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On lecture 38, we restart our discussion on finite element method and its basis functions.
Mostly people have started on using linear basis functions; these are the least possible

ordered polynomials.

Although it is a basically a global method, but its application wise it is local because its
footprint is limited and we talk about various properties of Lagrange and hermite
interpolations. So, how they are different and which are used here in FEM? In FEM, we
actually use the Lagrange method while we have talked about Hermite interpolation

method when we talked about the compact schemes. So, we have seen that.

So, let us try to figure out how we can improve the accuracy of Lagrange interpolation?

One of the ways is the hp-element method, h refers to the grids or element size and p is



the order of the basis function, functions. And if we migrate from linear basis function to

quadratic basis function, one would expect that we would gain in some accuracy.

We notice some of the properties of the basis functions for this Lagrange interpolation,
which are translated in various coordinate systems. Here, we will be stating them in the
local coordinate system, then we will be transferring them into a global coordinate
system because we need to work out the discrete equations that we will be eventually
solving; and we pick up some examples of Bubnov-Galerkin method, which basically is

nothing but a weak form of this governing differential equation.
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FEM- Basis Functions

# Here, we focus on linear and quadratic polynomials only.

# The linear polynomial is given by
w,(r) =e1+ ear (19)

# The constants ¢. are obtained from the continuity
requirement of primary variables at the points common to
the elements.
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Local representation of linear two-node element
# For the element spanned by nodes ¢ and ¢ + 1

Uy =) + oz, (20a)
iy = C¢| T €T (20b)
where ¢.¢; play the same role of «' in (18).
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We are just discussing about finite element method and we do not have addict time to go
deep into the subject, this itself [IESEIMES probably more than one semester of treatment
on this topic; along that term, as | promise that we will try to connect it to the other topic

that we have done.

We (()) -cally are on the (()) if we say that in finite element method we do is we take

the domain and then (()) it into smaller domains.

Say for example, a typical (()) insulated between the node e and e plus 1, then we try to
fit it a linear function between these two points - 1 and 2 by this linear function here. So,

what you read this, find out ¢ 1 and ¢ 2 and then for the sake of ensuring continuity of



that across clouds so we already done that this polynomials mean such a way that at the

node e and e plus 1 there would of continuity of (()).

For example, for the point we are seeing here, the value is u 1 and (()), | call it as x a and
for the node e plus 1 the value of the function is u 2 and the independent variable x a
value of x b; so, x a and x b are in a sense a global internet system with some origin

somewhere else fixed.
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FEM- Basis Functions (cont.)

# Note that these quantities are referred in the global
coordinate system.

# Solving Egs. (20a),(20b): uf(x) = szw U5(x) uj (21)
where, v (x) = Jt=F and vh(x) = o= (22)

Ty—=Ta

» The approx. fns. «*; is unity at i node and zero
elsewhere- like the dirac-delta comb.

# o are used for interpolating the fn. and not the derivatives.
They are also known as Lagrange polynomials.

# We obtain Hermite polynomials, if we interpolate for the fn.
and it's derivatives.

» Torhave a constant value between the nodes we must have
= A= 1.

Laj=17}j

Now, we need to find out ¢ 1 and c¢ 2 and that should give us the representation of this
code element; so it is easy, you call 20 a and 20 b and you get this equation 21, where
you find out that local representation of the unknown given by the functional, is some of
the (()) functions, linear functions which we are calling as psi 1 e and psi 2 e times those

nodal functions.
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So, basically keeping this figure in front of us would help. So, this is now our x a and

this is our x b and the function where at point is u 1 and at this point u 2.

So, what we are doing? We are writing the thing function here in terms of the two values
at the node so that those are u 1 and u 2. Then what happens is the linear functional will
give you two possible linear variations, so one is drawn like this and the other one is this.
So, it is a basically linear combination of these two sets of functions - one decays from 1
to 0, so that function is this. So, this is your psi 1 and this is our psi 2; so this is the way

that you write.

What you notice that there are certain properties that you can ascribe to these psi
functions. The psi function is such that when I am writing psi 1 e evaluated at let us say,
x 1 orxa,thisisequal to 1 and psi 1 e at x 2 is 0 and you can write down the other point,
they also will be 0. In contrast, you will see that psi 2 function evaluated at x 2 that

would be equal to 1, whereas psi 2 e evaluated at x 1 is equal to 0.

So, this basically tells you that this if | wrote to write psi j e and if | write x i, this is like

your delta function. When i is equal to j, it is 1 and when i is not equal to j it is 0.

Although you can see, in-between it is not like a delta function; let it goes here 1 and
then it is O here, it is a kind of a linear functional, but still at the discrete nodes we can do
this.



When actually you interpolate a function by the function values at the node, such
interpolations are called Lagrange interpolation; Lagrange interpolation. And this kind of

functions that we generate is psi j e, we will call them as the Lagrange polynomial.

We are already familiar with the hermite polynomials or hermite functions, where did
you use them? In your compact schemes or in the hermite polynomial, what you do?
Instead, you try to interpolate the derivatives in terms of the function. So, note the
difference - in Lagrange interpolation you interpolate the function in terms of the
function values itself only; so interpolate functions. In Hermite polynomial interpolation,
you interpolate the derivative. So, this, this is the essential difference between the two
and they are all pervading in computing. So, you would most of time get one of the two

kinds, of course, there are other things where we can do combination of the two.

So, what happens is, there is another property that you also notice, that this psi j is, that
we have at any low X location that we note, this plus this will always add up to 1. That
you can very clearly see from 22, if | add this psi 1, psi 1 e plus psi 2 e, you can see this
x part will cancel and you will get the value is equal to 1. So, this is the essential of

property that you have for the Lagrange interpolation.

So, these are the few essential properties, that we see, that number one is that it behaves
like a Dirac delta and number two is sum over all psi j at any X, they depending on
whatever you have, so this will always add up to 1.
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FEM- Basis Functions (cont.)
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Fig. 3(a) A glabal linear interpolation Fig. 3(b) A global quadratic interpolation

# Global representation is different from local description, as
the weighted residual is set to zero, irrespective of the type
of formulation.

# Local representation will render the associated linear
algebraic system of eqns reducible. This will happen if
L basis fns. are completely decoupled in space. =
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And what we are seeing here is for a linear functional, but you can see that it also works

for any other types of interpolation, that you can think of.
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FEM- Basis Functions (cont.)

s Al lagrange polynomials satisfy these properties. —]

# If, we use local coordinate system (i) as reference, with
origin at node ‘e’, then:

V() = L—%and Yh(a) =%,0<z<h (23)
» We consider quadratic approx. of «(x) for higher accuracy

representation given as:

(¥) = e1+ cpr + eqr? (24)

which requires an additional node for estimating ¢;. cs. c3-
apart from the end poinis ¢. ¢ + 1. This additional node is
usually taken in the interior.

# Taking the 3 points as ;. r3. 2 respectively, we obtain:

wp =5 (21) = ¢ + a2y + c’;;ﬁ (25a)
s =t} (r2) = 1 + oo + (‘-N’S (25h)
L wy =1 (ry) = ¢ +camg + 313 (25¢)
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For example, we are going to shortly see this quadratic interpolation, but before I do that
let me also mention, that instead of writing this interpolating functions in global

coordinate, we can also talk about a local coordinate system.
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So, for each element I can fix an origin. For example, here | could just simply start a

origin here and define a coordinate system, I will call it as say x bar and if | do that, so x



bar is fixed with the origin at the node e, then this is easy, that psi 1 e in this local

representation would be 1 minus x bar by a.

So, it starts off with 1 and it decays with that slope of minus 1 over e and the psi 2 is,
starts off from 0 and reaches the value of 1 at x equal to x bar equal to h; that is what

your equation 23 represents.

Now, let us take a look at quadratic approximation for u x, and what we anticipate here
that such investment of extra work should give up some kind of an extra accuracy, higher

accuracy and let us see whether it does so.
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In fact, for many decades now, the finite element practitioners have coined this term
called hp-element method. So, this has been claimed to be the more accurate finite
element version where h represents precise of the element, like what we are talking
about, in this say, delta x will be equivalent to your h and p is this order of the
polynomial; so h represents the spacing and p is the order of approximating polynomial.
So, with the idea that if you reduce h, your accuracy will increase; that is what you
always expect for any discrete computing that if | keep on reducing the spacing, then |
should get back to my continuing limit and | should rediscover my original differential

equation.



So, reduction of h leading to higher accuracy is one of the attribute of discrete
computing, so there is no quarrel about it, we will all readily agree with it. However, to
claim that by increasing the order of approximating polynomial, we will also increase the
accuracy as a subject of further investigation, and one of the reason that | bring this

subject up is basically to highlight from what we have done in the fourth semester.

So, how do we define accuracy? We have already exploded that higher order does not
always mean higher accuracy in the context of other discrete method. We have seen that
what we really need to worry about is look at the sources of error and what helps us in

reducing that error.

So, here also we start with a discordant note; however, this sold by this claim that hp-
element methods are higher accurate method compared to traditional finite element

method, so we will invest some time in that; we will take a look.
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FEM- Basis Functions (cont.)

# All lagrange polynomials satisfy these properties.

# |f, we use local coordinate system (7) as reference, with
origin at node ‘e’, then:
vilr)=1- ,i, and v5(x) = ,— 0<F<h (23)

# We consider quadratic approx. of u(x) for higher accuracy
representation given as:
iy () = €1 + cor 4 (;L.l: (24)
which requires an additional node for estimating ¢;. cs. c3-
apart from the end points «.¢ + 1. This additional node is
usually taken in the interior.

# Taking the 3 points as »,. x. 2, respectively, we obtain:
Uy =uy(r) = ¢ +emp + t."‘;‘!’% (25a)
iy = H;":‘I'_yl = €] +~ CoX9 + r‘;‘f'g (25b}

L up=uj(r3) =+ ey + oy} (25¢c)

So, for that purpose we will look at this quadratic representation of the elemental
functions and that would require us to solve for this three constants - ¢ 1, ¢ 2 and ¢ 3.
However, we are still restricting our self in the node; the element is still stand by e and e

plus 1.



But we will have to fix three unknown constants - ¢ 1, ¢ 2, ¢ 3. So, we will have to
introduce some additional node and it has to be ostensibly inside, inside the domain; we

will take it somewhere inside.

Usually, it could be anywhere, it could be anywhere, but we will be talking about here as

the additional node to be, let us say, the middle of the element.
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So I will call this..., So, let us remove this of linear functional witness here. So, we still
have those two functions which we, | have call them as u 1 and u 2 and let us say this
one, | will now call it as in the global coordinate system - this is x 1 and this is x 3 and

we have introduced an additional node called x 2.
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FEM- Basis Functions (cont.)

# Alllagrange polynomials satisfy these properties.

# If, we use local coordinate system (1) as reference, with
origin at node ‘¢’, then:
vile)=1-randug(a) =F,0<z<h (23)

#» We consider quadratic approx. of u(x) for higher accuracy
representation given as:
wy () = 1 + cox 4 a2 (24)
which requires an additional node for estimating e;. cs. -
apart from the end points ¢.¢ + 1. This additional node is
usually taken in the interior.

# Taking the 3 points as . x4, r» respectively, we obtain:
up =uy(r) = ¢ +exp + n};ﬁ (25a)
Uy = U;'i‘l'gl =] + X9+ f.‘:,!'i; (25b)
I g = H;!f‘l'_\l =)+ T3} ::.F'% (ZELC)

And then, we will have some value here which will call as u 2 and let us call this as u 3.
So, that is what you have, this three relations written down here - u 1 is evaluated at x 1,

u 2 at the midpoint of the element and u 3 at the right end of the element.
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FEM- Basis Functions (cont.)
s Solving for the unkowns we get ]
u}(-}',r | = Y‘V::I v (x)u; (26)

)

# |f x, s taken as the midpoint then the quadratic Lagrange
interpolating fns. are
ve(@) = Hla; + e +yia?) fori=1,2,3 (27)
where, o; = ‘z'f-.ﬂf — J‘,‘;J’f Si= rf - lf VN =L X and
D =Y (28)
# As before, working in a local coordinate system () with
origin at =, the interpolation fns. are :

a,q-:.?-\;ii—f’iwl—%j'—‘\ (29a)
valZ) =47(1 - 5) (29b)
Ug(x) = —3(1- ‘}%I (29¢)
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So, once again you can obtain the value of these three constants - ¢ 1 ¢ 2 ¢ 3 and
substitute it back and what you will find that the elemental representation is as given in

this top equation 26. That will be a sort of a combination of the nodal values times some



space dependent functions and that space dependent function would be a quadratic as we
started off with.

I will just not go through this algebra, which | am sure you can do it yourself. By using
Thomas rule you can find out those ¢ 1, ¢ 2, ¢ 3 and then put it back and order them
neatly and you would find that these are those functions; you would get now three
functions.

For the linear interpolations we have two functions because we have two unknowns, ¢ 1
and c¢ 2; here we will have three such functions, so we have psi 1, psi 2 and psi 3 and

they are written there in terms of this quadratic expression.

For each value of i 1 and 2 these coefficients..., You know these x alpha i beta i gamma
i, they are nothing but the coordinates like this x 1, x 2, x 3, and this form a pattern,

cyclical pattern, so that you can exploit this and you would be able to do that.

And there is this denominator d which is nothing but the sum of is x independent part,
the sum of all the alpha i’s would give you this. Now, what we would like to do is as
before, we would switch over to a local coordinate system and set the origin at x 1; so,

then call that as x bar and then we are going to get three such functions.
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FEM- Basis Functions (cont.)
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Local representation of 1D quadratic Lagrange interpolation functions
# Ina FEM application, local representation cannot be used

— and aglobal representation is sought. ~  —

Going through this exercise, you will find out that you are going to get three such

functions, they look like this. psi 1 is one that starts off with the value 1 at x equal to x 1



or X bar equal to 0 and then the property of Lagrange interpolation, that it should be like
a delta function. So, at the node concerned, this is going to be 1, everywhere else it
should be 0; that is what you are seeing. So, at x L psi 1is 1, at x 2 and x 3 psi 1 is 0 and
that is what exactly we are (()), that it has a quadratic dependence, but it process through
Oat2and 3.

Now, the same way or if | look at the psi 2 function, this is also a quadratic function,
which has to be equal to 0 at 1 and 3 and which will be equal to 1 at x equal to x 2. And

the same way, psi 3 would be here that would be 0 at x 1 and x 2 and [l x 3 it will be 1.
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So now it is not very difficult for you to understand that in this x bar coordinate system,
in x bar coordinate system what [iiSHSHOOIMONE be? This is going to be 0 and this is
going to be h by two and this is going to be h; so, in this x bar coordinate system these

are the three nodes.
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FEM- Basis Functions (cont.)

[ Solving for the unkowns we get —]
uh (2) = Ele v () (26)

!
# If 2, is taken as the midpoint then the quadratic Lagrange
interpolating fns. are
i (z) = %m; + e+t fori=1,2.3 (27)
2

where, o; = ‘!'_;"!‘f_ - ‘q._rf G= tf — a3 ;Yi=2x—x; and

D=7, e (28)
# As before, working in a local coordinate system () with
origin at |, the interpolation fns. are :

Ui(3) = (1-F)(1 - %) (29a)
va(Z) =45 (1 - %) (29D)
vy(Z) = -F(1- %) (29¢c)
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Now, if you go back it should be very, very easy for you to construct that polynomial.
For example, psi 1, what do we expect that it should be at x bar equal to 0? It should be 1
and you can very easily see, the very fact, that this psi 1 is going to be 0 at h by 2 and h

gives you these two factors. So, that is very easily constructed.
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The first factor ensures that x bar equal to h, it will be 0 and the second factor ensures
that at x bar equal to h by 2, this will be zero. So, that is the reason that | just directly

wrote down the local coordinate system. It is easier for you to see and that should



convince you that it goes off there and it is a quadratic function. So, it is a..., So, it

would be something like this; that is your psi 1.

The psi 2 function is symmetric about h by 2, it is 0 here and it O there and that is
ensured by, you can note that when x bar equal to 0 or x bar equal to h, these two product
of h; whereas, it gives..., it is maximum when x bar is equal to h by 2 and that is what

you are getting. Your psi 2 would be a function, it will be like this; so, that is your psi 2.

And the last one is the psi 3, which will be given here which will be equal to 1 at x bar
equal to h, at x bar equal to h | get here minus 1, and here | get a minus 1, so that
becomes, make it plus 1 and at x bar equal to 0 it is 0 and at x bar equal to h by 2 it is O;

so that is what will happen.
So, that is the way the function looks like and that is the way we plotted.
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FEM- Basis Functions (cont.)
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Local representation of 1D quadratic Lagrange interpolation functions

# In a FEM application, local representation cannot be used
— and aglobal representation is sought. ~ —
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FEM- Basis Functions (cont.)

’ &
Sy
3 L
[0 h [T (21 in (+1h

Fig. 3(a) A glabal linear interpolation Fig. 3(b) A global quadratic interpolation

# Clobal representation is different from local description, as
the weighted residual is set to zero, irrespective of the type
of formulation.

# Local representation will render the associated linear
algebraic system of eqns reducible. This will happen if
L basis fns. are completely decoupled in space. =

However, we need to really write the equation down, not in this local representation, we
need a global representation, why? The reasons are the following, that if | keep it like
this and then | try to plug this representation interpolation form into the differential
equation, what we are going to get is that everything for this node will be related to this,
only these three nodes, only, whereas we want to bring in the implicitness of the method.
I mean, what we want? That the various elements, the various of domain should interact

with each other.

That is why what we are going to do is for example, if | look at this - the linear basis
functions, then | said that my jth node starts off from j h to j plus 1 into h, then what
happens is if I would have taken the basis functions as this phi j as this and phi j minus 1
as this, then what will happen? If | plugged them back in the differential equation, it will

just give you something like your explicit representation of the function.

But what we need is something like this, with the Lagrange interpolation property that

phi j would be equal to 1 at x equal to x j and everywhere else it should be equal to 0.
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So, what is happening here is that if | take the node - this is the jth node, this is j plus 1th
node - then what will happen is | would have a function which would be like this, this is
my psi j in a global system; this will be my psi j, so, it will be 1. So, when x equal to x j,
everywhere else it is 0. It is only that in between these two nodes - j minus 1 to j plus 1 -

it linearly falls up to 0; that is the property of this. So, that is what we have shown.
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FEM- Basis Functions (cont.)
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Fig. 3(a) A glabal linear interpolation Fig. 3(b) A global quadratic interpolation.

# Global representation is different from local description, as
the weighted residual is set to zero, irrespective of the type
of formulation.

# Local representation will render the associated linear
algebraic system of eqns reducible. This will happen if
L basis fns. are completely decoupled in space. _]
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The global representation is given by this red line whereas the local representations were
what we earlier talked about. It is something like encapsulated between j and j plus 1th
node itself.

Of course, as you can see the quadratic interpolation function, the global representation
is somewhat little more complex because what we have is... Well, it is not written very
clearly here, but you can see this is the center of the node and this is actually the element;
the element goes from here to here and this is the midpoint.

Now, what happens to psi 1 and psi 2? We do not keep the psi 1 inside here, we just shift
it by one element on this side and psi 3 which was here like this, this is shifted to the left
one. What we are trying to do (( ))? You are trying to couple the elements in the

representation.

(Refer Slide Time: 27:22)

And what happens? What does it mean? That despite having done that, say for example,
the next element for center of j 1 would be like this, so what we are doing? We are
actually SHBEEBOSING this with the hat function or what is called as a chapeau function.
So, what happens is those properties are always maintained.

Whatever we talked about individually, they EiCHIKEHDIIEE corm, and that at any X, you
add up all the contributions of this elemental interpolation function, adds up to 1; so that
is, that is fine.
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So, same thing that what we are doing; over there when | look at the quadratic element
you know, the figure has to be treated with somewhat [B8l§, so this is my actual one

element and this is a center point of that element.

So, the next point would be..., next element would be like this and there would be
another, let us say, there is this next element which is like this. So, if | SHEEIDOSE this, let

us say, these are the...,

So, | have this function present there, this function also present there, but here when I am

doing this, 1 also have this and we have a function like this.

Now, the same way we are doing a functional representation like this. So, what we are
doing is basically identifying what constitute psi j. So, suppose this is the jth element,
then this is going to be one of the elements that we called it at psi 2 j and to that we add
up this part and this part. So these three constitute our psi j; so these three elements

constitute psi j. That is what | have shown here with this function on the right.

At the same time, you would have the interpolation functions for different nodes
BUBBIDOBIAE on cach other. Those satisfy those basic properties of the Lagrange
interpolation, but they still constitute the same thing that at any x i add up, | will have
three components — one is a negative contribution coming from here, positive

contribution coming from there and another positive contribution coming from there.



You add all three, still get equal to 1; this property two that we talked about. So, this is

going to be always satisfied.
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FEM- Basis Functions (cont.)
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Fig. 3(a) A glabal linear interpolation Fig. 3(b) A global quadratic interpolation

# Global representation is different from local description, as
the weighted residual is set to zero, irrespective of the type
of formulation.

# Local representation will render the associated linear
algebraic system of eqns reducible. This will happen if
L basis fns. are completely decoupled in space. =
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So, do not think that we have this kind of a representation in isolation here. We will have
BUBBEBESIRG functions and when we add them up, they will still satisfy this. So, that is the

jump from the local to global representation.

And why we do that? That is what we [l§ saying that global representation would always
set the weighted residual to O irrespective of the type of formulation, whether | do a
linear or quadratic, | should have this property satisfied. | could have p equal to 3, either
could have p equal to 4, we could keep on ratcheting up the level of the order of the

polynomial.

What is also important that why we give up the local representation in favor of global
representation, is that when | substitute this representation back into my differential
equation, what will it do? If it is a PDE, time dependent PDE, it will convert it into ODE

or if it is a study state problem, it will convert it to a linear algebraic equation.

So, whatever we do, suppose it is a study problem then the corresponding linear
algebraic equation that we will obtain as the discrete equation, if | keep it like this, then

the ith element only resides within the ith element itself. All those psi 1, psi 2, psi 3 are



defined only in here, so what will happen? It will..., The different elements will not

communicate with each other.

That is what we are essentially saying that if it does so, then | will get sort of a
disjointed, I mean, difference equation, discrete equation for the elemental level and then
what will happen? Well, | mean, they are all independent of each other, so this so called
linear algebraic equation; even if I do, they will turn out to be reducible because they are

all decoupled; so, that will not work.
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FEM- Example Application
[ 7: Here, the Bubnov-Galerkin FEM is demonstrated in
discretizing
Py fin0<r<n (30)
with homogeneous BCs.

# WrtFig 3(a), we represent the FEM solution by
u(r) = Yoy 170 (31)
where,

] I>Tjp1 OV T < Tj-]
oj(r)={ [x-(1)h]/h 21 <r<a; (32)
[+Dh-Xh 2 <2< i

Here, ;-1 = (j — 1), x; = jh, xj21 = (j + 1)h, where h-
uniform node spacing.

So, to couple the system we will have to go through this global base. Now, let us take a,
take an example and this is the classic Bubnov-Galerkin finite element method and let us
say, we are just simply trying to solve it; very, very simple equation. The second
derivative is given as f and let us also make our life simple by considering the variation

of x between 0 and phi and we will see, what will it do for us?

What we are going to do is that we have drawn a figure like this, which is called as
figure 3 a. There we will represent the unknown u of x in terms of their nodal values
times this. So, as you can see this phi j, as we have drawn here by the solid line, that is

zero; all phi this j minus 1 and j plus 1, that is the first relation, tells you that everywhere

else it is ICHEGANY cqual to 0.



Only within this span going from j minus 1 to j plus 1, we have two segments of a
discontinuous function - one is that increases with x, this path, this path that is your
middle equation and the last one is this path, that is the decaying function; so, that is

what we are doing here.

You can now see what is the essential idea if we do it with a linear basis functions? And

you can identify this nodes, X j minus 1 is simply nothing but j minus 1 into h.

We, for the sake of understanding, | am taking the all the element phi at state, it will
make life simpler and we will understand what is going on, but it is not necessary or it is
never practiced that you use uniform space. That is one of the strongest point of finite
elements in finite volume method that you can do it with local spacing, which keeps

varying from element to element, volume to volume.

Now, let us observe that the linear basis functions here at lot of coming on. We have two
functions, psi 1 and psi 2, they are not orthogonal. So, that is why, although in some
books you will see that spectral method and finite element method, especially the
Galerkin kind are clubbed together, but one of the difference is - in the spectral method
the basis functions are all orthogonal to each other, whereas here in FEM we gave up that
condition in favor of low order polynomial. So, the resulting monomial or the

polynomial that we have, they are not orthogonal to each other.
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And why do we do it? Because the discrete equation will be simpler and only the
neighbouring elements will interact with each other. So, if | am looking at jth point, if |
am looking at this element, you can see that at the elemental level, the interaction will
happen with this element and this element, this from linear basis function; for quadratic,

it will be little more, we will see, we will see that.

(Refer Slide Time: 33:11)

FEM- Example Application

' _n Here, the Bubnov-Galerkin FEM is demonstrated in

discretizing
%:; no<r<rw (30)

with homogeneous BCs.

# WrtFig 3(a), we represent the FEM solution by
u(z) =Y w0 (31)

Lag=1 T1¥]

where,

] T>Tip O L < Lj
o) ={ [x-({1)h]/h 2y <2<
G#0h-xh oy <0<y

Here, x;_i = (j — 1)h, x; = jh, ;-1 = (j + 1)h, where h-
uniform node spacing.

Now, one of the problem that we are going to face, that we are trying to solve a problem,
which requires evaluation of the second derivative. Now, a question will automatically
come to your mind that if my space dependence is given as a linear function, how is it

going to satisfy a second derivative? And this is a legitimate concern.
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FEM- Example Application (cont.)
# Observe: the linear basis functions are not orthogonal
unlike spectral methods.

# However, the discrete equations will be simpler as only the
neighbouring elements interact in evaluating the solution
residual.

# Also, we cannot use (31),(32) directly in (30) because the
bases are linear.

# This is circumvented by exchanging the differentiability of
iy, with o, as suggested in the weak form by requiring the
residue to be orthogonal to each of the bases in the
following manner:

E’\:] W fr o %i—%d!*{“_ o fle)de =0 (33)

Forrafons of Sosebie Gompiing: Frots Exert Wt (FEM)— ) 19653

This is where the help of weak form as oppose to strong form comes into picture. How?

Let us see that. What we do actually?

(Refer Slide Time: 37:52)

We try to take..., See, basically what we have? This is our function and that we are
writing it as the nodal values times this. So, this x dependence is built-in here and this is
the original function, but differential equation says that it should be at least be having a
continuous second derivative, that is what this thing says. But whereas, this one we have

taken as linear function, so there seems to be a conflict. What we could do is, we could



exchange, we could exchange some of this differentiability of this functions from here to
here, such that we are going to look at it like this. So look, I mean, substitution of this,
this expression in their differential equation will give us this kind of a form. And what

have we done?

It is a Galerkin method; so, we are going to say we have the differential equation, we
multiplied by that with the basis functions. The basis functions are files, so what we are
going to do is we are going to multiply, let us say, a Ith basis function phi of | and then

we integrate over the whole domain. That is the whole concept of finite elements.

That is what we are doing here that the weighted residual..., it is not the collocation
method, we are doing some kind of is, a sub domain method. So, what we are doing? We
are multiplying by Ith basis function with this form and then integrating over the whole

domain.
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FEM- Example Application (cont.)

# Observe: the linear basis functions are not orthogonal
unlike spectral methods.

» However, the discrete equations will be simpler as only the
neighbouring elements interact in evaluating the solution
residual.

# Also, we cannot use (31),(32) directly in (30) because the
bases are linear.

# This is circumvented by exchanging the differentiability of
uj, with o, as suggested in the weak form by requiring the
residue to be orthogonal to each of the bases in the
following manner:

Y o S de— [T o f(x)de = 0 (33)

2= 0

So, domain is defined from zero to phi and this is how we keep it. So, the same way the f
is also multiplied by phi | and then we are integrating it and this is your discrete
equation. So, 33 is the discrete equation of the equation that we noted on top here by 30.
So, what happens is, as we said that phi is a linear function, so that d two phi j d x square

does not exist.
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FEM- Example Application (cont.)

# After performing integration by parts for the ISt term of (33):
ll o %jr f_i\)_‘ = LIT [% (u;%) %%] (Ll‘

# For the rhs of the above expression |St

is zero at the integral limits.

term vanishes as o,

# Bubnov-Galerkin representation of (33) is written as:
iof "F,—:' :‘.—‘ lf.J' = ;I\_ ] 0} ff.r‘ (34)

Uy Ju

5

pa

# From inspection of Fig. 3(a) and (32), we get the non-zero
slopes as:

dr

o, { i s sosng o
)

h 2y <a<ayy i

But, what we could do is we could actually perform an integration by parts and that is

what is done up here.

So, if you do this, you could write it like this, that this is nothing but d d x of this times
this. Now, what happens is this is the first part, is a perfect differential, so | could
integrate it and | will get phi | times d phi j d X, substituted at the limit 0 and phi. What is
the property of [lli? phi | is, has that, this property what we have written that it is 1 only

at the node, everywhere else it is 0.

So, what will happen? For any arbitrary phi I, if it is not the end element, this perfect
differential will vanish because phi I is 0; that is what happens. So, this first term drops
out because phi | is, are 0, is at the integral limits other than when j equal to I. See,
basically what we are doing? These two are distinct j and I. Only when | will become
equal to j, then we will have to think about doing something, but otherwise this part will

be always contributing to 0.

At the end of the element, all the conditions would come from..., | mean, we are not
going to satisfy the differential equation at the end at 0 and phi, so in all the cases what
would you find at x equal to 0 or x equal to phi? So, first part will give you 0

contribution.



Then you have come to this, this is what is called as the weak form. See, what has
happened that we are not satisfying the governing differential equations, we are
satisfying an integrated form of it. That is what we did, multiplied by phi | and then we
integrate it, that |88l to M8 dropping of this term and then we get this.

Now, you can see that you are no more requiring the existence of the second derivative
because you have would being the problem into giving your product of two first
derivative. You do not need the second derivative, you see these are the first derivative
and the first derivatives are also very easy when we look at the linear basis functions,

they are either one over h, the slope or minus one over h; that is what we have written

B here.

So, what happens is that make our life rather simpler, that going from x j minus 1 to X j
we have a positive slope and going from x j to x j plus 1, we have a negative slope; so,
this is what we have.

So, we could just simply plug those on the left hand side of 34 and then perform the
integral, that should make life rather comfortable, and this is what you are going to get.

On left hand side we will give you only this, equation 36.
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See, you realize that in the previous page when we are looking at this, which are the |

and j’s which can contribute? They can contribute when all, only, | is the next neighbor



of j; so, that is what we say that if | am looking at this, so | is equal to j will give me the
contribution from here and | is equal to j plus 1 will give me a contribution coming from

this basis function.

Then, this has a common intersection between j and j plus 1th element in this part. The
same way j minus 1th element and jth element will have a common path here. So, that is
what we have written there that we will come..., well, actually there should be a j plus
minus | plus minus 1, and if you do that, if you do that | plus minus 1 and I, you get this.
And this should convince you that it looks like your second order central difference

scheme.

So, this should make us conclude, as if, finite element method spatial discretization is
like second order accurate discretization, which is not true, which is not true when you
look at it is wave properties, when you look at the complete differential equation and |

would like to do that tomorrow.



