi| + h; y' (&)
< (14 4Lyt =i+ 2
R
Now, we apply the lemma to see
y(tit1) —wis1] < G(M)hL(]jh]\g) - ];Qh]\;[
< % (e(z’+1)hL _ 1)
< % (eltr=at —1) (i+1)h =t

O]

Thus, as h — 0, we have that y;, — w;, since the bound is linear in h. However, this derivation was done
in exact arithmetic. We now take round-off error into account. Then we have steps

ug = Oé+(50
Wit = ui +hf(ti,w;) + i1

where §; < § for each i. Then we have the bound

- < (0 £) (0 1) ()

Note that there is a term %, so as h — 0 the bound explodes.
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Higher order approximation

For the same initial value problem, we can look at higher order approximations by using higher order
Taylor terms

n+1
(tisn) = (1) +hy/ () 4oy ) 4y 6

n+1
( )+hf( wyz)+ + f(n 1)( z7yz)(tz)+(n+1)!f(n)(§i7y(fi))
= y(ts)+ T (ti,y:) + O(hnﬂ)
y(tiv1) —y(ti) A h"

F™ (&L y(&))

= flty) +o = FU (i) +

h (n+1)!

This means that

M) 200 gy, ) = 000

so that a numerical scheme using these higher order terms converges in O(h™). A high-order Taylor
method is of the form

’LU():O
wi+1:wi+hT(")(ti,wi) i:O,...,N—l

This is Euler’s method when n = 1. The truncation error is O(h") for y € C"*1([a,b]).

However, this requires computation of the derivatives of f, which may be expensive and/or introduce
significant round-off errors (recall that numerical differentiation is unstable). Thus, we desire a scheme
with a rapidly decaying truncation error that does not require evaluation of derivatives of f. This brings
us to Runge-Kutta methods.

Runge-Kutta methods

We make use of higher dimensional Taylor’s theorem

Theorem 22 (Taylor). Suppose f € C"*1(D) where D = [a,b] x [c,d]. Let (to,y0) € D. Then for all
(t,y) € D, there exists some & between ty and t and p between yo and y such that

f(t7y) = Pn(tay) +Rn(t7y)

Py(t,y) = f(to,y0) + (t —t0)0f () + (¥ —v0) Oy f )+

’ _2t0)2 OO+ (t—t0)(y—v0)0iy f )+ (y— 40)*Oyy f) + ... + nth derivative terms
R, (t y ' Z <n+ 1) _ )n—j-‘rl(y _ yO)j(at"*jJrlyjf)(g,/L)
j:O
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Lecture 19: Runge-Kutta methods (11/7)

As can be shown through experiments with the simplest IVP y/(t) = By(t), y(0) = a,, when h is not small
enough the computed solution can oscillate. Forward Euler’s method is unstable in these cases. We will
see that these issues can be alleviated with Runge-Kutta methods and backward Euler.

The idea behind Runge-Kutta methods is to substitute the Taylor polynomial 7" (t;,w;) with something
involving only f (not its derivatives), but still maintaining O(h™) truncation error 7. We first develop
order two Runge-Kutta

h
T (t,y) = f(t.y) + 51 (ty)
we would like this to be equal to something satisfying the ansatz
arf(t+a1,y+B1)+O(h?)

First, we have

) = 5 F(ty()

=01 fOit+ 0y fOry chain rule
- atf(t7y(t)) +8yf(t,y(t>) : f(tuy(t))

so that
7 :f+g&gf+gc’)yf-f
Then we Taylor expand
f+an,y+p1) = f(t,y) +ardef(t,y) + 810y f(L,y) + Ri(t+ o,y + Br)

2 2
Rl(t—i_alay_‘_ﬁl) = %8ttf(€7u) +041/318tyf(€7:u) =+ %83;3/.]0(6)“)

Thus, we can solve for our parameters

h h
[+ 55'tf+ §3yf'f =a1f+a1c0if +a1$10,f +ai1Ry

a1 =1
o —E
173

h

With these choice of parameters, we can see that Ry is O(h?) (as long as f and its derivatives are
bounded). This means that

7O (ty) = f (14 5.5+ 2 f(1.9) +O(0?)
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Note that we have to evaluate f twice, and we need not evaluate f’. This resulting method is known as
the midpoint method, which is of the form

wy =«

h h
Wit1 = W; + hf(ti + 5,101' + §f(ti,wl')>
it has truncation error 7 = O(h?).

Similar ideas can be extended to higher-order Runge-Kutta methods, but the ansatzes are more compli-

cated. For instance,

TOty) = 7 (t+ 1.+ 60 (1 ary + 21 (0,9)) ) + O

Note the nesting of the evaluations. In practice, Butler tableaus are often computed to figure out coeffi-
cients.

Now, we show an ansatz for fourth order Runge-Kutta, which is one of the most important and most
used methods of this family.
1

G <a1f(tz'7wi) +2as f(t; + a2, w; +52k1)> +2a3 f(t; + a3, w; + 03ka) +ag f (t; + ag, w; + 04k3)

k’l k2 k’5 k;4

Make the following choice of parameters:

al—a2:a3:a4:h
- h
042—043—5

044:}1

1

52—53—5

0g=1

wy =«
hf(tlvwl)
kg—hf tl-i- , W + kl

ky=hf ti+h,wi+k3)
1
Wiy1 :wi+6<k1+2k2+2k3+k4)

The truncation error is O(h*) for f € C®. This method is often abbreviated as RK4.

Now, we go back to the question of choosing the step length. It is relatively simple to implement adaptive
time stepping in Runge-Kutta methods. Time stepping methods might be used with time steps that are
too large (under resolving) or too small (over resolving).
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We consider RK5, then compare with RK4 to get an estimate of the error.
- 1/
Tit1(h) = Tiva(h) + (wz’+1 - wi)

where quantities with a tilde are from RK5, and those without are from RK4
Tir1(h) = O(h*) =~ Kh?
Let a > 0. Then
Tit1(ah) = K(ah)* = 7i41(h)
For h small, 7;4; is small, so

Ti+1(h) ~ % (le - wi+1)

Tiv1(h) = 04% (Tf)z‘+1 - wi+1)

Say we want to bound the truncation error in magnitude by €. Then we get
1

0445(@#1 — Wiy1)

= |’7’¢+1(Oéh)’

<e

- < eh )1/4
« I EEEE—
= \|Wit1 — wig1]

1/4
1. Solve for ’u)i+1711]i+]_, Compute Y= <|ﬁ)+16—hw+1|>
K3 K

More precisely, the procedure is:

2. If %]u?iﬂ —w;y1| > €, repeat computation of w1 with yh the step (yh < 1) (too big of a step )
3. If %]u?iﬂ —w;y1| <€, accept w;, but change next time step to yh (y > 1) (too small of a step)

Note that the naive computation of w;y; and w;y+; would take over 8 function evaluations. However,
some of the function evaluations can be recycled between the two. There are methods like Runge-Kutta-
Fehlberg that reuse the function evaluations, allowing as few as 6 function evaluations total per step.
MATLAB’s solver is ode45.

All of these ideas are applicable to systems of differential equations. A first order system IVP is

Lo Flep, telab] fla)=a

dt

Meaning that
d -
ayl:fl(t7y):fl(t7yla~--7ym)
L = fnlt,) = Fult )
dtym_ m 73/ —J1 7y17"'7ym
yl(a)zoél

ym(a) = am,
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Note that the methods we have learned so far generalize directly to systems of equations. We simply
replace iterates with vectors.

For higher order differential equations, we can simply reformulate them as a first order system and solve
with the same methods.

y () = fty,y oy, e (a,l)
yla)=a1, ..., ¥ V(@) = o
The equivalent first order system is, letting u; = yU—1b),

d

S =y/(t) = ua()
d

@Um - y(m)(t> = f(taula s 7um)

Lecture 20: Implicit and Multistep Methods (11/12)

Recall that if h is too large, then explicit/forward Euler diverges as t — co. Implicit methods enhance
stability. Recall the forward Euler is of the form

wy) =«
w1 = w; +hf(ti,w;)

Here, w;41 depends explicitly on known quantities (w;,t;, h, f(t;,w;)). In contrast, implicit Euler is of the
form

wy =«
Wit1 =W +hf(tip1,wis1)
we have to solve for w;41, which depends on f.
Example 0.9. Consider the simple linear IVP
y'(t) = —By(t)
which has soltuion y(t) = y(0)e~#*. Then implicit Euler is of the form
wo =«

Wit1 = w; +h(—Pw;y1)

solving for w;y1, we have

1

Wit1 = mwi

That was simple enough since f is linear, but what if y/(¢) = e¥®) . Then implicit Euler is

Wy =«

Wiyl = w; + he"it?
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this means we have to solve a nonlinear equation at each step. Newton iterations are one method to solve
for these. In general implicit methods are stable but expensive.

Implicit methods are also used for systems of ODEs/ higher order ODEs. Linear equations are common,
and analogously to our above example, each step would require a linear system solve, which is expensive.

For now, we have only seen one step methods, which are those of the form

wy =«
Wi41 = Wy + hqf)(ti, ws, h)

Forward Euler and RK4 are both of this form. Backward Euler is of this form with ¢;;1,w;+1,h as the
parameters to ¢. RK4 is high-order, but involves function evaluations at times between t; and ¢;11. As
always, these function evaluations can be very expensive.

Multi-step methods

Multi-step methods provide high-order truncation errors with function evaluations only at the w;, i =
0,...,n, meaning with no intermediate evaluations. They can be explicit or implicit. The general form
for an m step method is

W = Q, W1 = At,..., Wp—-1 = Qm—1

Wit1 = -1 Wi + Qm—2Wi—1 + ...+ @Wi—my1 +AF (ti, b, wit1, ..., Wi—mt1)

The method is implicit if w;4+ is a parameter to F', and explicit if not. The local truncation error (LTE)
is
Y(tiv1) —am—1y(ti) — ... — agy(tig1-m)

i (h) = - = F(tiy(tinn), - y(tivnom))

Here we are takingt=m—1, ..., N—1, h:b_T“, and t; = a+ih.

One-step methods have m =1 and ag = 1. For m > 2, the idea is that coefficients a; and F' come from
integration. We want to solve ¢/(t) = f(t,y). Note that

i) -y = [y 0 d

tit1
= [y ar
To integrate this, we use P,,(t), the polynomial interpolant of f(¢;,y(t;)),..., f(ti+1—m,y(tit1-m)). How-
ever, we now integrate only over a subinterval of the interval that the nodes reside in, usually of the form
[ti,ti+1]. In implicit methods we also include f(tj+1,y(tit1))-

Here we consider Simpson’s implicit method. This is of the form

W) ()= [ Pt

ti—1
tit1

vt (i) [ P di
= (tia) +  (Fltin(tenn) +47 (s y() + F(tier,y(ti)
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Thus, our method is

Wo = a,wW1 = 1

wit =i (£t y(tis) 4 Gy (6) + Fltir0(t610)

This is an implicit method with ag =1,a9 =0, and m = 2.

There are also a large class of methods known as Adams-Bashforth (explicit) and Adams-Moulton (im-
plicit) methods. For there, we only integrate in [t;,t;11], with ap—1 =1, a; =0, j #m—1. At m =4, we
have four-step (explicit) fourth-order Adams-Bashforth

Wo = &, W1 = a1, W2 = a2, W3 = Q3

h
Witl = Wit o (55f(tz', w;) = 59f (ti—1,wi—1) +37f (ti—2,wi—2) — 9f (ti—3, wi—S))
The truncation error can be computed using the errors from interpolation, and takes the form

251
i1(h) = ——y® ()t i € (ti—3,t;
Ti+1(h) 7207 (1:) pi € (ti—3,tit1)
At m = 3, we have the three-step (implicit) fourth-order Adams-Moulton

wo = @, Wy = 0, Wy = Qg
h
Wit = wi+ oy <9f(ti+17wi+1)) +19f(ti,wi) —5f (ti1,wi—1) + f(ti—2awi—2))

The truncation error is of the form

19
Ti+1(h) = ~ 790

Note that we have a fourth-order method with three-steps.

y(5) (Mi)h4

Predictor-corrector methods

Implicit methods are difficult to use directly with nonlinear f. In practice, they are used, but with
w;+1 on the right hand side replaced by a predictor of w;1 called w? +1- The predictor comes from an
explicit method, and the ”implicit” method used after (which is no longer implicit by definition) is called
a corrector. For instance, a fourth-order predictor-corrector method is given by

1. wgp=«
2. Compute w1, ws,ws using RK4

3. Compute predictor using (explicit) fourth-order Adam-Bashforth

wf+1:wi+ﬁ(...)

4. Use predictor in implicit fourth-order Adams-Moulton
h
Wiyl = w; + ﬂ(9f(ti+1vwf+1) +.. )

This is generally more stable than an explicit method, while less stable than an implicit method. It
does not require intermediate evaluations like Runge-Kutta on all steps would. Note that the predictor
method can be iterated (a fixed point iteration) to gain some accuracy, but in practice this often does
not add much accuracy.
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Lecture 21: Stability of IVP Solvers (11/14)

A multi-step method for an IVP is consistent if
li ir1(h)| = i=m—1,....N
hgr%) |Tl+1( )| 0 t=m ) )
li ()] = ;1 =0,....m—1
lim |ov; —y (t:)[ =0 i=0,...,m

the method is convergent if

li oyt =0
lim Orgngng y(ti)]

Stability of the method roughly means that there is some C > 0 such that
[measurement of output] < C'- [measurement of input]

A more rigorous definition — a method is zero-stable or Dahlquist-stable if the response of a numerical
method to f(¢;,y) = 0 with initial value y(a) = & = wy remains bounded, meaning that there exists some
C > 0 such that

lwi| < Cly(a)| Vi

intuitively, this measures stability to round-off error.

We will assume that F is continuous on (¢, h,w) € [a,b] x [0,hg] x R"*1 = Dp for some hg > 0. Also, F is
Lipschitz in w with =0 if f =0, and f continuous in (¢,y) € [a,b] x R = Dy.

Theorem 23. All explicit one-step methods are

e Zero-stable
o Convergent if and only if they are consistent
e There exists some T(h) such that
1Tig1(R)| <7(h) Vi=0,...,N1, hel0,h
then

(h) Lt—
|ly(t;) — w| STTe (ti—a)

The zero-response characteristic polynomial is p(z) = 2™ —a,,_12™ ' —... — a1z — ag, where the aj, are
the coefficients of the multi-step method. 81 =1 is always a root of this polynomial, meaning 1 —a,,_1 —
...—ag = 0. When all roots are simple, it can be shown that

m
wp =Y ¢;fBf
=1
is the general solution to

Wit] = Am—1Wi + Am—2W;i—1+ ...+ AQWit+1-m

for stability, we do not want wy, to grow without bound, so we want the |5;| < 1.
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Theorem 24. The multi-step method is zero-stable if and only if p(z) satisfies Dahlquist’s root condition
18]/ <1 j=1,...,m
and if‘ﬁj| =1, then B; is a simple root.
The method is said to be:
o strongly stable if the only root with magnitude 1 is § =1
o weakly stable if there is a 8 # 1 with magnitude 1

e unstable if Dahlquist’s root condition is not met

Moreover, if the method is consistent, then it is convergent if and only if it is zero-stable.

Example 0.10. All one-step methods have a characteristic polynomial with p(A) = A —1, so are strongly
stable.

Adams-Bashforth has p(\) = A~ 1(\ — 1) and hence is strongly stable as well.
Example 0.11. Now, we reconsider our computational example, given by
v =Xy MeC,telab],yla)=a

For some values of h, the method is unstable, even though it is stable to round-off error due to being
zero-stable. This stability is due to the equation f. Such equations are called stiff.

We substitute f = Ay into F.
Wil = Q-1 Wi + ... + AoWit1—m + hA(Dpwis1 + ... +bowir1—m)

0= (1 — h)\bm)wl_H — (am_l + h)\bm_l)wl — . (CLO + h)\bo)wi+1_m

Recall that by, = 0 if the method is explicit. The general solution is wy, = >7"; ¢;3;, where the §; are
roots of
Q(Z) = (1 - h)\bm)zm - (am—l + h)\bmfl)zm_l — .. (CL(] + h)\bo)

The method is absolutely stable if the response to f = Ay for some A\ € C and y(a) = « is stable, meaning
that there is some C' > 0 such that
’wn’ < C‘eAhn’

The region of absolute stability is defined as
R={h\eC||;] <1,VB; € Cs.t. Q(B;) =0}

as expected, whenever hA € R, the method is absolutely stable.
A method is called A-stable if C_ C R, where C_ is the left half plane.

Example 0.12. We take f(¢,y) = Ay and run explicit Euler on it. Then we have

Wi4+1 = W; + h)\wi
= (1 + h)\)wi
Q(z) =z—(14+h\)
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Thus, @ has one root, 1+ hA. Thus, R consists of hA such that |14+ hM| < 1. This is a circle in the plane
of radius 1 centered at —1. Of course, the method is not A-stable.

For A € R, we must have
[1+hA <1

—1<14+hA<1

—2<hA<0

2
h<:—
A

for the method to be stable.

Example 0.13. Implicit Euler with this f(¢,y) = \y gives
(1 — h)\)wi“ = W;
Q(z)=(1-hXz)—1

so the only root is 12, meaning that |3 < 1| if and only if 1 <|1—hA|. This means that R is the
complement of the disc of radius 1 centered at 1 € C. Thus, the method is A-stable. If A\ is negative,
there is no restriction on h.

Lecture 22: Boundary Value Problems (11/19)

In initial value problems, we often consider the parameter ¢ to represent time, so we have a system
with an initial state that we let evolve. In boundary value problems, we consider the parameter to be a
spatial variable x, which may be higher dimensional. Here, we have boundary conditions, that specify
information at the boundary of some domain. There are multiple types of boundary conditions (BCs),
including;:

e Dirichlet BCs, of the form y(a) =«

e Neumann BCs, of the form y/(a) = «

e Robin BCs , which are linear combinations of solution and derivative Ay(a)+ By'(a) =«

Other types of BCs exist, especially in higher dimensions. Physicists/ engineers sometimes have specific
names for these BCs depending on the equation.

A general second order BVP with Dirichlet boundary conditions is of the form

y'(x) = f(z,y(x),y (z)) z € [a,b]
yla) =«
y(b) =7

The problem is linear if there exist p(x),q(x),r(x) if f can be written
fa,y,y) =p@)y +q(x)y+r(z)

meaning that f is linear in y and y/'.

56



In 1D, we can use shooting methods to solve these BVPs. The basic idea is to reformulate the problem
as an IVP with some manipulations, and then use numerical methods for IVPs to compute a solution.
These methods may have instabilities and other limitations. Instead, we will consider finite difference
methods.

Finite difference methods

These methods are simple, but limited to "easy” domains. The idea of finite difference methods is to
replace derivatives with discrete finite difference approximations and solve the resulting linear system of
equations.

We discretize our domain with equally spaced nodes a =z¢ < ... <z, = b, where x; =a+1ih, h= bfT“.
We assume a general linear BVP
y" =p(@)y +q(x)y +r() x € [a,b]
yla) =a
y(b) =p
We use centered difference equations for 3’ and y”, which are O(h?)
ooy Y@icn) =2y(@) +y(zis) R
Y (@) = = - &)
TN y(@iv1) —y(@i-1) _hj 3) (..
y'(x) = 57 A
This means that at each interior z;, i =1,...,n— 1, the equation is approximately (to within O(h?) error),

Wi—1 — 2W; + Wi41 — () Wiy — Wi—1
h2 P,
wo =0, wW,=/_

+q(zi)w; +7r(z;) i=1,...,n—1

Thus, we have n — 1 equations in the n — 1 unknowns w;. Note that

Wi—1
[4.2—@ w; l<i<n-—1
Wi1

wi—1 —wi+wipr 1
h2 T R?

and the equation is truncated at ¢ = 1,n — 1, so we have that this is equal to

[ 2 -1 11 w1 | _%wo_
) -1 2 -1 w9 0
-1 2 —1| |wp_29 0
I -1 2 | _wn,l_ _#wn_
A
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We can view the matrix A as applying the second derivative to the vector w. The next term is

0 p(x1) —p(1) 55wo
—p(z2) 0 p(z2) w1 0
Wit1 —wi—1 1 _ ) _ )
P S S 2
0 p(l'an) Wn—1 0
i _p(xn—l) 0 ] _p<wn—l)ﬁwn_
D

We can view D as applying a derivative to the vector w. The last terms give

q(z1) wq
q(x)w; =
Q(xn—l) Wn—1
M
r(x1)
r(z;) = :
r(Tn—1)
SO our system is
[ _ 1. p@)
T(xl) 52 Wo 95 Wo
r(w2)
(A—=D—-M)w= :
r(xn—2)
7 (#n-1) = grwn + 9P (En—1)wy |

A nonlinear BVP will require Newton’s method, which require matrix Jacobians. Each step requires a
matrix inversion. Also, different BCs require modifications to this method. For instance, a Neumann
boundary condition requires

w1 — Wo

/ —

Q@
We will also consider how this process can be generalized to PDEs. Here, we will focus on 2D spatial
problems (no time parameter). Often, these are elliptic equations. The canonical equation of this form
is Poisson’s equation:

Viu=—f

For simplicity, we will take a square domain (0,1)2, with an evenly spaced square grid stencil. It does not
complicate matter much to choose different spacing amounts in z and y, but we keep them the same here.
BCs can be full Dirichlet, part Dirichlet part Neumann, or plenty of other choices. The well-posedness
of the PDE depends on the choice of BCs.
We use finite difference approximations for the partial derivatives
w(@it1,yy) = 2u(zi,y;) +ul@io1,y;) b o

2 - ﬁ x4u(£27yj)

8x:cu(xi7 yj) =
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with the analogous equations for differentiating in y. The Poisson equation then becomes

Viu=—f
. Y _2 is Y + i—1,Y; iy Y _2 iy Y + iy Yi—
— (U(J:Hrl y]) u(z; y]) u(mz 1 y]) + u(xz y]Jrl) U(i; yj) u($z Yj 1)) _ —f(xi,yj)+0(h2)
Lecture 23: (11/21)
We continue with the 2D Poisson equation V?u = —f. Based on the above, our numerical scheme is

Wit1,j = 2Wij tWi1j | Wijt1 — 2Wij + Wi
0 * 0
for simplicity of the resulting formulas, we assume that our Dirichlet boundary conditions specify tht the

solution is zero along the boundary. There are two ways of writing this equation as a matrix equation.
One is as a Sylvester equation

=—fij

AU4+UA=—-F
R ]

A=g|-1 2
w1 Wp—1,1 ]

U —

Wip—1 - Wp—1;n—1]
fir o faoin |
Jin-1 o famin-1)

Note that the indexing of U and F are transposed from what we expect. This is due to the ordinary
indexing on the plane. We multiply

2w, — w2
A 1 |~wi1+ 2w 2 —wi3
TR | w12t 2wz —wig

The elements of AU are the finite difference approximations to dyyu(z;,y;). Analogously, UA are the
finite difference approximations to 0yzu(z;i,y;). There are methods to solve Sylvester equations directly.

An alternative way to write the scheme is to write it as a large linear system. This is done by concatenating
all columns of U in a single vector to get a system of the form

—

Ki=—f
the K is a very sparse block matrix.

Thus, we have two different ways to solve this Poisson equation. Other approaches to solve the Poisson
equation include using different meshes and using other finite difference approximations.
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Recall that Poisson equation models heat conduction at a stable state. If we want to model evolution
over time of some process, we can consider the time-dependent version of the heat equation

pepdiu—kViu = f

p is density, ¢, is specific heat, £ is thermal conductivity, u is temperature, and f is heat generation. We
manipulate this to

1 -
ou—aViu=—Ff
PCp

where a = p% > 0 is thermal diffusivity. We write the right side as f, so our equation is
P
ou—aViu=f

This can be solved in multiple spatial dimensions plus the time dimension. We will focus on the 1D
version. Let Q = (0, L) the spatial domain, and [0,7] the time domain. Our equation is

Ot — AO0ppu = f
Now, we need both initial conditions and boundary conditions:
u(z,0) = uo(x)

u(0,1) = go(t)
u(L,t) = gr(t)

The BCs are Dirichlet boundary conditions (aka temperature boundary conditions). Often the go(f) and
gr(t) are constant over time. Also, Neumann boundary conditions can be used to for instance model

convection.

The idea to solve this problem is to discretize in time and space using finite differences. Assume for
simplicity that f =0, go =0, g5, =0. We first discretize in space

Ot = Ozt
Wig1 — 2W; + w1
Ax?

— Jiw; =«
= Oi(t) = aAwi(t)
Note that in time, w? =~ u(z;,t*) (superscripts are time indices), where z; = iAx, t* = kAt. We have
different options to solve this by IVP solvers:

wo—w
At
— W = wk 4+ AtaAdw®
Implicit Euler:  w*! = w* + AtaAw*+!
whtt = (I - Atad)Lw”

Explicit Euler: Oyw =

Also, the Trapezoidal method (called Crank-Nicolson here) works well in these methods
1
whtt = wk 4 At§(aAwk+1 + aAw®)

whtl = (I— At%aA)_l (I+ At%aA)wk
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Denote A = Az?A. Then we can write

wkH:(I_zii? ~)_1(I 2222 >wk

DI

This method is stable if all eigenvalues of ( ) are < 1. The starting vector is

known:
uo(ml)
wo =
uO(xn—l)
Expanding this out, we get that
k+1 k+1 k+1 k k
B+ b At (awH—I — 2w tw” o Wil — 2Wi W 1)
! 2 Ax? Ax?

Then our truncation error is

k1 k k1 k1 k1
Lkl u(@g, ") —u(@i,t®) 1 u(@ip, ) = 2u(@, V) tu(wio, )
— O(A2, A2?)

as can be shown by Taylor expansion. For explicit Euler, 7']‘_’?11 = O(At, Ax?).

Also, we can perform Von Neumann stability analysis. For this, we assume the solution is in the form of

a Fourier series: ,
- 27
u(x,t) = Zﬁ(s,t)elfm
SEZ

where L is the length of the spatial domain. It suffices to consider each Fourier mode independently:

For stability, we want

where Gy, is called the growth factor or amplification factor.

Lecture 24: Properties of Finite Difference Methods (11/26)

For solving wave equations, higher frequencies require higher mesh sizes for the numerical scheme, since
peaks and valleys in the solution may not be adequately captured by lower resolution mesh sizes.

We recall Von Neumann stability analysis. Replace

~ (s, tk)e T = gF(€)etcm

k
Wj
1 ( thrl) sxj _ gk+1 (f)eléxj

k
J
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27rs

where £ = <72, For stability (in time), we want amplitudes under control

GW (&) = g;;g()g) la®|| <1

A translation operator gives a shift in space

Wj+1
— gk(g)ezij ezan:
~ wkeianc

Example 0.14 (Explicit Euler on time-dependent heat equation).

Consider the heat equation Jyu = adyu. The iterates for explicit Euler are of the form

whtt —w + o

; 2w —I-w 1)

At
Azr 2( J+1
We perform the Von Neumann stability analysis by replacing wé‘? = §F(&)e’®s
, At . .
gk—i—l(g)ez&zj — f]k(‘f) i€x; +aA$ ( WEAT 2+6—z£Am)g(€)ez§xj

= §F(€)ei i 4 aﬂ (cos(gAx) - 1)2§(£)ei§”

Ax 2
~k+1 At
G(€) = ggk (S) = 1+ a5 2(cos(EAx) 1)

Recall that sing(&%) = (1 —cos(¢Az). Thus, we have
. . o (EAT
G(§)=1—4osin (—2 )
So that our stability condition is

IG(&)| <1 < 0<4osin’ (@T”C) <2

Note that o and sin? are always positive, so the left inequality holds automatically. Thus, our condition

is
osin? (*00) < 2

Since sin? is bounded by 1, a sufficient condition is o < 1/2. This means that we should choose our
discretization parameters to be related by

At 1
i
Az? 7 2
Von Neumann stability analysis can be extended to multi-step methods and more complicated systems.

Finally, we relate consistency, stability, and convergence of finite difference methods for PDEs.
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Recall that for the heat equation, we considered different numerical methods. Crank-Nicolson takes the
form

wht! = (I— %Ufl)_l <I+ %O’A) wk

SAt,Ax

This matrix S, the stepping matrix, characterizes the method.

A method is consistent if limAtﬁoHﬁ(t—i—At) - SAt,Aa:U(t)H =0. Where (t) = [u(:cl,t), e ,u(xn,l,t)} is
the exact solution at time ¢ and points in the spacial mesh a =z < ... < x, = b. This norm is roughly
proportional to local truncation error.

A method is convergent if limAtﬁ\ont/ At _y(t) H = 0 for every ¢t multiple of At. Intuitively, consistency
means the equation is well-approximated while convergence means the solution is well-approximated.

[l ]

The method is stable if 7H5At’AI

GG <14 CAt for some C > 0 and some norms.

Theorem 25 (Lax equivalence theorem). Let a finite difference scheme be a consistent approzimation to
a well-posed linear PDE in the form of an initial value problem (Oyu = Lu) where L is a linear operator.

Then the scheme is convergent if and only if it is stable.

Thus, for a linear PDE, it is sufficient to show that the truncation error goes to 0 and show stability in
order to conclude convergence of a method.

Energy and finite element methods

These are also called Ritz methods or Rayleigh-Ritz methods. For now, we focus on the Poisson equation
—Au = f or, in 1D, —u"(z) = f(z), z € [0,1]. Also, we assume zero Dirichlet boundary conditions
u(0) =u(1) = 0. The form of this equation as written is called the strong form (S5).

The idea of these methods is to not solve the equation directly, but instead convert it into a weak form
by multiplying by arbitrary test functions and integrating. For example,

_uI/:f

—u"v = fo

1 1
—/ v dx:/ fvdx
0 0

<—U//aU>L2 =(f,v)2

where v € C}[0,1], meaning it is continuously differentiable and satisfies the boundary conditions v(0) =
v(1) =0. Integrating by parts gives

—/Olu//v dx = —u/(x)v(x)}[l)—l—/ol o (z)v (z) da
= /1 o (z)v' () dx
0
so our equation is
1 1
/0 o (2)v'(2) doe = /0 f(x)v(z)dz Vv e CF0,1]
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This is the weak form (). It turns out to be equivalent to the strong form (5). We end by stating a
lemma that we will use later:

Lemma 6. Let g € Cla,b] with f;g(m)v(l‘) dx =0 for all v e C§°la,b]. Then g=0.
Lecture 25: Energy and Finite Element Methods (12/3)

Theorem 26. (5) < (W)

Proof. We will only show this for the special case of solutions that are sufficiently smooth, meaning for
u € C3[0,1].

(S) = (W) is given by the above derivation.

1 1
/ w dx = / fvdx
0 0

for all v € C$[0,1]. Then we integrate by parts so

For (S) <= (W), suppose

1 1
u'v |[1)—/ u”vdx:/ fvdx Yo € C310,1]
0 0
1 1
—/ u”vda::/ fvdx Vv € C§[0,1]
0 0
1
/ (—u" — flude=0 Yo € C§[0,1]
0
Thus, applying the lemma gives —u” — f =0 so —u” = f. O

Note that this proof can be done using just properties of the L? inner product. For solutions that are
not sufficiently smooth, we must use more general spaces: Sobolev spaces. Recall we assume here that
Q=10,1].

22(@) = {u:0 R /01]u|2 dr < oo}
HY(©Q) = {ue L*(Q) | € L}
Hy(©) = {ue H'(Q) |u(0) = u(1) =0}

A more general discussion of the above strong and weak formulations switches out H}[0,1] for each
instance of C3[0,1].

We now consider the more general weak form equation: find u € H}(Q) such that
1 1
/ u'v' dx:/ fvdz Vo € HY ()
0 0

Define the bilinear form b(u,v) = fol u'v’ dz and the linear form [(v) = fol fvdz. Then we can rewrite the
weak formulation as: find u € H}(2) = U such that

b(u,v) =1(v) Yo e HY(Q) =V
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U is called the trial space, and V is the test space. This is called a (linear) variational formulation. It
is used to prove well-posedness of PDEs. Notice that the trial and test spaces are infinite-dimensional.
In this case, formulations are called continuous variational formulations.

We consider properties of b for this equation:
e b(u,v) =b(v,u), so b is symmetric.
e b(u,u) >0 for all u+#0, so b is positive definite.

When b is spd, the methods used to solve the equations are sometimes called energy methods because
it can be shown that the weak formulation is equivalent to an energy equation (E)

. 1
min F(u)= ib(u,u) —I(u)

Now, we want to use (W) to construct a numerical method to solve the equation. The idea is to discretize
U and V by finding finite-dimensional subspaces called discrete trial and test spaces, given by Uy C U
and Vh - V.

Since U =V here, we can choose Up =V} = Span(cpj)?zl, where the ¢; are linearly independent. Thus
we have

un(2) =) ajpi(x)  deR”
j=1
The approximate problem becomes: find u € Uy, such that
(G)  blup,vn) =1l(va)  Yup €V}

This is a discrete variational formulation, called the Galerkin formulation. To solve it, find wy =
Z;Ll a;pj(z) € Uy, such that

b(un, i) = b(D_ajej, i)
j
= a;bles, i)
j

=1l(yps)

for all #=1,...,n. Thus, we have n equations in n unknowns

>oa
J

b(@j,@i):l(gai) ’iZl,...,TL

—_——

Let F'= (l(¢1),...,(pn)), called the force vector. « = (ai,...,a,) is the solution vector, and K =
{Kij}}'j=1, so the equation is Ko = F. This is the matrix form (M), which is clearly equivalent to the
Galerkin formulation (G).

To utilize this formulation, we must choose basis functions. We would like to choose ¢; so that K is
easy to invert. For instance, we could choose K to have special structure so that we can use FFT-like
algorithms to solve the system. Or, we could choose K to be sparse. For sparsity, we want that

1
Kij =b(pj,:1) = / @9@2 drx =0 in most cases
0
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This is easy to do by choosing ¢; with local support. Then if ¢; and ¢; have disjoint support, so do
their derivatives, so b(y;i, ;) =0. A typical choice for ¢; are hat functions, which are piecewise linear
polynomials.

First, we discretize © = [0,1] into elements
e1 = (z0,71), €2 = (71,22),..., €n = (Tp_1,%n)

where 0 =29 <z < ...,<x, = 1. These are not necessarily taken to be uniformly distributed. Then we
take ¢; as j(x;) =1 and linear down to 0 as xj_1, xj41, for j=1,...,n—1. Here, the supports satsify
supp(p;) =e;jUejt1. In total, we have n —1 basis hat functions, with n elements. They satisfy

©j(m5) = 0y

Lecture 26: Finite Element Methods (12/5)

Since the hat functions satisfy ¢;(z;) = d;;, they have a special property:
n
up(zr) =Y ajp;(r)
j=1
=Dl
J
= Qk

for any k=1,...,n. Thus, o = (up(x1),...,un(xy)), so the o; actually correspond to the nodal values.
This is a very nice property for the basis of hat functions.

The methods for solving PDEs are described last lecture, in the case where the basis of ¢; consists of
piecewise polynomials with local support, are called finite element methods. When Up, = V},, they are
called Bubnov-Galerkin methods. When Uy, # V},, they are called Petrov-Galerkin methods.

Piecewise linear hat functions results in convergence of order O(h?), where h is the maximum element
size. Here, we measure convergence in the Ly norm, so ||us, —ul| ;> = O(h?). Better convergence is possible
by enriching the basis with quadratic or other higher-order polynomial functions.

Example 0.15. Say we want to solve the equation

So now we have one Dirichlet boundary condition at x = 0 and one Neumann boundary condition at
x =1. To get this in variational form, we test with

ve HH(Q)={we HY(Q) | w(0) =0}
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so we enforce that the test functions are zero only at the Dirichlet boundary condition. Then we have

1 1
/ —u"vdx = / fvdz Yo € HH(Q)
0 0
1 1
= —u’(m)v(x)]o —I—/ u'v' dz integrate by parts
0
1
- —u’(l)v(l)—i—u’(O)v(O)—i—/ oo da
0

1
= —a(u()+ [ W' do

So we have an equation
1 1
/ u'v' dx :/ fvdx+qu(l)
0 0

Thus, we have the same bilinear form b(u,v) = fol u'v' dx, but now we have a linear form

li(v) = /01 fvdxz+qu(l)

Additionally, u must satisfy u(0) = g, so we write u = ug +w with ug(0) = g and w € H}(£2). Note that
H}(9) is a vector space, but the analogous space with enforcing the Dirichlet boundary condition at g
is not. Therefore, the variation formulation becomes

Find © = ug +w € ug+ U such that
b(u,v) =11(v) YoeV

Which is equivalent to the weak formulation

(W) Find w e U
b(w,v) =1l1(v) —b(ug,v) =:l(v) YveV

We now discretize with hat functions. Our elements are Q',...,Q", where O/ = (z;_1,7;). We look for
an approximation

n
Up = Ug,p + Wk = g0 + Zaj@j
7=1

We choose hat functions ¢; as follows: ¢q on its support is linear from (zg,1) to (z1,0). ¢, on its support
is linear from (x,—1,0) to (z,,1). For j in between ¢, is linear from (x;_1,0) to (z;,1) to (z;41,0). Note
that now we have these boundary hat values, since we do not have just zero boundary conditions. The
derivatives 909 are step functions so they are easy to integrate against. Then our equations are

n

> ajblps, i) = blwn, i) = (i) = L1(ei) — gb(o, ¢i) i=1,...,n
=1 ——

Kij F;

Note that K;; = fol @9901-; dx, and any adjacent basis functions have disjoint support, so K is in fact
symmetric tridiagonal. With a uniform grid, the diagonal of K is (since piecewise linearity gives slopes
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of L

>
N—

Km—/ 801901

1
= th2 dx + /Qi+1ﬁdx
2h
T n?
2

h
Ifi=1,...,n—1, and K, = % Now, for the sub/superdiagonal elements, let j =i+ 1. Then

1
KU _/ (ngpj d.I

-1
= —d
i h? &
-1
T h

Then we compute F; = I1(v) — gb(¢o, ;). We have b(ypg,p1) = 55, and b(ipg,¢;) =0 for i > 1. For the
other summand,

1
(i) :/0 feoi dx+qpi(1)

1
:/0 fei dr+qd; n
F;
= ) ) fQOZ dx + qéi,n
QiuQitl

The integral of course depends on f. Thus, we have

~ 1
F1:F gh
F,=F; 1=2,....n—1
F:Fn+q

Thus, in total we have the equation Ka = F', where

2 -1

1l=1 2 -1
K=-

h

-1 1

_uh(ajl)
o= :

_uh($n)

[ fo feor da 0 9%
F= : I e ol

fo fon dx q 0



Our method is to solve Ka = F and recover the discrete solution

up(z) = ugp +wi(x) = gpo(z) + Y ajep;(x)
j=1

Computational implementation

If we do not have evenly spaced elements, then the bilinear form evaluations may not be evaluated
analytically as we have done. They have computed to be computed by numerical integration.

The naive way is to form K by:
fori=1m
for j =L:n
K(i,j) = Jo ¥ da
end
F(i) = Jo f(@)pi(z) dz— qpi(1) — gK(i,0)
end
To compute the integral requires iterating over the elements and computing each integral [q. <p;-<p; dx on
the element one by one. This implementation is very inefficient, since most K (i,5) are zero. Note the

pattern, in which we have to compute these integrals over the elements multiple times. Instead, we want
the outer loop to be over the elements.

Jawier - Ja@hel
K= : :
Javien - Jaenen
fi Jae1oh - Jae Oneh
e Pien o Jaeon@h
~

K¢ is called the element stiffness matrix. We know that K =0 if ;i |ge=0 or ¢; |ge=0. Thus, these
matrices have nice nonzero structure.

K'=
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Only 4 nonzero elements are present in each element stiffness matrix (besides the first) which always have
the same structure. These are present in the local element stiffness matrix.

je — lfge N R
Jae 9195 fqe Dol

/!
o= [ o
Qe

Where the define the shape function ¢, = ¢; [oe and ¢, = ¢; |qe for some i,5 € 1,...,n.

Lecture 27: Finite Element Method Implementation (12/10)

To go from local element stiffness k¢ to element stiffness K¢, use a local to global map via the locator

matrix

01 ... n—2 n—1
LM = 1 2 ... n—=1 n

the LM has size n, X ne, meaning number of rows equal to the number of vertices in the element, and
number of columns equal to number of elements. The value LM, . are indices of matrix K (equation
number) that the local node number a maps to in elements e. The basic algorithm to compute K is as
follows:

Assembly procedure

fore=1m

for a = 1:2 (test function)

i=LM/ a,e)

for b = 1:2 (trial function)
k€(a,0) = Joe P40, dx
j=LM(b,e)
ifi,7#0, K;;j < K;j +k(a,b)
ifi40,j=0, F« F—k(a,b)-g

end

fé(a) = [qe féq dz (local force vector)

F;+ F;+ f¢(a)

ifi=n, F,< F,+q

end

end

When we have Dirichlet data, (Oth row or Oth column), we do not update K. However, we do need to
update the force vector F' if we are not at the Oth test function and we are the the Oth trial function. As
we can see, looping over elements saves a lot of computations. The question now is of how to compute
the element integrals efficiently. The answer is to use a master element.
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Here, we take our physical element (2° and transform it to a master element Q). We choose the master

element () = (—1,1), which is nice to integrate over. Our transformation from physical to master is

&(z) = % The backward transformation is then z(£) = w Then we have

d§ 2 dr  h®
de  he  d¢ 2
The physical coordinates (x) are
¢1(x) = $1(&())
2(x) = Bo(&())

O () = 0en = dehrdnt = - 2

Oh() = Duo = Dedada = 5o
The master element coordinates (&) are
B1(8) = 5(1-6) = ha(a(€)
Ba(€) = (14 = r(2(6))
Her=—
He) =

When integrating, we change variables to the master domain (we are in one dimension so the Jacobian

is just the derivative)
| v de = [ o) d

For example, in the problem we were working above,
fa= ] [(@)¢a(w) d
/ F@(€)ou(a() s de
he
—ft/ile ()6a(6) 5 de

the local stiffness is
ko= [ @i do

1 he
= | (@(©)a(x(€) 5 d¢

/%gmw@”

Z/_lqga,s(ﬁ)‘cgb,a(é“)-ﬁdf

(_1)a+b
he

dg
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so the local stiffness for each element is

2D finite elements

Say we have a domain  C R?, with boundary 99 that we break into I'p, where Dirichlet boundary
conditions are specified, and I'y, where Neumann boundary conditions are specified. We have an outward
unit normal 7i. Recall the vector calculus theorems

Lemma 7. 2D divergence theorem: fQV-fdQ = [50 f-idr
Integration by parts: V- (vf) =vV - f+Vov- f so that fQ(V-]Z)v Q) = —fo Vv dQ—I—fagvj?-ﬁdI‘

In two dimensions, our problem is
—Vu=r
u(z) =gp(z) z€Tlp
Vu ﬁ:: (x) rzely
)

We write the solution u = ug+w where ug(x) = gp(z) for x € I'p satisfies the Dirichlet conditions and
we HLHQ)=U={we HY(Q) |w|r,=0}. The weak variational formula can be found by integrating by
parts and takes the form:

) = Find we U=V = H}(Q)
| b(w,0) =1(v) YveV=HhQ)

b(u,v):/Vu-Vv dQ
Q
I(v) =l (v) = b(uo,v)
ll(v):/rv dQ+ gnv dl N
Q 'y

We discretize U and V' with hat functions associated to elements, so we have Uy, V;, C U,V. We break
Q) into elements by triangulating it. Then hat functions are 1 at a given node, and 0 at all other nodes,
decreasing linearly to adjacent nodes (geometrically, they are like pyramids). With a triangle element
Q¢ we have 3 local nodes, that we map to a master element. Call the set of all nodes 1, and np the set
of Dirichlet nodes. Then 1\ np contains all of the nodes with unknown values. The size of this set then
measures the size of our system of equations, given by

> aibp),0i) =li(e;)
J€EN\nD

= > gp(za)b(pa,pi)
Aenp

Then we get a linear system K« = F. To implement this, we need proper arrays mapping local stiffness
to indices. The element nodes array describes the element mesh. For the example given in class,

IEN =

~N N =
N W N



IEN has size. Its columns represent elements and its rows represent local node number. IEN, . is the
node number in 1 that the ath node in element e corresponds to.

The destination array is a row vector which tells whether a node is Dirichlet or not. Any Dirichlet node
is 0, and any non-Dirichlet node is indexed by which equation it is in.

ID:[0120304]

Finally, we have a locator matrix, LM, .= I1D(IEN,.). Thus, LM, . maps the ath local node in element
e to the equation number it corresponds to (with value 0 if the node is Dirichlet).
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