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Introduction

Wavelet analysis is a relatively new area in mathematic research. Wavelet analysis mainly includes
the expression of functions. Functions are expanded to summation of “basic functions”, and every
“basic function” is achieved by compression and translation of a mother wavelet function with good
properties of smoothness and locality, which makes people study the properties of integer and
locality in the process of expressing functions.

Fractional differential equations are generalised from integer order ones, which are obtained by
replacing integer order derivatives by fractional ones. Compared with integer order differential
equations, the fractional differential equations show many advantages over the simulation of natural
physical process and dynamic system more accurate.They were found that various, especially
interdisciplinary applications can be elegantly modelled with the help of the fractional derivatives.
For examples, the nonlinear oscillation of earthquake can be modelled with fractional derivatives ,
and the fluid dynamic traffic model with fractional derivatives can eliminate the deficiency arising
from the assumption of continuum traffic flow.

Dynamical Systems deals with a system of differential equations that collectively describe the time
dependence of a point in space. The stability of Dynamical systems has been explored in detail over
the course of this project, using multiple methods.

Dynamical Systems find a wide array of application ranging from modelling the motion of a freely
falling body to modelling diseases. It is only in recent years that the full potential of dynamical
systems has been realised and immense inter disciplinary work is going into this field.

The aim of this project is to present the methodology to solve a set of fractional differential
equations using the Haar wavelets method as well as discuss the stability of both linear and
nonlinear dynamical systems.
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1.1 Definition of fractional derivatives and integrals
(1) Riemann-Liouville definition : [1]

dmu(t)
dtm

m t u(T
! d f % dT O<m-l<a<m
I'(m-oa) dt™ Jo (t-T)

Xx=mEeN;

D u(t) =

IA

t
1 _
SO = s f(t-T)“lu(T) dT, >0, with JOu(t) = u(t)
0

(2) Caputo definition : [']

dmu(t)

Xx=meN;
. dtm
D, u(t) = t .
1 J u(g-znﬂ dT 0O<m-l<a<m
I'(m-o) Jo (t-T)

D.* J*u(® = u(v)

D% u) = u - 3 u0") &
k=0 *

1.2 Haar wavelets and function approximation

The Haar wavelet is the function defined on the real line R as that : [1]

1, 0=<t<05
H(t) = -1, 05=<t<1
0, elsewhere

fori=1,2, ..., writei= 2+ k with j=0,1, ..., 2 _1.ForV ton [0,1], define h;(t) = 2‘i/2H(2jt + k), where ho (t) = 1. Further the
sequence { h, }‘:o= 0 is a complete orthonormal system in L0,1] and for u € C[0,1], series 2 i<u,h> h; converges uniformly to u,

where <u,hi> = [ u(t) hi(t) dt

A function u(t) over the interval [0,1] can be decomposed as follows :

ut)= >, cihi(t)dt , where ¢; = <u(t), hi(t)>.

i=0
In computation practise, only the first k terms of above equation are considered, where k is power of 2. So we have :

k-1

u(t) = u(t) = 2, cihi(t) dt
i=0

1.2.1. Example 1

1

Letu(t)=21t2-3t+ 1, for a given value of k, Haar coefficients are calculated as ¢; = <u,hp> = Ju(t) hi(t) dt , where i=1, 2, .., k-1
then taking [ ¢;] as a row matrix, multiplying it with the Haar matrix of order k, we get an approximation of u(t) in every k

subintervals of [0,1] .

For example, Hy = 1 1 -1 -1
V2. V2 0 0
0 0 V2 2



@

— k=16
— uff) = 262-3t+1

®

— k=32
— uft) = 2-3t+1

©)

— k=64
— uft) = 2>-3t+1

Figure 1.1 : Haar wavelets approximation of u(t) =2 t>- 3 t+ 1, in [0,1] for (a) k=16, (b) k=32, (c) k=64

1.3. Operational matrix of fractional integration of Haar wavelets [!]

Let Hi(t) = [ ho(t), hy(t), ... , hyi(t) ]” take the points tj= Jk_“z ,j=1,2, ... k, then we define

NG )

Hi = |:Hk<_

If 1% is fractional integration operator of Haar wavelets, we can get :

I°H)(1) = P Hi(t) , where P% is called operational matrix of fractional integration of Haar wavelets.

-1
Also, Pakxk = Hi Fo Hi

&= (1+l)(l+1 _ 2(i)0.+1 + (i_l)(l+1

&

1.4. Fractional differential equation [

Now consider the following fractional differential equation with variable coefficients :

D% u(t) + a(t) u(t) = f(t)
where u®(0)=0, i=0,1,...,m-1,

By approximating the function, D" u(t) and u(t) , we have :
k-1

O0<m-l1<a<m

© €kl
T Ex2

D u(t) = D*uk(t) = >J cihi(t) dt = ¢ Hi(t)
u(t) = u(t) =cTP* I‘_Ik(t)

where ¢ = [c,, ¢, .

T
c Gt ]

Substituting we get, ¢' H, (t) + a(t) ¢ P%, Hk(t) = f(t)

Co-efficient a(t) can be dispersed into a(ti) and f(t) into f(t;) (i = 0, 1, 2..., k-1) and converted into matrix form of desired

dimensions.



a(to) 0 0 +---- 0
0 a(t) O
A= | 0 0 £=[ f(to), f(to) , .. . ., f(tir) I7
0 .. a(ticr)
Therefore, we get  ¢' H(t) + ¢T P* H{t) A=f"
The above equation is a linear system of algebraic equation, where H = [ Hk (ty) , Hk (t;) , ... , Hk (t.) |

1.5. Generalised Fractional differential equation

To generalise, let us consider the following fractional differential equation with variable coefficient :

ar (t) DM u(t) + az(t) DX u(t) + ... +as(t) DI ut) = f(1)

Here consider o= max { a; }

1<i<s
u®0) =uimic, 1=0,1,....g-1, 0<g-1<a<q
where q is an integer
Methodology :
L
et 1 3 2m-1
o= | Hulzm ) M3 ) - 1 5 )
1 k-1 <t< k—9.5
2j 2j fori=1,2, ..., m-1 where m=2M, M € Z, j and
hi (t) = -1 k2_.0'5 <t< 2£ k are integer decomposition of i , i.e. A
. J J i=2)+k-1, 0<j<iandl<k<2'+1
where Hm (t) = [ ho, hi, h, ..., hm1] and 0 otherwise
ho(t) =1

Calculate the operational matrix Pno:xm for the given m, and a as :

a _ o -1
mem - (pmxm F ('pmxm
1 & & - &m
where, 0 1 & - Emo
F® ! ! 0 0 1
m” r2+a) .
0 e 1
£i= (]+1)(X+1 _ 2(i)a+l + (i_l)&+1
Now approximating, D, u(t) as : .
-0
-1 e
mxm Pu at Hm(t)

DYfu(®) = Difun(®) = ™ P Hu() + 2 Uain [1 1 1...1] @



Similarly we can disperse aj(t) into ai(tj) and f(t) into f(t;) j = 0, 1, 2..., m-1) and converted into matrix form of desired
dimensions.

aito)) 0 O ..... 0
0 at) O :

A= | 0 08 : f=[f(to) , (o) , . . . ., f(tm1) ]
0 ----- ai(tm 1)

Substituting we get a linear system of m algebraic equation of m variables . From these equation we get the Haar-coefficients
of u(t).

Finally we get an approximation of u(t) by this expression.

o
U() = un(®) = " PUHu(®) + D aninic [11 1.1 @5k, P Hig(t)
r=1

1.5.1. Example 2

Let us consider the following fractional differential equation :

. 2 312 . 3 ; 24 }
# D u(t) - (sint + £ )D2u(t) + Du(t) - 24ut) = =L + (3-24t)sint - —>— 30+ 2% 4o
. u(t) - ( > ) Diu(®) wu() (t) 5 ( ) o .

where 0 < a <1 , with the initial conditions as :

u) =0, uP0)=0 ,u®0)=0 ,u0)=-3

3
Solution : The exact solution of u (t) = tt- % the linear system of algebraic equations were solved by the function FSOLVE

in MATLAB for various values of m.

(@) (b) (©

— Exact solution — Exact solution — Exact solution
| |~ (Haar solution) m=16 | |— (Haar solution) m=64

o4 ok |~ (Haar solution) m=256

Figure 1.2 : Haar solution of the Differential equation (7.1 Example), in [0,1] for (a) m=16, (b) m=64 , (c) m=256

As m increases, the error decreases between exact solution and the solution derived by Haar wavelets approximation as
discussed in section 1.6. [1]




1.5.2. Solving non linear fractional differential equation

As usual, every component of the differential equation is converted into their matrix forms. Component multiplication in the
matrix form is done by Hadamard product of matrixes (element wise multiplication of matrix)

For example, the Hadamard product for a 3x3 matrix A with a 3x3 matrix B is :

air an ap bi1 b bis aitbir anbiz aibis
a1 ax axn| o | ba bxn b = a1 by ambn  axsbx
az  ax  am; bsi  bax bss azbsr  am;bs  azbs;

Further using FSOLVE to solve this non-linear system of equation, the Haar coefficients are calculated. (Recommended
algorithm : Levenberg marquardt algorithm)

1.5.3. Changing interval of solution

To change the interval of solution from [0, 1] to [0, b] where b € R, the operational matrix and definition of Haar matrix gets
modified :

1.5.3.1. Operational matrix P, for a given m is calculated as :

O _ a -1
mem - (pmxm F (pmxm

where , 1 & & © €Em-l

o . 1 & © Em2

F* TRy e— 0 1
m F( 2+ )
0 - 1

gi= (1+)* - 2()™" + (i-1)*"!

1.5.3.2. Haar matrix is defined as :

e [1(2) 1 (2)

| k-1 _t_k-05
2] b 2] fori=1,2,...,m-1 wherem=2M M€ Z, j and
. hi(t) = 1 k-ZJF).S S%< 2£ k are integer decomposition of i, i.e. '
where Hm (t) = [ ho, hi, ho, ..., hm1] and J i=2)+k-1, 0O<j<iandl<k<2'+1
0 otherwise

1.5.4. System of non-linear fractional differential equation

Let us consider a set of n independent fractional differential equations constituting of n unknown functions. In this case, each
fractional differential equation gets converted into m equations (where m is the order of approximation), so in all the set of
fractional D.Es gets converted into m-n number of equations which gives the m'n number of Haar-coefficients (m coefficients

for each unknown function). Hence, solving the problem.



1.5.5. Example 3

Let us consider the set of equations :

It Diu® - y(© + y®u®®) = 0
2. Diu(t) Diy(t) + ut) =1
where u (0)=0, y(0)=0
The exact solution of the above set of equation is u(t) = t and y(t) = 1 - e*. Using Haar wavelets to solve the set of non-

linear equations in the interval [0 , 2], we plot Haar approximated solution of u(t) and y(t) using FSOLVE for the various
values of m.

(a) (b) ()
2 2 2
— Exact solution : y(t) = t gl |7 Exactsolution: y(t) =t 18l |~ Exactsolution: y(t) =t
— Haar solution of y(t) : k =16 — Haar solutlc_)n of y(t) : k =32 —— Haar solution of y(t) : k = 64
16 |~ Exactsolution: u(t) =1 -exp(-t) w6k [ Exact 5°|U‘“°n su(t) =1-exp(-t) 16 |~ Exactsolution: u(t) =1 - exp(-t)
— Haar solution of ut) : k = 1 —— Haar solution of u(f) : k = 32 — Haar solution of u(t) : k = 64
1.4 1.4 1.4
1.2 1.2 1.2
1 1 1
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
02 0.2 02
0 0 0
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2

Figure 1.3 : Haar solution of the Differential equation (1.5.1 Example), in [0,1] for (a) m=16 , (b) m=32, (¢) m=64

1.6. Error analysis [1]

Suppose that the function uy(t) obtained by using Haar wavelets are the approximation of u(t), then we have an exact upper

bound as follows :
M

H U(t) - uk(t) ”E = T(O() F(m—O() o (m—0() []_ — 22(0(—m)]1/2 k(m-)

where || u(t) | = (fuZ(t) dt)"?

Here M is estimated as max | u™ (t) | where 4= J%Q, j=1,2,...k, and m is the integer upper bound of the order of the DE.

1=<i=<k

A conclusion is drawn that Haar wavelets method is convergent when it is used to solve the numerical solution of fractional
differential equations. Because it is clear that as k — o, || u(t) - uk(t) |, = 0.



2.1 Dynamical Systems

Definition:
A Dynamical System is a mathematical formulation of any rule that describes the time dependence of a point in space.

More formally, A smooth dynamical system on " is a continuously differentiable function ¢ : RxR*"—=R"™ ¢(t,x) =
br(x)

1) ¢o : R*"—=R™ is the identity function of ¢o(X,) = X,

2)109s = Prts

2.1.1 Example :

* =ax

Here, ¢;(z0) = xoe®® which is actually the solution on the system.
do(Xo) = Xoe’ = X

and, ¢4 5(Xo) = e(tt9)e = elaese = ¢, (X)) ps(Xo)

2.2 Linear Dynamical Systems

2.1.1 Definition:

A Linear Dynamical system can be thought of as a system in which no term involved has a non-linear(i.e. degree>1 or
product of two variables) terms involved.
Planar Linear Dynamical Systems are basically 2-D Linear Dynamical Systems.

2.2.2 Example :

r =az+ by
y = cx + dy where a,b,c,d € R

2.3 Discussion of equilibrium points on Planar Linear Dynamical Systems

2.3.1 Definition of an Equilibrium point:

An equilibrium point is often understood as the point at which the rate of change is zero. That is in effect the first or-
der derivative which represents rate of change is zero. It is also commonly referred to as a fixed point. For a system of
course, the rate of change of each variable involved should be equated to 0 and the common point of intersection ob-
tained is in fact the equilibrium point.

2.3.2 Example:

T ==z
y =x+y
We equate = 0, we get
z=0 (1)
and we also simultaneously equate y/ =0, we get
z+y=0 (2)

on solving 1 and 2 we get the equilibrium point as x=0 and y=0

Tt is easy to note that every planar linear system has (0,0) i.e. the origin as an equilibrium point.



For a Linear system,

:clzax—o—by
y/:chrdy

where a,b,c,d €
We define

a b
= (04

Using this matrix A, we can rewrite the dynamical system as

X = AXx (3)

As mentioned earlier, the system (3) has origin as an equilibrium point. Further, if det(A)=0 there will be more than
one equilibrium point.

2.4 Classification of equilibrium points in Planar Linear Dynamical Systems

From Linear Algebra we know how to calculate eigenvalues and eigenvectors of a matrix A. Using this knowledge we
can solve a planar system with ease.

The three possible cases are:
Case 1: Two distinct and real eigenvalues (\; and \9)

On solving (3),

X (t) = aeM'V; + Bet?tV, 4)
X(t) is the solution of the system, o and 3 are real constants and V; and V5 are eigenvectors corresponding to A\; and
Ao respectively.
a) Both eigenvalues are negative

Let us assume for simplicity that the matrix corresponding to the system (3) is A= <)E)1 ;) )
2

(4) becomes,

o))

Now as t — 0o we can see that x(t) and y(t) both tend to 0 asymptotically. This equilibrium is stable as the solution as
a whole i.e. X (t) — 0 and is often referred to as a sink.

X(t) = ae’'Vi + BV, (5)

b) Both eigenvalues are positive
Let us assume for simplicity that the matrix corresponding to the system (3) is

(M0
= (% 2

(4) becomes,

o= ()

X (t) = aeMtV; + Bet?tv, (6)



Now as t — oo we can see that x(t) and y(t) both tend to co as they are both increasing. This equilibrium is clearly
unstable as the solution as a whole i.e. X (t) — oo and is often referred to as a source.

Case 2: Complex eigenvalues

a) Matrix is of the form: A= (Oﬂ g)

Here we get the General solution as:

vi= (o) = (i)

Each of these solutions are periodic with period 27 /8. This system formed is called a center.

X(t) = 1MV 4 etV (7)

b) Matrix is of the form: A= (_aﬁ g)

Here we get the General solution as:

_{ cos(pt) ([ sin(pt)
Vi= (—sin(ﬁt)) Vo= <cos(/3t)
These solutions would represent a center if o were to be zero. The e®* term makes the system form a spiral. The spiral

spins away from (0,0) if & > 0 and is an unstable configuration, called a spiral source. The spiral spins towards the
origin if @ < 0 and is a stable configuration, called a spiral sink.

X(t) = eatvl + eatVZ (8)

Case 3: Repeated eigenvalues
Let us consider the case where the common eigenvalue yields only a single linear independent eigenvector.

Matrix is of the form: A= (3 /1\>

The only linear independent eigenvector is (0,1) and the general solution is of the form

o))

It can clearly be seen that if A > 0 and as t — oo, X(t) tends to (0,0). This is a stable configuration. However, if A < 0
and as t — oo, X(t) tends away from the origin forming an unstable configuration.

X(t)= ae’tV) 4 Bet?tV, (9)

2.5 Classification of equilibrium points using the Trace-Determinant method

Let us consider the dynamical system

’

X =AX

where the corresponding matrix is given by A= (Z Z)

Let T denote the Trace(A), T=a+c
and D denote the determinant, D=ad-bc

The eigenvalues are in fact the roots of the characteristic equation which comes from det(A-AI) =0



They can be represented as Ay

_ TH+VT?—-4D., )\2 _ T—+\/T?—-4D
- 2 ’ - 2

Based on this we can plot the Trace-Determinant Plane

100 \ T T T T T T T T T
0\ /

BOF /]

\ Stable Spiral Unstable Spiral
ir \

Unstable Node|

Figure 2.1: The Trace-Determinant Plane

2.6 Equilibrium of Non-Linear Systems using Linearization

We can use the fact that for systems having an equilibrium point near the origin terms like 22, 32, etc. can be neglected.
However this process may not always work.

2.6.1 Example:

x: =z +y?

Yy =-Yy

We equate 2 = 0 and y/ = 0, we get the equilibrium point as x=0 and y=0. Now if we were to rewrite the system by
neglecting y?
T =

’

Yy =-Yy
We still get the equilibrium point as x=0 and y=0. And solving will show us that both give the same answer.

2.6.2 Example:

27:.172
’

Yy =-y
We equate z = 0 and yl = 0, we get the equilibrium point as x=0 and y=0. Now if we were to rewrite the system by

neglecting x?
z =0

10



Yy =Yy

We see that for the new system; y=0 and x=constant i.e. the x axis is the set of equilibrium points. It is evident that
the equilibrium points of the system has changed and therefore the linearization method fails here.

2.7 Equilibrium of Non-Linear Systems using Jacobian Matrix

Let us have the system as X = g(X)
Now on equating X = 0 say we are to get X; as an equilibrium point.
Let J denote the Jacobian Matrix of the system.

1) If J(X1) were to yield eigenvalues with negative real parts, we can conclude the X; is an asymptotically stable equi-
librium point.

2) If J(X1) were to yield eigenvalues with positive real parts, we can conclude the X7 is an unstable equilibrium point.
3) If J(X1) yields eigenvalues with both positive and negative real parts, we classify the equilibrium point as saddle
point.

4) If det(J) = 0, this process if insufficient to comment on stability.

Let us look at Example 2 from the previous section. The system was

.’B:l‘2
’

Yy =-Y

and the Jacobian can be calculated as,

2¢ 0
- (55

The Determinant of J at the equilibrium point (0,0) is zero and hence we can’t comment on it’s stability here.

2.8 Drawing a Phase Portrait to understand stability

Let us consider the dynamical system

’

X =AX

where the corresponding matrix is given by A= (_; g)

1)First, we find the general solution of the system.
X(t)=c1etV; + c2e® Vs

-0

2) The Phase portrait is just a rough representation of the family of curves X(t). As is it difficult to plot all solutions
corresponding to various values of ¢; and co, We plot the four basic ones. These correspond to ¢; = +1,—1 when ¢co =0
and co = 41, —1 when ¢; = 0.

3)These four correspond to the straight lines passing through the origin.

Now as t — oo, €' dominates over e’. Further as ¢t — —oo, ¢! dominates over e
Therefore, a general solution starting from the origin would follow the trend of starting parallel to A = 1 and end up
becoming parallel to A = 3.

3t

The equilibrium point in clearly an unstable one as the solutions tend away from the origin. This can be verified from
the phase portrait as well.

11
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Figure 2.2: Phase Portrait corresponding to Matrix A

The main advantage of being able to plot the phase portrait is that is saves trouble in analysing the solutions and the

graph very clearly shows the stability at the equilibrium point.
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3 Conclusion

Over the duration of the project, we started from the basic definition of wavelets and then explored the various features
of wavelets. We were particularly interested in some features that helped us in solving differential equations of fractional
order. Fractional order differential equation we came to understand are a generalisation of integer order ordinary differ-

ential equations.

We started by focusing on the Haar Wavelets and studied various properties like scaling on the interval [0, 1), and vari-

ous other properties. We used the haar wavelets as a set of orthonormal basis functions on [0, 1) to approximate various
functions and then further used this technique of approximation to solve fractional order differential equations.

Apart from our work on wavelets we also studied in detail about dynamical systems. Stressing more on linear dynami-
cal systems, we understood different methods to discuss stability.

While we started by focusing mainly on theoretically showing the existence of equilibrium points and classifying them
we then move on to plotting phase portraits. Phase Plots help in visualising the phenomenon of stable and unstable
equilibrium points.

MATLAB is a coding environment which proved essential throughout this project in understanding various concepts
and plotting important graphs.

Implementation of various MATLAB functions to solve differential equations and plot phase portraits has made both
the report and our project complete in many aspects.

13
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