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Inner Product Spaces cont...

Lecture — 38
Inner Product Part 2 with SageMath
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0 Inner Product Spaces cont...
B Orthogonal sets of vectors

Welcome to the 38th lecture on Computational Mathematics with SageMath. Let us

continue exploring some more concepts in Inner Product Spaces.

Let us define, what is meaning of an orthogonal set of vectors in an inner product space.
Suppose V is an inner product space and S, a subset of V containing vector v1, v2, vk,
this could be infinite subset as well. Then we say that S is an orthogonal set if inner
product of vi with vj is 0 whenever i is not equal to j. That simply means, if you take
any two distinct elements in S they should be orthogonal. Such a set is called an

orthogonal set.

For example, if you look at the standard unit vectors el, e2, en with respect to the usual
dot product they are orthogonal set of vectors. In fact, each of this vector has norm 1.

Such a set is also known as orthonormal set.



Similarly, 1 is equal to 1, f2 is equal to x minus half, 3 is equal to x to the power 3
minus 3 by 2 x square plus 3 by 5x minus 1 by 20 and f4 is equal to x square minus X

plus 1 by 6.

You can check that this is an orthogonal set with respect to the inner product defined on
C[O, 1], which is inner product f g equals to integral of f (x) into g(x) from O to 1.

So, it is easy to check that this is an orthogonal set.

Similarly, you look at set of these three vectors 1, minus 1, 1, 2 by 5,3 by 5, 2 by 5
minus half, 0, half and define inner product on R3 as inner product X, y is equal to y
transpose Ax, where A is this matrix. This is symmetric positive definite matrix. This
example we have dealt with earlier. So, you can check that this given set of vectors are

orthogonal.
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Let us check that. Define a matrix A and inner product this we have done already and
two three vectors ul, u2, u3 and let us check inner product a of ul with u2, ul with u3
and u2 with u3, all of this should give you answer 0, That is, correct. So these three
vectors with respect to this inner product are orthogonal to each other and therefore, this
set of vectors is an orthogonal set. Similarly, you can check the previous one. I will

leave that as an exercise.
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You can also verify the Pythagoras theorem.

(Refer Slide Time: 03:40)

el Tabs Settings Help

»  Markdown v Sagellath 0.1 O

bﬂ CA)

s,

-
**Pythagorus Theoren**
Suppose $u_1, u_2,\ldots, u_ns be orthogonal.
i) 8 Ju_:

* i) § 1%2 |

F O
£
%X No Kemel | die Saving completed Mode Edit @ L9

ETF‘»T,cerevslasem o & mm S 9 (w Is

Suppose, you have vectors ul, u2, un which are orthogonal to each other and then if you
look at for example, u2 plus u3 the norm square this is same as norm of ul square plus

norm of u2 square. This is, if ul, u2 are orthogonal, ul, u2 forms a right angle triangle.

This says that hypotenuse square is equal to base square plus height square and you can
extend this to three vectors, ul, u2, u3 norm square is equal to ul norm square plus u2

norm square plus u3 norm square. You can extend this to any set of finite vectors. This



is only for the finite set of vectors. Let me put here i is equal to 1 to n. So, also i is equal

to 1 to n. This n is any natural number.
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So, let us try to verify this Pythagoras theorem for the above example where you have
ul, u2, ud and in R 3 and this is the inner product. Let us define u to be ul plus u2 plus
u3 and define the norm of u square is it equal to norm of ul square plus norm of u2
square plus norm of u3 square, you should get answer true, that is correct. So this we
have verified for three vectors, but you can generalize this to any finitely many

orthogonal set of vectors.
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Now, let us look at, suppose you have S which is an orthogonal set then one can show
that this is a linearly independent set of vectors. This is S is linearly independent.

So, any orthogonal set is linearly independent. In case, we have orthogonal set of unit
vectors, it is going to be orthogonal and unit length, we call such a set as orthonormal

set.

And, in case you have an orthonormal set which is also a basis of the inner product space

V then such a basis we call as orthonormal basis.

Now, what is advantage of having an orthonormal basis? Let us just look at. Suppose
you have a basis B containing v1, v2, vn, an orthonormal basis of an inner product space
V.

Then, if you take any vector v, we know that v can be written as linear combination of
vl, v2, vn and in that if v is summation alpha i v i then alpha i can be obtained as inner
product of v with vi. That is quite easy to verify because you can just take inner product
with v on both both sides. And, then you take inner product with vi on both sides on the
right hand side v i inner product with vj will be 0 when i is not equal to j. So, only
surviving term will be alpha i and alpha i is v inner product with v i and this is true for

every i.



Not only that, norm of v square will be summation alpha i square. So, that is the
advantage. In case we have an orthonormal basis then finding coordinate of any vector
with respect to that basis is quite easy. All you need to do is, you need to take inner
product of the vector v with ith coordinate of the basis vector. So, that is the advantage.
This is what exactly we had for standard basis in R n. If you have any vector x which is

summation xi ei, then xi is nothing but x inner product with ei.
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So, now the question is how does one find an orthonormal basis? Having orthonormal
basis helps, but can we find an orthonormal basis. We have seen how to find a basis
starting with any nonzero vector we can extend that to a basis of a finite dimensional

vector space.

However, how does one find an orthonormal basis? So, this is again easy. So, let us start
with R 2. So, in R 2 suppose you start two linearly independent vectors that is easy to
find and then what we can do is we have seen that when we take orthogonal projection of
a vector onto another vector that give gives rise to an vector which is perpendicular to a

given vector, right.

We will use that idea. So, we have two vectors, let us say, ul and u2. Then define v1 is

equal, to let us say, ul and for v2 what you do? From u2 you take out the orthogonal



projection of u2 onto v1. Take out orthogonal projection of u2 onto v1. And, then let us
define g1 to be v1 upon norm v1 and g2 to be v2 upon norm v2. You can check that

these two vectors are orthogonal to each other.
This we have already checked. Only thing here we did was we made this as unit vector.

Now, let us try to plot graph of these two vectors ul, u2 which was given to vectors, and
g1, g2 which we have obtained as orthonormal vectors.
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So, you can see here, this is actually ul, this is u2 and v1 we took as ul divided by norm
ul. So, itis unit vector along this direction and if you take the perpendicular of u2 on to
ul and then take out that orthogonal component this is what you get. This is your g2,
right.

So, this is how we can generate two or two set of vectors which are orthogonal to each
other and also they are of unit length. Once you generate orthogonal set of vectors, then

you just need to divide by its length to make it orthonormal.
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So, let us extend this in R 3. Suppose | have three vectors ul, u2, u3 in R3. Now we will
do the same thing again. We start with v1 is equal to ul and v2 is is a vector, how is it

obtained?

Again, it is in exactly in a similar way that we obtained in the previous case. So, from u2,
you take out the orthogonal component of orthogonal projection of u2 onto vi. How do

you define v3?

To define v3, from u3 you subtract orthogonal projection of u3 onto v1 and also subtract
orthogonal projection of u3 on to v2. And, then define gl is equal to norm v1 upon v1
upon norm v1 g2 to be v2 upon norm v2 and g3 to be v3 upon norm v3.

Let us look at, what are the these three vectors. You can check that these three vectors

are orthogonal to each other and they are of unit length.

(Refer Slide Time: 11:49)
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Now, again let us plot graph of these vectors, the graph of ul, u2, u3 along with the

orthonormal set of vectors that we have obtained.

So, in this case you can you can just check. Let me rotate little bit this. So, this may be
ul, this may be u2 and you have taken orthogonal projection of a u2 upon u2 on to ul
and then you have taken out. So, this is your v1, this is your v1 upon norm v1 and this is
V2 upon norm v2, this is v3 upon norm v3. So, this is 1, g2, g3.

And, so, what you can see here, this is the plane which is shown, is plane spanned by ul
and u2 and the vector g3 is perpendicular to this plane. So, this is how you obtain three

vectors which are orthonormal in R 3.
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And, you can extend this idea to more vectors. So, for example, if | take four vectors 1,
X, X square, X cube and x to the power 4 in the set of all polynomials of degree less than
equal to 4 with respect to this inner product, we can extend this idea. So, first let us

define inner product and the projection and the norm of vectors with respect to this inner
product.
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And, then let us define f1, f2, 3, f4, 5 these are five set of vectors. This forms a basis of
of P 4 R. And, then again the idea is similar. Define g equal to f1, g2 is equal to f2
minus orthogonal projection of f2 onto g1, g3 again in the same way, g4 and g5.

So, in general what is gk? gk is defined as, from fk you take out the orthogonal
projection of fk onto all the previous orthogonal set of vectors that have been obtained.
So, let us execute this and let us also try to plot graph of this function. Let me first show
what are these functions which are obtained 1, x minus half, x to power 4 minus x cube
and so on. These are the the vectors. One can check that these are orthogonal set of
vectors with respect to this inner product.
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Let us define now unit vectors. So, divide each of this g1, g2, g5 by its norm and then

these are the vectors we have got. So, this is an orthonormal set of vectors.
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Let us also plot graph of all these functions. So, is this is straight line is hl which is a
constant function 1; h2 will be some kind of a straight line and h3, h4, h5. This is how

these vectors, these orthonormal set of vectors look like.
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Now, you can actually extend this to any finite dimensional inner product space. this

process is what is known as Gram-Schmidt process. So, what is this?



It says that, if you start with any set of vectors v1, v2, vn, a linearly independent set of
vectors which forms a basis. in particular take any basis v1, v2, vn of the finite

dimensional

inner product space V and then then you can find an orthonormal basis g1, g2, gn. And,
how do we obtain? The process is exactly similar. So, you start with ul is equal to v1
and then define uk to be vk minus orthogonal projection of vk upon ui i going from 1 to

k minus 1.

So, what we are doing? We are throwing out orthogonal projection of vk on to all the
previous orthogonal set of vectors that we have obtained and then defined qi to be ui
upon norm ui. This is what is called Gram-Schmidt orthoganalization process. This is

quite simple. We already did it for 2 vector, 3 vectors, 4 vectors and 5 vectors.

Let us create an user defined function for this, create a Sage subroutine for this. So, how

do we do that? So, let us work with standard inner product in Rn.

We have the projection of a vector v onto u, which is v dot u divided by norm of u

square into u. So, that is the orthogonal projection.

(Refer Slide Time: 16:57)

Next let us create Gram-Schmidt orthoganalization process subroutine. What we are

doing? We have to pass a set of vectors which are linearly independent. Define n to be



the length of this set, that is number of vectors in S. Then initialize E; E is going to be
the set of orthonormal vectors. So, first let us define unit vector which is the first vector
in S, initialize that as first vector in E. And then what we do? Run a loop for k going
from at 1 to n.

That means, it will start from actually the second vector in S. So, what is it? Define g2 to
be Sk which is kth element in S from that you take out the orthogonal projection of Sk
onto Ei, where i going from 1 to range k; that means, k minus 1. So, that is what is this
loop. And, then append inside a the unit vector, that is g upon norm g. Here just | am
saying that the display only 5 digits because this is going to convert into float and then

return E. So, that is a very simple user defined function for Gram-Schmidt process.

And, of course, if you want to extend this to arbitrary inner product space, you may
include the inner product with respect to which this orthogonal projection has to be

taken.

So, that is quite easy. Now let us let us look at an example.

So, let us take these four vectors in in Q4 or in R4 and then let us define these vectors v1,
v2, v3, v4 and L is equal to list of v1, v2, v3, v4. We can check that this set of vectors

vl, v2, v3, v4 are linearly independent and hence it forms a basis of Q4.

(Refer Slide Time: 19:10)




Now, let us call this Gram-Schmidt function which we have created and apply this to set

of vectors L.
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And, what we obtained is again a list of vectors L1. This is this is what we obtained.
And, then let us create a matrix out of this. So, this the matrix, the first column is first

element in this L1, second column is second element and so on.

And, this matrix, if you look at this matrix, this is actually a matrix whose columns are

orthonormal set of vectors. Such a matrix is known as orthogonal matrix.

So, any matrix Q in which all the columns are orthonormal set of vectors, then we say

that such a matrix is orthogonal matrix.

And, in case you have orthogonal matrix and if you multiply this matrix with its

transpose, you will get identity matrix. So, of course, this should be square matrix here.
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So, let us check that. We can very easily check here this, ML into ML transpose, ML
times ML dot T, this should give identity matrix.

Of course, here this these things are almost close to 0, so, off diagonal entries of the

order 10 to the power minus 6, because here there are lot of round off error.

It has some error, but you can see here, this is diagonal entries 1 1 1 this is also close to
1.

Next let us look at, there is a inbuilt function to find Gram-Schmidt orthoganalization
process. Suppose you define a matrix which is a column matrix of a set of linearly

independent vectors.

So, we have already defined what is L. L is set of linearly independent vectors v1, v2,

v3, v4, in this case and define A to be column matrix over QQ bar.

So, it is extended rational field you can define over RDF and CDF. Then on A transpse,
let us apply Gram-Schmidt gram underscore Schmidt and this gives you actually two

matrices.

This gives you two matrices, output is G and M, I have stored this in G and M.
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So, in this case, this is G and this is M. M is lower triangular matrix. If you look at and

if 1 take the transpose of each one of this. Let us say transpose of this defined in Q and

transpose of this defined in R and then this is what we get.
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And not only that if you try to multiply these two Q and R, multiply Q and R, this is

what we got using QR using Gram-Schmidt, and then when you multiply this you will

get this matrix A. This is what the matrix A if you if you look. Let me just also print,

what is this matrix A. So, print A.
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Q into R is A, this also known as actually QR

not an orthogonal orthogonal matrix, but this is set of

orthogonal vectors not orthonormal.
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is called QR factorization and then QR factorization

dt process. So, let us see what is it? So, it it says that

if you have any matrix let us say A, it could be even square matrix any rectangular

matrix or even non invertible matrix.



Let us write A as column al, a2, an then it says that there exists an orthogonal matrix Q

and an upper triangular matrix R such that A can be written as Q into R.

Now, if I say Q is given by column matrix g1 to gn and R is given by r11, r12, rln, 0,
r22 and so on. Then you can easily multiply these two matrices Q and R.

And, then equate both sides. What you will get? When you multiply this, by first column,
you will get r1l times q 1 is equal to al and if gl is orthonormal you will get what
should be r11.

r11 will be nothing, but norm of al upon norm of al actually. Similarly, multiply this by
second column, what will get is r12 times g1 plus r22 times g2 is equal to a2. Since q1,

g2 are orthogonal

if you take inner product of both the sides with g1 you will get value of r21 and that will
be inner product of a2 by q1. Similarly, if | take inner product of this whole thing by g2
then this will vanish, we will get r22. So, and you can continue this process.

So, in general what you have is summation rij times gi, i going from 1 to j, is nothing,
but aj. That is, j-th column of A is product of this multiplied by j-th column of this R.
And, from this you can take inner product of the both the sides with gi, you will get rij.
So, you can obtain rij. Once you have obtained this g1, g2, gn, which we already did in

case of Gram-Schmidt process.

This rij can be obtained using this formula and this is what is known as QR factorization,

which is a very useful concept.
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Let us see what is it. Once you have obtained, this is just a repetition. So, this once you
have just obtained A is equal to QR, then rij is given by this. Let me just get rid of this

part, this is just a repetition.
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Then next let us look at how we can obtain this QR factorization.
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This is the again the same set of vectors and A is column matrix. Then we can obtain

this Gram Schmidt process.

So, this is the column matrix, the Gram Schmidt orthoganalization process. This is what
we did already earlier. And then let us define R is equal to Q transpose A. You see that
Q is orthogonal matrix. So, Q into Q transpose will be identity. Therefore, Q transpose
is nothing, but inverse of Q. So once we have obtained Q, we can obtain R by taking the
Q inverse times the matrix A. You can also obtain this QR factorization using inbuilt
function this is known as QR. So, define a matrix A which is over QQ bar and then
obtained QR factorization of this and this again we will give you Q and R. So, store this
in Q1 and R1 and if you multiply Q1 and R1. Let us see what is R1. This is R1 which is

upper triangular matrix and diagonal entries will be non-negative in this case.
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And, then let us you can check that Q1 times R1. Let us check Q1 times R1 this would
give you the original matrix. Of course, it gives you in decimal because these
computations are numerical computations. So for example, question mark says that it is

a kind of approximation.

So, you can find QR factorization of any matrix. For example, even you can have a
singular matrix. So, here what is it? This is 3 cross 3 matrix starting from 0t0 9. So, 0 1
231t0012in first row second row is 2 3 4, third row is 5 6 7. You can find QR
factorization of that as well. So, in this case you can see what are Q and R. So, let me
print Q and R, in this case this is what you get, right. So, it is not necessary that the

matrix A has to be singular, non-singular matrix.
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Now, you can also have a matrix which is rectangular matrix. This is I should write

rectangular, you can have rectangular matrix, need not be square matrix.

So, if I have rectangular matrix, let us say this is 3 cross 4 matrix. Again you can find its

QR factorization using inbuilt function A dot QR.
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Next you can take help on QR factorization. So, if you have a matrix A and then say A
dot QR double question mark or single question mark, you will see a help document.

And, that help document you can go through along with the examples and then see how

you can make use of various options. This is the QR factorizations source code.
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So, it also gives you the source code and here there are several examples. You can see
here this is bigger example. It is actually 5 cross 5 matrix.
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And, it can also find QR factorization of complex matrices. So, that is what it it says and

SO on.

(Refer Slide Time: 30:22)

Z opterlab x + - a8 x

Qx @

v Run Kemel Tabs Settings Help
ures-dioynd X
B+X0DO>»

I-8.2

® C » Markdown v SageMath 8.1 O

789: 37 + 9.442

No Kemel | idie Saving completed Mode:Command @  In

ELType here to search

There are different examples.
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o e S —— e o e s ey
8.7e-17 + 8.7e-17'1 1.200660860220990! €.2¢-17*1 9.%e-16 + 6.2%e-16°I]
@.7e-16 + 8.7e-16'1 8.7%-15 + ©.7e-16"1 1.2000008080000007 + €.7%e-16"I]

. 2e-17°1 @.%-16 + 0.
©.7%-16 + 8. .2
[0.2e-17 + ©.2 .2e-17°1 @.7e-16 + @.2%e-16*T .%¢-16 + 8.%-16*I]
.22-18°1 @.7%-16 + 9.2e-16°1 0.%¢-16 + @.7¢-16°I]

A rank-deficient rectangular matrix, with both values of the ““full’" keyword.

sage: A = matrix(QQbar, [[2, -3, 3],
. [ 1, 1],

¥» [0 « m O

[-1, 3, 3],
. -5, 1, 11D
sage: Q, R = A.QR()
sage: Q
[ ©.35921960405354987 -8.56932617970501697 8.72332276509302687  8.158981538525638€2)
[-8.1 492 0.1 9 @ 0.57305469683773412]
8.1 497 @.78 8.67221 -8.13789277789411742]
[-e -8, 77372 8.1551 -8.10667177157!
sage: R
[ 5.567 -2. 2, /]
[ ® 3.5695847775155837 -3.5695847775155837]
[ 2 e e]
[ 2 ® €]
sage: Q.conjugate_transpose()*Q

No Kemel | idie Saving completed

One can one can go through this list of examples.
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Inexact rings are caught and *"COF"" suggested.

sage: A = matrix(RealField(100), 2, 2, range(4))
sage: A.Q8()
Traceback (nost recent call last):

ield with 106 b

T R ition is over exact rings, try COF for numerical results, not Real

¥» 0O « 0B O

its of precision

Without a Fraction field, we cannot hope to run the algorithe. ::

sage: A = matrix(Integers(6), 2, 2, range(4))
sage: A.QR()
Traceback (most recent call last):

ValueError: QR decosposition needs a fraction field of Ring of integers medulo 6

The biggest obstacle is making unit vectors, thus reguiring square

Mode:Command @ Ln
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o sage: Q, R = AQR() &
sage: Q
(e1]
f1e]
B sage: R
[23]
fe1]
% from sage.modules. free_module_element inport zero_vector
from sage.matrix.constructor inport Zero_matrix, matrix
from sage.functions.other import sqrt
C if full:
QR = self.fetch('QR_factors')
* if QR is not None:
return QR
R = self.base_ring()
£ not R.is_exact():
raise ('R ition is implemented over exact rings, try COF for numerical results, not %' X R)
try:
7 = R.fraction_field()
except Exception:
raise ValueError("QR deconposition needs a Fraction Field of ¥¢* X R
n = self.nrous()
n = self.ncols()

ﬂo KEM lrdb Saving completed
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self.nrous()
self.ncols()

zero_matrix(F, =, n)
self.columns(copy=True)

g = (1/scale)*v :

Q.append(q)

R[row,i] = scale

for § in rangalisl, n):
Rlrow,3] = o-hermitian_imer_sroduct(V(3])
Vil = - R[row

row = rou + 1

excast TypeError:

¥» [0 « B O

1 orthonornal basis, or reduce to truncated R

raise TypeError('QR deconposition unable to compute square roots in Xs*

| FHSMectures-diggd

SageMath 0.1 O

if full:
Qt = matrix(Q) # as rous here
"X if Qt.nrows() = &:
ot = satrix(F, 8, m)
0 No Kemel | idie Saving completec
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Practice Exercises

-1 0
LletA= l -1 2 -l I Define an inner product on R as < u,v >= ¥ Au.
0 -1 2

Use the Gram-Schmidt orthogonalization process to find an orthonormal basis from the standard basis vectors ey, €z e3 with respect to the above inner

2. Consider the inner product on Ps(x) defined by
(p.q) = pl0)g(0) + p(1ig(1) + p(29(2) + p(3)g(3).
Use the Gram-Schmidt orthogonalization process to find an orthonormal basis from the standard basis vectors {1, x.x%, x| with respect to the above

inner product

I 10
3. Find the QR-factorozation of A :l 12 1 ] Hence solve Ax = b using the QR -factorization of A where b :[ 5 ]
3K 1 15

S?f No Kemel | idie Saving completed Mode:Command @ In§
HTF Lype here tosearch

At the end let me leave you with few exercises. These are quite simple exercises.

So, first take a matrix A. Define inner product with respect to this matrix and then use

Gram-Schmidt orthoganalization process to find an orthonormal basis with respect to a

standard basis el, e2, 3.
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Similarly, define an inner product on P3, this | should write P 3 X, Instead of X let me
write here. P 3 R and with respect to standard basis 1 to x cube. Again find an
orthonormal set of basis and then find QR factorization of this and hence solve this Ax

equal to b.
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2 -1 0
2 -1 | Define an inner product on R as < u,v >= " Au

g
-1 2
Gn chmidt orthogonalization process to find an orthonormal basis from the standard basis vectors e, €2, &3 with respect to the above inner
O 2. Consider the inner product on Ps(R) defined by
(2.q) = plOyg(0) + p(1)g(1) + pi2)g(2) + p(3)g(3).
* Use the Gram-Schmidt orthoganalization [xocess to find an orthonormal basis from the standart tors { 1. x°, x° ) with respect to the above

inner product

11 - 10
3. Find the QR-factorozation of A :[ 12 1 l Hence solve Ax = b using the QR -factorization of A where b :[ 5 ]
3L 1 15
e
iy
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See once you have QR factorization of a matrix then this system Ax equal to b can be
written as QR times x is equal to b. Now, Q is invertible. So, if you multiply both sides

by Q inverse,



then we will get R times X is equal to Q transpose b. Then what you have R times x and

R is upper triangular matrix. So, actually to solve this system of linear equations,

it has boiled down to solving upper triangular set of linear system which is quite easy to

solve using back substitution.

Of course, this may be more expensive than a Gaussian elimination method. However,
once you know the QR factorization of a this coefficient matrix, then it becomes easier to
solve.

So, these are set of exercises. We will look at some more concepts in next lecture.



