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SYLLABUS

Basic Mathematics-I1

Objectives: This course is the second course of the basic mathematics series and is designed to give the basic and necessary
knowledge of integration and their application in daily life, formation of basic differential equations and elementary concept
of Probability. After completion of this course student will be able to find the area of region enclosed by the curves by the
method of integration, solve any first order differential equation and solve the basic problems of probabilities.

Sr. No. Description

Integration as inverse process of differentiation, Integration by substitution

Integration by partial fraction and by parts

Definite integral, evaluation of definite integrals by substitution

Simple properties of definite integral

Application in finding the area under simple curve and within two curves

Formation of differential equation

Solution of differential equation of first order and first degree by separation of variables

Homogeneous equation and linear equation
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Permutation, Combinations
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Random Experiments, Event, Axiomatic Approach to Probability
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Objectives

After studying this unit, you will be able to:

° Understand the Integration as inverse process of differentiation
° Illustrate the process of integration by Substitution
Introduction

Differential Calculus is centered on the concept of the derivative. The original motivation for
the derivative was the problem of defining tangent lines to the graphs of functions and calculating
the slope of such lines. Integral Calculus is motivated by the problem of defining and calculating
the area of the region bounded by the graph of the functions. If a function f is differentiable in an
interval I, i.e., its derivative f 2 exists at each point of I, then a natural question arises that given
f2 at each point of I, can we determine the function? The functions that could possibly have given
function as a derivative are called anti derivatives (or primitive) of the function. Further, the
formula that gives all these anti derivatives is called the indefinite integral of the function and
such process of finding anti derivatives is called integration. Such type of problems arises in
many practical situations. For instance, if we know the instantaneous velocity of an object at any
instant, then there arises a natural question, i.e., can we determine the position of the object at
any instant? There are several such practical and theoretical situations where the process of
integration is involved. The development of integral calculus arises out of the efforts of solving
the problems of the following types: (a) the problem of finding a function whenever its derivative
is given, (b) the problem of finding the area bounded by the graph of a function under certain
conditions. These two problems lead to the two forms of the integrals, e.g., indefinite and
definite integrals, which together constitute the Integral Calculus. There is a connection, known
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Notes

as the Fundamental Theorem of Calculus, between indefinite integral and definite integral
which makes the definite integral as a practical tool for science and engineering.

1.1 Integration as an Inverse Process of Differentiation

Integration is defined as the inverse process of differentiation. Rather than differentiating a
function, we are provided the derivative of a function and requested to locate its primitive, i.e.,
the original function. This type of process is known as Integration or anti differentiation.

1.1.1 The Fundamental Theorem of Calculus

The Fundamental Theorem of Calculus identifies the relationship among the processes of
differentiation and integration. That relationship says that differentiation and integration are
inverse processes.

The Fundamental Theorem of Calculus: Part1

If f is a continuous function on [a,b], then the function indicated by

g(x)= Tf(u)du forx €[a,b]

is continuous on [a,b], differentiable on (a,b) and g’(x) = f(x).

g(x)

u
a x b

If f(t) is continuous on [a,b], the function g(x) which is equal to the area enclosed by the u-axis and
the function f(u) and the lines u=a and u=x will be continuous on [a,b] and differentiable on (a,b).
Most prominently, while we differentiate the function g(x), we will discover that it is equal to
f(x). The above graph demonstrates the function f(u) and the area g(x).

The Fundamental Theorem of Calculus : Part 2

If f is a continuous function on [a,b], then

b

[ f(x)dx = F(b) - F(a)

where F is any antiderivative of f.

If f is continuous on [a,b], the definite integral with integrand f(x) and limits a and b is just equal
to the value of the antiderivative F(x) at b minus the value of F at a. This property permits us to
simply resolve definite integrals, if we can locate the antiderivative function of the integrand.

Part one and part two of the Fundamental Theorem of Calculus can be combined as below.
Combining the Fundamental Theorem of Calculus Part1 and Part 2

Let f be a continuous function on [a,b].

LOVELY PROFESSIONAL UNIVERSITY



Unit 1: Integration

x Notes

1. Ifg(x)=[ f(u)du,theng'(x) = f(x)

a

b
2. _[ f(x)dx =F(b)- F(a), whereF is any antiderivativeof f

a

As integration is the inverse process to differentiation. So rather than multiplying by the index
and dropping the index by one, we enhance the index by one and divide by the new index. The
+ C occurs since the derivative of any constant term is zero.

C is known as the (arbitrary) constant of integration.

l?

Did u know? The value of C can be instituted when suitable additional information is
given, and this provides a specific integral.

The rule for integration is

n+1

ax
Jux”dx =

+C provided n=# -1,
n+

Generally, [ f'(x)dx= f(x)+C or j(%) dx=y+C

The inverse relationship among differentiation and integration means that, for each statement
regarding differentiation, we can write down an equivalent statement concerning integration.

' d
% Example: Find the equation of the curve for which % =4x° + 617 passes via the point

(1, 3).

Integrating provides

y= I(4x3 +6x7)dx =x* +2x* +C

Substituting x =1 and y =3 offers3=1+2+C,thusC=0
y=x*+2x°

The subsequent step is, when we are specified a function to integrate, to execute rapidly via all
the typical differentiation formulae, until we come to one which is suitable to our problem.

Alternatively, we have to learn to identify a specified function as the derivative of another function.

2

d
Task Given E(X‘l): 4x° then evaluate I 4x°dx .

Self Assessment

Fill in the blanks:

1 is motivated by the problem of defining and calculating the area of the region
bounded by the graph of the functions.

2. The functions that could possibly have given function as a derivative are called .....................
of the function.
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3. is defined as the inverse process of differentiation.

4. The Fundamental Theorem of Calculus identifies the ..................... among the processes of
differentiation and integration.

5. The + C occurs since the derivative of any constant term is .....................
6. e is known as the constant of integration.
7. The value of C can be instituted when suitable additional information is given, and this

provides a specific ..........cccc...... .

8. The ., relationship among differentiation and integration means that, for each
statement regarding differentiation, we can write down an equivalent statement
concerning integration.

d .
9. ——(sinx) = cosx , sojcosxdx =
dx

1.2 Integration by Substitution

Integration can be simply performed by means of integration formulas, If the integral is in the
typical form where we can simply pertain formulas. But if the function which is to be integrated
is not in the typical form then it is either tough or impracticable to utilize integration formulas
to integrate. In that case we are required to use Integration by Substitution method to integrate
a specified function.

In the process of Integration by substitution, we reduce an integral in non-standard form into a
integral in standard form by altering the variable into a new variable with appropriate
substitution.

1.2.1 The Guess-and-Check Method

The Guess-and-Check Method, a high-quality strategy for locating simple ant derivatives is to
guess an answer (by means of knowledge of differentiation rules) and then check the answer by
means of differentiating it.

l"

Did u know? 1f we get the predictable result, then we're completed; or else, we rework the
guess and check again.

The method of guess-and-check is functional in reversing the chain rule. The chain rule shows:

d I inside I
3 )= f (). g
X Derivative of outside Derivative of inside

Therefore, any function which is the consequence of applying the chain rule is the product of two
factors: the “derivative of the outside” and the “derivative of the inside.” If a function contains
this form, its anti derivative is f (g(x)).

' Example: Find I 3x* cos(x*)dx.

Solution:

The function 3x?cos(x’) appears as the result of applying the chain rule: there is an “inside”
function x® and its derivative 3x? occurs as a factor. As the outside function is a cosine which has
a sine (x%) as an ant derivative, we guess for the anti derivative. Differentiating to check provides.

LOVELY PROFESSIONAL UNIVERSITY
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d . R 5 Notes
—(sin(x”)) = cos(x”).(3x7)
dx

As this is what we started with, we know that
J.3x2 cos(x*)dx-sin(x*)+C.
The fundamental thought of this method is to attempt to locate an inside function whose derivative

occurs as a factor.

This functions even when the derivative is missing a constant factor, as in the subsequent
example.

' Example: Find I te

Solution:

It appears like #* +1 is an inside function. So we guess ¢ for the anti derivative, as taking the
derivative of exponential outcomes in the recurrence of the exponential jointly with other terms
from the chain rule.

Now we check:

%(e(tz+1))_(e(lz+l))2t.

(t2+1)

1
The original guess was excessively large by a factor of 2. We modify the guess to —e¢ and

2
check yet again:

i(le(tzﬂ)) _1e(t2+1)2t_ e(t2+1)t
dt\2 2

Therefore, we know that

[te Nt = Lo _c
2

' Example: Find I xyxt +5dx

Solution:

At this point the inside function is x*+ 5, and its derivative occurs as a factor, with the exemption
of a missing 4. Therefore, the integrand we have is more or less of the form

8'(x)y/8(x)

with g(x) = x*+5. As x*/* /(3/2) is an anti derivative of the outside function Jx , we might guess
that an anti derivative is

(36 _ (' +5)"°

3/2 3/2
Let’s check:

A ((x'+5)7) _3(x'+5)""

L Ax® =4x° (x* +5)'/2
=\ 3/2 2 32

LOVELY PROFESSIONAL UNIVERSITY 5
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(x* +5)*/?
Thus 32 is very big by a factor of 4. The exact anti derivative is

1(x*+5)"% 1
g

Thus

Ix3\/x4 +5dx :%(x4 +5)°/2-C

As a concluding check:

di[ %(x4+5)3/2j -%%(x“ +5)/24x* - (x* +5)/2
X

=7|

Notes As we have observed in the previous examples, anti differentiating a function
frequently includes “correcting for” constant factors: if differentiation generates an extra

1
factor of 4, anti differentiation will need a factor of s

1.2.2 The Method of Substitution
When the integrand is intricated, it assists to formalize this guess-and-check method as below:

To Make a Substitution

v

=—dx .
dx

Let w be the “inside function” and dw = w'(x)dx

Let’s do again the first example by means of a substitution.

' Example: Find I 3x* cos(x’)dx .

Solution:

As before, we gaze for an inside function whose derivative occurs —in this case x°. Let w = x°.
Then dw = w'(x)dx = 3x°dx . The original integrand can now be entirely rewritten in terms of the

new variable w:

3x?dx

3
I3x2 cos(x’)dx = Jcos@. = Icoswdw: sinw+C =sin(x’)-C
w  dw

By altering the variable to w, we can shorten the integrand. We now have cos w, which can be
anti differentiated more simply. The concluding step, after anti differentiating, is to convert
back to the original variable, x.

1.2.3 Trigonometric Substitutions

As we know Substitutions permit us to solve complicated-looking integrals by translating them

into something more manageable. Now, we shall scrutinize a different type of substitution: a
trigonometric substitution, which will permit us to integrate more functions.

LOVELY PROFESSIONAL UNIVERSITY



Unit 1: Integration

Before starting, however, let us remind some helpful trigonometric identities. Notes
The first is the Pythagorean Identity: sin?0 + cos?0 = 1. If we divide all terms by cos?0, then we

have:

22 2
0 cos™O 1
s = < tan’0+1=sec’0 .

cos’®  cos*® cos?

The well-known trigonometric identities

a’* —a*sin® () =a’cos®(t) (1)
a’> —a*tan’ (t) = a*sec’ (t) (2)
a’sec’ (t) =a’tan’(t) (3)

may be used to eradicate radicals from integrals. Particularly when these integrals entail /42 + x?

and \/xz iaz .

1. For /;2_4? set x=asin(t). In this case we converse regarding sine-substitution.
2. For [z + x2 set x=atan(t). In this case we converse regarding tangent-substitution.
3. For \/x2 442 set x=asec(t). In this case we converse regarding secant-substitution.

. 2 2 2 2 .
The expressions 4°£x” and x~ £a° should be observed as a constant plus-minus a square of a

function. Here, x displays a function and a a constant. For example, x* — 2x + 3 can be observed as
one of the two previous expressions. Certainly, if we complete the square we obtain

X2 -2x+3=(x-1)"+2

where a2 = 2. Thus from the above substitutions, we will set x —1=+/2tan(t).
The following examples exemplify how to apply trigonometric substitutions:
' Example: Find Ix3 Va4 -x*dx

Solution:

It is simple to observe that sine-substitution is the one to use. Set x =2sin(t) or equivalently

t=sin""(x/2). Then dx=2cos(t)dt which provides us

.[x3x/mdx = IBSinz (t)\/mcos (t)dt.

Easy calculations provide

‘[x3x/mdx = 32J.sin2 (t)cos® (t)dt.

Technique of integration of powers of trigonometric functions give
_[sin3 (t)cos® (t)dt = J.(l - cos’ (l‘))cos2 (t)sin(t)dt

which recommends the substitution v =cos(t). Hence dv=-sin(#)dt which implies

3 5

j(l — cos? (l‘))cos2 (t)sin(t)dt = —j(l— vz)vzdv =3 + 5 +C.

LOVELY PROFESSIONAL UNIVERSITY 7
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Notes Thus, we have

3 5
[rVa-xtax= —32% + 32% +C.

This will not answer completely the problem since the answer should be given as a function of x.

As v=cos(t)=1-sin?(t) =1-(x/2)", we obtain after easy simplifications.
' Example: Evaluate ISVXZ + 6xdx

Solution:

First let us complete the square for x* +6x. We obtain

x*+6x=(x+3)" -9

which recommends the secant-substitution x + 3 = sec(t). So we have dx = 3 sec () tan (f) and

X%+ 6x =9 (sec’(t)- 1) = 9 tan’(t). Observe that for x =0, we have sec(t) =1 which provides ¢t =0 and
for x = 3, we have sec(t) = 2 which provides t = /3 . So, we have

J.Oaxlxz +6xdx = .[On/z3tan(t)35ec(t)tan(t)dt = 9_|.0ﬁ/3tan2 (t)sec(t)dt.
By means of the trigonometric identities, we obtain

In/stanz (t)sec(t)dt = J."/B(sec2 (t)- sec(t))dt

0 0 ’
The technique of integration connected to the powers of the secant-function provides
Isec(t)dt = In|sec(t) + tan(t)| + C and

, 1 1
jsec (£)dt = Esec(t)tan(t) + EIn |sec(t)+tan (t)|+C

which entails
"/3 1 1 "
JO (sec®(t)- sec(t))dt = [Esec(t)tan(t) - EIn [sec(t) +tan (t)@ .
0
One would ensure easily that
r\/xz +6xdx = 9'|‘n/3’car12 (t)sec(t)dt =~/3 — 1Ir1(2 + \/3)
0 0 2

Useful trigonometric identities:

1-sin®*(t) = cos’(t)
1+tan’(t) = sec’(t)
sec’(t)-1 = tan’(t)

' Example: Evaluate

Solution:

1
-
N1-x2
Observe that we cannot use a u-substitution.

8 LOVELY PROFESSIONAL UNIVERSITY



Unit 1: Integration

Ifweletu=1 -x? then du = - 2xdx, but we don't have -2xdx. Notes
Also, integration by parts will not function.

If we let u = (1 - x?)7/2, then du = x(1 - x*)/?dx. dv = dx, and so v = x.

T g % x* p
Putting it together, we have: .[\/1 2 = N _.[(1 _xz)a/z ¥, which has only made the

integral worse.

But what happens if we let x = sinf. Observe that the quantity inside of the square root turns out
t be 1 - sin?0 = cos?0, by the Pythagorean Identity above.

Also, observe that dx = cosd6. Unlike before, here we do not have to solve for dx; it is already
given to use.

So, now we just plug everything in and solve.

cos6 10— J-cose

cos0d0 = J.\/ o
cos

de:jde:ew

I 1 dx = il
\/l—x2 \/1—sin29

The question remains, what is 67 We need to solve for 0 in terms of x.

cosH

If we gaze above, we observe such a relationship. Recall, we had let x = sinf. That means that
0 = sin”'(x) or arcsin(x).

1 .
So, we have that _[ N dx =arcsin(x) +C.

' Example: EvaluateJ. 3 !
x

—dx
+4x+13

First we complete the square in the denominator by observing that 13 = 4 + 9 and then that
providesus x? + 4x + 4 + 9 = (x + 2)2

_[ 3 1 dx:f 5 ! dx:I 12 S dx.
x> +4x+13 x> +4x+4+9 (x+2)°3

Then we let x + 2 = 3tan0. Observe that dx = 3sec?0d0.

After substituting, we have

1 3sec’ 040 3sec’0d0  3sec’ 0d0
] f ] ]

1 1
— sl Sl s —=[d0=20+C.
(x-2)"+3 (3tan6)"+9 “9tan"6+9 9sec’ 0 3

3

Solving for 6, we have 6 =arctan (%)

Thus, J‘% dx = 1arctan(ﬂj +C.
x“4x+13 3 3

' dx
Example: Evaluate J-i
d*N4-x*

LOVELY PROFESSIONAL UNIVERSITY 9
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Notes Solution:

Since the radical has the form +a* —x*
let x = a sin® = 2 sin®

dx =2 cos0dd

and V4 —x* =2cos0

2
X
[¢]
Va2
h '[ dx B _[ 2c0s0d0
enee *\a-x? (4sin®0)(2cos0)
Sy
47 sin%0
= i_’lsec2 040
= 1C0t9 +C
4
2
1V e
4 x
2
_ N4 —x ‘C
4x
' Example: Evaluate I __dx
' 25+ 2
Solution:
Since the radical has the form va® + x*
let x = a tan® = 5 sin®
dx =5 sec?0d0
and v25-x? =5co0s0
Vo5 + %2
X
0
5

10 LOVELY PROFESSIONAL UNIVERSITY
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Notes
b I _ I 5sec’ 040
ence, \/ 25— x2 5secO

= I sec0d0

= In‘sece + tane‘ +C

J25+x2 +x

5 5

+C

=In

1.2.4 Why does Substitution Work?

The substitution technique makes it appear as if we can treat dw and dx as disconnected entities,
even canceling them in the equation dw = (dw/dx)dx. Now we illustrate how this works. Let us

have an integral of the form J f(8(x))g'(x)dx , where g(x) is the inside function and f(x) is the

outside function. If F is an antiderivative of f, then F’ = f, and by means of chain rule

Thus,

[ F(8(x))g (x)dx - F(g(x))+ C

Now write w=g(x) and dw/dx=g’(x) on both sides of this equation:
dw

[ f(w)==dx - F(w)+C
dx

Conversely, knowing that F’ = fillustrates that

[ f(w)dx - Fw)+C

So, the following two integrals are equal:

J. —dx _[F

Substituting w for the inside function and writing dw = w’(x)dx leaves the indefinite integral unchanged.

Let’s return to the second example that we did by guess-and-check.

' Example: Find I tel” Nt .

Solution:

Here the inside function is t* +1, with derivative 2¢. As there is a factor of ¢ in the integrand, we
try

w=t+1
So
dw=w’(t)dt = 2t dt

1
Observe, though, the original integrand has only t dt, not 2t dt. We then write K= tdt and

then substitute:

LOVELY PROFESSIONAL UNIVERSITY 11
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Notes , w 1 1 1 1 .
fte“ gt —je“_”) tdt—je“’fdw—fjewdw—few +C-=e""M4C
— 2 2 2 2

ldw
2

This provides the similar answer as we found by means of guess-and-check.

1 1, 1
Why didn’t we put x EI e“dw - 5 e’ + EC in the preceding example? As the constantCis arbitrary,
. 1 o
it doesn’t actually matter whether we add C OI‘EC . The convention is always to add C to
whatever antiderivative we have computed.

Now let’s do again the third example that we solved formerly by guess-and-check.

' Example: Find I x*Nx* +5dx .

Solution:

The inside function is x* +5, with derivative 4x°. The integrand has a factor of x3, and as the only
thing missing is a constant factor, we attempt

w=x*+5

Then

dw =w'(x)dx =4xdx
Giving

1 aw =x>dx
4

So,

1 1 1/2 1w 1
*Jxt +5dx - | Jw —dw-— dw-—. C-—(x*+5y°*-C
Ix X X J. w4 w I w dw 1732 6(x )

Again, we get the similar result as with guess-and-check.

AN

Caution We can apply the substitution method when a constant factor is absent from the
derivative of the inside function. Though, we may not be able to utilize substitution if
anything other than a constant factor is missing. For example, setting w = x* - 5 to find

J.xZ\/x4 +5dx

does us no good since x* dx is not a constant multiple of dw=4x’ dx. Substitution functions
if the integrand encloses the derivative of the inside function, to within a constant factor.

Some people favor the substitution method over guess-and-check as it is more systematic, but
both methods attain the same result. For uncomplicated problems, guess-and-check can be quicker.

' Example: Find I e“’sin0do .

Solution:

Consider w = cos 0 as its derivative is -sin 6 and there is a factor of sin 0 in the integrand. This
provides

12 LOVELY PROFESSIONAL UNIVERSITY
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dw =w’ (0) d6 = -sinH d6, Notes
So
—dw = sin6 dO

Therefore

J.e”“e sinede—je“’ (~dw)-(-1) J.ew dw-—e*+C—--¢ +C

Example:FindJ ¢ dt

1+¢

Solution:

Observing that the derivative of 1 + €' is ¢/, we notice w = 1 + ¢’ is a good quality choice. Then
dw = ¢' dt, so that

e 1, 1
J fdt:_[ -e dt:J—dwzln\w\+C
1+e 1+e w

=In[l+e¢'[+C
As the numerator is e’ dt, we might also have attempted w = ¢'. This substitution leads to the

integral .[(1 /(1+ w))dw, which is better than the original integral but needs another substitution,

u =1+ w, to terminate. There are frequently several different methods of doing an integral by
substitution.

=7|

Notes Observe the pattern in the preceding example: having a function in the denominator
and its derivative in the numerator shows a natural logarithm. The next example follows

the similar pattern.

Example: Find I tan0d0 .

Solution:

Remember that tan6=(sin )/(cos ) . If w = cosb, then dw = -sind dO, so

[tanodo=[ S o= [T _ _1p|cose| - C
cos® w
-
Example: Compute IO xe* dx
Solution:

To assess this definite integral by means of the Fundamental Theorem of Calculus, we first want

to find an antiderivative of f(x)=xe* . The inside function is x>, so we consider w = x*. Then

dx = 2x dx, so

ldx:xdx.
2

LOVELY PROFESSIONAL UNIVERSITY 13
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Notes

Thus,
I sec? x dx

Now we locate the definite integral

xe dx = 1e'tz
Jret =

2 1 4 0 1 4
——(e"—e)==(e" -1
P ) =St -1).
There is another method observe at the same problem. After we recognized that
Ixe‘zdx = 16’” +C,
2

our next two steps were to substitute w by x% and then x by 2 and 0. We could have directly
substituted the original limits of integration x = 0, and x = 2, by the analogous w limits. As
w = x?, the w limits are w = 0°= 0 (wWhen x = 2) and w = 2>= 4 (when x = 2), so we get

J.::OZ xe* dx — % I::: e“dx — %e“’

L PN P
——(e"=e’)==(e" -1).
S5 =)= =)

As we would guess, both methods provide the similar answer.

[P

Task Evaluate Jx2V1 +x°dx by using substitution.

1.2.5 More Complex Substitutions

In the examples of substitution illustrated until now, we guessed an expression for w and
expected to find (or some constant multiple of it) in the integrand. What if we are not so
fortunate? It turns out that it frequently works to let w be some muddled expression contained
inside, say, a cosine or under a root, even if we cannot see instantly how such a substitution
assists.

Example: Find j\/ 1+/xdx.

Solution:
Here, the derivative of the inside function is nowhere to be observed. Yet, we try ¢ =1++/x -

Then

w=1+x, so(w - 1)2 =x, SO.

Thus 2(w - 1 dw = dx).

We have

lel ++/x dx = j\/w2(w—2)dw = 2J.w”2(w—l)

:ZJ.(wB/2 —wl/z)alx:Z(%wS/2 —§w3/2)+c

:2(%(1+\/§)5/2—%(1+\/§)S/2)+C
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Unit 1: Integration

Observe that the substitution in the previous example again converts the inside of the messiest Notes
function into something easy.

AN

Caution As the derivative of the inside function is not waiting for us, we have to solve for
x so that we can obtain dx completely in terms of w and dw.

Self Assessment

Fill in the blanks:

10. In the process of Integration by........cccccccccvurneces , we reduce an integral in non-standard
form into a integral in standard form by altering the variable into a new variable with
appropriate substitution.

11.  The i, Method, a high-quality strategy for locating simple ant derivatives
is to Quess an answer (by means of knowledge of differentiation rules) and then check the
answer by means of differentiating it.

12.  The method of guess-and-check is functional in ............ccccccccunennes the chain rule.

13.  Any function which is the consequence of applying the chain rule is the ............ccccccccccceeee.
of two factors: the “derivative of the outside” and the “derivative of the inside.”

14, a function frequently includes “correcting for” constant factors.

15.  We can apply the substitution method when a constant factor is absent from the derivative

of the .....covvvvviiiiine, function.
1.3 Summary
o Integral Calculus is motivated by the problem of defining and calculating the area of the

region bounded by the graph of the functions.

o The functions that could possibly have given function as a derivative are called anti
derivatives (or primitive) of the function.

o The formula that gives all the anti derivatives is called the indefinite integral of the
function and such process of finding anti derivatives is called integration.

° There is a connection, known as the Fundamental Theorem of Calculus, between indefinite
integral and definite integral which makes the definite integral as a practical tool for
science and engineering.

o The Fundamental Theorem of Calculus defines the relationship among the processes of
differentiation and integration.

o The inverse relationship among differentiation and integration means that, for each
statement about differentiation, we can write down a matching statement regarding
integration.

o In the method of Integration by substitution, we reduce a integral in non-standard form
into a integral in standard form by altering the variable into a new variable with appropriate
substitution.

o The Guess-and-Check Method is a high-quality strategy for locating simple ant derivatives
is to Quess an answer (by means of knowledge of differentiation rules) and then check the
answer by differentiating it.

LOVELY PROFESSIONAL UNIVERSITY 15
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Notes ° Some people favor the substitution method over guess-and-check as it is more methodical,
but both methods attain the similar result.

1.4 Keywords

Anti-derivatives: The functions that could possibly have given function as a derivative are
called anti derivatives (or primitive) of the function.

Guess and Check method: The Guess-and-Check Method is a high-quality strategy for locating
simple ant derivatives is to guess an answer (by means of knowledge of differentiation rules)
and then check the answer by differentiating it.

Integration: The formula that gives all the anti derivatives is called the indefinite integral of the
function and such process of finding anti derivatives is called integration.

1.5 Review Questions

1.  Illustrate how integration can be defined as an Inverse Process of Differentiation.
2. Depict the concept of the Fundamental Theorem of Calculus with examples.

3. What is Guess-and-Check Method? Illustrate with examples.

4. Use substitution to state each of the following integrals as a multiple of J-:’(l / w)dw for

some a and b. Then evaluate the integrals.

10X x/48inx
dw dw
(@) .[0 1+ x2 (b) '[0 cosx
5. Find the antiderivatives of:
(@)  xsin(x®+1) (b)  xPsin(x’ +1)
6.  If appropriate, assess the integral _[X sin(x*)dx by substitution. If substitution is not

appropriate, mention it, and do not assess.

xZ

1+x?

7. If suitable, assess the integral I dx by substitution. If substitution is not suitable,

mention it, and do not assess.

8. Find J.4x(x2 +1)dx by means of two methods:

(@) Do the multiplication first, and then anti-differentiate.
(b)  Use the substitution w = x2.

(¢ Explain how the expressions from parts (a) and (b) are different. Are they both
correct?

9. Evaluate J.(— sinx)dx by using the method of substitution.

10. Evaluate J.SEC2 x dx by using the method of substitution.
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Unit 1: Integration

Answers: Self Assessment Notes
1.  Integral Calculus 2. anti derivatives

3. Integration 4. relationship

5. zero 6. C

7. integral 8. inverse

9. sinx+c 10.  substitution

11.  Guess and Check 12.  reversing

13.  product 14.  Anti differentiating

15.  inside

1.6 Further Readings

Books Douglas S. Kurtz, Jaroslav Kurzweil, Charles Swartz, Theories of Integration,

World Scientific.

G.H. Hardy, T. W.Korner, A Course of Pure Mathematics, Cambridge University
Press.

Morris Kline, Calculus: An Intuitive and Physical Approach, Courier Dover
Publications.

Ron Larson, David C. Falvo, Calculus: An Applied Approach, Cengage Learning

o

Online link http:/ /mathsci.ucd.ie/ modules/math1200/ calculus/notes-20.pdf
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Notes Unit 2: Integration by Partial Fraction
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21 Integration by Partial Fractions
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24  Summary
2.5 Keywords
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2.7  Further Readings

Objectives

After studying this unit, you will be able to:

° Understand the concept of integration by partial fraction

) Discuss the partial fraction theorem

° Identify how to find the coefficients in the partial fraction expansion
Introduction

We recognize the process to integrate polynomials and negative power of x-a. By the method of
“partial fractions” we can translate any rational function into a polynomial and fractions each
one with negative powers of just one factor (x-a); this permits us to integrate any rational
function, when we identify the process to factor its denominator entirely.

2.1 Integration by Partial Fractions

A rational function is defined as the proportion of two polynomials in the form of P(x)/Q(x) , where
P (x) and Q(x) are polynomials in x and Q( x) # 0. If the degree of P( x) is less than the degree of Q( x),

18 LOVELY PROFESSIONAL UNIVERSITY



Unit 2: Integration by Partial Fraction

then the rational function is known as proper, or else, it is known as improper. The improper Notes
rational functions can be abridged to the proper rational functions by long division procedure.

AN

Caution The degree of the numerator ought to be less than the degree of the denominator.
2.1.1 Idea of Method of Partial Fractions

Here we show general rational function P(x)/Q(x) as a sum of integrable terms.

Assume that the degree of P(x) is p and that of Q(x) is q. If p is at least q, we can hide P by Q
(through synthetic, i.e., long division) to attain a polynomial, D(x), and a remainder, R(x)/Q(x),
along with the degree, 1, of R less than q.

The fraction R(x)/Q(x) then moves toward 0 as YxY augments in every path in the multifaceted plane.

Each polynomial can be factored into linear factors (if complex numbers can occur in the factors).
As a result we get:

Qx) = (x =q.)" (x = q,)"™ (¥ = q,)"™

where m, is the multiplicity of the k™ root of Q(x); the sum’s of the m’s being g.

AN

Caution If the rational function is improper, make use of “long division” of polynomials
to carve it as the sum of a polynomial and a proper rational function “remainder.”

2.1.2 The Partial Fraction Theorem

You can consider R(x) / Q(x) as a sum over the roots q ; of the terms of the form

-1
Ay + ajl(x _qj)+“'aj(m]—l)(x _qj)mj

(x_qj)m]

for suitable constants a "

=7|

Notes Observe that this theorem permits us to integrate P(X) / Q(x); we are required only
to integrate the polynomial D(x) and the different inverse powers appearing in this sum,
(presuming we can calculate the a , here.)

Proof of the Partial Fraction Theorein

Let Q(a) = 0 and the root a of this equation contains multiplicity k.
Next, we have Q(x) = (x - a)*Z(x) and Z(a) = ¢ for non-zero c.

Let consider further that R(a) = d for non-zero d. (or else we could factor (x - a) out of both R and
Q and lessen their degrees.)

Then gix)

R(x) d

k1 at x = a, since the rational function () ¢

—k
) - Z(x ~a)" acts at worst like u(x —a) ¢

disappears at x = a, and must consequently have a factor (x - a) in it.
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Notes 0]

Did u know? By substraction of a suitable multiple of an suitable inverse power, we can
attain a rational function that is less singular than R(x) / Q(x) at an random root of Q

=7|

Notes 1f we persist such substraction until we have detached all the singularities of R(x) /
Q(x) at all the roots, we will be left with a rational function that still disappears at infinity,
and now contains no finite singularities. The only such function is 0; so that R(x) / Q(x)
must equal the sum of the substractions; which statement is the theorem.

Self Assessment

Fill in the blanks:

1. By the method of “..........ccccooiiine. ” we can translate any rational function into a
polynomial and fractions each one with negative powers of just one factor (x-a).

20 A e, function is defined as the proportion of two polynomials in the form
of P(x)/Q(x) , where P (x) and Q(x) are polynomials in x and Q( x) # 0.

3. If the degree of P( x) is less than the degree of Q( x), then the rational function is known as

4. The improper rational functions can be abridged to the proper rational functions by
................................ procedure.

5. Each polynomial can be factored into .........c..cccccevunnnene. factors.

6.  The degree of the numerator mustbe.............cccccccuvunrrnene. than the degree of the denominator.

7. The partial fraction theorem permits us to integrate P(X) / Q(x); we are required only to integrate
the polynomial D(x) and the different ............cccccooeuuuucee. powers appearing in this sum.

2.2 Finding the Coefficients in the Partial Fraction Expansion

Here, we will find the a, in the expression:

mj—1
Ay + aji(x —%) +”.aj(m/—1)(x —%)

(x _qj)nlj

R(x)
O5a=
o
There are four different methods to do this.

2.2.1 Method 1: Expansion

Q)

Consider Z,(x)= (x—q )"
]

x
Use the constant, linear, quadratic or higher approximation to - (x) atx=q;  to attain:
k

a —ld—k—R(x) atx =
Rtz

constant, linear, quadratic or higher approximation
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Unit 2: Integration by Partial Fraction

' Example: of method 1

5x*2x -7
Articulate m in integrable form:

a10+a11(x_2)+ Ay
(x -2 x-3

Deduce Z,(x)=x-3,Z,(x)=(x —2)*

Use formulae to obtain

_R(2) 5%4+2%2-7

a, Z.0) 1 =17
_RQZ@-Z'@RE) _(20+2(-)-107) __
" Z3(2) (-1)*
oy = R(3) :5*9+2*3—7 a4
Z,(3) 1

Notes

2 x

Task Evaluate the integral Jm

dx using partial fraction expansions.

2.2.2 Method 2: Cover Up

Mimic proof of theorem:

Here, set Rjy =R, k=0.

La, =
1. Deduce: % Z]'(ﬁlj)

Rjk(x) - ”ijj(x)

2. Set R,y x=
j(k+1) (X—Elj)

3. Setk=k+1,gotostepl.

' Example: of method 2

In the preceding example, you figured out a,, and a,; as before but get a,, by replacing R(x) by

R,,(x) provided by:

R(X) - alﬂzl (x)

Ru(x): x—q

1

_5x*+2x -7 —(-17)(x - 3)
x—2

=5x+29

O R®
11
Z,(2)

LOVELY PROFESSIONAL UNIVERSITY

21



Basic Mathematics-I11

Notes 2.2.3 Method 3: Evaluate and Solve Equations

Assess both sides of equation (*) at r points where r is the number of unidentified coefficients.
Setting the sides equal at these points provide k linear equations for these unknowns.

Solve them. (Suitable points to select are usually 0,1,-1, or near infinity.)

' Example: of method 3

Considering that a,, = -17; a,, = 44, assess both sides near infinity. The left side appears as 3 the

+ 4,

right side appears as ; conclude a,, = - 39.

To verify, assess at some other point and ensure the sides are equivalent there.

setx =0;
LHS = —_
-12
_7
12
RHS:i7—£+ﬁ
4 -2 -3

_ 51+234-176 7

12 12

2.2.4 Method 4: Common Denominator

Write both sides of (*) as polynomials aided by Q(x).

The coefficients in these polynomials of every power of x must consent; these provide linear
equations for the unknown. Solve them.

' Example: of method 4

Find
5x% +2x =7 =,y (x — 3) + ayy (x — 2) (x = 3) + ayy (x — 2)°
Deduce

5=ay, +ay
2=, —5ay, —4ay
—7 =—=3a,, +6a,, +4a,,

Solve these equations.
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Unit 2: Integration by Partial Fraction

Examples of the methods discussed above

Example:

P(x)= 7% +6x% +2, Qx)=x(x+D(x+2)
By first method, you obtain

=} =0, qz =—1, q3 =-2

R(x) =P(x)
()= E+D(E+2), Z(x)=x(2+2), Z3(x)=x(x+1)
. _RO _2_

BTz 2

 _ReD 3

A" ZsEn =L

iy = RED _28-1242

23(-2) 2

P)_1_ 3 9
Q(x)

x x+1 x+2
Integrating, you obtain

[22 gy = g | B2 2 |, ¢
Q) (x +1)°

a

Example:

P(x) = 2z +1, Q(x) =x(x—1)?
qr =0, q3 =1
R{x)=P(x)

Zi®)=(x-10°, Z(x)=x
_RO) _
W=z

Method 1:

Method 2:
R(x)-axni(x) 2x+1-3x

Rau(x) = =

R __
Z; (1)

x-1

LOVELY PROFESSIONAL UNIVERSITY
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Notes Method 3:

Verify at x near infinity

LHS s neari2
p:4

. a a a
RHS is near —10 4 220 4 721
X X2 X

conclusion: ajg +ag =0

you get: agy =—apg=—1
Self Assessment

Fill in the blanks:

8. After having determined the right outline for the partial fraction decomposition of a
rational function, we are required to calculate the .............ccccccccc.... coefficient.
9.  The method that uses the constant, linear, quadratic or higher approximation is known as

10.  Assessboth sides of equation (*) at r points where r is the number of unidentified coefficients
isincluded in .......ccccoevvvinnnnnne. method.

2.3 Partial Fractions

Every proper rational fraction cab be expressed as a sum of simple fractions whose denominators
are of the form (9x+b)" and (9x*+bx+c)”, n being a positive integer.

2.3.1 Distinct Linear Factors

To each linear factor ax+b occurring once in the denominator of a proper rational fraction, there

A
corresponds a single partial fraction of the form P where A is a constant to the determined.

+b

2.3.2 Repeated Linear Factors

To each linear factors ax+b occurring n times in the denominator of a proper rational fraction.
These corresponds a sum of n partial fractions of the form.
A, A, A
— 2 b
ax+b (ax+D) (ax+Db)

n

where the A’s are constants to be obtained of course A, #0

2.3.3 Distinct Quadratic Factors

. . . 2 . . .
To each irreducible quadratic factor ax” +bx +c occurring once in the denominator of a proper

Ax+B

9o +hxve WO A

rational fraction, there corresponds a simple partial fraction of the form

and b are constants to be determined.
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Unit 2: Integration by Partial Fraction

2.3.4 Repeated Quadratic Factors Notes

To each irreducible quadratic factor, occurring n times in the denominator of a proper rational
fraction, there corresponds a sum of n partial fractions of the form.

9x* +bx+c  (9x* +bx+c)’ (927 + bx +¢)?

2

Task Make distinction between Distinct Linear Factors and Repeated Linear Factors.

x-5
Example: Evaluate Jlxzi dx

-bx+6

Ax+B A’x+b A’x+b

Solution:

x-5 A N B
Let (x-2)x-3) (x-2) (x-3)

S x=5=A(x-2)+B(x-3) (1)
Putting x =3 in (1)

3=-B=B=3

x-5 23
X0 gy d
Now, | 75, 6™ I((x—2)+(x—3)] g
=-2log(x —2)+3log(x—3)
=-log(x —2)* +log(x - 3)°

(x-3)’
(x—2)

1
Example: Evaluate ,[ mdx

Solution:

=log

j ! dx = ! :é+ B + ¢
Let x(x* -1 x(x-Dx+1) x (x-1) x+1

S1=Ax-1)(x+1)+Bx(x+1)+cx(x—1)
Putting x = 0, then
1=A-1)1)=A=-1

Putting x=a, then

1=B1.(2)=B=

N =
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26

Notes

1 11 1 1 1
Hence Imdx=_[ {x+2’(x—1)+2'(x—1)]dx

=logx+ %log(x -1)+ %log(x +1)

=logxv/x-1Jx+1
=log(xv/x* - 1)

7 .
Example: Evaluate dex

Solution:

'[ X dx: A " B + C
Let JoiDe—1) " (+1) (x+2) (x+2)

sx=A(x+2) +Bx+1)(x+2)+C(x +1)
x=A(* +4x+4)+B(x* +3x+2)-1(x +1)

comparing the coefficients of x both the sides

A+B=0
4A+3B+2C=1
4A+2B+C=0

on solving equation (1), (2), (3), we get
A=-1,B=1,C=1

dx 1 1
Hence [ eray ~ T ™
=log(x +1)+log(x+2)— x12)
1o (x+2) 1

(x+1) (x+2)

' x
@ Example: Evaluate Imdx

Solution:

x A Bx+C

+
Let (x-1(x*+4) x-1 x*+4

Or x=A(x* +4)+(Bx+C)(x-1)

x=A(x* +4)+B(x* +x)C(x -1)

LOVELY PROFESSIONAL UNIVERSITY
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Unit 2: Integration by Partial Fraction

comparing the coefficients of x both side
A+B=0

-B+C=1

4A-C=0

adding (1) and (2) we get

A+C=1

Adding (3) and (4) we get

5A=1=>a=1/5
“B=-1
5
0rC :é

x 1 1 1rx-6
dx == dx ——
Hence I(x—l)(x2+4) X 5.[(3(_1) * 5J.x2+4

1 1 1 X 6 1
:g-[x—ldx_g-fx2+4dx+g'fx2+4dx

1 11 6 X
=Zlog(x—-1)—=.=log(x* +4) + —tan" =
5 log(x ~1) — .- log( oz 2

= %log(x -1) —%log(x2 +4)+ %tan'1 x/2

xt-xt-x-1
Example: Evaluate Iﬁdx

X

Solution:

Notes

(1)
(2)
(3)

Here the integrand is an improper fraction therefore we divide the numerator by the denominator

and obtain
-x’ox-1 0 x4+l e x+1
¥ -7 X5 —x° ¥ (x-1)
How, let
x+1 A B C
g LTt
(x-1) x x «x-1

nx+1=Ax(x-1)+B(x-1)+Cx?

on comparing the coefficients of x, we get
A+C=0

B=1

-A-B=1

-A=2 >A=-2

LOVELY PROFESSIONAL UNIVERSITY
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Notes Ma’x—! x_(;2+i+ 2 ]dx
x® — &2 xox w1
1 dx
= |xdx+2|—dx—[x " dx -2
_[ Ix .[ Ix—l

2

:x—+210gx+17210g(x71)
2 X

xz

1
=—-=+2I
2 x ng—l

l"

Did u know? The integrand is an improper rational function. By “long division” of
polynomials, we can rephrase the integrand as the sum of a polynomial and a proper
rational function “remainder”:

x*+2
Example: Evaluate Imdx

Solution:
Let y=x-2=x=y=*2

And dx=dy

,[ (y+2)°+2 p
(y+2-1)y°

2
:Jy 5+4fy+6
y(y+1)

J I T + +—
How let =5, 17) vy y+l

y+4y+6 A B C D
TR

v +4y+6=Ay*(y+1)+By(y +1)+C(y +1)+ Dy’
Putting y =0
6=C=>C=6
Again putting y = -1
1-4+6=-D=>D=-3
v +4y+6=Ay’ +y?)+B(y* +y)+6(y +1) -3y
Comparing the coefficients of y for A-3=0A=3
A+B=1=>B=-2

X242 3 2 6 3
Here I(x—1)(x—2)3 dxzj{(x—2)_(x—2)2 +(x—2)_x—1}dx
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dx dx

=3 -2[(x-2)?dx+6|(x-2)"dx-3

I x-2 I ( ) -f ( ) -[ x-1
2 3
=3log(x-2)+ - 3
(x=2) (x-2)
-2 2x+7
=3log e 3
x-1 (x-2)

Self Assessment

Fill in the blanks:

11.  Every proper rational fraction can be expressed as a sum of ............cccccceeeucee fractions.

12.  To each linear factor ax+b occurring once in the denominator of a proper rational fraction,

. . A .

there corresponds a ........ccccvuvrueueene. partial fraction of the form P where A is a
constant to the determined.

13. Incaseof .....reinnne, Linear Factors, to each linear factors ax+b occurring n times in
the denominator of a proper rational fraction.

14. In case of Distinct Quadratic Factors, to each ..........ccccccoeue. quadratic factor occurring
once in the denominator of a proper rational fraction, there corresponds a simple partial

. Ax+B .
fraction of the form =~ where A and b are constants to be determined.
9x" +bx+c

15. In case of Repeated Quadratic Factors, to each irreducible quadratic factor, occurring n
times in the denominator of a proper rational fraction, there corresponds a ............ccccccucueeece.
of n partial fractions.

2.4 Summary

° By the method of “partial fractions” we can translate any rational function into a polynomial
and fractions each one with negative powers of just one factor (x-a).

° Each polynomial can be factored into linear factors (if complex numbers can occur in the
factors).

° The partial fraction theorem permits us to integrate P(X) / Q(x); we are required only to
integrate the polynomial D(x) and the different inverse powers appearing in this sum.

° In partial fraction theorem, by substraction of a suitable multiple of an suitable inverse
power, we can attain a rational function that is less singular than R(x) / Q(x) at an random
root of Q.

° Finding the Coefficients in the Partial Fraction Expansion includes four methods such as
expansion, cover up, evaluate and solve equations, and common denominator.

° Every proper rational fraction cab be expressed as a sum of simple fractions whose
denominators are of the form (9x+b)" and (9x*+bx+c)", n being a positive integer.

° To each linear factor ax+b occurring once in the denominator of a proper rational fraction,

A
there corresponds a single partial fraction of the form b’ where A is a constant to the

determined.
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Notes . . . 2 . . .
° To each irreducible quadratic factor ax” +bx+c¢ occurring once in the denominator of a

Ax+B

proper rational fraction, there corresponds a simple partial fraction of the form 92 hrac

where A and b are constants to be determined.

2.5 Keywords

Distinct Quadratic Factor: To each irreducible quadratic factor ax”+bx+c occurring once in
the denominator of a proper rational fraction, there corresponds a simple partial fraction of the
Ax+B

————— where A and b are constants to be determined.
9x” +bx+c

form

Partial Fraction: By the method of “partial fractions” we can translate any rational function into
a polynomial and fractions each one with negative powers of just one factor (x-a).

2.6 Review Questions

1.  What is partial fraction theorem? Illustrate the proof of partial fraction theorem.
2. Depict various methods used in finding the Coefficients of the Partial Fraction Expansion.
3. Explicate the working of Method 3: evaluate and solve equations. Give example.
4, Make distinction between Linear Quadratic Factors and Repeated Quadratic Factors.
3x
5. Write the fractions m as sum of partial fractions and then integrate with respect
to x.
6.  Write the fractions sz1x+4 as sum of partial fractions and then integrate with respect
to x.
xZ
7. Write the fractions (x—1)(x—2)(x3) 2ssum of partial fractions and then integrate with
respect to x.
x
8. Write the fractions (x—1)(3x - 2)(x + 3) assum of partial fractions and then integrate with
respect to x.
1
9. Write the fractions m as sum of partial fractions and then integrate with respect to x.

1
10.  Write the fractions 5y assum of partial fractions and then integrate with respect to x.

Answers: Self Assessment

1. partial fractions 2. rational

3. proper 4. long division
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5. linear 6. less Notes
7. inverse 8. unknown

9. expansion 10. evaluate and solve equations

11. simple 12. single

13. Repeated 14. irreducible

15. sum

2.7 Further Readings

Books Douglas S. Kurtz, Jaroslav Kurzweil, Charles Swartz, Theories of Integration,

World Scientific.

G.H. Hardy, T. W. Korner, A Course of Pure Mathematics, Cambridge University
Press.

Morris Kline, Calculus: An Intuitive and Physical Approach, Courier Dover
Publications.

Ron Larson, David C. Falvo, Calculus: An Applied Approach, Cengage Learning.

A

Y. 2

Online links www.intmath.com

calc101.com/ partial_fractions.html
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Unit 3: Integration by Parts
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3.6  Further Readings

Objectives

After studying this unit, you will be able to:
o Understand the concept of integration by parts
o Recognize the usage of integration by parts

o Discuss the substitution with respect to integration by parts
Introduction

As we know, there is a power rule intended for derivatives; there is a power rule intended for
integrals. There is a chain rule intended for derivatives; there is a chain rule intended for
integrals. There is a product rule intended for derivatives; and now what do you think will be
there for integrals? There is integration by parts for integrals. In this unit, you will understand
the concept of integration by parts with their examples as well.

3.1 Integration by Parts

This is a method depending on the product rule for differentiation, for articulating one integral
in provisions of another. It is mostly functional for integrating functions that are products of
two types of functions: like power times an exponent, and functions including logarithms.

If f(x) and g(x) be two given functions of x we know that dix{f (x)-8(x)} = f(x)-8(x) + g(x)-f (%)

Hence, by definition

FEOD() = [ £().8" (@)x + [ £1(x).g(x)d
or [ f(x.g1(x)dx = f(x).8(x) - [ F1(x).g(x)dx

=7|

Notes To apply this formula, the integrand should be expressible as the product of two
functions such that one of them can be easily integrated. This is taken as the second function.
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To write the result in a more symmetrical form, replace f(x) by f,(x) and write f,(x) for g(x). Then Notes

for g(x) we shall have to write _f f>(x)dx the above equation then becomes.

[ H@AE@dE = AE] L) - [ £ @ f@x)dxdx

i.e. the integral of the product of two functions = first function x integration of second - Integral
of diff. {Coeft. Of first integral of second}

Integration with the help of this rule is called integration by parts. The success of the method
depends upon choosing the first function in such a way that the second term on the right hand
side may be easy to the product is regarded as the first function.

AN

Caution Case must be taken in choosing the first function.

Integration by parts permits us to integrate numerous products of functions of x. We consider
one aspect in this product to be f (this also occurs on the right-hand-side, together with df/dx).
The other aspect is considered to be dg/dx (on the right-hand-side only g occurs - i.e. the other
factor integrated concerning x).

—]]

Notes 1t is important to note that

1.  Unity may be taken in certain cases as one of the functions.
2. The formula of integration by parts can be applied more than once if necessary.
l)

Did u know? If the integral on the right-hand side reverts to the original form, the value of
the integral can be immediately inferred by transposing the forms to the left-hand side.

3.1.1 Usage

Integration by parts is used when we observe two dissimilar functions that don’t appear to be
associated to each other via a substitution.

' Example: J-erxzdx does not need integration by parts as 2x is the derivative of x%

Usually, one will observe a function that contains two dissimilar functions. We emphasize here
four dissimilar types of products for which integration by parts can be accessed (in addition to
which factor to tag fand which one to tag dg/dx). These are:

sinbx

Ix”~ or rdx
cosbx
@) T
do
dx
j x"-e™dx
- T
(ii) do
u =
dx
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Notes jx’ -In(ax)dx
U
(iii) do
dx
sin bx
I e™ - or dx
cosbx
(iv) 0 0
v
dx

Here you can consider u as ‘f‘and v as ‘g’, as we have used fand g variables in the unit.

A general fault of those accessing integration by parts is abandoned to put a dx with the term in
both df and dg. This is a negligible point, but, for the want of comprehensiveness, it requires to
be incorporated on transitional steps.

AN

Caution Keep in mind whenever we utilize integration by parts, we make use of everything
inside of the integral for f and dg that comprises the dx.

Example:

jx@ = logjxdx - J.{dxlong.xdx} dx

Example:

jxcosxdx = xIcosx - I(a.sinn)dx

= xsinx + cosxAns.

Example:

Ilog xdx =log ledx - J.l(x)dx
x

:xlogx—fdx =xlogx—x
=x(log—1)

Example:

I e’ cosxdx

Letl= J.ex cosxdx

34 LOVELY PROFESSIONAL UNIVERSITY
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=¢"sinx — J e" sinxdx Notes
=e¢"sinx — {e" (—cosx)— Ie" (- cosx)dx}
=e"sinx +¢e" cosx — Je" cosxdx

=¢"(sinn+cosn)—1

1
S= Ee” (sinn + cosx)Ans.

Example:

. L x
Il.smlxdx:smlxxx—_[

\J1-x?

dx

=xsin x —Iﬁ dx

2x

xsin™ x —1_[
2717
=xsin"x+In (\/1— x* )+C

Example:

'[xz cos 2xdx

dx

- sin2x —ij. sin2x dx
2 2
2 — —
:x—sinzx—{x( cos2x)_J-( cost)}dx
2 2 2
1, 1 sin2x

=—x"sin2x + —xcos2x —
2 2

Example:

J.Inxdx

Set

f=Inx; dg=dx

Deduce

df:@;g=x+c
x

Any value of C can be used here.
Here and in the other examples, we select C = 0.

Get

IInxdx:xInx—J.dx
=x(Inx-1)
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' Example:

J.tan'1 x dx

Set
f=tanx; dg = dx
Deduce

Get

X
1+x2

J.tan'1 xdx= 'fl.tan’1 xdx=xtan™ x—J.

1 | ()

=xtanx —— ‘
27 1+x

=xtan” x—%ln (1+2%)

Example:

Jxezxdx

Set
f =x dg=e*dx

Deduce
er
df =dx; ¢ =
If =dx;g ==
Get
2x 2x
Ixe”dxjx e dx =2 _ (¢
2 2
o (5 _ 1]
2 4
' Example:
jsec” X dx

Let G(n) = Isec” x dx

Set

f=sec"?x=cos”" x;dg = sec” x dx
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Deduce Notes

df =(n-2)tanxsec” > x dx; g = tan x (except for n = 2, when df = 0).

Use
tan®x =sec’x -1
to rewrite
g df = (n—2)(sec" x —sec""? x)n_2
Get
G(n) =sec"* x tan x] -(n-2)(G(n)-G(n-2))
Reorganize

(n=1)G(n)=sec"*x tan x |+ (n—2)G(n - 2)

Iterate this to get

G(n):(sec"zxtanx)( 1 + n-2 cos’x + (n-2)(n—4) c054x+...ﬂ
i1 -3 " - Dm-3)n-5)

When n is even this discontinues automatically; when n is odd, the outcome is in our table of
simple trigonometric integrals for n = 1:

G(1) In (sec x + tan x)]

Example:

sqrt(1+x?)
First method

To evaluate: ‘[\/1 +x%dx

Substituting
x=tany

You obtain
_[\/l +xdx = J.sec3 ydy
=G(3)
Using the above example you obtain

_secytany +In (secy +tan y)
2

_x\/1+x2 +In(x+\/1+x2)

G@3)= 5

G(3)

Alternate method by substitution

To evaluate: _[\/1 +x? dx
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Set

x=sinhy

Get

V1+x* =coshy,dx =coshy dy
J\/1+x2dx = Icoshz ydy

e 424
=|—4
[

2y _ 5,72y
[y
8 2

4 2

sinh 2y =2sinh y cosh y = 2xy1+x*

2

Im e xV1+x? +arcsinh x}

2

Tausk Evaluate the following integral: szzexdx

Self Assessment

Fill in the blanks:

........................................ is a method depending on the product rule for differentiation, for
articulating one integral in provisions of another.

d
If f(x) and g(x) be two given functions of x we know that E{f(X)-g(X)}=

The integral of the product of two functions = first function x integration of second -
Integral of {........ccccovnienniccin }

The success of the integration by parts method depends upon choosing the first function in
such a way that the second term on the right hand side may be easy to the product is
regarded as the ...........c.ccccvvcccinncnn function.

If the integral on the right-hand side reverts to the ..o form, the value
of the integral can be immediately inferred by transposing the forms to the left-hand side.

Integration by parts is used when we observe two .........cccccccccuvvicccurniccncnne functions that
don’t appear to be associated to each other via a substitution.

Whenever we utilize integration by parts, we make use of everything inside of the integral
for fand dg that comprises the..........c.ccccoovicinccnnn. .

Integration by parts is mostly functional for integrating functions that are
........................................ of two types of functions.

State whether the following statements are true or false:

9.

Integration by parts is a method depending on the power rule for differentiation, for
articulating one integral in provisions of another.
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10. Integration by parts permits us to integrate numerous products of functions of x.

11. A general mistake of those accessing integration by parts is neglected to put a dx with the
term in both df and dg.

12.  Integration by parts is used when we observe two similar functions that don’t appear to be
associated to each other via a substitution.

3.2 The Substitution z = tan(x/2)

The magnificent substitution z = tan(x/2) permits alteration of any trigonometric integrand into
a rational one.

Let us consider our integrand as a rational function of sin(x) and cos(x).

After the substitution z = tan(x/2) we get an integrand that is a rational function of z, which can
then be assessed by partial fractions.

Theorem:
If z = tan(x / 2), then

2dz

dx = ,
1+2°

1-z
Ccos x =

1+z

and

. 2z
sin x=

1+2°
and any rational function of xdx turns out to be a rational function of zdz.
Proof.
By the rules for differentiation we contain, for z = tan(x/2),

2 2
_ sec (x/2)dx:1+z
2 2

dz dx

The angle addition formulae provide us:

sin x = 2 sin(x /2)cos(x / 2)
=2 tan(x /2)cos’(x /2)
_ 2z
sec’(x/2)
2z
147

cos x = cos’(x /2) —sin®(x /2)
=(1-2z%)cos’(x/2)
_ (1-2)
sec’(x/2)
_(-2)
(1+2%)
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Example:

dx
Integrate I :-[3+4cosx

With z = tan(x/2) we obtain

I:J‘ 2dx
(1+22)B+4(1-2%)/(1+2%))

d
:2J.7—Zzz
In|z++7)/(z-7)|
B 7

+C

where we have used

1 1( 1 1 j
=— +
-z 2a\a-z a+z

[
% J-n/4 dx

Tusk Evaluate the following integral:

1-sinx’

Self Assessment

Fill in the blanks:

13.  The magnificent substitution z = tan(x/2) permits alteration of any trigonometric integrand

14. Ifz=tan(x/2), thendx = ..cccconvvnnnenenee .

15.  After the substitution z = tan(x/2) we getan ..........ccccccceecuene. that is a rational function of z.
3.3 Summary
o Integration by parts is a method depending on the product rule for differentiation, for

articulating one integral in provisions of another.
e By Integration by parts, we mean f(x)¢(x)= If(X)-gl(x)dx + 'ffl(x).g(x)d .

° To write the result in a symmetrical form, replace f(x) by f,(x) and write f,(x) for g(x). Then

for g(x) we shall have to write J.fz(x) dx the above equation then becomes

[fi@AEdx = £()] £0) - [{£ (0] fu(x)dx]dx i.e. the integral of the product of two

functions.

° The success of the method depends upon choosing the first function in such a way that the
second term on the right hand side may be easy to the product is regarded as the first
function.

° If the integral on the right-hand side reverts to the original form, the value of the integral

can be immediately inferred by transposing the forms to the left-hand side.

LOVELY PROFESSIONAL UNIVERSITY



Unit 3: Integration by Parts

° Integration by parts is used when we observe two dissimilar functions that don’t appear to Notes
be associated to each other via a substitution.

° Whenever we utilize integration by parts, we make use of everything inside of the integral
for fand dg that comprises the dx.

° The magnificent substitution z = tan(x/2) permits alteration of any trigonometric integrand
into a rational one.

3.4 Keywords

Integration by Parts: It is a method depending on the product rule for differentiation, for
articulating one integral in provisions of another.

Substitution z=tan(x/2): The magnificent substitution z = tan(x/2) permits alteration of any
trigonometric integrand into a rational one.

3.5 Review Questions

1.  Integrate Ixm dx

2. Integrate Ix In x dx

3.  Integrate Ixz In 4x dx

4. Integrate Ixe2 dx

5.  Integrate Ix sec’ x dx

6.  Integrate Ixzesx dx

7.  Integrate Iarcsin x dx

8.  Integrate Ix cos3x dx

9. Integrate Iarcsin 3x dx
10. Integrate IZX arctanx dx

Answers Self Assessment

1.  Integration by parts 2. f(x).g(x)+ g(x).f(x)
3. diff. Coeft. of first integral of second 4. first

5. original 6.  dissimilar

7. dx 8.  products

9.  False 10. True
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11. True 12. False
2dz
13. rational 14. 5
1+z

15.  integrand

3.6 Further Readings
Books Edward Thomas Dowling, Schaum’s Outline of Theory and Problems of Mathematical

Methods for Business and Economics, McGraw-Hill Professional, 1993.
R.S. Bhardwaj, Business Statistics, Excel Books, 1999.
R.S. Bhardwaj, Mathematics for Economics and Business, Excel Books, E 2.

A

Y. &,

Online link http:/ /math.arizona.edu
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4.6  Further Readings

Objectives

After studying this unit, you will be able to:

° Understand definite integral as the limit of a sum
° Discuss the fundamental theorem of integral calculus
Introduction

The Definite Integral comprises extensive number of applications in mathematics, the physical
sciences and engineering. The speculation and application of statistics, for instance, is based
greatly on the definite integral; via statistics, many conventionally non-mathematical regulations
have turn out to be greatly reliant on mathematical thoughts. Economics, sociology, psychology,
political science, geology, and many others specialized fields make use of calculus notions.

4.1 Definite Integral as the Limit of a Sum

Let f(x) be a continuous real valued function defined on the closed interval [a, b]. Divide the
interval [4,b] into n equal parts each of width h by points

a+th, a+2h,a +3h,...,at(n-1) h.

h+h+...+h=b-a
T rh

n times

Then,

b =b-a=h="""
n

Now the areas of inner rectangles are:
hf (a),hf (a +h),hf (a + 2h),hf (a +3h),...,hf (a +n =1h).

[.. The breadth of inner rectangles is I and their heights are f(a), f(a+h),..., f(a+n—1h)

respectively and area of rectangle is breadth x height]
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Figure 4.1

)
fla+h)
fa+2h)
f(a+3h)

fla+n-1h)

a+h
a+2h
a+3h

a((n-T)h

The sum of these areas:

A=hf(a)+hf(a+h)+hf (a+2h) +hf (a+3h) +...+ hf (a+n—1h)

=h[f(a)+ f(a+h)+ f(a+2h)+ f(a+3h)+...+ hf (a+n—1h)]
This area is close to the area of the region bounded by the curve y = f(x), x-axis and the ordinates
x=a,x=b.

If n increases, the number of rectangles will increases and the width of rectangles will decrease.

l"

Did u know? A will give closer approximation of the area enclosed by the curve y = f(x),
x-axis and the coordinates x = a, x = b.

Thus the area of region bounded by curve y = f(x), x-axis and the ordinates x =a, x = b is

}gr;h[f(u)+f(a+h)+f(a+2h)+f(a+3h)+...+f(a+ﬁh]

where h= M
n

:}Er(}h[f(a)+f(a+h)+f(a+2h)+f(a+3h)+...+f(a+mh]

where nh=b—-a[" as n— o,h—0]

|

Notes This area is also the limiting value of any area which is among that of the rectangles
beneath the curve and that of the rectangles over the curve.

AN

Caution For the sake of ease, we shall consider rectangles with height identical to that of
the curve at the left hand edge of every subinterval.
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Notes

b
We take this expression as the definition of a definite integral and denote it by jf (x)dx.

Hence,

j.f(x)dlehiir(} Wl f(a)+ f(a+h)+ f(a+2h)+ f(a+3h)+...+ f(a+n—1h]

a

where nh=0b -a.

The process of evaluating a definite integral by using the above definition is called integration
from first principles or integration by ab-initio method or integration as the limit of a sum.

The following results are useful in evaluating definite integrals as limit of sums:

1. 1+2+3+...+(n—1):@

2. 12+22+32+...+(n—1)2:7”(”‘1)6(2”‘1)

2
3. 13+23+33+...+(n—1)3:[7n(n_1)}

2
4. a+ar+ur2+...+ar"’1:a(r 1)
r—1
5. sina + sin(a+ h)+sin(a+ 2h)++sin[a+ n-1]

i sin[a + (n;l)hh} sin (%)
sin(Ej
6. cosa+cos(a+h)+cos(a+2h)+...+cisla+(n-1)h]
i cos {a + (n;l;lh}sm(nzhj
sin| —
g

AN

Caution The value of the definite integral of a function over any particular interval depends
on the function and the interval, but not on the variable of integration that we choose to

represent the independent variable.
The variable of integration is known as a dummy variable.

' Example: Evaluate the following definite integrals as limit of sums:

(2x +3)dx 2. jf (x +3)dx

=
= — 1o
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Notes Solution:

(2x +3)dx

=
——

x)=2x+3,a=1,b=2andnh=b-a=2-1=1

i
fl@)=f1)=>5
f(a+h)=f(1+h)=2(1+h)+3=5+2h
fla+2h)= f(1+2h)=2(1+2h)+3=5+2.2h
f(u+3h) f@A=3h)=2(1+3h)+3=5+3.2h

fla+n—-1h)=f(1+n-1h)=2(1+n—-1h)+3=5+n-12h

Now,}f(x)dxziﬁ h[f(a)+ f(a+h)+ f(a+2h)+ f(a+3h)+...+ f(a+n—1h)]

=

—— o

(2x +3)dx= lim R )+ fF(A+h)+ f(a+2h)+ f(1+3h)+...+ f(1+n—1h)

:Ilingh[5+5+2h.h+5+2.2h+5+3.2h+...+5+n—12h]
:limh[5n+2h(1+2+3+...+(n—1)]

— lim 1{5n+2h (”2 1)}

h—0

= ]lmé h[5n +nh(n - 1)]z§in(1)[5nh +nh(nh —h)]
:;imoh[5+(1—h)] [-nh=1]
=5+1=6

2. (x+3)dx
-1
x)=x+3,a=1b=1landnh=b-a=1-1=2

f(
fla)=f(-1)=2
f(a+h)=f(-1+h)=-1+h+3=2+h
f(

f(

—

(=
a+2h)= f(-1+2h)=-1+2h+3=2+2h
u+3h) f(-1=3h)=-1+3h+3=2+3h

fla+n—=1h)= f(-1+n—-1h)=-1+n—-1h+3=2+(mn-1)h

Now,jf(x)dx =lim h[f(a)+ f(a+h)+ f(a+2h)+ f(a+3h)+...+ f(a +n—1h)]
j(x +3)dx = limh[ f(=1) + f(=1+h)+ f(=1+2) + (-1+3h) +...+ f(-1 +n—1h)]

:]lingh[z+2+h+2+2h+2+3h+...+2+(n—1)h]
:iingh[2n+h+2h+3h+...+(n71)h]
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=limh[2n+h(1+2+3+...+(n—1)]

—lzmh{2n+h (2 )} lzmh{Z h+@}

h—
= lim h[4+(2 = )] [ nh =2]
=4+2=6.

Example:

Evaluate the following definite integrals as limit of sums:

(2x* +5x)dx

= —

4
1. [ -x)dx 2,
1

Solution:

(x* —x)dx

=
e L

x)=x>-x,a=1,b=4andnh=b-a=4-1=3

f
f(a)=f(1)=0

(2x* +3x +1)dx

©
N —y

h=h"+h

fla+2h)= f(1+2h)=(1+2h)* —(1+2h)=1+2°K* +4h—-1-2h =21" +2h
fa+3h) F91=3h)=(1+3h) —(1+3h) =1+32h* + 6l — 1~ 3h = 3% + 31

(
(
fla+h)= fL+h)=(1+h)’ —(1+h)=1+h2+2h -1
(
(

fla+n—1h)= f(l+n—-1h)=1+n—-1h)*—(1+n—1h)
=1+(n-1R+2n-Dh-1-(n-Dh=n-1*"* +(n-1)h

Now,[f ydx = lim B[f(a)+ f(a+h)+ f(a+2h)+ fa+3h)+...+ fla+n—1h)]

42 = x)dx =lim A[f(1)+ f(L+h) + f(1+2h) + f(1
= h—0

+3h)

1 +o+ f(A+n—1h)]

i, =lim RO +h* +h+2%1* +2°h* + 3h
+o+ (=10 +(n-1)h]

=lim R (1P +22 437+ .+ (n=1)* +h(1+2+3+...

—lim h{h2 n(n- 1)6(2n -, n(nz— 1)}
[nh(nh —h)2nh—h nh(nh —h}

h—0

6 T2
{3(3—h)(6—h)+3(3—h)}
(

2
+—:9+2:§
2 2

+(n-1))]

[ nh=3]
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Notes 5
2. j 2x* +5x)d
1

f(x)=2x"+5x,a=1,b=3andnh=b-a=3-1=2

@)= F)=7

fla+h) = f(1+h)=2(1+h)*+5(1+h)
=2(1+2h+h*)++5h =7 +9h + 21h*

Fla+2h)= f(1+2h) =2(1+2h)* +5(1 + 2h)
=2(1+4h+2*h*)+5+10h =7 +2.9h + 2°.2K*

fla+n—1h)= f(1+n—1h) =2(1+n—1h)* +5(1 +n—1h)
=2(1+2(n-Dh+n-1h*)+5+5n-1)h
=7+(n-1)9n+(n-1)>2n"

j‘f(x)dx=lhir101h[f(a)+f(a+h)+f(a+h)+f(a+2f(a+3h)
Now “ 7

+...+ f(a+n—1h)]

=

——

(2% +5x)=lim A [F(1)+ f(1+h)+ f(1+20) + £(1+3h)

+...+ f(a+n—-1h)]
:lhirr(}h[7+7+9h+2h2+7+2.9h+22.2h2+7+3.9h
+3220 + ..+ 7+ (n=-1).9h + (n-1)*.2h7]
:llyin(}h[7n+9h(1+2+3+...+(n—1))

=1hin(}h{7n+9h”(”2 1) thn(n 1)(2n - 1)}

6
_hmh[14+9(2 h) + } [--nh=2]

—14+18+E=E
3 3

(2x% +3x +1)dx

e
N Sy

f(x)=2x*+3x+1,a=2,b=4andnh=b-a=4-2=2
f@)=f@)=15
Fla+h) = fR+h)=2(2+h)} +32+h)+1
=2(4+4h+h*)+6+3h+1=15+11h+2h’
f(a+2h)= f(2+2h)=2(2+2h)* +3(2+2h) +1
=2(1+8h+2°1*)+6+6h+1
=15+211h+2°21"
f(a+3h)= f(2+3h)=2(2+3h)* +3(2+3h)+1
=2(4+12h+3°1*) +6+ 9 +1=15+3.11h +3*21°
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fla+n—1h)= f+n—1h)=2(2+n—1h)* +3Q2+n—-1h)+1 Notes
=2(4+2(n-Dh+(n-1>°h*)+6+3(n-Dh+1
=15+ (n-1).11h + (n—-1)*.2h*

Now, jf(x)dx:%Iiir(}h[f(a)+f(a+h)+f(a+2h)+f(a+3h)
+..+ fla+n—Th)]

= | (2x* +3x +1)dx

N Sy

=limh [£(2)+ f2+h)+ F2+2h)+ f2+3h)+ ...+ f(2+n—Th)]
=limh[15+15+ 11/ + 2h* +15+2.11h +2°2h* + 15+ 3.11h + 3°.21?

+o 15+ (- 1)11h + (n—-1)*.21%]
= lhiir[}h[15n+11h(1+2+3+...+(n—1))+2h2(12 +22 43 .+ (n—1)%)]

= llin(}h[15n +11h ”(nz— 1) Y n(n— 1)6(2n — 1)}

, nh(nh = h)(@2nh —h)}
3

=lim h[lth + Erzh(nh —h)
h—0 2

~lim {30 +11(2-h) +W}:3o +22 +L36 _ %

Example:

Evaluate as limit of sums Ix3 +1dx

2

1

Solution:

Ix3+1dx

f(x)=x*+1,a=1,b=2andnh=b-a=2-1=1

fla)=f(1)=2
fla+h)y = f(A+h)=1+h)’+1=1+3h+3h* +h> +1=2+3h+3h* + 1’
fa+2h)=f(1+2h)=(1+2h)’ +1=1+23h+2°3h* +2°K*> +1

=2+23h+2230*+2°K°

fla+3h)= f(1+3h)=(1+3h)* +1=1+33h+3%3h* +3°h* +1

=2+3.3h+3%3h* + 3’1’

fla+n—=1h)= f1+n-Th)=(1+n-1h)> +1=1+(n-1)3h+(n-1)>3h* + (n-1)°h> +1

=2+(n-1)3h+n-17>30*+(n-1>1°

Now, } f(x)dx =imh[f(a)+ f(a+h)+ f(a+2h)+ f(a+3h)+...+ f(a+ n—1h)]
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Notes 2 S
:>j(x3+1)dx :lhiix(}h [FD)+fA+h)+ fA+2h)+ f(1+3h)+...+ f(1+n—-1h)]

1

= lhiir(}h[2+2+3h+3h2 + 1 +2+23h+2%30% +2° 1 +2+3.3h+3°3h° +3°1°
ot 24 (=130 + (1) =312 + (n—-1)°1°]
:lhiir(}h[Zn+3h(1+2+3+...+(n—1))+3h2(12 +2243 4.+ (n-1)
+RP 1P +2°+3%).+...+(n-1)]

= limh{Zn wap=l) gy nln=)@n=1) s nin _1)}
h—0 2 6 2
1

= limh{Znh + %nh(nh —h)(2nh—h)+ Z[nh (nh —h)]z}

h—0

. 3 1 1 ,
=lim {2+E(1—h)+5(1—h)(2—h)+1(1—h) }

h—0

' Example: Evaluate the following definite integrals as limit of sums:

1. ie’dx 2. j e dx
2 -1
3 1
3. Jerdx PR e
1 0
Solution:
5
1. je“dx

f(x)=ex,a=2,b=5andnh=b-a=2=3
fla)=f(@)=¢
fla+h)=fQ+R) =" = e
fla+2h)= f(2+2h) =" =™
f(a+3h)= f(2+3h)= > =™

fla+n—Th)=f(2=n—1h)=e* "V =2 V"
Now, jf(X)dx =Limh[f(a)+ f(a+h)+ f(a+2h)+ f(a+3h)+...+ f(a+n—Th)]

3

I e*dx :Ilinrolh[e2 vl et et vt e + . et
11—

2

2 nh_ "
:limhw cavarsar +..+art =01
h—0 e T—l
=lim " e(e" - 1) (e =3]

h—0 e’
203 5_ 2 .o —1
=e'(e’-1)=e"—¢ {Usmg 11rr01 :1}
x> x
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j, . Notes
e dx
e
f(x)=ex*,a=-1,b=1landnh=b-a=1-(-1)=2
fla)=f(-1)=e"
fla+h)y= f(-1+h) =" = ¢ &
f(ﬂ+ 2]1) — f(—1+2h) — 62(71+21x) _ e—2+4h — 672.8411
f(u+ 3]/1) — f(_l + 3h) — 62(7l+3/1) — e*Z+6h — 672'86]1

f(a+m):f(_1+mh)262(4+nflh) — 672+2(;171)" _ 672.62(n71)h

Now, ff(x)dx =lmh[f(a)+ f(a+h)+ f(a+2h)+ f(a+3h)+ ...+ f(a+n—Th)]

= j edx =Himh[f(-1)+ f(-1=h)+ f(-1+2h)+ f(-1+3h) +...+ f(-1+ n—1h)]

-1

= lllm hle?+e2e™ +e—2.e" +e—2e" +.. .+ 222"
_ (82”“ —1) h " R
llm h{ -2 llgr(} 1 .e—2(e" -1) [ nh=2]
2h 1 § 1 B
_1;,_,0 P E 2(e* -1) —fe 2(e* 1)25(62 —-e?)

J."‘dx

f(x)=e",a=-1,b=3and nh=b-a=3-1=2
fla)=f(1)=¢”
fla+h)y=f(l+h)y=e "M =¢"e™
f(ﬂ+2h) :f(1+2h) —(1+2h) — e—l—Zh — e—l.e—Zh
f(a+3h)=f(1+3h) ="M =¢ "™

fla+ m):f(l + mh):el(”("’”” =g ) gl gl
Now, j flx)dx =Hmh[f(a)+ f(a+h)+ f(a+2h)+ fa+3h)+...+ f(a+n—Th)]

= lim [ f(1)+ f(L+ )+ f(1+20)+(L+3h) + ..+ f(1+ (n=1)h)]

=limhle" +ee +e e =ete M 4 4ee D]
h—0
-1, -nh
el(e™ -1 . h 4,
=lim h¥==hm ——e (e -1)
h—0 -0 ™" —

~lim (e ) -
—-1(e
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4. jez’s" dx

f(x):ez’sx,a:O,bzl and nh=b-a=1-0=1
fa)=f(0)=¢*
fla+h)y=f(h)y=e"" =™
fla+2h)= fRhy =" =¢” ™"
f(a+3h)=f(Bh)=e"" =™

fla+n—Th)=f(1+n—1h)=e> """ = 2 D"

Now, j f)dx =Hmh[f(a)+ f(a+h)+ f(a+2h)+ fa+3h)+..+ f(a+n—Th)]

= jez’axdx =HmA[£(0)+ f(h) + f(2h) + fBh) +...+ f(a+ n—1h)]

=lim h[e® +e*e™ +e*e ™ +e
h—0

eZ(e—3nl1 _ 1) . h -
h—0 e’ay‘h -1 B lltli‘rl} e’?’h -1 e (e B 1)
el I (—13 )62(6_3 -1) [wnh=1]

2 -9h

e et e

1, 5 1, 4, 1[ ) 1]
=== -1)=—= =—|e-=
e“(e ) (e7e%) e .

Example:

Evaluate the following definite integrals as limit of sums:

L S
2 -1
Solution:
4
1. I2x

2
f(x)=2",a=2,b=4and nh=b-a=4-2=2
fa)=f(2)=¢"=4
f(a+h)=f(2+h)=e"" =222"=42"
fla+2h)= f(2+2h) =2 =222 =42
fla+3h)= f(2+3h)=2"" =222%" =4.2%

fa+n—1h)=f(2+n—1h)=e> """ =22 20D = 4 010

Now, jf(x)dx =limh[f(a)+ f(a+])+ f(a+2h)+ f(a+3h)+...+ f(a+n—Th)]
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Notes

h—0

4
= J‘Zxdx =limh[f(2)+ f2+h)+ f(2+2h)+ f(2+3h)+...+ f(2+n—-1h)]
2
=limh[4+ 42" 4427 4427 4 44207

— _1; h nh
o0 oh_1 =lim o _q 427 -1)

1 .o
:logZ (3) |:lhl£1’01 " —loga}
12
~log2
2
2 I5xx

f(x)=5",a=-1,b=2and nh=b-a=2-(-1)=3
f@)=f(-1)=5"
fla+h)= f(A1+hy=e " =575
fla+2h)= f(-1+2h)=5"" =575
f(a+3h)= f(~-1+3h)=5"" 575"

f(a+n—"1h)=f(-1+n—1h)=5""0"1D" = 5150D"

Now, } f(x)dx =Himh[f(a)+ f(a+h)+ f(a+2h)+ f(a+3h)+...+ f(a+ n—1h)]

= JS"dx mh[ f(=1)+ f(=1+h)+ f(~1+2h) + f(-1+3h) +...+ f(-1+n—1h)]

h—0
=lim h[57 +575" + 57,52 + 515 4 457501

“l/gnh _
timp 2 O7 D g 575" 1)

n>0 5" _1 h>0 5t _

=limh hl (2°-1)

h—0
1 (52_lj7 124
log5 5) 5logb

Example:

Evaluate the following definite integrals as limit of sums:

n/4 /2

b

1. _[ sinxdx 2. I cosxdx 3. I sin® x dx
a 0 /6

Solution:
b

1. Isinxdx

a

fix)y=sinxandnh=b-a
fla) =sina
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54

fla+h) = sin(a+h)

fla + h) = sin(a+2h)

fla +3h) =sin) a + 3h)
f(a+n—1h)=sin(a+n—1h)

Now, if(x) =dxlinh | f(0)+ f(a+h)+ f(a+2h)+ f(a+3h)+...+ f(a+n—1h)|

b
= [sinxdx = lim hsina-+ sin(a-+ 1) + sin(a + 2h) + sin(a + 3}) + ..+ sin(a + (n — a)h)

el

=limh

h—0 Sm(ﬁ )
2

= 2sin(mj sin(ﬂj = cosa.— cosb
2 2

n/4
I cosxdx
0

i. fix)=cosx,a=0,b=n/4,nh=b-an/4
ii.  fla) =f(0)=cos0

iii. fla+h)=f(h)=cosh

iv.  fla+2h) = f(2h) = cos = 2h

v.  fla+3h

f(a+n—1h)= f(n—ah)=cos(n—a)h

Now, :b[f(x):limf(a)+f(a+h)+f(a+2h)+f(a+3h)+....+f(a+nf1h)|

b

= [cosxdx =imA[f(0) + f(h)+ f(3) +.ooet f(n=1)h]

n—-1 . (nh
COS{O + (—2 j}sm(7)
=limh 7
h—0 sin(ij

. h {nh -h } . nh
=limh Cos sin—
2 2

h—0 sin(ﬁj
2
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E L Notes
:hmh—ZhZCOS4 sin ™
-0 sin’t 2 8
T. T e T 1
=2c0os—sin—=sin2| — [sin—=—
(8) 4 2
n/2
3 Isinzxdx
n/6
fx)sin’x,a=2,b="gndnh=b-a=—-2=Z
6 2 2 6 3
. . 1-—cos—
fof (] =sin 3 -—

f(a+h)=f(g+h)sin2[g+h):
fla+2h)= f(g+ 2] - sinz(g+ 2hj
1- cos(g + 4h) 1- cos(g + 2.2hj
- 2 - 2
fla+3h)= f(g+ 3h) = sinz(g+ 3h)
1 —cos(g+ 6h] E —cos(g+ 3.2h)

2 2
f(a+ﬁh)=f(g+mj=sin2(g+mj

1—cos(g+2n—]hj

2

jif(x)dx=limh|f(a)+f(a+h)+f(a+2h)+f(u+3h)+....+f(a+njh)
Now, @ h—0

:>ﬁj‘ZSmZde:Iimh[f(gj+f[g+hj+f(76t+2hj+f(:+3hj+f(:+n—]hﬂ

n/6

1—cosZ 1—cos(g+2hj1—cos(g—2.2h) 1—cos(g—3.2h) 1—cos(ﬂ+(n—1)2h)
=limh| — 34 + + J2

2 2 2
. h T T T T T E
=lim—qn—|cos—+cos| —+2h |+cos| —+2.2h |+cos| —+3.2h |+..+ cos| —+ (n—1)2h
2 3 3 3 3 3

cos ™+ cos(n_ljﬂz sin(n%j
h=0p, 3 2 2

=lim7oyn=n- . (2h)
sin| —
2
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h

nh o n 2nh-2h1| .
lim |—- ,2 COS‘:—+7:|Slnnh

2 sinh 3 2
h—0

T
.|l k1 23 2h .

=lim| - -——=cos| =+ sin—

6 sinh 2 3 2 3

n 1 2n.nn1[1j(\/§jn 3
== _——cos—sin—=———=| —= > 17e %

Task Evaluate the following definite integrals as limit of sums:

n/2
J (x + cosx)dx
0

n/6

I (cosx + sinx)dx
0

Self Assessment

Fill in the blanks:

1. Let f(x) be a continuous real valued function defined on the closed interval [4, b]. Divide
the interval [4,b] into n equal parts each of width h by points a + h, a+2h,a + 3h, ..., a+(n - 1)
h.Then, }E%mfe—ﬂ [ .

2. Ifnincreases, the number of rectangles will increases and the ..............cccccccccunenes of rectangles
will decrease.

3. The area of region bounded by curve y =...........c.cccccccucurunee. , x-axis and the ordinates x =g,
x=bis Um h[f(a)+ f(a+h)+ f(a+2h)+ f(a+3h)+...+ f(a+n—1h] where h:u

n—o n
4. The area in the case of limit as a sum is also the .............cccccccecuene. value of any area which
is among that of the rectangles beneath the curve and that of the rectangles over the curve.
b
5. jf(x)dx = 1}3} L where nh=b-a.
6. The process of evaluating a definite integral by using the definition
b
jf(x)dx =lim h[f(a)+ f(a+h)+ f(a+2h)+ f(a+3h)+...+ f(a+n—1h] js called integration
from first principles or integration by ..........cccccocennns method or integration as the
limit of a sum.
-2
A R L I .
8. cosa+cos(a+h)+cos(a+2h)+...+cisla+(n—1)]= oo
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9.

10.

P+22+3+...+(n-1)°=

13'+23+33+...+(n—1)3:[M

n(n-1)(2n-1)

4.2 Fundamental Theorem of Integral Calculus

Fundamental theorem of integral calculus states that if f{x) is a continuous function defined on
closed interval [4,b] and F(x) is integral of f(x) i.e., I f(x)dx = F(x), then I f(x)dx = F(x),then a is
called lower limit, b is called upper limit and F(b) - F(a) is called the value of the definite integral

and is always unique.

=7|

Notes This theorem is very useful as it gives us a method of calculating the definite
integral more easily, without calculating the limit of a sum.

Did u know? The crucial operation in evaluating a definite integral is that of finding a

l?

function whose derivative is equal to the integrand.

This toughens the relationship among differentiation and integration.

' Example: Evaluate the following integrals:

3
(i) I(2x+1)3dx
1
2
1
(i) ;[39(—2
n/2
(iii) J.sinzxdx
0
n/4
(iv) I tan xdx
0
n/4
v) Jsecxdx
0
1
1
i dx
(v) ‘([ 1+x°
1
dx
o fiog
I
(viii) _z[m dx
Solution:
3 @x+1)'T 1 s
i I=[Qx+1)P dx="—"1| ==(2 +1}
(i) !(x ) dx 4)(21 g(2x+1)

° 1

1

8

[(7)4 -3 %(2320)] =290
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Notes 2 10
g |3x — 2|} 1 1, 4
iy 1= =—|log|4|-log|-5||==log—
(if) '[39( 5 3 B 3[08| | -log | -5]] 3 085
n/2 /2
cos2x 1 T
Dxdx = =—= 2| = |—cos2(0
(iii) _[[ sin2xdx = 11 2[cos (2) cos2( )}

= 7E[COSTE7COSO] = 7%[71 -1]= 7%(72) =1

n/4 n/4
(iv) I= J tanxdx =log | secx |} =log secg‘ —log|secO]
0

0
=log~/2 ~log1 :Iog\/—:%logZ
n/4

n/4
(v) I= J‘secxdleoglsecx+tanx|} =log sec4+tan4‘flog|sec0+tan0|
0

o

=log|+2 —+1|-log|1+0|=log |2 +1]
1
dx =sin” x} =sin'(1) —sin*(0) :g

0

o) 1=

dx =tan™ x} =tan'(1)—tan™' (0)= g

0

1
x
=
vii
(vii) !:14—x2

t 2x 1 ¥
ThWE = =—log|x*+1
(viii) !xz A 1 J 5 gl |l

%[log 110|~log| 5| 1= %log[g} :%logZ

Example:

Evaluate the following integrals:

4 d
(i) .[0 x2f4

R - S
(i) '[0 VX2 +2x+3
2 dx

(iff) IO 4+x-x

i\/x —x*dx
0

Solution:

) 4 odx 4 dx
W o

- 0 x2 _(2)2

Liogl2 2T 21 E‘—10 1‘ BET [§j
] P | Rt R B | il
4 dx 4 dx *
. =— =log|x+1++/x*|2x+3
(ii) I04+x—x2 Io (—(x+1)2+2 1]

=log|5++27 |-log|1+3|= log —log|7+4\/§|

SJ—
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(iii)

(iv)

.[2 dx :_Jz dx
04 4x—x* 0x2—x—14
J-2 dx _ dx
°( _1)2_ vizy o mz_( _1)2
2 2 2 2
N
lo 2 2
7 8|17 1
P DL
2 2 21
V17 1‘ V17 1
1 2 T o 2 2
L | -
Ji7 | 87 +1‘ 7 1
2 2 2 2
Jﬁ+3 V171
1 2 2.2 2
=——<lo
N AR NN 17_1‘
2 2 2 2
N (V7 +3)(V17+1)| 1 124517
V7 8|7 3) (A7 )| 17 o &

j‘\/x —x?dx :1 \/—[xz —x]dx

AT

o1 1(1j2 1]
2 2 2) .4 2

=l—=+x-x"| +-——sin

2 2 2
0 0
1 1
= 2x—1\/x_x2 +15in'1(2x—1)}
4 o 8 o
:i 0 +%sin'1(1) —_le/a —%‘sin'l(—l)—sin'l(O)‘
= zsin“l(l) = 1[5] =z
8 4\2) 8

' Example: Evaluate the following integrals:

()

()

j- dx
T+ 1)(x+2)

J‘Z dx
L(x+1)(x+2)
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Notes

(i)

()
(i)
(iii)
(iv)

(v)

1 A . B
(x+1)(x+2) x+1 x+2
=1=A(x+2)+B(x+1)

Puttingx =-1, we get A=1

Puttingx =-2,weget B=-1

e o A e teed
Tx+1)(x+2) 1x+1 x+2

2
1

=log|x+1|-log|x+2] ]

:(10g3—10g4)—(log2—log3):log%—loggzlogg

1=j'd7x
o x> (x+1)

1 A B C
2 ot ot
(x+1) x x° x+1

=1=Ax(a+1)+B(x+1)+Cx’
Puttingx =-1, wegetC=1
Puttingx =1, weget A=-1

I= SZL:JS{—1+%+L}&
Tx“(x+1) 1L x x° x+1

1 3
:—10g|x|—7+log|x+1|}
X

0
:[—10g3—%+10g4)—[—log|1|—%+10g|2|)

1 2 2
=-log3—-—+log4+1-log2==+log—
08931108 0g<=7 11087

Example: Evaluate the following integrals:

n/4

J-O sin 2x cos 3xdx
/4

J.O cos’ xdx

J.O"M, [1+sin 2x dx
.[:/2\/1 + cosxdx

n sinx
0 sinx + cosx

Solution:

(i)

n/4
I= J-O sin2x cos3xdx
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= 1J‘R/AZsilr12xcos3xdx = 1-|.n/4[Sin5x + sin(—x)]dx
27 27

1 n/4

= ljn/4[sin5xsinx]dx - 7{—C055x
240 5

+ COSX:|
0

:;;(?cosi“+cos2j—(—;coso+cosoﬂ
SEBERS
:;6;3%/5}2/15(3 )=+ (3J_ 4)

Gi) I= '[On/4cos3 xdx = %J‘;M(Scosx +c0s3x)dx
=1{3si sm3x}
4 3
1 b
= {(3sm +751 —j (351n0—51n0]}
4 4
_1)3 . 1( 1] 1 10_5
4lv2 3\V2)] 427 3 2
(i) 1= VI+sin2vdx

n/4
—J \/Sln X + COs x+251nxcosxdx

n .
—J \J(sinx + cos)’*dx = L sinx + cos xdx

n/4
=—cosx +sinx];

:(—cos£+sin1j (—cos0+sin0) = 1 L+1—0:1

N2 42
. _ n/2 d _ n/2 Zxd
(iv) I—J.O 1+ cosxdx —IO 2cos 5 X

n/2 X
=\/§J'O COSde
n/2
smf LT
=2 1 :2\/§smgl
2 o
:Zﬁ[sinﬁfsiHO}:Z\/E{ifo}:Z
4 V2
t  sinx
I=
® 1= e conn

Let sin x = A (sin x + cos x) + B (- cos x + sin x)

=>a=A+B
0=A-B
:Ale
2
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1,. 1 .
= —(sinx + cosx) + —(—cosx + sinx)
o :_[2 2 dx
0 sinx + cosx

ki

1 cosx +sinx
- L Tjcosxroin,
29 2y sinx+cosx

n

17 1 .
= fx} +—=log|sinx + cosx l}
2 ] 2

0

= % |m—0] +%{log | sint+ cosn|—log|sin0+ cos0 |}
n 1 i
=—+—{log|-1|-log|1|} ==
) {log|-1|-log|1l} >
' Example: Evaluate the following integrals:

1
1. _[xe*dx
0

2
2. jlog xdx
1

x/2 /2 a2
3. J xcosxdx =sinx - J sin xdx
0 0
n
4. jcostlogsinxdx
0

n/6
5. I (2 +3x%)cos 3xdx

0

4
dx
. 2
1+ xlogx
7 ( B2
Solution:
1
1 jxe dx
0
1 1
=xe" X —Ie‘dx
0
=[1.e' 70]76111) =e—[e—e]"=e—e+1=1
2
) Ilogxdx
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=(log2)(2)-(log1)(1 {Jldx}

:210g2—{x]f}
=2log2—-{2-1}=2log2-1

7/2 /2 /2
I xcosxdx =sinx - J sin xdx

0
= {EsinE - 0} cosx]ﬂ/2
2 2

=X cosE—cos0=2-1
2 2 2

jcos 2xlogsinxdx
0

—logsinx[smzzxﬂ _J-cosx.sm2xdx
0

osinx 2

—| cos® xdx = —Jidx

:O—ICOSX 251nxcosxdx: J~ 1+ cos2x
0 0 2

0 sinx 2

:—ljl+cos2xdx :_1[,“_%}
29 2 2

1 ( sianj ( sinO) T
=——|| n+ -1 0+ =—
2{ 2 2 2

n/6
I (2+3x*)cos 3xdx

0

dx

:(2+3x2)sm3x} _I6xsm3x
3 3

6

N,

2+7 7_2 cosSx} 6_“/6—c053xdx
5 L, 173

2 n/6
r_ 2:(0+0)+ 1sm3x}
36 9 0

2,

3

2 o {2 } 2 ot 2
- 1 =—+———=—+
3 3 9

1/2 4
—(2+x)EDT 2’”1) ~[{@x+ 12+ Tjdx
2 2
2 2

={(20)(9)"/* - (6)(5)"/* - T(Zx +1)°2dx

2
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Notes
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~ (60— ¢5) - @0
5
22
2 2

5/2 5/2
={60—%}—{9 —55 }:60—%—243 €/§=%—\/§

—+
5 5

= 1 X —J- 1 z.l.xdx—J 1 S dx
log x i 5 (logx)” x 5 (log x)

= ez— ¢ +'[ ! dx—.[g2 ! 5 dx
loge® loge| - (logx) ¢ (logx)

32 2
e=——¢.

:210ge_ 2

b
Example: If Ix3dx =0

4P 4 4
:1} =0:>b——a—=0

4 4

s>t =at=a=1+b
b
Also fodx=z
3

a

3 3 3
Y20 2 e ooy
3 3

When a = b, then

a’-a’=2whichisabsurd - g=-b
=>-a"-a’=2=>-2=2=a’=-1=a=-1
thusb=1

Hence,a=-1and b =1

k
' dx
@ Example: If =7~ , Find the value of k.

J‘ I
1248 167
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Notes
k

,1£
1
2 1o

=2tan! 2x]k I

o2

= 2tan'2k-0="

2
= 2tan' 2k =~ = 2k = tan =
4 4

:Zkzljk:1
2

2

Task Evaluate the following integrals:

3
¢ odx

1.
-!.xz—l
1 2

1-x

2. dx

'(|).1+x2

Self Assessment

Fill in the blanks:

T, e states that if f{x) is a continuous function defined on closed interval
[a, b] and F(x) is integral of f(x).
b

12. [ f)dr=F(x) then [f@)dx=F@)] =FO)~F@) .. ... .

a

13.  In Fundamental theorem of integral calculus, a is called lower limit, b is called upper limit
and F(b) - F(a) is called the...........ccceeuvriuninnnnnn. of the definite integral.

14. The Fundamental theorem of integral calculus is very useful as it gives us a method of
calculating the definite integral more easily without calculating the ..........c..cccccooeveeenn.. .

15.  The crucial operation in evaluating a definite integral is that of finding a function whose
derivative is equal to the .............cccccocevcinaes .

4.3 Summary

o The Definite Integral comprises extensive number of applications in mathematics, the
physical sciences and engineering.

° Let f(x) be a continuous real valued function defined on the closed interval [4, b]. Divide
the interval [g, b] into n equal parts each of width h by points a + i, a + 2h, a+3h, ..., a +
(n-1)h.
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Notes ° In case of definite integral as limit of sum, the areas of inner rectangles are

hf (a),hf (a+h),hf (a+2h),hf (a+3h),..., hf (a +n—Th).

o The area In case of definite integral as limit of sum, is close to the area of the region
bounded by the curve y = f(x), x-axis and the ordinates x =a, x = b.

o If n increases, the number of rectangles will increases and the width of rectangles will
decrease.
o The process of evaluating a definite integral by using the above definition is called

integration from first principles or integration by ab-initio method or integration as the
limit of a sum.

° Fundamental theorem of integral calculus states that if f(x) is a continuous function defined
on closed interval [a, b] and F(x) is integral of f(x) i.e., _f f(x)dx =F(x),then

b b

[ F(x)dx = F(x)] =F(b)~F(a)

a a

o Fundamental theorem of integral calculus is very useful as it gives us a method of calculating
the definite integral more easily, without calculating the limit of a sum.

4.4 Keywords

Definite Integral: The Definite Integral comprises extensive number of applications in
mathematics, the physical sciences and engineering.

Fundamental Theorem of Integral Calculus: It states that if f(x) is a continuous function defined
on closed interval [4, b] and F(x) is integral of f(x).

4.5 Review Questions

1.  Elucidate the concept of Definite Integral as the Limit of a Sum. Give examples.
3

2. Evaluate the definite integral Ix +3dx a5 limit of sums.
0
5

3. Evaluate the definite integral Il —XdX as limit of sums.
1
4

4. Evaluate the definite integral JSx +1dx a5 limit of sums.
2
2

5. Evaluate the definite integral IBx2 +2dx a5 limit of sums.
0
4

6.  Evaluate the definite integral sz —x*dX s limit of sums.
1
3

2

7. Evaluate the definite integral Ix +2XdX a5 limit of sums.

1
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4 Notes
8.  Evaluate the integral IV 3x+7dx
1

5
1
9. Evaluate the integral | =——==0%
& ! N1+2x

j 1
10.  Evaluate the integral dx
gral Jox—3

(x* = 3x)dx

- —

11.  Evaluate the integral

1/2

x
12.  Evaluate the integral ———dx
ot f 72

Answers: Self Assessment

1. b-a

2. width

3. i)

4. limiting

5. jf(x)dlehig(} h[f(a)+ f(a+h)+ f(a+2h)+ f(a+3h)+...+ f(a+n—1h]

6. ab-initio

e

o5}

8. . (hj
sin| —
2

n(n—-1)(2n-1)
6

0 )’

9. =

11. Fundamental theorem of integral calculus
12, F(x)] =F(b)-F(a)
13.  value

14.  limit of a sum

15.  integrand
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Notes 4.6 Further Readings

N

Books

Online link

68

Douglas S. Kurtz, Jaroslav Kurzweil, Charles Swartz, Theories of Integration,
World Scientific

G.H. Hardy, T. W. Korner, A Course of Pure Mathematics, Cambridge University
Press

Morris Kline, Calculus: An Intuitive and Physical Approach, Courier Dover
Publications

Ron Larson, David C. Falvo, Calculus: an Applied Approach, Cengage Learning.

www.intmath.com
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Richa Nandra, Lovely Professional University Unit 5: Definite Integrals by Substitution

Unit 5: Definite Integrals by Substitution Notes

CONTENTS

Objectives

Introduction

5.1 Substitution Rule for Definite Integrals
5.2 Use Substitution to Find Definite Integrals
53 Summary

54 Keyword

5.5 Review Questions

5.6  Further Readings

Objectives

After studying this unit, you will be able to:

° Understand the Substitution rule for definite integrals
° Discuss the concept of definite integrals by substitution
Introduction

As we know, the first step in performing a definite integral is to calculate the indefinite integral
and that hasn’t tainted. We will still calculate the indefinite integral initially. This signifies that
we by now know how to perform these. Now, in this unit, we make use of the substitution rule
to locate the indefinite integral and then perform the evaluation.

5.1 Substitution Rule for Definite Integrals

There are though, two methods to treat with the assessment step.

The steps for performing integration by substitution for definite integrals are the similar as the
steps for integration by substitution for indefinite integrals apart from we must alter the bounds
of integration and we do not require subbing back in for u.

1. Letu =g (x).
2. Find du/dx = g’ (x)

3. Letdu =g (x) dx. Now, confirm that this is included in the unique integral. If not, then you
cannot utilize this method.

4. Substitute u in for g (x) and du in for g’ (x) dx.

5. Locate the new bounds of integration by plugging in the lower bound into u. That
consequence will be the new lower bound. Then plug in the upper bound into u. This will
be the new upper bound.

6.  Integrate the new integral.

7. Plugin the new bounds and calculate.

LOVELY PROFESSIONAL UNIVERSITY 69
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Notes So, we can say, the Substitution Rule for Definite Integrals state: If f is continuous on the range
of u = g(x) and g’(x) is continuous on [a, b], then

b 8(b)
[ F(g(x)g (x)dx = | f(u)du
a 8(a)

l?

Did u know? One of the methods of performing the assessment is perhaps the most
understandable at this point, but also has a point in the procedure where we can dig up in
problem if we aren’t paying awareness.

Self Assessment

Fill in the blanks:
1.  The first step in performing a definite integral is to calculate the ....................... integral.

2. The steps for performing integration by substitution for definite integrals are .......................
as the steps for integration by substitution for indefinite integrals.

3. If f is continuous on the range of u = g(x) and g’(x) is continuous on [g, b], then .......................
State whether the following statements are true or false:

4. Performing integration by substitution for definite integrals is different from performing
integration by substitution for indefinite integrals.

5. The new bounds of integration are located by plugging in the lower bound.

5.2 Use Substitution to Find Definite Integrals

To Use Substitution to find Definite Integrals, you are required to perform either:

o Calculate the indefinite integral, articulating an antiderivative in terms of the original
variable, and then assess the consequence at the original limits, or

o Translate the original limits to new limits in provisions of the new variable and do not
translate the antiderivative back to the original variable.

Let us now describe both methods of performing the evaluation step.
Consider the following definite integral.

We will illustrate here, the evaluation of the given integral by means of two different
methods.

jizﬁ\/l —4fdt

Let’s begin off from first method of dealing with the assessment step.

AN

Caution We are required to be cautious with this method as there is a point in the procedure
where if we aren’t paying awareness we’ll obtain the wrong solution.
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Solution 1:
Firstly, we calculate the indefinite integral by means of the substitution rule.

Here, the substitution is,
1
u=1-4¢ du = -12*dt = tdt =——du
12
Plugging this into the integral provides,

1
jithxll —4f3dt = 7%'[02115 du

310
-1

9 -2
Observe that we didn’t perform the evaluation yet. This is where the latent problem occurs with
this solution method. The limits specified here are from the original integral and thus are

values of t. We have u’s in our solution. We can’t plug values of t in for u.

Thus, we will have to get back to s before we perform the substitution.

l"

Did u know? Getting back to t's before performing the substitution is the standard step in
the substitution procedure, but it is frequently forgotten when performing definite

integrals.

Note also that here, if we don’t move back to #'s we will have a little problem in that one of the
evaluations will finish up providing us a complex number.
So, concluding this problem provides,

0

j° 267\1- 48 dt = —1(1 -4t )%
-2 9

Thus, that was the first solution method. Now let us observe the second method.

Solution 2:

|

Notes This solution method isn’t actually all that dissimilar from the first method. In this
method we are going to keep in mind that when performing a substitution we want to

remove all the #'s in the integral and write all in terms of u.

When we say all here we actually mean all.

AN

Caution Keep in mind that the limits on the integral are also values of t and we're going to
translate the limits into u values.

Converting the limits is quite simple as our substitution will tell us how to relate ¢ and u therefore
all we require to do is plug in the original f limits into the substitution and we’ll obtain the
new u limits.
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Notes Here is the substitution (it's similar as the first method) in addition to the limit conversions.

u=1-4¢ du =-123dt = dt = —%du

The integral is now,

1
jo 2821 -4 dt = —1.[1 uldu
-2 6 33
3 1
__1;
9 33

As with the first method let us gap here a second to remind us what we’re performing. Here,
we’ve converted the limits to u’s and we’ve also obtained our integral in terms of u’s and so here
we can just plug the limits straightforwardly into our integral.

l"

Did u know? Here we would not plug our substitution back in. Performing this here
would cause troubles as we would have s in the integral and our limits would be u’s.

We have given below the rest of this problem.

3|1
jfzth\/1 —4fdt = —%uE

33

1 (1| 1 _
:——[—(33) }9(33@ 1)

We got precisely the similar answer and this time didn’t have to concern regarding going back
to t's in our answer.

Thus, we’ve observed two solution methods for computing definite integrals that need the
substitution rule. Both are valid solution methods and each include their uses. We will be using
the second completely though because it makes the evaluation step a little simpler.

=7|

Notes Observe that, though we will persistently remind ourselves that this is a definite
integral by putting the limits on the integral at every step. Without the limits it’s easy to
overlook that we had a definite integral when we’ve gotten the indefinite integral calculated.

2

Task Tllustrate the two methods used to evaluate definite integral by substitution.

Let us perform some examples.

' Example: Evaluate each of the following;:

(a) Ji(l-s—w)(2w+w2 )5 dw

72 LOVELY PROFESSIONAL UNIVERSITY



Unit 5: Definite Integrals by Substitution

J‘ié 4 5 dx

(®) ey 142x

1

(©) J.OE e’ +2cos(my)dy

(d) J-z3sin[§)—5cos(n—z)dz

Solution:

Because we’ve done performed a few substitution rule integrals, here we aren’t going to put a lot
of exertion into elucidating the substitution part of things here.

() Jj(l + w)(Zw +w’ )5 dw

The substitution and converted limits are,
u=2w+w du=(2+2w)dw :>(1+w)dw:%dw

w=-1 = u=-1 w=5 = u=35

At times a limit will stay similar after the substitution. Don’t get thrilled when it takes
place and don’t imagine it to occur all the time.

Here is the integral,

5 5 1 ¢35
L(l +w)(2w+w?) dw = EL u’du
1 35
= Eu(’ =153188802

-1

J‘7674 - 5 dx
(b) 2(1+2x)° 1+2x

Here is the substitution and converted limits for this problem,
1
u=1+2x du =2dx :dx:Edu

x=-2 = u=-3 x=-6 = u=-11

The integral is then,

== dr=—["4u? -2 du
2(1+2x) 1+2x 273 u

:%(—zw2 —SInu){

J-f6 4 5 1 5

3

1
(© J-OE e’ +2cos(my)dy

This integral requires to be divided into two integrals as the first term doesn’t need a
substitution and the second does.
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Notes 1 1 1
.[02 e’ +2cos(my)dy = J.OZ e'dy + .[02 2 cos(my)dy

Here is the substitution and converted limits for the second term.

u=mny du = ndy = dy:ldu
T
1 T
=0 =0 == ==
y = u y=5 = u=s

Here is the integral.
1 1 2 E
.[02 e +2cos(ny)dy = LZ eldy + ;J‘UZ cos(u) du

1 T
2.2, |7
+—Ssm u
T
0

=¢Y
0

1

2. 2.
=e2—e"+Zsin=—-=sin 0

b1 2 x
1
:ez—1+g
T

(d) ﬁ3sin[§) —-5cos(n—2z)dz

This integral will need two substitutions. So first divide the integral so we can accomplish
a substitution on each term.

ESsin(gj —5cos(n—z)dz= '[;3sin(§jdz - J;)Scos(n -2)dz
3 3 3

There are the two substitutions for these integrals.

u=2 duzldz = dz =2du
2 2
z== —Su="1 z=0 = u=0
3 6
V=T—2 dv=—-dz = dz=—-dv
b 2n
z=— = v=— z=0 = V=T
3 3

Here is the integral for this problem.
E3sin(§] —5cos(n—z)dz= 6'[50 sin(u)du + 5]; cos(v)dv
3 6 3

X
2x

=—6cos(u)

=3\/§—6+(5\2/§j

V3

) 5sin ()
6

=Y 6
2
' Example: Evaluate each of the following.
5 4t
() .[75 2_8? dt

74 LOVELY PROFESSIONAL UNIVERSITY



Unit 5: Definite Integrals by Substitution

5 A4t Notes
(b) .[3 2 842 dt
Solution:

5 4t
@) J—szfsﬂdt

Be cautious with this integral. The denominator is zero at and both of these are in the gap
of integration. Thus, this integrand is not constant in the interval and so the integral can’t
be completed.

Be cautious with definite integrals and be on the lookout for division by zero problems.
In the preceding section they were simple to spot as all the division by zero problems that
we had there were at zero. Once we go into substitution problems though they will not
always be so easy to spot so confirm that you first take a rapid look at the integrand and
observe if there are any continuity problems with the integrand and if they take place in
the interval of integration.

5 4t
®) [t

Now, here the integral can be completed since the two points of discontinuity, x =+, are

both outside of the interval of integration. The substitution and converted limits here are,
2 1
u=2-8t du =16t dt = tdt:—ﬁdt

t=3 = u=-70 t=5 = u=-198

The integral is then,

3288 *_E 70y

-198

JS 4t J 4 —1981d

i

= —Z(In(l98)—ln(70))

' Example: Evaluate each of the following;:

(a) J.O]n(w)ex Cos(l —e )dx

o [l

J~ sec(3P)tan( 3P)dP

32 +sec(3P)
(d) jicos(x)cos(sin(x))dx
) j:lofuzdw

Solution:

(@) J.Oln(m) e COS(l —e ) dx
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Notes The limits are a little strange in this case, but that will occur sometimes so don’t get too
energized regarding it. Here is the substitution.

u-1-¢6* du = —edx
x=0 = u=1-¢"=1-1=0
x=In(1+n) = u=1-e"""=1-(1-n)=-n

The integral is then,
J'ln(]m)e" cos(l - ez) dx = —Jincos udu
0 0

=— sin(u)‘;n

—(sin(—rc) —sin 0) =0

& [In t]4
b dt
b) ]
Here is the substitution and converted limits for this problem.
u=Int du= %dt

t=e = u=Ine*=2 t=e = u=Ine* =6

5 sec(3P)tan(3P)
(©) 7 32+sec(3P)

Here is the substitution and converted limits and don’t get too thrilled about the
substitution. It’s a little chaotic in the case, but that can take place on occasion.

dpP

u=2+sec(3P) du=3sec(3P)tan (3P)dP = sec(3P)tan(3P)dP:%du

T

P=— = u=2+sec 2+42
12 ( )

P:E = u=2+sec(£j:4
9 3

Here is the integral,

'[ sec(3P)tan( SP) ap - 1 03 du
2 32+sec(3P) 2z
2 4
15
2 2442

:;(4§(2+J§)§J

So, not only was the substitution chaotic, but we also a untidy answer, but again that’s life
on occasion.
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T

(d) E Cos(x)cos(sin(x))dx
This problem not as awful as it appears. Here is the substitution and converted limits.

u=sin x du = cos x dx
LT .
x=7 = u=sin—=1 x=-n = u=sin(-n)=0

The cosine in the very front of the integrand will get substituted away in the differential
and so this integrand in fact simplifies down considerably. Here is the integral.

ﬁ cos(x)cos(sin(x))dx = J.O] cos u du

= sin(u)‘;
=sin(1)-sin (0)
=sin(1)
Don’t get energized about these types of answers. On occasion we will finish up with trig
function assessments like this.

2

2 e®
—dw
O P

This is also a complicated substitution (at least until you see it). Here it is,

u:g du:—%dw = —Zdw:—ldu
w w w 2
1
w=2 = u=1 w=— = u=100
50

Here is the integral.

2 ew
I] sdw=—— Ooe" du
oW 2
1
:_1611
2 100
1
=7(61 —6100)
2

E% _[2 x dx
il

Task Evaluate e 2)3 by using substitution method.

Self Assessment

Fill in the blanks:

6.  The first method used to evaluate definite integral by substitution is to calculate the
indefinite integral, articulating an antiderivative in terms of the original variable, and
then assess the consequence at the ............cccccccccceeuee. limits.

7. Thesecond method used to evaluate definite integral by substitutionis to ............cccccccccvuniunes

the original limits to new limits in provisions of the new variable and do not translate the
antiderivative back to the original variable.

8. Sometimes a ........cccocereuririrnnnn will stay similar after the substitution.
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Notes 9.  There is a point in the procedure where if we aren’t paying awareness we’ll obtain the
............................... solution.

10.  The second solution method isn’t actually all that dissimilar from the .........ccccccccccevennnnnn
method.

11. Getting back to t's before performing the substitution is the standard step in the
............................... procedure, but it is frequently forgotten when performing definite integrals.

12.  If we don’t move back to t's we will have a little problem in that one of the evaluations
will finish up providing us a ........ccccccccocuvernnnnne. .

13.  Be cautious with definite integrals and be on the lookout for ............cccccccecnene. problems.
State whether the following statements are true or false:

14. In first method, when performing a substitution we want to remove all the #'s in the
integral and write all in terms of u.

15.  We are required to be alert with the first method as there is a point in the process where if
we aren’t paying awareness we’ll obtain the wrong solution.

5.3 Summary

° The first step in performing a definite integral is to calculate the indefinite integral and
that hasn’t tainted.

o The steps for performing integration by substitution for definite integrals are the similar

as the steps for integration by substitution for indefinite integrals apart from we must
alter the bounds of integration and we do not require subbing back in for u.

o The Substitution Rule for Definite Integrals state: If f is continuous on the range of u = g(x)
b 8(b)
and ¢’(x) is continuous on [a, b], then J.f(g(x))g’(x) de= | f(u)du
a 8(a)
o To Use Substitution to find Definite Integrals, you are required to perform either, calculate

the indefinite integral, articulating an antiderivative in terms of the original variable, and
then assess the consequence at the original limits.

o Also, another method is to translate the original limits to new limits in provisions of the
new variable and do not translate the antiderivative back to the original variable.

° We are required to be cautious with this method as there is a point in the procedure where
if we aren’t paying awareness we’ll obtain the wrong solution.

° The second solution method isn’t actually all that dissimilar from the first method.
° Both are valid solution methods and each include their uses.
5.4 Keyword

Substitution Rule: The Substitution Rule for Definite Integrals state: If f is continuous on the

b 8(b)
range of u = ¢(x) and ¢’(x) is continuous on [g, ], then J.f(g(x))g’(x) dx = ,[ f(u)du

8(a)

5.5 Review Questions

1.  Illustrate the steps for performing integration by substitution for definite integrals with
example.
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2. Out of the two different methods used to evaluate definite integral by substitution, which Notes
one is better to use? Illustrate.

3n/2 — . e
3. Evaluate j J/sin x +1cosx dx. by using substitution.

2 3
4. Evaluate L Paid dt by using substitution.

5. Evaluate J.13(9 +x) dx by using substitution.
6.  Evaluate J.Ol (x+5)* dx by using substitution.
7. Evaluate J:ll(l +x)3 dx by using substitution.
8.  Evaluate J.On/zcos(l +x)dx by using substitution.

0 4 4\3 . . .
9.  Evaluate J._lx (1+2x ) dx by using substitution.

4
10.  Evaluate L ~2x+1 dx by using substitution.

Answers: Self Assessment

1. indefinite 2. similar
8(b)
3. f(u) du 4.  False
8(a)
5. True 6.  original
7. translate 8. limit
9. wrong 10.  first
11.  substitution 12.  complex number
13.  division by zero 14. False
15.  True
5.6 Further Readings
o
Books Douglas S. Kurtz, Jaroslav Kurzweil, Charles Swartz, Theories of Integration,

World Scientific.

G.H.Hardy, T. W. Korner, A Course of Pure Mathematics, Cambridge University
Press.

Morris Kline, Calculus: an Intuitive and Physical Approach, Courier Dover
Publications.

Ron Larson, David C. Falvo, Calculus: an Applied Approach, Cengage Learning.

AN

Y.L,

Online link tutorial. math.lamar.edu/ Classes/Calcl/SubstitutionRuleDefinite.aspx
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Unit 6: Properties of Definite Integral

CONTENTS
Objectives
Introduction
6.1 Properties of the Integral
6.1.1 Integrability on all Subintervals
6.1.2 Additivity of the Integral
6.1.3 Inequalities for Integrals
6.1.4 Linear Combinations
6.1.5  Integration by Parts
6.1.6  Change of Variable
6.1.7 Derivative of the Definite Integral
6.2 Summary
6.3 Keywords
6.4 Review Questions

6.5 Further Readings

Objectives

After studying this unit, you will be able to:
° Understand the concept of properties of definite integral

) Explain the various definite integral properties
Introduction

As we know, integration in basic word is the inverse of differentiation. There are two types of
integrals definite and indefinite integral. Definite integral is where the integration is performed
in a specific interval. Usually the integration is performed between a to b, a is known as lower
limit and b is known as upper limit. For integration of definite integral we integrate the specified
function first then apply the upper and lower limit (we subtract upper limit from lower limit).
There are certain properties of definite integral which are discussed in this unit.

Why do we necessitate to study these properties of the definite integral? These properties will
approach to the fundamental theorem of calculus. This theorem is perhaps one of the most
functional in all of mathematics. It converts the integral from a mathematical inquisitiveness to
a prevailing tool that is accessed in science, engineering, economics and many other areas.

6.1 Properties of the Integral

The fundamental properties of integrals are simply attained for us since the integral is defined
straightforwardly by differentiation. Therefore we can pertain all the rules we know regarding
derivatives to attain analogous facts with reference to integrals.
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0] Notes

Did u know? The properties of definite integral make the integration simpler.
6.1.1 Integrability on all Subintervals

When a function involves a calculus integral on an interval it must also contain a calculus
integral on all subintervals.

Theorem (integrability on subintervals): If f is integrable on a closed, bounded interval [4,b] then
f is integrable on any subinterval [c,d]  [a,b].

6.1.2 Additivity of the Integral

When a function involves a calculus integral on two contiguous intervals it must also contain a
calculus integral on the amalgamation of the two intervals.

?

Did u know? The integral on the large interval is the sum of the other two integrals.

Theorem (additivity of the integral): Suppose f and g be integrable functions on the interval
[a; b]. Subsequently f +g is also integrable on [a; b] and we have

b b b
L (f+8)(x)dx= L f(x)dx+ L g(x)dx.
Proof:
Let f and g are integrable on [a; b]. Select an arbitrary n € N. Then we observe that there exists a
b 1 b 1 1
step function s < fso that L s, (x)dx > l(f)—a = L f(x)dx Tan OF else I(f)—a would be an
upper bound to S = {Lbs(x)dx ‘ s< f;sis a step function} less than I(f), in destruction of the

definition I ( f ) =sup (S)

5 b b 1 o~ b 1
Similarly we locate ¢ ,s, and with %,, L t,(x)dx < L f(x)dx +E/ L Su(x)dx > L g(x)dx "

b~ b 1
and L fa(x)dx < L g(x)dx+ﬂ.

Merging these equations, and by means of the additivity for step functions provides us

That
Lb(sn + §n)(x)dx > Lbf(x)dx + J.:g(x)dx 75,

.Lb(t” +Zn)(x)dx < Lbf(x)dx + _ng(x)dx _%'

Furthermore we know that s, +s, < f +¢<t, +f, (for all n € N), so s, +3, is a step function
bounding f + ¢ from below, and ¢, +1, is a step function bounding f + ¢ from above. Therefore
we locate that (still, for all n € N) we have

Iﬂbf(x)dx+Jabg(x)dx+%Zf(f+g)27(f+g)Zjiyf(x)dxﬂfﬂbg(x)d —%

forall n e N.
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As the lower integral and the upper integral are now appeared to be equivalent we discover that
f+ g is integrable, and its integral equals the value of the lower integral, that is

[[(f+8)()dx=1(f+g)=["f(x)dx+[ g(x)dx,

as preferred.
Alternate Theorem

This theorem can also be established as

[ fGv=[ @y [ f()ax

Let us suppose we have a function f(x), and three points on the x axis: 4, b and c:

X
a b 1
We have that a < b < c. The definite integral
J.; f(x)dx
Provides us the area under the curve from a to c:
y
| X
a P
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The integral from a to b equals this area: Notes

y

X
a b
And the integral from b to c equals this area:
y
/-.—-—-—f""‘—"—'—
‘ X
a C ‘

We can observe evidently from the graphs that if we sum these two last areas we’ll obtain the
area from a to c. That is:

[ Feydx=] f(x)dx+ [ F(x)dx

=7|

Notes These numbers don't require to be in the order I. That is, it is not essential for them
to seize the relationship: a <b <c.
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6.1.3 Inequalities for Integrals

Larger functions contain larger integrals. The formula for inequalities:
Ihf(x)dx < Ihg(x)dx
if f (x) < g(x) for all but finitely several points x in (a,b).

Theorem (integral inequalities): Assume that the two functions f, g are both integrable on a
closed, bounded interval [a, b] and that f (x) < g(x) for all x € [a,b] with probably finitely many
exceptions. Then

Iﬂbf(x)dx < ng(x)dx.

The proof is a simple exercise in derivatives. We recognize that if H is consistently continuous

d
on [a, b] and if aH (x)20 for all but finitely several points x in (a,b) then H(x) must be non-

decreasing on [a,b].

2

Task  Accomplish the details needed to prove the inequality formula of Theorem..

6.1.4 Linear Combinations

Formula for linear combination is as below:

Lb[rf(x) + sg(x)] dx=r J.:f(x)dx + sj-:g(x)dx (r,seR).

This is a specific statement of what we mean by this formula: If both functions f (x) and g(x)
contain a calculus integral on the interval [4,b] then any linear combination r f (x)+s g(x) (r, s € R)
also encloses a calculus integral on the interval [4,b] and, furthermore, the identity is ought to be
hold. We know that
di(rF(x) +5G(x))=1F"(x)+sG'(x)
x

at any point x at which both F and G are differentiable.

' Example: We have

j:(xz - 2x)dx = J.Ol x2dx — ZJ.:xdx.
ijz dx:%and J.U]x dx:%.
Thus

J1(x2—2x)dx:1—21:—g.
0 3 72 3

6.1.5 Integration by Parts

Integration by parts formula:

['F(x)G/(x)dx = F(x)G(x) - [ F(x)G(x)dx
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The purpose of the formula is enclosed in the product rule for derivatives: Notes

A (F(3)6(x)) = F(x)G (x) + F(x)G(x)

which holds at any point where both functions are differentiable.

AN

Caution One must provide strong enough hypotheses that the function F(x)G(x) is an
indefinite integral for the functioning the sense required for our integral.

6.1.6 Change of Variable
The change of variable formula (i.e., integration by substitution):

! . 5(b)
[ f(s®)g(tyde=]  f(x)dx.

The meaning of the formula is enclosed in the following statement which includes a sufficient
condition that permits this formula to be proved: LetI be an interval and g :[a, b] — I a continuously
differentiable function. Let that F : ] — R is an integrable function. Then the function F(g(t))g(t)
is integrable on [a, b] and the function f is integrable on the interval [g(a),g(b)] (or rather on
[g(a),g(b)] if g(b) < g(a)) and the identity holds. There are diverse assumptions under which this
might be applicable.

The proof is an application of the chain rule for the derivative of a composite function:

L F(G(x)) = F(G))G (x).

dx
[
% % cos/x

Task Show that the integral _[0 i dx exists and use a change of variable to determine
the exact value.

6.1.7 Derivative of the Definite Integral
s ["f (#)ar?
What is Ixde Vi ‘

x d x
We know that L f(t) dt is an indefinite integral of fand so, by definition, EL f(t)dt=f(x)at
all but finitely many points in the interval (a, b) if f is integrable on [a, b].
If we require to know more than that then there is the following edition which we have already

proved:

d X
EL f(t)dt=f(x) atall points a < x < b at which fis continuous.

AN

Caution We should keep in mind, however, that there may also be various points where f
is discontinuous and so far the derivative formula holds.

d X
If we go ahead of the calculus interval, then the same formula is valid EL f(t)dt=f(x)but

there may be several more than finitely many exceptions probable. For “most” values of f this
is true but there may even be infinitely many exceptions probable. It will still be true at points
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of continuity but it must also be true at most points when an integrable function is poorly
discontinuous.

Examples of Definite Integral Properties

1.

The integral of y = 4x + 3 from 2 to 2 is 0 since the integral of any function in which both
bounds are the exact similar number is zero.

If the integral from 1 to 4 of the function y = x2 is 21, then the integral from 4 to 1 of x?
is -21 since when the bounds of an integral are toggled, the integral is similar, but has the
opposite sign (positive transforms to negative, or negative transforms to positive).

Self Assessment

Fill in the blanks:

1.
2.

10.

11.

12.

13.

14.

............................... integral is where the integration is performed in a specific interval.

If the integration is performed between a to b, then a is known as lower limit and b is
known as ......cccoeevveirieinnn limit.

For integration of definite integral we integrate the specified ...........cccccccceeneii first then
apply the upper and lower limit.

The fundamental properties of integrals are simply attained for us since the integral is
defined straightforwardly by ........cccoevrrennae. .

When a function involves a calculus integral on an interval it must also contain a calculus
integral on all ........c.ocoovvrrnnne. .

When a function involves a calculus integral on two ..., intervals it must
also contain a calculus integral on the amalgamation of the two intervals.

The integral on the large interval is the ........cc.ccccoceieiin. of the other two integrals.

Suppose f and g be integrable functions on the interval [g; b]. Subsequently f +g is also

b b
integrable on [4; b] and we have ........cccocoveevinennece. = J.a f(x)dx+ J.n g(x)dx.

The formula for ......cccooeverveunerenen. is I ’ f(x)dx< Ih g(x)dx if f(x) < g(x) for all but finitely

several points x in (a,b).

If both functions f (x) and g(x) contain a calculus integral on the interval [4,b] then any
............................... rf(x)+s g(x) (1, s € R) also encloses a calculus integral on the interval [a,b].

The integration by ..........ccccececucurenaee formula is defined by

J.:F(x)G’(x)dx =F(x)G(x)- J.:F’(X)G(x)dx .
)TN formula is defined by Lbf(g(t))g’(t)dt = J-;(:f(x)dx'

x d ex
L F(B)dtisan .....cooeecererrerennnnns integral of fand so, by definition, 7.'; f(t)dt=f(x).

Complete the following: J.: f(x)dx= J: FO)AX A+ e .
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15. Complete the following: Notes

............................... = :rjbf(x)dx+s+'f:g(x)dx(r,s eR).

a

6.2 Summary
° There are certain properties of definite integral which makes the integration simpler.
° The fundamental properties of integrals are simply attained for us since the integral is

defined straightforwardly by differentiation.

° When a function involves a calculus integral on an interval it must also contain a calculus
integral on all subintervals.

° When a function involves a calculus integral on two contiguous intervals it must also
contain a calculus integral on the amalgamation of the two intervals.
b b
. The formula for inequalities is L f(x)dx < L g(x)dx if f(x) < g(x) for all but finitely several
points x in (a,b).

o If both functions f (x) and g(x) contain a calculus integral on the interval [4,b] then any
linear combination r f (x)+s g(x) (r, s € R) also encloses a calculus integral on the interval
[a,b] and, furthermore, the identity is ought to be hold.

o Integration by parts formula is the purpose of the formula is
J.:F(X)G’(x)dx =F(x)G(x) —I:F’(x)G(x)dx enclosed in the product rule for derivatives:
d . .
E(F(X)G(X)) =F(x)G'(x)+ F'(x)G(x) which holds at any point where both functions are
differentiable.
o The first two are similar to the properties of limits. The other two are very perceptive and

relate to the notion of area.

6.3 Keywords

Change of Variable: The change of variable formula (i.e., integration by substitution):

b . 8(b)
[ Flg@)g(ar=[1f(x)ax.

Fundamental Theorem of Calculus: This theorem converts the integral from a mathematical
inquisitiveness to a prevailing tool that is accessed in science, engineering, economics and many
other areas.

6.4 Review Questions

1.  Supply the details needed to prove the integration by parts formula in the special case
where F and G are continuously differentiable everywhere.

2. Supply the details needed to prove the change of variable formula in the special case
where F and G are differentiable everywhere.

3. Let F(x) =|x| and G(x)= x2sin™!, G (0) = 0. Does
[[F(G(x))G (x)dx = F(G(1)) - F(G(0)) =|sin 1]2
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10.

Supply the details needed to prove the change of variable formula in the special case
where G is strictly increasing and differentiable everywhere

Show that the function f (x) = x? is integrable on [-1,2] and compute its definite integral there.
Show that each of the following functions is not integrable on the interval stated:

(@)  f(x) =1 for all x irrational and f (x) = 0 if x is rational, on any interval [a,b].

(b)  f(x)=1forall x irrational and f (x) is undefined if x is rational, on any interval [4,b].

(@ fx)y=1forallx6=1,1/2,1/31/4,...and f(1/n) = cn for some sequence of positive
numbers ¢, c,, c,, ..., on the interval [0,1].

Determine all values of p for which the integrals
jlx”dx or J.wx”dx
0 1
Are the following additivity formulas for infinite integrals valid:
© a b ©
(a) Lof(x)dxzjlmf(x)dx+fuf(x)dx+.[h f(x)dx?
by L f)dx=3 [ f(x)dx?
n-1

© [rea= Y[ e

Evaluate the following integral using properties of definite integrals and interpreting
integrals as areas:

J-i(4x—2)dx

Evaluate the following integral using properties of definite integrals and interpreting
integrals as areas.

J.Z (Su3 -5u° + E)du
2 2

Answers: Self Assessment

11.

13.

15.

a1

Definite 2. upper

function 4. differentiation
subintervals 6.  contiguous

sum 8. J.:(f +g)(x)dx
inequalities 10.  linear combination
parts 12.  change of variable
indefinite 14 [ f(x)dx

J.:[rf(x) +sg(x)] dx
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6.5 Further Readings Notes
Books Douglas S. Kurtz, Jaroslav Kurzweil, Charles Swartz, Theories of integration,

World Scientific

G. H. Hardy, T. W. Kérner, A course of pure mathematics, Cambridge University
Press

Morris Kline, Calculus: an intuitive and physical approach, Courier Dover
Publications

Ron Larson, David C. Falvo, Calculus: an applied approach, Cengage Learning

A
Y.

Online link www.sosmath.com/calculus/integ/integ02/integ02.html
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Unit 7: Definite Integral Applications

CONTENTS

Objectives

Introduction

7.1  Area under Simple Curve

7.2 Area within Two or more Curves
7.3 Summary

74 Keyword

7.5 Review Questions

7.6  Further Readings

Objectives

After studying this unit, you will be able to:

o Understand the application in finding the area under simple curve
o Discuss the application in finding the area within two curves
Introduction

Applications of the definite integral include finding the area under simple curve and finding the
area within two curves. In this unit, you will understand definite integral applications in detail
with explained examples.

7.1 Area under Simple Curve

We begin with the area under a simple curve, a straight line. A straight line, y = const, above a
distance in x is a rectangle and the area of a rectangle is the height multiplied by the width. For
some more anticipation appearance at the area under, or inside, a triangle created by the
coordinate axes and y = kx. These two areas, the rectangle and the triangle, include straight
sides, but what in relation to an area surrounded by a quadratic, y = x%. This is a whole new
problem. As a first approach to this problem, gaze at succeeding estimations to the area.

Graph the function between x = 0 and x = 2.

The area under this curve is less than the area within a triangle created with base with the x axis
from 0 to 2, height from y = 0 to 4 and the inclined height from the point (0,0) to (2,4). Such a
triangle has area (1/2)2 x 4 = 4.

This is a first estimation.
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The curve y = x? g traverse throughout the points (0.0), (1,1) and (2,4) so persist this estimation Notes
approach by finding the area of this triangle and trapezoid grouping. The area of the triangle is

(1/2)1 x2=1/2. The area of a trapezoid is (1/2)(sum of the opposite faces) (height) which for this

trapezoid is (1/2)(1 + 4)(1) = 2.5. The sum of these areas is 3.

This is an improved estimation.

AN

Caution This estimation approach can be carried to superior correctness by making slighter
and slighter trapezoids.

Make the trapezoids minute enough and they get somewhat close to rectangles.

—]]

Notes Observe that this estimation strategy can be applied to any function; power,
exponential, trigonometric or any combination theorem. Therefore we have an estimation
method that can be executed out to any extent of correctness as long as we are enthusiastic
to make the comprehensive computations.

With this foreword to areas and an estimation approach to areas surrounded by functions gaze
now at what is known as the fundamental theorem of integral calculus.

Make use of the similar curve y = x> as an example, although any curve would function as well,
and consider estimating the area not with trapezoids, but with a compilation of slender
rectangles. The rectangles can be created in a numerous methods, inside the curve, outside the
curve or by means of a mid-value. It actually doesn’t make any dissimilarity how they are
created since we are going to take the limit by having their width to zero. The ones displayed
here are an average height. See the x, 'th rectangle of width Dx that contains height x 2.

/
b y=x° /
§/ X Ith
xZ él ”
AN
<
Ax x

The area under this curve can be represented as a sum of similar rectangles. With this vision, the
area under the curve is

Azg(x,f)Ax

with the area getting closer and closer to the definite area since the width of the rectangles
reduces and their number augments.
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l?

Did u know? By means of a limit approach, and the knowledge that this outlines, or integral,
over a particular range in x is the area under the curve, A is the limit of the sum as Dx leads
to zero.

A= gg});(xi) Ax = I;dex

The integral is scrutinized as the area produced by summing an infinite number of rectangles of
infinitely minute width. The antiderivatives of these integrals can be revealed by the estimation
method sketched to be equal to the area under the curve. In definite practice the integrals are
frequently mentioned not as 0 to x but as from a lower limit to a higher limit corresponding to
the area preferred.

The next three examples demonstrate the utilization of integrals in locating the area of a rectangle,
triangle and area under a quadratic. These integrals exhibit that the area under the curve as
displayed by the integral is in fact the antiderivative with the specified limits. This is easily
confirmed by performing estimations as summarized above.

' Example: Find the area under the curve y = 5, enclosed by the lines x =0 and x = 5.
Graph the function.

It is a straight line at y = 5, analogous to the x-axis. To locate the area, integrate 5dx from x = 0
tox=5.

This area integral is represented as
5
A=| '5dx

The 0 and 5 mean, assess the integral at 5 and then subtract the value for 0.

The operations are

5 5
A :JOde:Sx‘O =5(5)-5(0)=25

N §
\\\\\

' Example: Find the area under the curve y =2x among x =0and x=3.

1

-

Initially, graph the curve.

The area, by integration is

213

A:jaxdxz’i —9-0=9
0 2

0
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This curve y = 2x generates a triangle with the x-axis and the line x = 3. The area of this triangle Notes
is one-half the base times the height (1/2)3-6 = 9, the same value as attained via integration.

' Example: Find the area under the curve y = x? connecting x =0 and x = 2.

First, graph the curve. Using the integral method, the area is

312

3
A=[2Pdx=" _2 _9-8.07
0 3

3 3

0

X

The area under this curve is less than the area within a triangle generated with base along
the x axis from 0 to 2, height from y = 0 to 4 and the inclined height from the point (0,0) to (2,4).

Such a triangle contains area (1/2)2-4 = 4, and as predictable is more than the area of ~2.7
calculated with the integral.

The curve y = x? traverses throughout the points (0.0), (1,1) and (2,4) so carry on this estimation
approach by locating the area of this triangle and trapezoid. The area of the triangle is (1/2)1 -2
=1/2. The area of a trapezoid is (1/2)(sum of the opposite faces)(height) which here is (1/2)
(1 +4)(1) =2.5. The sum of these areas is 3, nearer to the 2.7 attained via the integral.

If this course were sustained with more narrower and narrower trapezoids the area would lead
to 2.7 attained via the integral.

' Example: Find the area under the curve y = 43 1fromx=1to x=3.

Graph the curve over the series of interest.
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Notes This is a cubic. It increases abruptly, and it crosses the y-axis at and the x-axis at 1 and passes
through the point (3,8). The rectangle displays one of the rectangles that is being summed in the
integration course.

The shaded area is the integral

3
3, x*
A:J‘1 (x —1)dx:{4—x}
1
Now assess the integral

a-(B2) (14 0.3 7
4 4 4 4 4 4 4

' Example: Find the area enclosed by y =2 (1/2)x* and the x-axis. Graph the function.

This function is a parabola. It opens down and traverses the y-axis at y = 2.

The limits on the integral have to be from where the curve crosses the x-axis on the negative side
to where it crosses on the positive part. To locate these points set and solve for x.

Recognizing how to graph this curve permits you to focus on the calculus part of the problem.

The shaded area is the area preferred so the integral is

[[[2-a/2)" Jax {2x—ﬂ22 {2(—2)—(_2)3}{2(2)_(‘2)3}
AR SRERCENOILE

Second Solution:

S
Il

There is a slight faster, a little simpler, and a little less prone to fault method of performing this
problem. Keep in mind the symmetry that was so cooperative in graphing parabolas. Not just
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is there a symmetry in the graph of the curve between 0 and 2 and 0 and - 2, but the area under Notes
the curve from 0 to 2 is identical as the area under the curve from 0 to - 2. Thus, the complete area

among this curve and the x-axis is twice the area computation between x = 0 and x = 2. Observe

the lack of negative numbers in this solution.

A :2102[2—(1/2)x2]dx:2{2x—x;I :2{2(2)—263}—[0]}:2{4—;1}:2{132_i}zlf

In performing area problems gaze for symmetry that will make the problem simpler and cut
down on the quantity of numbers you have to influence.

'i Example: An investment in a definite mining process is returning an total per month
that goes with the following formula

A=0.25x" —14x +300

where x is the month and A is the amount for that month. This formula is applicable for 40 months.
What is the overall return for the first 12 months?

Solution:

The curve begins out at $300 for the zero™ month and drops off with time. In this problem the
height of a rectangle beneath the curve for every value of x displays the money obtained that
month and the sum of these rectangles is the total quantity for the period summed. For 12
months this amount is the area under the curve from the zero™ to the eleven™ month, or the
integral from 0 to 11.

11

T =| " (0.25x% — 14x +300) dx

0
11

T = {0 25— —14— + BOOx}

0

T= {0 25% - 14E 300(11)}
T =$2564
Self Assessment
Fill in the blanks:
1. A straight line, y = const, above a distance in x is a .......c.cccooveeuevererrernnnn. .

2. The area of a rectangle is the height multiplied by the .............cccccoceececnenn. .
3. The area of @ ....c.cccceveecicccernnce is (1/2)(sum of the opposite faces) (height).

4. The rectangles can be created in a numerous methods, inside the curve, outside the curve
or by using a .......ccccocoeveeieiiinnnnnn .

5. Itactually doesn’t make any variation how the rectangles are created since we are going to
take the limit by having their width to .........c..ccccceinicinnne. .

6. By means of @ .....ccceeiciiciiiiinn. approach, and the knowledge that this outlines, or
integral, over a particular range in x is the area under the curve, A is the limit of the sum
as Dx leads to zero.
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7. In definite practice the integrals are frequently mentioned not as 0 to x but as from a lower
limit to @ coooveveeeeiccccccccee limit corresponding to the area preferred.
8. The.iicii of the integrals can be revealed by the estimation method sketched

to be equal to the area under the curve.

9.  Theintegrals exhibit that the area under the curve as displayed by the integral is in fact the
antiderivative with the ... limits.

10.  Make the trapezoids minute enough and they get somewhat............cccccccenniininnn torectangles.
State whether the following statements are true or false:

11.  This estimation approach can be carried to superior correctness by making slighter and
slighter trapezoids.

12.  The integral is scrutinized as the area produced by summing a finite number of rectangles
of infinitely minute width.

7.2 Area within Two or more Curves

The technique for identifying the area within two or more curves is an imperative application of
integral calculus. There are three major steps to this procedure. They are:

1.  Graph the two or more equations.
2. Find out the points of intersection.
3. Setup and assess the definite integral.

In the following examples, this process is demonstrated.

l"

Did u know? The technique for identifying the area within two or more curves allows us
identify the area of irregular shapes by assessing the definite integral.

' Example: Find the area between the curves f(x) =4 -x2and g (x) =x2-4.
Solution:
Step 1: Graph the functions. (See figure)

The motive for graphing the two equations is to be capable to find out which function is on top
and which one is on the bottom. At times, you can also find out the points of intersection. From
this graph, it is apparent that f (x) is the upper function, g (x) is the lower function, and that the
points of intersection are x = - 2 and x = 2.
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Step 2: Find out the points of intersection. Notes

If you did not recognize the points of intersection from the graph, solve for them algebraically
or by means of your calculator. To locate them algebraically, set each equation equivalent to
each other.

4-x*=x2-4>5-2x"=-8>x?=4>x=-20rx=2
Step 3: Set up and estimate the integral.

Recollect from previous notes, when we were locating the area between the curve and the x-axis,
we had to find out the upper and the lower curve. Then the area was defined to be the next
integral.

b
Area= L (upper curve— lower curve) dx
So the definite integral would be as below.
Area= fi(él -2 )= (¥ - 4)} dx = lez(S -22%)dx
Now, let us assess the integral.
Area= Jj[(4 -x*)—(x* - 4)] dx = _[i(S - 2x% )dx
- _332_ _2 3___%_3j
—{Sx 3" } ; —(8(2) 3(2) J (8( 2) 3( 2)
(1619 (16198
3 3 3

If you observe the graph of the two functions cautiously, you should have observed that we
could have used some balance when setting up the integral. The region is symmetric regarding
both the x- and the y-axis. If we had utilized the y-axis symmetry, the consequent integral would
have had bounds of 0 and 2, and we would have had to take 2 times the area to discover the total
area. Here is this integral.

Area= 2‘[:[(4 - xz) - (x2 - 4)} dx = J._ZZ(S - 2x2)dx
[[s@-2er)-(s0-20r )]

—Z[Sx—gxﬂ
3 5
o o)
3 3 3

If we had used both symmetries, the consequential integral would still have bounds of 0 and 2,
but the upper function would have been f (x) and the lower function would be y = 0 (the x-axis).
To locate the total area, we would have to obtain this area times 4. Here is this integral.

Area—4‘|.[4 x? de 4_[ 4 x? dx

)-
o] {(w»m o]
) { g} 4(3]

' Example: Find the area between the curves f (x) = 0.5sec? x and g (x) = - 4sin? x over the
interval [- = /3, &t /3].
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Solution:
Step 1: Graph the functions.

Observe that f(x) is the upper function, and g (x) is the lower function. As the interval that we will
be integrating over is specified, skip step 2.

Step 3: Set up and assess the integral.

b

Area = J‘g{(%sef xj —(—4 sin? x)}dx

3
m

- J‘gn [lsec2 X+ é(l —cos? x)}dx
3 2 2

ks
:%tanau—bc—sinzx3 4n

x
3

Now, let us undertake a problem in which we integrate relating to y.

'i Example: Find the area between the curves x = y* and x = i that is contained in the first
quadrant.

Solution:

Step 1: Graph the functions. (See figure)

1.2

1

Since both equations are x in terms of y, we will integrate with respect to y. When integrate with
respect to x, we have to determine the upper function and the lower function. Now that we are
integrating with respect to y, we must determine what function is the farthest from the y-axis.
The function that is the farthest from the y-axis is x = y%. So that will be our upper curve. The
lower curve will be the curve that is nearest to the y-axis. In this case, it is the function x = y°.
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Step 2: Find the points of intersection. Notes
Set the two equations equal to each other.

V=y-oy-y=0->y0-y)=0->y=0ory=1

Step 3: Set up and evaluate the integral.

1

1 1
Area = L]l(yz —ys)dy = gya —Zy‘*

0

' Example: Find the area of the region enclosed by the curves y = x,y =1, and y = x2/4 that
lies in the first quadrant.

Solution:
Step 1: Graph the functions. (See figure)

Here, you will observe that if we choose to integrate with respect to x, then we will have to split
the area into two pieces. One will be on the interval [0, 1], and the other on the interval [1, 2]. If
we choose to integrate with respect to y, then we will only have one area to compete with. So let
us do it regarding y first. The upper function will be y = x 2/4, and the lower function will be

y=x.

Step 2: Find out the points of intersection.

Observe that the one general intersection point of the two functions is the point (0, 0). So we will
integrate fromy=0toy = 1.

Step 3: Set up and assess the integral.

To integrate with respect to y, we must solve y = x 2/4 for x in terms of y.

x’ :
y=Z—>4y:x2—>x=2y2
i, 2 4 21
Area= [ 252 -y lay=22 -1y
rea L(y ny Sy
4 5 1,5 (4,3 1, ,) 5
(2 - tay)-[20): - Loy ]=2
(S0 -3 =[S 0r 307 )2

Now, let us integrate with respect to x. Keep in mind that we will have to have two integrals. For
the interval [0, 1] the upper function is y = x and the lower function is y = x /4. On the interval
[1, 2] the upper function is y =1 and the lower function is y = x 2/4.
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Area = J'U](x —ixzjderLZ(lJrixzjdx

' Example: Find the area bounded by the curves y =2x?and y = x* - 2x2
Solution:
Step 1: Graph the functions. (See figure)

Observe that this area is symmetric, so we can utilize symmetry to abridge the process of
locating the area among the curves. Notice that y = 2x?is the upper curve.

Step 2: Determine the intersection points.

\_i/ 2
We must find out the points of intersection. To perform this, set the two equations equal to each
other and solve for x. You should find out that x =-2, x = 0, and x =2 are the points of intersection.

As we are using symmetry, we will be integrating over the interval [0, 2] and considering that
area 2 times for the total area.

Step 3: Set up and evaluate the integral.

Area = 2_[02[2962 —(xz - ZxZ)de = 2.[:(4x2 - x4)dx

2
= Z{EJC3 —lxﬂ
3 5

=7

Notes Observe that for all of the examples, the curves are graphed to recognize which
curve was the upper curve, and which one was the lower curve.

AN

Caution You can utilize your graphing calculator for graphing curves this, or if you need
a printed copy, go to the computer lab and make use of Maple to plot one that you can

print out.

_18
15

0

Self Assessment

Fill in the blanks:

13.  The technique for identifying the area within two or more curves is an imperative
application of .........cccovveeeninicnnee .
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14.  The three major steps to technique for identifying the area within two or more curves are Notes
graphing the two or more equations, finding out the points of...............cccccccccce.e. , and Setting
up and assessing the definite integral.

15.  The curves are graphed to recognize which curve was the ... curve, and
which one was the lower curve.

7.3 Summary

° Applications of the definite integral include finding the area under simple curve and
finding the area within two curves.

° A straight line, y = const, above a distance in x is a rectangle and the area of a rectangle is
the height multiplied by the width.

° We have an estimation method that can be executed out to any extent of correctness as
long as we are enthusiastic to make the comprehensive computations.

° The rectangles can be created in a numerous methods, inside the curve, outside the curve
or by means of a mid-value.

° In definite practice the integrals are frequently mentioned not as 0 to x but as from a lower
limit to a higher limit corresponding to the area preferred.

° The technique for identifying the area within two or more curves is an imperative
application of integral calculus.

° Identifying the area within two or more curves allows us identify the area of irregular
shapes by assessing the definite integral.

° There are three major steps to this procedure: Graph the two or more equations, Find out
the points of intersection, and Set up and assess the definite integral.

7.4 Keyword

Estimation Approach: We have an estimation approach that can be executed out to any extent of
correctness as long as we are enthusiastic to make the comprehensive computations.

7.5 Review Questions

Illustrate the application of finding the area Under Simple Curve with example.
Exemplify the application of finding the area within two curves with example.
Find the area of the region bounded by y =2x,y =0, x=0and x = 2.

Find the area bounded by y =x% x=0and y = 3.

Find the area bounded by the curves y = x> + 5x and y = 3 - x%.

Find the area bounded by the curves y =x% y=2-xand y =1.

Find the area of the region enclosed between the curves y = x*-2x + 2 and x>+ 6 .

Find the area of the region enclosed by y = (x-1)2+3 and y = 7.

o ® N o g ok L N

Find the area of the region bounded by x = 0 on the left, x = 2 on the right, y = x> above and
y = -1 below.
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1.  rectangle 2. width
3. trapezoid 4. mid-value
5. Zero 6. limit
7. higher 8.  antiderivatives
9. specified 10. close
11.  True 12. False
13. integral calculus 14. intersection
15.  upper
7.6 Further Readings
Books Douglas S. Kurtz, Jaroslav Kurzweil, Charles Swartz, Theories of Integration,

World Scientific

G.H. Hardy, T. W. Korner, A Course of Pure Mathematics, Cambridge University
Press

Morris Kline, Calculus: an Intuitive and Physical Approach, Courier Dover
Publications

Ron Larson, David C. Falvo, Calculus: an Applied Approach, Cengage Learning

)

Online link http:/ /www.analyzemath.com/ calculus/Integrals/area_under_curve.html
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Unit 8: Formation of Differential Equation Notes

CONTENTS

Objectives

Introduction

8.1 Definition

8.2  (lassification of Differential Equation
8.3  Formation of a Differential Equation
8.4 Summary

8.5 Keywords

8.6 Review Questions

8.7  Further Readings

Objectives

After studying this unit, you will be able to:

[ Define differentiation equation

° Understand the classification of differential equation
° Discuss the formation of differential equation
Introduction

From times immemorial, man has made progress through observing the nature, questioning
and improvising himself. Scientists observe the positions of various celestial bodies, noting
their movements and finally discovering the paths traversed by these bodies and later on
representing them in the form of equations known as laws. This process of mathematical
formulations of natural phenomena lead to a differential equation -which is a natural choice as
phenomena change in time or change in other constants. Thus, in the fields of physics, engineering,
economics, finance, management, etc., differential equations play a very important role. They
arise in many practical problems where variation of distance of a moving particle, variation of
current in an electric circuit, in mechanical systems, agriculture, etc. A differential equation
involves independent variables, dependent variables, their derivatives and constants.

8.1 Definition

A differential equation is an equation, which involves differentials or differential coefficient.

Ordinary differential equations are those, which involve only one independent variable. Thus

dy

i —~ 41y cosx=sinx
M Lt

d2y

(ii) 3 +a’y =tanax
x
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(iii) x(ZZJZ —y(%)+ a=0

| a1y Ly T (Y
(iv) {“[dx)} dxzo{l{dxﬂ [dxz]

are examples of ordinary differential equations.

l?

Did u know? The differential equations are solved and the solutions thus obtained are
interpreted in the context of the problem.

Self Assessment

Fill in the blanks:

1 A, involves independent variables, dependent variables, their derivatives
and constants.

2. Ordinary differential equations are those, which involve only one ..........cccccoceconiinnn
variable.

3. Theprocessof .......covvirininee. formulations of natural phenomena leads to a differential
equation.

State whether the following statements are true or false:

4. Ordinary differential equations involve more than one independent variable.

8.2 Classification of Differential Equation

A differential equation can be classified as ordinary or partial differential equation. A differential
equation involving a single independent variable and the derivatives with respect to it, is called
an ordinary differential equation.

' Example: The equations (i), (ii), (iii) and (iv) given above are ordinary differential
equations.

l?

Did u know? An ordinary differential equation contains total derivatives or total
differentials.

A differential equation involving two or more independent variables and the partial derivatives
with respect to them, is called a partial differential equation.

' Example: the equations:

2y 8%y B

A
P AP
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) Notes
62v_C %y
0 o Claa

() oy y@y 0z

are partial differential equations.
Self Assessment

Fill in the blanks:

5. A differential equation can be classified as an ordinary or ...........cccccccccccuruaee differential
equation.

6. A differential equation involving a single independent variable and the derivatives with
respect to it, is called an ..........ccccccecccucuneeee differential equation.

7. Adifferential equation involving ..........ccccccocvueecnenne independent variables and the partial

derivatives with respect to them, is called a partial differential equation.

8.3 Formation of a Differential Equation

At times a family of curves can be displayed by a single equation. In this case the equation
includes an arbitrary constant c. By allocating different values for ¢, we obtain a family of
curves. Here c is known as the parameter or arbitrary constant of the family.

Differential equations are formed by elimination of arbitrary constants. To eliminate two
arbitrary constants, we require two more equations besides the given relation, leading us to
second order derivatives and hence a differential equation of the second order. Elimination of n
arbitrary constants leads us to n™ order derivatives and hence a differential equation of the
n' order.

|

Notes By eliminating the arbitrary constants from the specified equation and the equations
attained by the differentiation, we obtain the requisite differential equations.

Example: From the differential equation of all circles of radius r.
Solution:
The equation of any circle of radius r is
x-h?+(y-k*=r, @
where (h, k) the coordinates of the centre.

Differentiating (1) w.r.t. x, we get

dy
2(x-h) +2(y - k) E=O
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dy
or (x—h)+(y—h)a=0
Differentiating again, we have

dy (dyY
- (] =0

2
1+ (d—yj
dx

Ly

dx?

From (3), y—k=-

(-] [T,

i " ;
dy\ || (dy Y 4>

_ - , 2
or 1+(d—yJ =2 d—‘z
| dx | dx

which is the required differential equation.

2

Task Find the differential equations of all straight lines in a plane.

'i Example: Eliminate the constants from the equation

y = e (C, cos x + c, sin x)
and obtain the differential equation.
Solution:

There are two arbitrary constants c, and c, in equation (1).
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Differentiating (1) w.r.t. X, we have

d . .
d—y:e"(c1 cosx+c,sinx)+e* (—¢; sinx+c, cosx)
x
or dy_ +e*(—c; sinx +c, cosx) 2
Y 1 ,CO8X)

Differentiating again w.r.t. x, we have

2
%=Z—y=ex(—clsinx+c2cosx)+ex(—clcosx—czsinx)
x> dx
d d
=d—i+[£—y)—y [by(1)and(2)]

&y _,dy

TY 2% ay=0

o dx? dx+ 4

which is the required differential equation.

=7|

Notes The differential equation of two arbitrary constants family is attained by
differentiating the equation of the family twice and by eliminating the arbitrary constants.

' Example: Form a differential equation to represent the family of curves y = A cos x +
B sin x

Solution:

Since, y = A cos x + Bsinx

Z—Z; A sinx +Bcos x
Py L .
o= Acosx +Bsinx =(Acosx + Bsinx)
2y

ie., %+y=0-

Hence, the required differential equation is

d2
o o

' Example: Form a differential equation of the family of curves y = Aex + B&** for different
values of A and B.

Solution:

Given, y = Aex + B¢* -
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Notes Differentiation (1) w.r.t. x, we get
dy -2
—~=A¢" - 2Be™
dx -

Differentiating (2) again, we get
&

= A + 4B

dx

=(Ae"2B8™ )+ 2( Ae* + Be™)
d
= —ay +2y from (1) and (2).
Thus, the required differential equation is

@ + @—2y=0.
dF  dx

' Example: Form the differential equation of simple harmonic motion given by x = A
cos(nt + B)

Solution:
The given equation is x = A cos(nt + B) (1)

Differentiating (1) with respect to ‘', we get

dx .

— =-Asin(nt+B).n (2
dt

Differentiating (2) again with respect to ‘t’, we have

% = —A cos(nt + B).n* = — An” cos(nt + B)
t

~n2x, from (1)

d’x . . . . .
or, —2+n2x =0 is the required differential equation.

' Example: Form the differential equation from the relation sin™'x + sin™y = C
Solution:
Given sin™x + sin™y = C

Differentiating (1) w.r.t. “x’, we have

! + ! ﬂzo
VI=x? 147 &
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is the required differential equation.

' -1
% Example: Eliminate C from the equation y, = C¢™" ¥

Solution:

y= cen (1)

Differentiating (1) w.r.t. “x’, we get

dl =C esinflx . 1 — y

dx 1-x? 1-x?

ie, dy_ v is the required differential equation.
dx 1-x

Caution The specified equation is differentiated as many times as there are arbitrary
constants.

[P

Task Eliminate the arbitrary constants and obtain the differential equation:

y =Acos 2x + Bsin 2x

Self Assessment

Fill in the blanks:

8. By allocating different values for ¢, we obtain a family of curves where c is known as the
................................ of the family.

9.  Differential equations are formed by ...........cccccececcuneaee. of arbitrary constants.

10. Toeliminate..........cccococeuvueccnnne arbitrary constants, we require two more equations besides

the given relation.
11.  The elimination of two arbitrary constants lead us to .........cccccoeeccuruneuaee. order derivatives.

12.  Elimination of n arbitrary constants leads us to n* order derivatives and hence a differential
equation of the .........cccccccocvniins order.

13. By eliminating the arbitrary constants from the specified equation and the equations
attained by the ..o , we obtain the requisite differential equations.

State whether the following statements are true or false:
14. The specified equation is differentiated as many times as there are arbitrary constants.

15.  Elimination of n arbitrary constants leads to a differential equation of the (n+1)* order.
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8.4 Summary
° A differential equation involves independent variables, dependent variables, their
derivatives and constants.

° A differential equation involving a single independent variable and the derivatives with
respect to it, is called an ordinary differential equation.

° An ordinary differential equation contains total derivatives or total differentials.

° A differential equation involving two or more independent variables and the partial
derivatives with respect to them, is called a partial differential equation.

° By allocating different values for ¢, we obtain a family of curves where ¢ is known as the
parameter or arbitrary constant of the family.

° Differential equations are formed by elimination of arbitrary constants.

° Elimination of n arbitrary constants leads us to n™ order derivatives and hence a differential
equation of the n* order.

° By eliminating the arbitrary constants from a particular equation and the equations
achieved by the differentiation, we obtain the requisite differential equations.

8.5 Keywords

Arbitrary Constant: By allocating different values for c, we obtain a family of curves where c is
known as the parameter or arbitrary constant of the family.

Differential Equation: A differential equation involves independent variables, dependent
variables, their derivatives and constants.

Ordinary Differential Equation: A differential equation involving a single independent variable
and the derivatives with respect to it, is called an ordinary differential equation.

Partial Differential Equation: A differential equation involving two or more independent
variables and the partial derivatives with respect to them, is called a partial differential equation.

8.6 Review Questions

1.  Form the differential equation for y = a cos®x + b sin 3x where a and b are arbitrary
constants.

2. Form the differential equation of y = ae™ where a and b are the arbitrary constants.

3. Find the differential equation for the family of concentric circles x*+ y?= a? a is the arbitrary
constant.

4. Obtain the differential equation of the family of circles with fixed radius r and center on
the y-axis.

5. Form the differential equation of all circles with their centers on the line y = 2x.

6.  Form the differential equation of simple harmonic motion given by x = A cos (nf o).

7. Obtain the differential equation from the relation

i.y=Ce>+ Ce”+ Ce
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8. Form the differential equation from the relation xy = Ae* + Bé*, where A and B are arbitrary Notes
constants.
9.  Form the differential equation of all ellipses with centers at the origin.

10.  Form the differential equation of the family of curves y = *(A cosx + B sinx), where A and
B are arbitrary constants.

Answers: Self Assessment

1.  differential equation 2. independent

3. mathematical 4. False

5. partial 6. ordinary

7. two or more 8. parameter or arbitrary constant

9. elimination 10.  two

11. second 12. n*

13- differentiation 14.  True

15. False

8.7 Further Readings

o

Books D.A. Murray, Introductory Course in Differential Equations, Orient Blackswan.
Dr. Sanat Kumar Adhikari, Sanat Adhikari, Basics of Professional Mathematics,
Firewall Media.
Zafar Ahsan, Differential Equations and their Applications, PHI Learning Pvt. Ltd.

v. 4,
Online link www.purecoder.net
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CONTENTS
Objectives
Introduction
9.1 Order & Degree of Differential Equation
9.2 Solution of a Differential Equation
9.21 General Solution
9.2.2 Particular Solution
9.3  Solution and Constant of Integration
9.4 Differential Equations of the First Order and First Degree

941 Geometric Meaning of a Differential Equation of the First
Order and First Degree

942  Equations in which the Variables are Separable
943 Exact Differential Equations

9.5 Summary

9.6 Keywords

9.7 Review Questions

9.8  Further Readings

Objectives

After studying this unit, you will be able to:

o Understand the order & degree of differential equation

° llustrate the concept of solution of differential equation

° Understand the geometric meaning of a differential equation of the first order and first
degree

° Discuss the equations in which the variables are separable

Introduction

From times immemorial, man has made progress through observing the nature, questioning
and improvising himself. Scientists observe the positions of various celestial bodies, noting
their movements and finally discovering the paths traversed by these bodies and later on
representing them in the form of equations known as laws.

This process of mathematical formulations of natural phenomena lead to a differential equation
- which is a natural choice as phenomena change in time or change in other constants.

Thus, in the fields of physics, engineering, economics, finance, management, etc., differential
equations play a very important role. They arise in many practical problems where variation of
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distance of a moving particle, variation of current in an electric circuit, in mechanical systems, Notes
agriculture, etc. A differential equation involves independent variables, dependent variables,

their derivatives and constants. These equations are solved and the solutions thus obtained are

interpreted in the context of the problem.

9.1 Order & Degree of Differential Equation

The order of a differential equation is the order of highest derivative appearing in the equation.

The degree of a differential equation is the degree of the highest derivative occurring in it, after
the equation has been expressed in a form free from radials and fractions so far as the derivatives
are concerned.

Thus from the above differential equations:

(i) is of the first order and first degree;
(ii)  is of the second order and first degree;
(iii) is of the first order and second degree;
(iv) is of the second order and second degree;

l?

Did u know? Equation of degree higher than one is also called non-linear.
Self Assessment

Fill in the blanks:

1. A e, involves independent variables, dependent variables, their
derivatives and constants.

2. The.icc, of a differential equation is the order of highest derivative appearing

3. The i of a differential equation is the degree of the highest derivative
occurring in it, after the equation has been expressed in a form free from radials and
fractions so far as the derivatives are concerned.

4. Equation of degree higher than one is also called ............cccccccccuvnrncnne. .

9.2 Solution of a Differential Equation

Any relation between the dependent and independent variables, when substituted in the differential
equation, reduces it to an identity is called a solution or integral of the differential equation.

For example, the equation y = A cosx + B sinx is the solution of the differential equation

&
£y, y= 0. Because, we have, iy = A cosx + B sinx.

&

Upon differentiating it, % = A sinx + B cosx.
Again differentiation gives,

o
% ~ (A cosx + B sinx).

&
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Substituting these values in the given equation,

?ijy =~ (A cosx + B sinx) + A cosx + B sinx = 0.

=7|

Notes
1.  The solution of a differential equation is also called a primitive.

2. The order of the differential equation determines the number of arbitrary constants
in the solution.

9.2.1 General Solution

The solution of a differential equation, in which the number of arbitrary constants is equal to the
order of the differential equation is called the general solution or complete solution or the
complete primitive.

For example, y = C¢* + C, g* involving two arbitrary constants C, and C, is the general solution

of the differential equation dxif —» =0 of second order.

Similarly, the solution y = A cosx + B sin x obtained for the differential equation ;{ +y =0 is

the general solution.
9.2.2 Particular Solution

The solution obtained from the general solution by giving particular values to the arbitrary
constants, is called a particular solution of the differential equation.

For example, y = cos x (taking A =1 and B = 0) and y = sin x (by taking A =0 and B = 1) are some

d'y

particular solutions of the differential equation —
dx

AN

Caution Different techniques can be used to find the solutions of differential equations of
first order and first degree depending on type of given differential equation.

+y =0.

Self Assessment

Fill in the blanks:

5. Any relation between the dependent and independent variables, when substituted in the
differential equation, reduces it to an identity is called a solution or ..........ccccccceue. of the
differential equation.

6.  The solution of a differential equation, in which the number of arbitrary constants is equal
to the order of the differential equation is called the .............c.c...c..... .
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7. The solution obtained from the general solution by giving particular values to the arbitrary Notes
constants, is called a .........cccccceueeneen. of the differential equation.

9.3 Solution and Constant of Integration

A solution or integral of a differential equation is a relation between the variables, by means of
which and the derivatives obtained therefore, the equation is satisfied.

Finding the unknown function is called solving or integrating the differential equation. The
solution or integral of a differential equation is also called its primitive, because the differential
equation can be regarded as a relation derived from: it.

The solution of a differential equation which contains a number of arbitrary constants equal to
the order of the differential equation is called the general solution (or complete integral or
complete primitive). A solution obtainable from the general solution by giving particular
values to the constants is called a particular solution.

Eg lfy=Acosx+Bsinx (1)

dy .
Then ——=- Asinx-Bcosx
dx

dzy .
and —%5=— Acosx-Bsinx
dx

Thus (1) is a solution of (2)

Note: Here y = A cos x + B sin x (involving two arbitrary constants A and B) is the general

dz
solution of sz +y = 0 of second order equation.

AN

Caution The solution of differential equation of nth order is its particular solution if it
contains less than n arbitrary constants.

Self Assessment

Fill in the blanks:

8. A solution or integral of a differential equationis a .........cc.ccccooeeuuee. between the variables,
by means of which and the derivatives obtained therefore, the equation is satisfied.

9.  Findingthe........ccccceennnn. function is called solving or integrating the differential equation.

10.  The solution or integral of a differential equation is also called .......................... , because the
differential equation can be regarded as a relation derived from it.
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Notes 9.4 Differential Equations of the First Order and First Degree

All differential equations of the first order and first degree cannot be solved; they can be solved,
however, if they belong to one or the other of the following standard forms (categories) by the
standard methods:

1.  Equations in which the variables are separable,
2 Homogeneous equations,

3. Linear Equations,

4 Exact Equations.

9.4.1 Geometric Meaning of a Differential Equation of the First Order
and First Degree

Let f (w%) =0 1)

be a differential equation of the first order and first degree since the direction of a curve at a
particular point is determined by drawing a tangent line at that point, i.e., its slope is given

d
by?Z at that particular point.

Let P(x, y,) be any point in the plane.

Let my = L3 = [ﬂj be the slope of the curve at P, derived from (1).
dxg  \dx (*0.y0)
Taking a neighboring point P, (x,, y,) such that the slope of P P, is m . Let m; = Wy _ (d—y) be
ey \dx ey )

the slope of the curve at P, derived from (1).

Taking a neighboring point P, (x,, y,) such that the slope P, P, is m,.

Py

\ 4

Continuing like this, we get a succession of points. If the points are taken sufficiently close to each
other, they obtain an approximate smooth curve C: y = (x) which is a solution of (1) corresponding
to the initial point P, (x , y ). Any point on C and the slope of the tangent at that point satisfy (1).
If the moving point starts at any other point, not on C and moves as before, it will describe another
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curve. The equation of each such curve is a particular solution of the differential equation (1). The Notes
equation of the system of all such curves is the general solution of (1).

9.4.2 Equations in Which the Variables are Separable

A differential equation of first order and first degree is of the form

dy
—+flx,y) =0
= Sxy) 1)
which is sometimes written as

Mdx + Ndy =0, .(2)

where M and N are functions of x and y or constants and fis some known function of x and y. The
following are some standard methods to solve some first order, first degree equations, which
can be classified in one of the categories given below:

If a first order and first degree equation (2) can be put in the form

fi(x) dx + f,(y)dy = O,

then it is said to be in variable separable form. The solution is obtained by integration, i.e.,

[AGode + [y =c,

where C is an arbitrary constant.

|

Notes Many differential equations can be reduced to variable separable form by making

suitable substitution. For instance, the equation of the form %=J‘(ax+by+ ¢) can be

reduced to the form of variable separable by putting ax + by + ¢ = u.

' Example: Solve (x* - yx?) dy + (> +xy*) dx =0
Solution:

Here (x*-yx?) dx + (> + xy?) dx =0

1-y 1+x

or > dy + dx=0

x2

1 1 1 1
or (yz—y]dy+[x2+xjdx=0
Integrating, we get

1 1
———logy——+logx=c
y x

x y+x
log| 2 |- =
or Og{yj { xy j ‘

which is the required solution.
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Notes
'@ , dy
Example: Solve X TIr +y=1

Solution:

d
Here x? ?Z+y:1

or

Integrating, we get

1
dog (1-y) = +c

1
—-c
x

or log (1-y)=

1 1
= 0t o C=
1-y= ;"5 _ ppx. Wheree*=A.

1
or Y= 1- Aex

which is the required solution.

' Example: Solve (xy*+ x)dx+(yx*+y)dy = 0.
Solution:

Here  x(y*+1)dx +y (x*+1)dy =0

chdx N zdx 0
x+1 y +1

Or
Integrating, we get
1 1
logE (x*+1) +Elog y*+1)=c

or log (x*+ 1)+ (y*+ 1) =2¢

or (x*+1) (y*+1) = e%e = A, which is the required solution.

Example:

d _ _
l:eax 2 4 202y

Solve Ix

Solution:

d - -
Here l:eSx 2y +X2€ 2y
dx

or e*dy= (63" +x2)dx
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Integrating, we get

1 14 2
—e ==y 4o
3 3

or 3¢ = Z(esx + x3) +¢,,wherec, =6¢

which is the required solution.

Example:

d
Solve (X+y+1)2£=1

Solution:

Putting (x+y+1)=u

dy du
we get 1+£:E
dy _du _
Of ax dx

Thus the given equation reduces to

uz(@—ljzl
dx

dfu_1+u2
or dx u?
2
u
du=dx
or 1+u?
1
1- du =dx
or ( 1+u2j

Integrating, we get
u—tantu=x+c

or (x+y+1)—tan’1(x+y+1):x+c

or y:tan_l(x+y+1)+c1, wherec, =c-1

which is the required solution.
Remark:

Different equations of the form

Z—Z=¢(ax+by+c)
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can be reduced to a form in which the variables are separable by the substitution ax + by +c=u

so that u+bd—y:d—u
dx dx

or ‘Lyzl(@_a]
dx b\dx

Equation (1) reduces to

1(%—11):4@)

b\ dx
1(d
or E(?Z_a):¢(“)
du
or m:dx

After integrating both sides, u is replaced by its values.

' Example: Solve 3e* tan y dx + (1 + ¢) sec’y dy =0, given y :g when x =0
Integrating, we get

3log(1 + ex)+10g (tany)=logc,

or log[(h—ex )3 tany}:logc,

or (1+e)’tany =c. ...(1)

which is the general solution of the given equation.
Since y :g when x = 0, we have from (1),

1+1yPx1=c
= c=8
.. The required particular solution is

(1+e)Ytany=8.

Example:

dy x(2logx+1)

Solve = sin y+ycosy

Solution:
The given equation can be re-written as

(siny+ycosy)dy=x(2logx+1)dx
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Integrating both sides, we get Notes
J.smydy + Jiycgs dy=2 J‘%loglxdx + jxdx +c

2 2
or —cosy+ysiny—j1.sinydy:2{(logx);—J‘chxzdx}+x2

x2 1, «?
or —cosy +ysiny+cosy =2 TIng_Zx +?+c

or ysiny:leogx+c.

which is the required general solution.

' Example: Show that the curve in which the angle between the tangent and the radius
vector at every point is one half of the vectorial angle is a cardioid.

Solution:

If the angle between the radius vector and the tangent at any point be j, and q the vectorial angle,
then according to the given condition.

_9
?73
or tanp= tan(gj
M 2
do 0
r—=tan—
dr 2
or ﬂ = cotgde
r 2

Integrating, we get

logr =2log sin(g) +log2c

or logr =log2csin® (gj

= r=c(1-cos ),

which is the required equation of the curve. Clearly this represents a cardioid.

' Example: Solve the differential equation (1 + x)ydx + (1 + y)xdy =0
Solution:

The given equation can be written as

(1+y)x% +(1+x)y=0.
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Notes Separating the variables, we get
vy dy + 1+—xdx =0
y x

Integrating both sides, we get

J-HTy dy+'[1+xdx:c.

x
or, logy + y + log x + x = g, a constant
or, logxy+x+y=a

which is the required solution.

Example: Solve (x +J’)2 (x% +yj = xy(l + %j

Solution:

Put x + y = u, then differentiating w.r.t. x and y, we get respectively

dy  du dy dv
I+—= =— X—+y=—

& a MR %
Substituting these values in the given equation,
>dv  du dv  du
U —=v— —=—

d d v 2

Integrating both sides, we have

dv ¢ d
[Z=]5+C o logv=-14+cC
v u u

or logxy=—L+C or logxy+L=C.
’ x+y ’ x+y

ydx—xdy  dx
Example: Solve (- 5 m

yy

Solution:
—(xdy—ydx) _ dx

2 2
(lfzj 2 2\/1—x

X

xdy— ydx
Put X:v, dy 2y =dv.
X X

Substituting these values in the given equation,

v dx
B 1=V - N Integrating we get
- X

_ i1 . . .
or, ) sin” x+C g the required solution.
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g
2
Task Solve the differential equation: 4y +1+7y

dx  1+x?

Notes

9.4.3 Exact Differential Equations

A first order first degree equation of the form

M(x, y)dx + N(x, y) dy =0

is said to be exact if its left hand side quantity is the exact differential of some function u(x, y).

Thus for the above differential equation to be exact,
du Mdx + Ndy = 0.
The solution of the above equation is given by

u(x, y) =C.

l?

Did u know? Necessary and sufficient condition for a differential equation of the form

oM ON

M( x, y)dx + N(x, y)dy to be exact is o =

Working Rule for Solving Exact Differential Equation
The solution of an exact differential equation Mdx + Ndy = 0 is
I Mdx + I(terms of N that do not contain x)dy = C

y constant

' Example: Solve (xy) (dx dy) =dx +dy
Solution:

The given equation is

(Xy) (dx dy) =dx +dy

or, (xy 1)dx(xy +1)dy =0
Here, M=Xxyj1, N =1(xy+1).
Now,

N_M_

ox Oy '

Therefore, the given equation is exact. It's solution is given by

I Mdx + I(terms of N that do not contain x)dy = C

y constant

| Goy=tdx — [y =C

ie.
’ y constant
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i) 1

=X =xy—-x+=y —-y=C.
or, X —wmx ) oy
or, x2+y2—2xy—2x—2y=C'.

Example: Solve (ey + 1)cosx dx + ey sinx dy = 0.
Solution:

The given equation is (ey + 1) cos x dx + ey sin x dy =0
This is of the form Mdx + Ndy =0

where M= (ey +1) cos x, N = ey sin x

- M = ¢’ cosx, N =&’ cosx
Oy Ox
.M _ N . .
since 5" =57 the equation (1) is exact.

General solution is given by

I Mdx + f(terms of N independent of x)dy = C

y constant

[ @ +1)cosxdv+[ody=C

ie.,
 constant

or, (ey + 1) sin x = C is the general solution.

' / iyl X
@ Example: Solve (Hex y) de+e? [l_yj dy=0

Solution:

¥ X
The given equation is (1 + ex/y) di+e? (1 _yj dy=0
This is of the form Mdx + Ndy = 0, where
M=1+ex/y, N=ex/y (1x/y)

._67M=ex/y _i’ a7I\I=ex/y _l
oy f Ox yZ

LM N o
since v o the given equation is exact.

The general solution is given by

_[ Mdx + J(terms of N independent ofx)dy = C

y constant

= _[ (1+ &V )dx +Jo.dy:C:>x+yeX/y=C

y constant

This is the required general solution.
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' Example: Solve {y(l + l) + cosy}dx +{x+logx—xsiny} dy=0
x

Solution:

This given equation is of the form Mdx + Ndy =0

1
where M = )’(1*‘ j+cosy, N=x+logx-siny

X

oM 1 ON

. [
S —=1+——siny, ™ =1+——siny

oy X X X

L ON_oM . o
" oy therefore, the given equation is exact.

The solution is given by

or,

or,

J. Mdx + I(terms of N independent of x)dy = C

y constant
1
I 1+—| + cosypdx +_[o.a5/:C
y constant *

y(x +logx) +xcosy=C.

is the required general solution.

2

Task Solve the differential equation: (1+e% ) dx+ (1 —xj e%’ dy =0.
y

Self Assessment

Fill in the blanks:

11. A differential equation of first order and first degree is of the form %#l‘(%)’) =0 is
sometimes written as ..............cocoe.....

12.  If afirst order and first degree equation can be put in the form f1(x) dx + f2(y)dy = 0, then it
is said to be in ..o, form.

13.  Many differential equations can be reduced to variable separable form by making suitable

14. A first order first degree equation of the form M(x, y)dx + N(x, y) dy = 0 is said to be
......................... if its left hand side quantity is the exact differential of some function u(x, y).

15, The .. of the exact equation is given by u(x, y) = C.

9.5 Summary

o A differential equation involves independent variables, dependent variables, their
derivatives and constants.

° The order of a differential equation is the order of highest derivative appearing in the

equation.
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Notes ° The degree of a differential equation is the degree of the highest derivative occurring in it,
after the equation has been expressed in a form free from radials and fractions so far as the
derivatives are concerned.

° Any relation between the dependent and independent variables, when substituted in the
differential equation, reduces it to an identity is called a solution or integral of the
differential equation.

) The solution of a differential equation, in which the number of arbitrary constants is equal
to the order of the differential equation is called the general solution or complete solution
or the complete primitive.

° The solution obtained from the general solution by giving particular values to the arbitrary
constants, is called a particular solution of the differential equation.

) A solution or integral of a differential equation is a relation between the variables, by
means of which and the derivatives obtained therefore, the equation is satisfied.

d
° A differential equation of first order and first degree is of the form Iy +f(x,5) =0 which
X

is sometimes written as Mdx + Ndy = 0. Where M and N are functions of x and y or constants
and fis some known function of x.

° A first order first degree equation of the form M(x, y)dx + N(x, y) dy = 0 is said to be exact
if its left hand side quantity is the exact differential of some function u(x, y).

9.6 Keywords

Complete Primitive: The solution of a differential equation, in which the number of arbitrary
constants is equal to the order of the differential equation is called the general solution or
complete solution or the complete primitive.

Degree: The degree of a differential equation is the degree of the highest derivative occurring in
it, after the equation has been expressed in a form free from radials and fractions so far as the
derivatives are concerned.

Differential Equation: A differential equation involves independent variables, dependent
variables, their derivatives and constants.

Order: The order of a differential equation is the order of highest derivative appearing in the
equation.

Particular Solution: The solution obtained from the general solution by giving particular
values to the arbitrary constants, is called a particular solution of the differential equation.

9.7 Review Questions

1. Solve the differential equation x”(y+1)dx+y*(x—1)dy=0.

2. Solve the differential equation (1 -x? )(1 —y)dx=xy(1+y)dy.

. . W (2, Y
3. Solve the differential equation ¥ ~X——=a| Yy +——|
dx dx

d n
4. Solve the differential equation XCTZ =+coty=0 jf y= 1 when y=./2.
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Notes

. . . dy x—y 2 -y
5. Solve the differential equation Eﬂf Ttxte

d
6. Solve the differential equation aTZ =(4x+y+ 1)2 .

d .
7. Solve the differential equation ?i = sm(x + }/) + COS(X +y ) .

. . . 2dy _ 5
8. Solve the differential equation (x +y ) Ir =a,

dy
9. Solve the differential equation Fe x tan(y - x) =1,

10.  Solve the differential equation (2x - y + 1)dx + (2y - x - 1)dy = 0.
11.  Solve the differential equation (hx + by + f) dy + (ax + hy + g)dx = 0.

Answers: Self Assessment

1.  differential equation 2. order
3. degree 4. non-linear
5. integral 6. general solution
7.  particular solution 8. relation
9. unknown 10.  primitive
11. Mdx+Ndy=0 12.  variable separable
13.  substitution 14.  exact
15.  exact
9.8 Further Readings
N
Books D.A. Murray, Introductory Course in Differential Equations, Orient Blackswan.
Dr. Sanat Kumar Adhikari, Sanat Adhikari, Basics of Professional Mathematics,
Firewall Media.
Zafar Ahsan, Differential Equations and their Applications, PHI Learning Pvt. Ltd.
RN
Y.,
Online link www.purecoder.net
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Unit 10: Homogeneous Equations

CONTENTS

Objectives

Introduction

10.1 Homogeneous Equations

10.2 Equations Reducible to Homogeneous Form
10.3 Summary

104 Keywords

10.5 Review Questions

10.6  Further Readings

Objectives

After studying this unit, you will be able to:

° Understand the concept of homogeneous equations
° Discuss the equations reducible to homogeneous form
Introduction

As we know, the finest manner to resolve a new problem is to lessen it, in some manner, into the
outline of a problem that you already recognize how to solve. This is what you perform with
homogeneous differential equations. If you identify the truth that an equation is homogeneous
you can, in some cases, carry out a substitution which will permit you to apply separation of
variables to solve the equation. At this position you may be inquiring yourself, what is a
homogeneous differential equation? It is just an equation where both coefficients of the
differentials dx and dy are homogeneous.

10.1 Homogeneous Equations

Homogeneous functions are defined as functions where the sums of the powers of each term are
the same. A homogeneous equation can be malformed into a distinguishable equation by a
change of variables.

An equation of the form

dy _fi(x,y)
E_fz(x,y) (1)

is called a homogeneous function of the same degree in x and y.

If f (x, y) and £,(x, y) are homogeneous functions of degree n in x and y, then

filxy)=x"o, (1] and f,(x,y)=x"¢, (y ]

X X

.. Equation (1) reduces to
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Notes

Putting %= U oory=uvx

h d—y—v+x@
so that x i

Equation (2) becomes

dv
+x—=F
v xdx (v)
dv _dx
or (v)-v «x

Integrating, we get the solution in terms of v and x. Replacing v by % , we get the required solution.

?

Did u know? Homogeneous Equations are equations that can be changed into a distinguishable
equation by a variation of the dependent variable, y.

=7|

Notes The following implications are considered regarding systems of homogeneous
equations, in which there are no constant terms, where all right hand sides are 0.

1.  If you contain n variables, and n equations, and the determinant of the system is
non-zero, in order that the corresponding matrix is non-singular, then the origin
point, or 0 vector is the only solution to the equations. It is known as the trivial
solution to them.

2. Ifthere are smaller amount of linearly independent equations than there are variables,
then there are other, non-trivial solutions to the homogeneous equations. These
may be located by row reduction, in parametric manner, with the basis variables as
parameters. Row reduction is to some extent easier in this case because there is no
right hand side of the equations to manage.

Working Rule

. P _ h dl-v.,.x@
(i) uty =vx, then Ix

(ii)  Separate the variables v & x, and integrate

(iii) Replace the value of v by %
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' Example: Solve x (x - y) dy +i*dx =0
Solution:
dy __ vy
Here 4, = x(y—x)
. dy dy
Putting y = vx, so that e v+ xa
o
v+x—=
x v-1
2
N dy v o U

or i
v x
or (1—1)dv:1dx
v x

Integrating, we get

(v -logv) =log x +log c

or log e” - log v = log cx
eU
or log| — |=logcx
v
= e’ =uvcx
or /=y
x
1
or y=—e'*
c
1
or y:cley/x;where Cq :;

which is the required general solution.

' Example: Solve (x* - y?) dx = 2xy dy

Solution:

dy B x2 _yZ
Here dx 2xy
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Putti =0vx h d—y—v+x@

utting Y =0X, so that dx dx

. (1) reduces t P

. (1) reduces to I 2p
Lo _1-00  1-30°

of dx  2v 2v

2v dx

——dv=—

or 1-307 ¢ X

Integrating, we get

—%log(l—sz):logx+c

or 3logx+log(1—3v2)=—3c
3 2

or log x (1—3v ):—3c
3 3y3 -3¢
x°|1-—5-|=e =c'

or ( xz
3 3}/2
x°|1-—~|=c'

or [ xz

or x(x2—3y2):c'

which is the required general solution.

[:y:vx]

Example: Solve y’dx + (xy =x* ) dy=0

Solution:
dy___ v
Here dx xy+x2
P . _ h @ =0+ x@
utting y = vx, so that dx dx
2

: v+x—=
. (1) reduces to I 1+o

x@__v+2vz
dx 1+

or

_@_(14—2})110
or x  0+20°
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Integrating, we get

r (1+90)
—logx—'l.mdv

:I(l— ! jdv
v 20+1

=logv —%log(Zv +1)logc,

or 2logx +2logv-log(2v+1)=logc, [2log ¢, =log c]
lo x*® =lgc
or 8l2011)" 8
o
o 20+1
2
x
or N € { v:ﬂ}
2[1)” x
x
xy?
or 2y +x
or xy? =c(2y+x)

which is the required general solution.

' Example: Solve xdy —ydx = \[x* + y*dx.

Solution:
dy y+1lx2 +y2
Here = -
dx X
dy y+yx*+y’

Putting v = vx, so that
&Y dx X

. (1) reduces to

v+x?:v+\/1+v2

X
or le:\/1+02
X

dov dx

or m:a
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Integrating, we get Notes

log(v+\/1+vz)=logx+logc
or v+1+0% =cx

/ 2
or Z+ 1+y—2:cx {.'v:z}
X x x

or yxi+y? =cx®

which is the required solution.

' Example: Solve [x tan[%) —ysec? (zﬂ dx + xsec’ (%j dy=0

x
Solution:
2( Y ¥
< |—xt L
dlzysec (x) x an(xj
Here dx rse2[ Y (1)
x
. _Y. _
Putting v= L e y=ox
So th d—y—v+x@
o that dx dx
Equation (1) reduces to
dy tanv
VHX—==U-—
dx sec” v

sec?v dx
dv+—=

—=0
tanov dx

or

Integrating, we get
log (tan v) + log x = log ¢

or log (x tan v) =log c

or xtan(zj:c; { v:z}
x x

which is required solution.

' Example: Solve [1 + e%jdx + e%’ [1 _x] dy =0
: ” .
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Solution:
x
e’ (1—xj
Here dx xy
dy 1+e/y
X dv
Putting x = vy, so that E = U‘*y@
. (1) reduces to
v+ydv— e (1—:))
dy TI+e
dvo  e’(1-v)  ov+e’
or oo v YT v
dy 1+e l+e
or dl:“ievdv
-y v+e

Integrating, we get

log c - log y =log (v + ¢°)

or log y + log (v + ¢°) = log c
or y(vte)=c
or x+ye?=c

which is the required general solution.

AN

Caution When a differential equation contain % a number of times, solve it like a

homogeneous equations by putting %= v,

=7|

y/xorx/y.

Notes The function f does not rely on x & y individually but only on their proportion

2

Task Solve the following differential equation:
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Self Assessment Notes

Fill in the blanks:

L is just an equation where both coefficients of the differentials dx and
dy are homogeneous.

2. Homogeneous functions are defined as functions where the ...........ccccceennnnnn. of the
powers of each term are the same.

3. A homogeneous equation can be malformed into a distinguishable equation by a change
Of o .

4 A tiom of the form “L=BEX L dan function of th

. n equation of the form 75, "¢ ")y is called a homogeneous function of the

.................................. degree in x and y.

5. If f(x, y) and f,(x, y) are homogeneous functions of degree n in x and y, then
o[ Y and o (Y
filxy)=x"g <) f(xy)=x", o) s .
6.  Ifyou contain n variables, and n equations, and the determinant of the system is non-zero,
the it is known as the ......c..ccocooeriin. solution to them.

7. The function f does not depend on x & y independently but only on their

PrOPOItioN.....ccveveeeiiccicien .

8. Ifyourecognize the fact that an equation is homogeneous you can, in some cases, carry out
A e which will permit you to apply separation of variables to solve the
equation.

9.  If we get the solution in terms of v and x replacing v by..........cccceceuviiiiininnns we get the

required solution.
State whether the following statements are true or false:
10.  The sums of the powers of each term of homogenous function are different.

11.  If there are smaller amount of linearly independent equations than there are variables,
then there are other, trivial solutions to the homogeneous equations.

10.2 Equations Reducible to Homogeneous Form

A differential equation of the form

dy _ ax+by+c
dx_Ax+By+C (1)

can be reduced to the homogeneous form.

l?

. dy

) ax+by+c
Did u know? A differential equation of the form -

_m is not homogeneous,

but we can formulate it so by a transformation in the origins of x and y.
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Notes Now we consider the following cases to reduce the given differential equation to the
homogeneous form.

Casel
When 4+ 2
en —#o.
Puttingx = X +h, y =Y +k; (h & k are constants)
so that dx = dX, dy = dY.

Equation (1) becomes:

dY _a(X+h)+b(Y +k)+c
dX  A(X+h)+B(Y +k)+c

dY _ aX+bY +(ah+bk+c)
or dX  AX+BY +(Ah+Bk+c) )

Choosing /1 & k such that (2) becomes homogeneous.
Thus ah + bk+c=0and Ah+ Bk +c=0

ho k1
bC-Bc cA-Ca aB-Ab

so that

_bC-Bc , cA-Ca
aB-Ab"  aB-Ab

{ A e aBbA o}
A B

.. Equation (2) becomes

dY _ aX+bY
dX AX+BY

which is homogeneous in X & Y and can be solved by putting Y = vX.

Casell

a b
When Z:*, i.e., aB-bA=0.

The case (1) fails.

b1
B~ M (ay)

so that A =ma, B=mb.

dy (ax+by)+c

LS I - b
dx  m(ax+by)+c f(ax+by)

.. Equation (1) reduces to

which can be solved by putting ax + by = t.
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Example:

dy _6x-2y-7
Solve dx 2x+3y-6

Solution:

Puttingx=X-h,y-Y+k,

dy  6(x+h)+2(y-k)-7
dx  2(x+h)+3(y+k)—6 ’

dY _6X-2Y+6h-2k-7
dX  2X+3Y+2h+3k-6"

or

Choosing h and k such that (2) becomes homogeneous,

ie,b6h-2k-7=0and2h+3k-6=0

3
which gives h= 5 k=1.

.. The equation (2) becomes

dl_6X—2Y
dX 2X+3Y
Putting Y = vX h dfy:U*‘X@
utting Y = vX, so that X ixX
dv 6-2v
V+—=
dx 2+3v

dx 1 6v+4

or T 230 +40-6

Integrating, we have

log X = f%log(sz +4v-6)+logc

1
or log x +log (30v* +4ZJ—6)/2 =logc

or X330 +4v-6=¢

1
or x(302+4v—6)/2=c
1
2 2
3 -1 y-1 B
or (X—EJ 3 73 +4 73 —6 =C
xX—= xX—=
2 2
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Notes

which on simplification gives

3y? +4xy - 6x2 - 12y + 14x = c.

Example:

Solve dy _6x-2y-7 ...(1)
dx 3x-y+4

Solution:

Here 222

ere =4

: - h S,diy—@
So putting 3x - y = v, so that dx e’

. (1) becomes

dv _3_21;77 _v+19

dx  v+4  ov+4
dx = v+ dv:(l— 15 jdv
v+19 v+19

Integrating, we get
x+c=v-15log(v + 19)

On restoring the value of v, we get
2x-y-15log (v +19) =¢,

which is the required solution.

Example:

dy 2x+3y-4

Solve 5./~ dx+y-3 ' given that y =1, when x =1.

Solution:

Putting x = X + hand y = Y + k, the given equation becomes

dY 2(X+h)+3(Y+k)-4

dX  A(X+h)+(Y+k)-3 '

_2X+3Y+2h+3k-4 1
C AX+Y +4h+k-3 (1)

Choosing h and k such that (1) becomes homogeneous,

ie,2h+3k-4=0and4h+k-3=0.

1
= h:E,kzl.
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AY 2X+3Y Notes

Then (1) becomes E: AX+Y

. dy dv
Putting Y = vX, so that d—X=v+Xd—X,
U+X@:2+30
dX 4+v

dv _2+3v_ _2—0—02

—= v
or AX  4+v 4+
v+4 v*—d—x
or (v-1)(v-2) X
or 2 + > dv:—ldx
3(v+2) 3(v-1) x

Integrating, we have

7§10g(v+2)+§log(vfl) =-log X +logC

Y
Replacing v by X we have

—3log X #3logC = —210g[y -;(2X)+ SIOg(Y_TXJ

On restoring the value of x & y, we get

5log [y -x- %) —2log (y + 2x-2)=3log c

(=3

.

or 722:(:3;
(y+2x-2)

Putting y=1atx =1, we have ¢’ = 5

3)
v
Thus \ 2 1

(y+2x-2) s

1
or (y+2x-2)? = -2° (y-x i) )
= (2x-2y+1)°
or (y+2x-2)? = (2x-2y+1)°

which is the required particular solution.
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Task Solve the following differential equation:

dl: y—x+1

dx  y+x+5

Self Assessment

Fill in the blanks:

12. A differential equation of the form ........ccccceeune. can be reduced to the homogeneous
form.
dy  ax+by+c
13. A differential equation of the form 5,/ = 4, By+C is not homogeneous, but we can
formulate it so by a transformation in the ...........c..cc.......... of x and y.
dy  ax+by+c
14. When .....ccooociiiiiiinnnnn, , then the equation of the form ;= Ax+By+C becomes

dY _ aX+bY +(ah+bk+c)
dX AX+BY+(Ah+Bk+c)

dy ax+by+c
15. When ....ocoovviiiininnn. , then the equation of the form dx = Ax+By+C becomes
b
dl:7(aX+ y)+e = f(ax+by).
dx  m(ax+by)+c
10.3 Summary
o Homogeneous equation is just an equation where both coefficients of the differentials dx

and dy are homogeneous.

o Homogeneous functions redefined as functions where the sums of the powers of each
term are the same.

o A homogeneous equation can be malformed into a distinguishable equation by a change
of variables.

f1(x/]/)

dy
) An equation of the form ;= Al

%,y) is called a homogeneous function of the same
2 7

degree in x and y.

o If you identify the truth that an equation is homogeneous you can, in some cases, carry out
a substitution which will permit you to apply separation of variables to solve the equation.

° If f,(x, y) and f,(x, y) are homogeneous functions of degree n in x and y, then
o4 ot 1= 2)
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dy ax+by+c Notes
) A differential equation of the form ;. /= 1 " p y+C can be reduced to the homogeneous
form when %2
orm when ~r# 4.
dy ax+by+c
) A differential equation of the form ;"= 4 " p y+C can be reduced to the homogeneous

a b
form when A" g e aB -bA =0.

10.4 Keywords

Homogeneous Equation: Homogeneous equation is just an equation where both coefficients of
the differentials dx and dy are homogeneous.

Homogeneous Functions: Homogeneous functions are defined as functions where the sums of
the powers of each term are the same.

10.5 Review Questions

Solve the following differential equations:

(o + y?)dx = 2xydy

xydy + (3 + x2y-2xy* - ) dx = 0
1+e)ydx+e’v(1-x/y)dy=0

y(8x - 9y) dx + 2x(x - 3y) dy =0

(2% = 2xy + 3y%) dx + (i* + 6xy - x*)dy =0

(y dx + x dy) x cos (y/x) = (xdy - ydx) y sin (y/x)
yd-(*+1y°)dy=0

N o ok e

8. xdy —ydx = /x> +y% dx given that y =1 when y=./3

9 [xtan(yJ—ysecz (yj:|dx + xsec’ (yjdy =0
x x x

10.  xdx + sin” (zj (ydx —xdy) =0

X

dy y

1. 5~ “2x/y)

x+ye
12.  (x—y-2)dx +(x-2y-3) dy=0.

13, (x—y+1)dx —(2x+2y+3) dy=0.
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Answers: Self Assessment

1.  Homogenous equation 2. sums
3. variables 4. same
n. (Y .
5. X P o 6. trivial
7. y/xorxy 8. substitution
9. ¥ 10.  False
x
dy  ax+by+c
11. False 12. E = m
1 igi 14 La b
3. origins . 17 B
5. == b
A B
10.6 Further Readings
Books D.A. Murray, Introductory Course in Differential Equations, Orient Blackswan.
Dr. Sanat Kumar Adhikari, Basics of Professional Mathematics, Firewall Media.
Zafar Ahsan, Differential Equations and their Applications, PHI Learning Pvt. Ltd.
Online link
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Unit 11: Linear Differential Equations of First Order Notes

CONTENTS

Objectives

Introduction

11.1 Linear Equations

11.2 Equations Reducible to the Linear (Bernoulli's Equation)
11.3 Summary

114 Keywords

11.5 Review Questions

11.6 Further Readings

Objectives

After studying this unit, you will be able to:

) Understand the concept of linear equations
° Discuss the equations reducible to linear form
Introduction

An equation is basically the mathematical manner to portray a relationship among two variables.
The variables may be physical quantities, possibly temperature and position for instance, in
which case the equation informs us how one quantity relies on the other, so how the temperature
differs with position. The easiest type of relationship that two such variables can comprise is
a linear relationship. This shows that to locate one quantity from the other you multiply the
first by some number, then add a different number to the outcome. In this unit, you will
understand the concept of linear equations and equations reducible to linear form.

11.1 Linear Equations

An equation of the form

dy

—+ Py =

o Y Q (1)

in which P & Q are functions of x alone or constant is called a linear equation of the first order.

l"

Did u know? 1f you are provided a value of x, you can simply discover the value of y.

The general solution of the above equation can be found as follows:

Multiplying both sides of (1) by /P, we have

dl eJ Pdx

Pdx | Pdx
=Qe
dx Q

+ PyeI
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ie., d%c(yejpdx) - Qefpdx

Integrating, we have
yejpdx = Qe ™ dx+c,

which is the required general solution.

1. ¢/Péx is known as Integrating factor, in short, LF.

2. Linear differential equation is commonly known as Leibnitz’s linear equation.

Example:

dy

Solve cosx——+ysinx =1
dx

Solution:

Given equation can be written as

dy

——+ytanx =secx
dx

Here P=tanx, Q=secux.

IE. = eJtanxdx — elogsecx = gecx.

.. Solution of (1) is
y.secx=/secx.secxdx+c

or ysecx=tanx+c. Ans.

Example:

Solve (1 + xz) Z]/

=L 4 2xy—4x? = 0.
x

Solution:

Given equation is

ﬂ 2x 4x?

dx

2x
P= ,
Here 1422

Ly
LF. =™ = ej“*2 '

y

1+x2 1+x2°

_ 4x?
1+x2°

2x )
:elog(1+x ) — (1+X2).
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.. The solution of (1) is Notes

y. (1+x2) = Ilix; .(1+x2)dx+c

4
or y.(1+x2)=§x3+c.
which is the required solution.

AN

Caution The system is said to be consistent if it contains a solution or else the system is said
to be inconsistent.

Example:

Solve (1+y)dx = (tan™" y—x)dy.

Solution:

Since the equation involves a term tan™ dy. So it is not linear in y. However, the equation is linear
in x, so that

(1+y2)dx+xdy:tan‘lydy ,,,,, 1)

-1
dx+ 1 Lofany

or dy 1-Q—y2 B 1+y2
1 tany
P=——, = .
Here 1+y2 1+y2

1
7

]
LE. =P — g 11 _ pan™y)

.. The solution of (1) is

tan~1 tanfly tan’ly dy
xe ”:filwz A @)

Now solving

tan ' — y

I=
/ 1+y2

etan”' ydy

Putting t = tan-ly

1
dt= 1+ dy
or I=te dt
=te'-e
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Notes Thus (2) becomes
xetn o gty (tan'y-1) + ¢

4
or x = (tany-1) + ce™ ¥,

which is the required solution.

Example:

Solve x (1-x?) dy + (2x*y-y-ax’) dx = 0.
Solution:

The given equation is equivalent to

2

dy 2x*-1 ax
+ nY= 0
dx x(1-x%) 1-x

2x% -1 0= ax?
Here P = x(1-12)’ 122"
2x%* -1 1-2x7
[pd x(1-x%) 21 dx
LF.=e'PP = (" -1)
1-2x?
————dx
—e x(x—=1) (x+1)
- 1+ ! + ! dx
ol 2(x-1) 2(x+1)
log{—*1 }
=€ x xz_l =—1 .
xxr -1
Thus the solution of (1) is
2
o L dx +c¢

1
y.x\/xz—l 1y .x\/xz—l

-x
=c+al———d
c+a (1_x2)% x

a . dt 2
=c—— |5 (t=x*-1
€5 % (t=x"-1)
—c+ 2oy
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Y :c+a(x2—1)7%

xvx? -1
Y= (:am/x2 -1+ax,

which is the required solution.

Example:

N

ey |y
Solve NN dy

Solution:

The given equation can be written as

24x

dy,y _e
dx  Nxo Ax

1 6—2\/)(
H P=—, =
ere [—x Q /_x

F=el™ ¢ 2 .

Solution is

,2\/;
yel :jeT Al

yezﬁ :Ix% dx +c¢

=2x + ¢, which is the required solution.

]

Notes Solving a system comprising a single linear equation is simple. On the other hand,
if we are concerning with two or more equations, it is enviable to have a systematic
technique of identifying if the system is consistent and to discover all solutions.

Opportunely, in actual physical problems, quantities normally are associated linearly, so this
equation is very generally utilized.

2

Task Solve the following differential equation:

dy
xlog x. Ir +y=2logx.

LOVELY PROFESSIONAL UNIVERSITY

Notes

147



Basic Mathematics-I11

Notes

148

Self Assessment

Fill in the blanks:

1.  Anequation is basically the mathematical manner to portray a .........ccccccevvuiininnes among
two variables.

d
2. Anequation of the form aTZ +Py=Q, in which P & Q are functions of x alone or constant
iscalled @ ...covvevvverininne equation of the first order.
3. To locate one quantity from the other you .......ccccccevuvninin the first by some number,

then add a different number to the outcome.
4. Linear differential equation is commonly known as ..........cccccceueiruinnnnen. .

5. On integrating a linear equation of the first order, we get .........ccccoevvvinnnnnne. as required
general solution.

6.  If we are concerning with two or more equations, it is enviable to have a systematic
technique of identifying if the system is consistent and to discover all ............ccccoeuvuninnnns .

7. Inactual physical problems, quantities normally are associated ..............ccccceovurunnes , so this
equation is very generally utilized.

8. The system is said to be ..........cccccceuerrurnnee. if it contains a solution.

11.2 Equations Reducible to the Linear (Bernoulli's Equation)

d n
(i)  An equation of the form % + Py =Qy (D)

where P and Q are functions of x only or constants known as Bernoulli’s equation. It can
be made linear.

Dividing both sides of (1) by y», we have

o d .
y £+Py] =Q n(2)

Putting y™" =z

ady  dz

1-ny "L =2

So that (1-n)y dx  dx
ady 1 dz
or ¥ dx 1-n dx’

Equation (2) becomes

1 dz
% py=
1-n dx+ 2=0Q
dz
or E‘F(l—”)PZ:(l—”)Q .....(3)

which is a linear differential equation with z as the dependent variable.

If n > 1, then we have to add the solution y=0 to the solutions found by means of the technique
illustrated above.
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AN

Caution If n = 0, Bernoulli’s equation decreases instantaneously to the standard form first-

order linear equation:

dy
L 4 py=
dx thy=Q

(i) General equation reducible to linear form is

F1o) L pf(y)= Q

where P and Q are functions of x only or constants.

dy d
Putting f (y) = z, so that f'(¥) - aTZ = digZC

Equation (4) becomes

dz
—+Pz=
dx 2=Q

which is linear.

Example:

d
Solve e A y=x\/?

dx  1-x2

Solution:

Dividing by \/y , the equation (1) becomes

Wy x b
Y dx+1—x2y *

Putting y'? =z

1 hdy  dz
So that > Y I + i

ry*%diyzzdz

© dx dx

Equation (2) becomes

dz X
2224 > Z=X
dx 1-x
dz X X
or o + m z= Erwhich is linear in z.
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R !
e 2(1-x7) _

1 2
——log (1-x7) o
e 4 =(1-x2) 4,

LF.=

.. The solution is

z. (LF)=] g (LE)dx+c

1 1
or z.(1-x2) 42]%(1—x2) 4 dx+c

1
:_%Iﬂ—xz) 4 (22x)dx+c

3
2y
_%%H
(Zj
1 1
or z:—g(l—xz)-ﬂ:(1—x2)4
1 1
or \/yz—g(l—xz)+c(1—x2)4

Which is the required solution.

Example:

dy
1 2y 2L =1,
Solve xy (1+xy )dx

Solution:

The given equation can be written as

dx _

_ .23
dy y=xy .

Dividing by x2, we have

2dx a3
x ay yx =y’
Putting x'=2z
L dx  dz
24t A2
dy dy

&
or dy  dy’
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Equation (1) becomes Notes
dz .3
dy yz=y
z 3

or ay *tYZ=~Y which is linear in z.

LF.= ejy dy = eyz/z.

.. The solution is

Z.eyz/2 = ffys.eyz/zdy +c

= 7Iy2.ey%.y dy +c

2
=2t dt+c,[t =y]
2
= —f2[t.et—et}+ c

2
Zeyz/z :—23y2/2 {}/2—1} +c

2
. 1:—Z[yz— j+ce_]’%

X

which is the required solution.

Example:

d
Solve dy

=L xsin®y = x° cos’y .
x

Solution:

Dividing by cos?y, we have

seczy.d—y N 2x smy2 cosy _ 2
dx cos”y

dy

E+2tany.x:x3‘ (1)

or SEC2 y
Putting tany = z

dy dz

2 =
see ydx dx ”
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Notes -~ (1) becomes
dz 3 R .
——+2z.=x" , which is linear in z.
dx
ILE. = 2f2xdx — e:(z .

The solution is

2 2
ze¥ =[x%.¢" dx+c

2
:J-xz.ex xdx +c¢

1, 4 2

=§Ite dt+c  (t=x7)

= % e (t-1)+c

or z=

tany = % (x2 —1)+ce”‘2

which is the required solution.

Example:

d
Solve l+1=y2.
dx «x
Solution:

Dividing throughout by y? we have

i¢ﬂ+1 1—1
v dx xy
1
Putting ?:Z
_1ldy_dz
y?dx dx’

.. Equation (1) becomes

g—lz:—l
dx «x

which is linear in z.
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Notes
1
T logx 1
[F.=e X 8Y - =,
x
". Solution of (2) is
z.lzf—l .ldx+c
x x
z
or —=-logx +c
x
1. ¢ —logx
or xy g%,
which is the required solution.
' Example:
d
Solve ¥+ y=xy’. ()

dx

Solution:

Dividing throughout by y°, we have

_3 dy 2
. + =
xy i y X
_3 d]/ 1 )
or y E+;y =1 (2

Putting y?=z

_zy-3diyzﬁ
dx dx
ady _ 1dz
or Y dx 2 dx’

.. Equation (2) becomes

dz 2 5
or =2 )

which is linear in z.

2
12

- IF=e e Y:e’Zk’gx:i.

2

LOVELY PROFESSIONAL UNIVERSITY 153



Basic Mathematics-I11

154

Notes

.. Solution of (3) is

1 1
2 =]-2.—~dx+c
x? x?
—==+c
or ox
or R+ex)xy*=1,

which is the required solution.

l?

Did u know? The replacements were victorious in converting the Bernoulli equation into a
linear equation.

2

Task Solve the following differential equation:

Z—Z - tj\_l:z =(1+x)e*secy.

Self Assessment

Fill in the blanks:

9.  Anequation of the form % + Py =Qy" | where Pand Q are functions of x only or constants
Kknown as ........ccocoevviiiiiininnas .

10.  If n > 1 in the Bernoulli’s equation, then we have to ............ccccccevvninnnn. the solution y=0 to
the solutions.

11.  If n =0, Bernoulli’s equation .........ccccccecevrurviinnnnes instantaneously to the standard form first-

d
order linear equation: % +Py=Q,

12.  General equation reducible to linear form is ..........ccccocococuvunicncnns .

13.  In the general equation, P and Q are functions of x only or ...........ccccccececcvnnaes .

d
14. Putting f (y) = z in the general equation f'(y)?z+Pf(y)=Q, implies

11.3 Summary

o The easiest type of relationship that two variables can comprise is a linear relationship.
: dy - .
° An equation of the form Ir + Py =Q in which P & Q are functions of x alone or constant

is called a linear equation of the first order.
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To locate one quantity from the other you multiply the first by some number, then add a
different number to the outcome.

| Pdx

On integration, we get yel ™ =[Qe/™ dx+c, as the required general solution.

Linear differential equation is commonly known as Leibnitz’s linear equation.

The system is said to be consistent if it contains a solution. Or else the system is said to be
inconsistent.

When concerning with two or more equations, it is fortunate to have a methodical technique
of determining if the system is consistent and to discover all solutions.

d ,
An equation of the form ?Z + Py =Qy" ,where Pand Q are functions of x only or constants

is known as Bernoulli’s equation which can be made linear.

11.4 Keywords

d n
Bernoulli’s Equation: An equation of the form “yp ¥ =Qy" , where P and Q are functions of x

dx

only or constants is known as Bernoulli’s equation.

d
Linear Equation: An equation of the form A Py =Q, in which P & Q are functions of x alone

dx

or constant is called a linear equation of the first order.

11.5 Review Questions

Solve the following differential equations:

L4
d

i(ﬂﬁ_yj ~0

(x+2y°) ==y

dx \dx x

&y 232 x+V1-o
—+(1-x%) L
dx (1-x7)

dy

cosh x p + ysinh2 x = 2cosh x sinh x
dy (2) 1. (1
— —| = |y=x+-—sin| —
dx X X 2
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dy x—ycosx
7. - T
dc  1+sinx
WY rging g
8. For x>0, dx+x—y xsinx given that y=1whenx=n

9. 2xy=y?2x* where y(1) =2

d .
10.  COSX Ey —4ysinx = 4\/; secx

11. tany % + tan x =cosy cos® x

dy 3 3
& = xv=x)— _
2 My—x)—x(y—x)
13. 2ycosy2ﬂ—isiny2:(x+1)3
dx  x+1
14. ey(%+lj:ex
dy

_ )
15. dx_x+\/5

Answers: Self Assessment

1 relationship 2.
3. multiply 4.
5. yelpdx _ erJPd" dx+c, 6.
7. linearly 8.
9. Bernoulli’s equation 10.
11.  decreases 12.
13. constants 14.
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11.6 Further Readings Notes

&

Books

CA

Online link

D.A. Murray, Introductory Course in Differential Equations, Orient Blackswan.

Dr. Sanat Kumar Adhikari, Sanat Adhikari, Basics of Professional Mathematics,
Firewall Media.

Zafar Ahsan, Differential Equations and their Applications, PHI Learning Pvt. Ltd.

www.purplemath.com/modules/solvelin.htm
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Unit 12: Permutation

CONTENTS

Objectives

Introduction

12.1 Multiplication and Addition Principles
12.2 Factorial

12.3 Permutations

12.4 Circular Permutation

12.5 Summary

126 Keywords

12.7 Review Questions

12.8 Further Readings

Objectives

After studying this unit, you will be able to:

° Understand the concept of Permutation
° Understand the circular permutation

° Discuss the factorial

Introduction

Permutation is the method of arrangement of things. The expression arrangement is used, if the
order of things is measured. A permutation is defined as an arrangement of a group of objects in
a specific order. In this unit, you will understand various concepts of permutation such as
factorials, circular permutation, etc.

12.1 Multiplication and Addition Principles

Let us start with considering the following situation: Suppose a shop sells six styles of pants.
Each style is available in 8 lengths, six waist sizes, and four colours. How many different kinds
of pants does the shop need to stock?

There are 6 possible types of pants; then for each type, there are 8 possible length sizes; for each
of these, there are 6 possible waist sizes; and each of these is available in 4 different colours. So,
if you sit down to count all the possibilities, you will find a huge number, and may even miss
some out! However, if you apply the multiplication principle, you will have the answer.

So, what is the multiplication principle? There are various ways of explaining this principle.
One way is the following;:

Suppose that a task / procedure consists of a sequence of subtasks or steps, say, Subtask 1, Subtask
2,..., Subtask k. Furthermore, suppose that Subtask 1 can be performed in n,, ways, Subtask 2 can
be performed in n, ways after Subtask 1 has been performed, Subtask 3 can be performed in n,

LOVELY PROFESSIONAL UNIVERSITY
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ways after Subtask 1 and Subtask 2 have been performed, and so on. Then the multiplication Notes

principle says that the number of ways in which the whole task can be performed isn,, n,....n,.

Let us consider this principle in the context of boxes and objects filling them. Suppose there are
m boxes. Suppose the first box can be filled up in k(1) ways. For every way of filling the first box,
suppose there are k(2) ways of filling the second box. Then the two boxes can be filled up in k(1),
k(2) ways. In general, if for every way of filling the first (r “ 1) boxes, the rth box can be filled up
in k(r) ways, for r = 2, 3, ... m, then the total number of ways of filling all the boxes is k(1), k(2)...
k(m).

So let us see how the multiplication principle can be applied to the situation above (the shop
selling pants). Here k(1) = 6, k(2) = 8, k(3) = 6 and k(4) = 4. So, the different kinds of pants are
6 x 8 x 6 x 4 =1152 in number.

Self Assessment

Fill in the blank:

1. is the method of arrangement of things.
2. A permutation is defined as an ...........cccccceueuu of a group of objects in a specific order.
12.2 Factorial

Factorials are just products, specified by an exclamation mark. For example, “four factorial” is
stated as “4!” and means1 x 2 x 3 x 4 = 24. Generally, n! means the product of all the whole
numbers from 1 to #; thatis, n! =1x2x3 x... x n.

Factorial identifies the number of different ORDERS in which one can assemble or place set of
items

nl=n x (n-1) x (n-2) x (n-3)..3 x2x1

A factorial symbolizes the multiplication of consecutive natural numbers.

AN
£B
Did u know? For many reasons, 0! is defined to be equal to 1, not 0. Remember 0! = 1.

' Example: Evaluate 6!.

1x2x3x4x5x6=720

Simplify 12!
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Notes 121=1%x2%x3 x4 x
12!'=479001600

When you begin performing combinations, permutations, and probability, you'll be evaluating
expressions that have factorials in the numerators and the denominators.

' Example: Simplify the following:

6!
41

From the definition of a factorial:

6!_1-2:3-45:6 128456 _. .

4 1.2.3.4 1.2-374
Thus 6!+ 41 =30

Simplify the following:

17!
14!13!

At once, you can cancel off the factors 1via 14 that will be common to both 17! and 14!. Then you
can simplify what's left to obtain:

17! 1.2-3-4-...-14-15-16-17 1.2.3-4--14-15-16-17 _15-16-17
14131 1.2.3-4...14-1-2-3 1.2.34—14-1-2-3 1.2.3
—%'M'17=5-8~17=680

127

Observe how we reduced what we had to write by leaving a gap (the “ellipsis”, or triple-period)
in the center. This gap-and-cancel process will turn out to be handy later on (such as in calculus,
where you'll utilize this technique a lot), especially when you’re relating with expressions that
your calculator can’t manage.

' Example: Simplify the following:

(n+2)!
(n-1)!

To do this, we will write out the factorials, by means of enough of the factors to have stuff that
can terminate off. The factors in the product (n + 2)! are of the form:

I1x2x3x4x. Xxn-1)xn)x n+1)x(n+2)
Now we have created a list of factors that can cancel out:
(n+2)! 1.2:3-...-(n-1)(n)(n+1)(n+2)
(n-1)! 1-2:3-...-(n-1)

160 LOVELY PROFESSIONAL UNIVERSITY



Unit 12: Permutation

/T Notes

Notes Make note of the manner we managed that cancellation. We expanded the factorial
expressions enough that we could observe where I could cancel off duplicate factors.
Although we had no idea what n might be, I could still cancel.

' Example: The senior choir has rehearsed five songs for an upcoming assembly. In how
many different orders can the choir perform the songs?

Solution:

There are five ways to choose the first song, four ways to choose the second, three ways to
choose the third, two ways to choose the fourth, and only one way to choose the final song.
Using the fundamental counting principle, the total number of different ways is

5x4x3x2x1=5!=120

The choir can sing the five songs in 120 different orders.

Example:

91
316!

Ix8x7x6!
316!

=84

Example:

6! is a factor of 10!. For,

10!=1-2-3-4-5-6-7-8-9-10
=6!-7-8-9-10

Example:

81 _1-2:3-4-56:7-8_ - ¢ .56-336
5! 1-2-3-4-5

Self Assessment

Fill in the blanks:
3. Factorials are just products, symbolized by an ...........cccceevvrninnnen. .

4. Factorial indicates the number of different ............c.cccoccoeveiine. in which one can arrange or
place set of items.

5. A factorial symolizes the multiplication of ...........cc..ccoeeeieine. natural numbers.

6. nlmeansthe ... of all the whole numbers from 1 to n; thatis, n!=1x2x3
X .. X1,

7. 0!'is defined to be equal to .......cccccceevviiivnnnnce. , not 0.
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Notes 12.3 Permutations

A permutation, also recognized as an “arrangement number” or “order,” is a reorganization of
the essentials of an ordered list S into a one-to-one correspondence with S itself. The number of
permutations on a set of elements is provided by n!.

Example: There are 2! =2 - 1 = 2 permutations of {1 - 2}, thatis {1 - 2} and {2 - 1}, and 3! =
3 -2 =6 permutations of {1 - 2 - 3}, thatis{1-2-3}, {1-3-2},{2-1-3},{2-3-1},{3-1-2}, and
{3 - 2 - 1}. The permutations of a list can be instituted in Mathematica by means of the command
Permutations.

AN

Caution A list of length can be verified to observe if it is a permutation of 1, ..., n by means
of the command Permutation Q [list] in the Mathematica package Combinatorica’ .

The number of methods of attaining an ordered subset of elements from a set of elements is

specified by

n!

Ly M

where n! is a factorial.

' Example: There are 4!/2! =12 2-subsets of {1 - 2 - 3 - 4}, thatis {1 -2}, {1 -3}, {1 -4}, {2 -1},
{2-3},{2-4},{3-1},{3-2}, {3-4}, {4-1}, {4-2}, and {4 - 3}. The unordered subsets comprising elements
are recognized as the k-subsets of a specified set.

A demonstration of a permutation as a product of permutation cycles is exclusive.

' Example: An example of a cyclic disintegration is the permutation {4 - 2 - 1 - 3} of
{1-2-3-4}. This is indicated as (2)(143), analogous to the disjoint permutation cycles (2) and (143).

There is a huge concern of independence in choosing the illustration of a cyclic decomposition

because
1.  The cycles are disjoint and can so be mentioned in any order, and
2. Any rotation of a specified cycle mentions the similar cycle.

As a result, (431)(2), (314)(2), (143)(2), (2)(431), (2)(314), and (2)(143) all portray the same
permutation.

A different notation that clearly recognizes the positions engaged by elements before and after
application of a permutation on elements utilizes a matrix, where the first row is and the
second row is the new arrangement.

' Example: The permutation which toggles elements 1 and 2 and fixes 3 would be

represented as
123
2 1 3 . aee (2)

Any permutation is also considered as a product of transpositions. Permutations are normally
indicated in lexicographic or transposition order.
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0] Notes

Did u know? There is an association between a permutation and a pair of Young
tableaux called as the Scented correspondence.

A permutation of ordered objects in which no object is in its ordinary place is known
as derangement (or at times, a complete permutation) and the number of such permutations is
specified by the sub factorial ! n.

By means of

n n n-r_.r
(x+y) Ux y ®)
with x =y =1 provides
n N n
2 Z[r j (4)
r=0
so the number of methods of selecting 0, 1, ..., or n at a time is 2n.

The set of all permutations of a set of elements 1, ..., n can be attained by the following recursive
procedure

12
/ 5
) 1 ®)
1 23
/
132
/
31 2
|
32 1
\ (©)
2 31
\
2 13

Consider permutations in which no pair of successive elements (i.e., mounting or falling
successions) take place. For n =1, 2, ... elements, the numbers of such permutations are 1, 0, 0, 2,
14, 90, 646, 5242, 47622, ... .

Consider the set of integers 1, 2, ..., N be permuted and the consequent sequence be separated
into rising runs. Signify the regular length of the nth run as N approaches infinity, L . The first
few values are summed up in the following table, where e is the base of the natural logarithm.

n L, approximate
1 e-1 1.7182818...
21 e*-2e 1.9524...

3 | €% —3¢? +%e 1.9957...

Now let us define permutation.
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Notes

Definition: A permutation of n objects taken r at a time is a selection of r objects from a total of
n objects (r < 1), where order matters.

Example: r = n: Suppose you have 6 (distinguishable) people to seat in 6 chairs. The first
person may choose her/his chair from 6 possibilities. The second person must choose from the
5 remaining chairs, etc., until the 6™ person has to take the only chair that’s left. This arrangement
can be done in 6x5x4x3x2x1, or 6! (“six factorial”) ways. Although this problem is somewhat
ambiguous, assume that each of the 14 objects, not each type of object, is a different color and
therefore distinguishable from the others.)

' Example: r < n: Now suppose that you have 6 (distinguishable) people but only 4 chairs;
so only 4 of the 6 people will be able to sit down. How many arrangements of the 6 people can
be seated in the 4 chairs? This arrangement can be done in 6 x 5 x 4 x 3 ways.

Formmulas: The general formula for a permutation of # objects arranged r at a time is P(n, r) =n!/
(n-r)!

Note thatin Ex. P1, r=n,son!/(n -r)! =n!/(n -n)! =n!/0! Since 0! is defined to be 1, we have n!/
1 =nl. Therefore, the answer to P1 is simply 6!.

Applying the formula to Ex. P2 yields 6!/ (6 -4)! =6!/2!=(6 x5 x4 x3x2x1)/(2x1)=6x5%x4x3.

Thus, the general formula applies in both cases, whether r =1 or r < n.

' Example: Suppose that you have 3 objects, but they are not all distinguishable. For
example, suppose that you have 1 red square and 2 green triangles. How many different
arrangements of those 3 objects are possible?

A
H A
[

If the two green triangles switched places with each other, would the arrangements be
distinguishable from the ones given above? No, they would not. Therefore, the 2! ways the green
triangles could be rearranged must be eliminated. So if we have 3 objects, where 2 objects are the
same, then the number of possible arrangements is P(3, 3) = 3!/2! = 3x 2 x 1) /(2 x 1) =3 (not 3!).

Here objects of the same type are the same color and therefore not distinguishable from each
other.

Example: Suppose that you have 6 objects —1 red square, 2 green triangles, and 3 yellow
hexagons. How many different arrangements of the 6 objects are possible? In this case, you
have 2 indistinguishable green triangles and 3 indistinguishable yellow hexagons. Note that
you have 2! ways to interchange the 2 triangles and 3! ways to interchange the 3 hexagons. So
you must take those out of the total possible permutations.
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Thus, Notes

P(6, 6) = 6!/213! = (6x5x4x3x2x1) / (2x1)(3x2x1) = (6x5%4) /2 = 60 (not 6!).

' Example: Suppose you have the same set of 6 objects given in example P4 above, but this
time each triangle is a different shade of green and each hexagon is a different shade of yellow

so that they are distinguishable. This time you want to select exactly one object of each type.
(Assume the different types are in 3 separate bags.) How many different ways can this be done
if the order in which the objects are selected doesn’t matter? Here are the possibilities (i.e., the
sample space):

There is 1 way to get a red square, 2 ways to get a green triangle, and 3 ways to get a yellow
hexagon; so the total number of arrangements (since the order of selection doesn’t matter) is
1-2-3=6.

'i Example: Suppose that you have the same set of objects given in Ex. 5, but this time the
order of selection makes a difference. How many ways can we order the selection?

We can choose square (S) then triangle (T) then hexagon (H), or we can choose S then H then T,
or T then H then S, or T then S then H, or H-T-S or H-S-T.

Note that we have 3 choices for the first selection, 2 for the second, and 1 for the third. So the
number of different ways of selecting the objects is 3-2:1 or 3!. We know from example 5 that if
we choose S first, there are 6 possible arrangements of the distinguishable objects when order of
selection doesn’t matter. If we multiply that by the number of ways the objects can be ordered,
then we have 6-3! = 36 different arrangements of the objects when order of selection matters.

' Example: Now suppose that you have 3 squares, 4 triangles, and 7 hexagons, and each of
the 14 objects is a different color. The arrangement of n distinguishable objects is n!. Suppose
also that the squares must be grouped together, the triangles must be grouped together, and the
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Notes hexagons must be grouped together. In how many different ways can each type of object be
arranged?

The group of 3 distinguishable squares can be arranged in 3! ways, the 4 distinguishable triangles
in 4! ways, and the 7 distinguishable hexagons in 7! ways. Given that we have 3 groups of
distinguishable objects, we can arrange those groups in 3! ways. Thus, the number of
distinguishable arrangements of the objects when they must be grouped by type is

3!-41-7!-3!'=4,354,560

=
Task A coach must select five starters from a team of 12 players. How many different
ways can the coach choose the starters?

Self Assessment

Fill in the blanks:

8. A , also recognized as an “arrangement number” or “order,” is a
reorganization of the essentials of an ordered list into a one-to-one
correspondence with itself.

9. A permutation of ordered objects in which no object is in its ordinary place is known as

10. The permutations of a list can be instituted in Mathematica by means of the command

11. Permutations are normally indicated in ...........ccccoevviiiininnnns order.

12. A demonstration of a permutation as a product of permutation cycles is ..........c.cccecoeeininnes .

12.4 Circular Permutation

Circular-permutations consists of two phases:

(@) If clockwise and anti-clock-wise orders are dissimilar, then total number of circular-
permutations is specified by (n-1)!

(b)  If clock-wise and anti-clock-wise orders are considered as not dissimilar, then total number
of circular-permutations is specified by (n-1)!/2!

Proof (a):

(@) Leussuppose that 4 persons A,B,C, and D are sitting about a round table
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Moving A, B, C, D, one place in anticlock-wise direction, we obtain the following Notes
agreements:

D .

B

Therefore, we use that if 4 persons are sitting at a round table, then they can be moved four
times, but these four arrangements will be the similar, since the sequence of A, B, C, D, is similar.
Butif A, B, C, D, are sitting in a row, and they are moved, then the four linear-arrangement will

be diverse.
e S 6 8 o——0—0
A B (& D D A B C
e —9o & @ & & O @

Thus if we have ‘4" things, then for every circular-arrangement number of linear-arrangements =4

Likewise, if we have ‘n’ things, then for every circular - agreement, number of linear -
arrangement = n.

Let the total circular arrangement = p

Total number of linear-arrangements = n.p

Total number of linear-arrangements = n. (number of circular-arrangements)
Or Number of circular-arrangements = 1 (number of linear arrangements)

n =1(n")/n

circular permutation = (n-1)!

Proof (b): When clock-wise and anti-clock wise arrangements are not dissimilar, then inspection
can be completed from both sides, and this will be identical. Here two permutations will be
considered as one. So total permutations will be half, thus in this case:

Circular-permutations = (n-1)!/2

—]]

Notes Number of circular-permutations of ‘n” dissimilar things taken ‘#’ at a time:

1. If clock-wise and anti-clockwise orders are considered as dissimilar, then total number
of circular-permutations = "P /r

2. If clock-wise and anti-clockwise orders are considered as not dissimilar, then total
number of circular - permutation = "P /2r

Therefore, we can articulate that the number of methods to assemble distinct objects along
a permanent (i.e., cannot be chosen up out of the plane and twisted over) circle is P, = (1 - 1)!

The number is rather than the usual factorial because all cyclic permutations of objects are
corresponding since the circle can be rotated.
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Example: Of the 3! = 6 permutations of three objects, the (3 - 1)! = 2 different circular
permutatlons are (1,3, 2) and . Likewise, of the 4! = 24 permutations of four objects, the different
circular permutations are (1,2, 3, 4), (1,2,4,3), (1,3,2,1), (1,3,2,4), (1,4,2,1),and (1,4, 3, 2). Out
of these, there are only three liberated permutations (i.e., inequivalent when flipping the circle
is permitted): (1, 2, 3, 4), (1, 2, 4, 3), and (1, 3, 2, 4). The number of free circular permutations of

ordernis P"=1forn=1,2,and P",= *(” 1)! for n>3, offering the sequence 1,1, 1, 3, 12, 60,

360, 2520, ....

' Example: How many necklace of 12 beads each can be prepared from 18 beads of dissimilar
colours?

Solution: Here clockwise and anti-clockwise arrangement s are identical.
Therefore total number of circular-permutations: *P ,/2x12
= 181/(6x 24)
g
Task Five men and three women are to be seated around a round table. Find the number
of ways to seat the eight people specified that the women must be separated from one

another.

Self Assessment

Fill in the blanks:

13. If clock-wise and anti-clock-wise orders are dissimilar, then total number of circular-
permutations is specified by ..........cccccceeinin .

14.  If clock-wise and anti-clock-wise orders are considered as not dissimilar, then total number
of circular-permutations is specified by ..........c.ccccoerinnnie. .

15.  When clock-wise and anti-clock-wise arrangements are not dissimilar, then inspection
can be completed from both sides, and this will be ............ccccccceueece. .

12.5 Summary

° A permutation is defined as an arrangement of a group of objects in a specific order.

° Factorial determines the number of different ORDERS in which one can arrange or place
set of items suchasn!=nx (n-1)x (n-2) x (n-3)..3 x2x1.
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A permutation, also recognized as an “arrangement number” or “order,” is a reorganization
of the essentials of an ordered list S into a one-to-one correspondence with S itself.

A permutation of ordered objects in which no object is in its ordinary place is known as
derangement (or at times, a complete permutation) and the number of such permutations
is specified by the sub factorial ! 7.

A permutation of n objects taken r at a time is a selection of r objects from a total of n
objects (r <n), where order matters.

The permutations of a list can be instituted in Mathematica by means of the command
Permutations.

If clockwise and anti clock-wise orders are dissimilar, then total number of circular
permutations is specified by (1 - 1)!

?If clock-wise and anti-clock-wise orders are considered as not dissimilar, then total number
of circular-permutations is specified by (n - 1)!/2!

12.6 Keywords

Factorial: It determines the number of different ORDERS in which one can arrange or place set
of items such as n!=n x (n-1) x (n-2) x (n-3)..3x2x 1.

Permutation: A permutation of n objects taken r at a time is a selection of r objects from a total

of n objects (r < n), where order matters.

12.7 Review Questions

In a race with 10 horses, the first, second, and third place finishers are noted. How many
outcomes are there?

Eight persons, consisting of four married couples, are to be seated in a row of eight chairs.
How many seating arrangements are there if:

(@) There are no other restrictions

(b) The men must sit together and the women must sit together
(c)  The men must sit together

(d) The spouses in each married couple must sit together

Suppose that 11 people are to be seated at a round table. Show that there are (n - 1)! distinct
seating arrangements.

How many different ways can 3 red, 4 yellow and 2 blue bulbs be arranged in a string of
Christmas tree lights with 9 sockets?

How many numbers greater than 1000 can be formed with the digits 3, 4, 6, 8, 9 if a digit
cannot occur more than once in a number?

Expand the factorial (n + 2)! / n!
Evaluate (n-1)! / (n +1)!

How many permutations of 3 different digits are there, chosen from the ten digits 0 to 9
inclusive?

In how many ways can a committee of 5 be chosen from 10 people?
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Notes 10.  Given n objects of k types (where the objects within each type are indistinguishable), ri of

the ith type, there are n!r1!r2l...7k! permutations. How many circular permutations are
there of such a set?

Answers: Self Assessment

1. Permutation 2. arrangement
3.  exclamation mark 4.  ORDERS
5. consecutive 6. product
7. 1 8. permutation
9. derangement 10.  Permutations.
11. lexicographic or transposition 12.  exclusive
13.  (n-1)! 4. (@n-1)!/2!
15. identical
12.8 Further Readings
N
Books Giri & Banerjee, Introduction to Business Mathematics, Academic Publishers.

Jacobus Hendricks van Lint, A Course in Combinatorics, Cambridge University
Press.

Marshall Hall, Combinatorial Theory, John Wiley & Sons.

A
Y.

Online link http://www.wtamu.edu
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13.5 Summary
13.6 Keywords

13.7 Review Questions

13.8 Further Readings

Objectives

After studying this unit, you will be able to:

° Understand the concept of combinations
° Discuss the restricted combinations
Introduction

An arrangement of r objects, without considering order and without replication, chosen
from n different objects is known as a combination of n objects taken r at a time. Combination
signifies selection of things. The word selection is used when the order of things has no significance.
In this unit, you will understand the concept of combinations and restricted combinations.

13.1 Combinations

Definition: A combination of n objects taken r at a time is a selection of r objects from a total of
n objects (r < n), where order does not matter. The notation is usually

)

and read, “n choose r.”

The number of such combinations is indicated by

n
nCr =

(n—r)ir!
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Example: Now presume that we have to create a team of 11 players out of 20 players, This is
an instance of combination, since the order of players in the team will not consequence in a
transformation in the team. Regardless of in which order we list out the players the team will
continue to be the same! For a different team to be created at least one player will have to be tainted.

=7|

Notes The dissimilarity among combinations and permutations is in combinations you
are counting groups and in permutations you are counting different methods to assemble
items with respect to order.

The n and the r signify the similar thing in both the permutation and combinations, but the
formula varies.

AN

Caution The combination has an additional 7! in its denominator.

' Example: C1—r = n: How many ways can a committee of 7 people be drawn from a
group of 7 people?
C@,7)=7/[7-7)"7=71/[0V" 7] =71/71 =1.

In other words, there is exactly 1 way to choose all 7 people to be on the committee since order
doesn’t matter.

' Example: C2—r < n: How many ways can 2 co-chairpersons be chosen from a committee
of 7 people?

C(7,2) =71/ [(7 - 2)!x2!] = 71/ [5!x21] = 7x6x5x4x3x2x1/ (5x4x3x2x1 )(2x1) = 7x6/2x1 = 7x3 = 21.
In other words, there are 21 ways to select a pair of co-chairs from a committee of 7 people.

Relating the above scenario to permutations, note that there are 7 ways to choose the first co-
chair and 6 ways to choose the second co-chair. So if order mattered, we would have 42 possible
choices. However, the combination of 2 co-chairs is the same, no matter which person was
selected first. Thus, we must divide by the by the 2! ways the two chair persons could have been
selected. Applying the actual formula, we have

P(7,2)=71/(7-2)! =7!/5! =7x6 = 42.
But
C(7,2)=71/[(7 - 2)!x21] = 71/[5!x2!] = (7x6)/ (2x1) =42/2 = 21.

' Example: C3: In a club with 8 males and 11 female members, how many 5-member
committees can be chosen that have 4 females?

Solution: Since order doesn’t matter, we will be using our combinations formula.
How many ways can the 4 females be chosen from the 11 females in the club?
C(11,4) = 111/[(11 - 4)! x41] = 111/ (7! x41) = (11x10x9x8)/ (4x3x2x1) = 330 ways.

But this gives us only the 4 female members for our 5-member committee. For a 5-member
committee with 4 females, how many males must be chosen? Only 1. How many ways can the
1 male be chosen from the 8 males in the club?

C(8,1) =8!/[(8 -1)! x 11] =8!/(7! x 1!) = 8 ways.
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Thus we have 8x330 = 2640 ways to select a 5-member committee with exactly 4 female members Notes
from this club.

At least 4 females?

Solution: We found that there are 2640 ways to select exactly 4 females for our 5-member
committee. If we need at least 4 females, we could have 4 females or 5 females, couldn’t we?
How many ways can we select 5 females from the 11 females in the club, given that order doesn’t
matter?

C(11,5) =111/[(11 - 5)! x51] = 111/ (6! x5!) = (11x10x9x8x7)/ (5x4x3x2x1) = 462 ways.

So to have at least 4 females, we could have C(11, 4) xC(8, 1) or C(11, 5). Since there are 330 ways
to achieve the first and 462 ways to achieve the second, we have

330 + 462 = 792 ways to select a 5-member committee with at least 4 female members from the club.
No more than 2 males?

Solution: “No more than 2” males means we could have 1 male or 2 males on our 5-member
committee. Since we have the condition of the 5-member committee, we have the following
possibilities: (1) 1 male and 4 females, or (2) 2 males and 3 females. Since order doesn’t matter,
wehave C(8,1)-C(11, 4) U C(8, 2)-C(11, 3) ways to select the committee. Applying the combinations
formulas, we have {8!/[(8 - 1)! -11]} - {111/[(11 - 4)! -41]} + {81/[(8 - 2)! -2!]} x {111/[(11 - 3)! x3!]} =
(8)(330) + (28)(165) = 2540 + 4620 = 7260 ways to select a 5>-member committee with no more than
2 male members from the club.

Example: Suppose we have the same club with 8 males and 11 females, but this time we
want to know how many committees could be chosen with at least 1 but no more than
3 members, regardless of gender. Therefore, committees must have 1, 2, or 3 members. What
are the possible committee memberships?

Solution: The possibilities are 1M or 1F or 2M or 2F or 1M & 1F or 1M & 2F or 2M & 1F or 3M or
3F. Does order matter? No, it does not. So we use our combinations formulas again for each
possible committee make-up and add them to get the solution to our problem.

C(8,1) +C(11,1) + C(8,2) + C(11,2) + C(8, 1)-C(11, 1) + C(8, 1) -C(11, 2) + C(8, 2) -C(11, 1) + C(8, 3)
+C(11, 3).

' Example: In a discussion of 9 schools, how many intraconference football games are
played throughout the period if the teams all play each other exactly once?

When the teams plays with each other, order is not an issue, we are counting match ups. For each
game there is a collection of two teams playing. So we can utilize combinations to assist us out here.

Observe that if we were putting these teams in any sort of order, then we would require using
permutations to explain the problem.

But here, order is not an issue, so we will use combinations.

First we are required to find n and r:

If n is the number of teams we have to select from, what do you think # here?
If you said n = 9 you are correct!!! There are 9 teams in the conference.

If r is the number of teams we are using at a time, what do you think r is?

If you said r = 2, pat yourself on the back!! 2 teams play per game.
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Notes Let’s put those principles into the combination formula and see what we obtain:
n!
n r_(I/l—T')!T *n=9,r=2
C 9!
92 = m * Eval. inside ()
9!
=70 * Expand 9! until it gets to 7! which is the larger! in the den.
987! . p
= Cancel out 7!'s
_98
2.1
=36

If you have a factorial key, you can place it in as 9!, divided by 7!, divided by 2! and then press
enter or =.

If you don’t contain a factorial key, you can shorten it as revealed above and then enter it in. It
is most likely best to shorten it first, since in some cases the numbers can get pretty large, and it
would be awkward to multiply all those numbers one by one.

This indicated that there are 36 different games in the conference.

' Example: You want to draw 4 cards from a typical deck of 52 cards. How many different
4 card hands are possible?

This would be a combination problem, since a hand would be a group of cards without
considering order.

Observe that if we were putting these cards in any sort of order, then we are required to use
permutations to solve the problem.

But here, order is not an issue, so we will use combinations.

First we are required to find n and r:

If n is the number of cards we have to select from, what do you think # here?
If you said n = 52 you are right!!! There are 52 cards in a deck of cards.

If r is the number of cards we are utilizing at a time, what do you think r is?
If you said r = 4, tap yourself on the back!! We desire 4 card hands.

Let us place those values into the combination formula and see what we obtain:

n!

e (n—r)!r

52!
12Cy = m * Eval. inside ()
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521
4814!

* Expand 52! until it obtains to 48! which is the larger! in the den.

_5251.504948!

48141 Cancel out 48!’s

_52.51.50.49
4321

=270725

If you contain a factorial key, you can place it in as 52!, divided by 48!, divided by 4! and then
press enter or =.

If you don’t contain a factorial key, you can abridge it as revealed above and then enter it in. It
is most likely best to simplify it first, since in some cases the numbers can get pretty large, and
it would be awkward to multiply all those numbers one by one.

This signifies there are 270,725 different 4 card hands.

' Example: 3 marbles are taken at random from a bag comprising 3 red and 5 white marbles.

Solve the following questions (a - d):

(@)

How many different draws are there?

This would be a combination problem, since a draw would be a collection of
marbles without considering order. It is like taking handful of marbles and gazing at
them.

Observe that there are no particular conditions positioned on the marbles that we draw, so
this is a simple combination problem.

If we were putting these marbles in any sort of order, then we would require using
permutations to solve the problem.

But here, order is not an issue, so we are going to use combinations.
First we need to find n and r:
If n is the number of marbles we have to select from, what do you think # here?

If you said n = 8 you are right!!! There are 3 red and 5 white marbles for a total of 8
marbles.

If r is the number of marbles we are taking at a time, what do you think ris?
If you said r = 3, pat yourself on the back!! 3 marbles are taken at a time.

Let us place those values into the combination formula and observe what we obtain:

n!

C,=—— *n=8,r=3

" (n=r)lr! ’
8!

8C3 = m *Eval. inside ( )

8! *Expand 8! until it obtains 5! which is the larger ! in the den.
5131
87651 *Cancel out 5!'s

513!
876

3.2.1

=56

LOVELY PROFESSIONAL UNIVERSITY

Notes

175



Basic Mathematics-I11

Notes

176

If you contain a factorial key, you can place it in as 8!, divided by 5!, divided by 3! and then
press enter or =.

If you don’t have a factorial key, you can make it simpler as revealed above and then enter
itin. It is most likely best to shorten it first, since in some cases the numbers can get rather
large, and it would be awkward to multiply all those numbers one by one.

This indicates that there are 56 different draws.
How many different draws would contain only red marbles?

This would be a combination problem, since a draw would be a group of marbles without
regard to order. It is like clutching a handful of marbles and gazing at them.

In part a above, we observed all possible draws. From that list we only desire the ones
that include only red.

Let us observe what the draw appears like: we would have to have 3 red marbles to fulfill
this condition:

3RED

First we are required to find n and r:

If n is the number of RED marbles we have to select from, what do you think # here?
If you said n = 3 you are right!!! There are a total of 3 red marbles.

If r is the number of RED marbles we are drawing at a time, what do you think r is?
If you said r = 3, tap yourself on the back!! 3 RED marbles are drawn at a time.

Let us place those values into the combination formula and observe what we obtain:

C=— " sy=3,-3
T (=) ’
]
3C3 = (3373)'3' *Eval. inside ( )
3!
013! *Cancel out 3!'s
3!
(D3!

=1

If you contain a factorial key, you can place it in as 3!, divided by 0!, divided by 3! and then
press enter or =.

If you don’t contain a factorial key, you can abridge it as exposed above and then enter it
in. It is perhaps best to shorten it first, since in some cases the numbers can get somewhat
large, and it would be awkward to multiply all those numbers one by one.

This shows that there is only 1 draw out of the 56 established in part a that would enclose
3 RED marbles.

How many different draws would contain 1 red and 2 white marbles?

This would be a combination problem, since a draw would be a group of marbles without
regard to order. It is similar to grabbing a handful of marbles and gazing at them.
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In part a above, we observed all probable draws. From that list we only want the ones Notes
that include 1 RED and 2 WHITE marbles.

Let us observe what the draw appears like: we would have to have 1 red and 2 white
marbles to fulfill this condition:

1RED 2 WHITE
First we are required to find n and r:

Jointly that would make up 1 draw. We are going to have to utilize the counting principle
to assist us with this one.

Note how 1 draw is divided into two parts - red and white. We can not unite them
together since we require a specific number of each one. So we will comprehend how
many ways to get 1 RED and how many ways to get 2 WHITE, and by means of the
counting principle, we will multiply these numbers together.

1RED:

If n is the number of RED marbles we have to select from, what do you think 7 is in this problem?
If you said n = 3 you are right!!! There are a total of 3 RED marbles.

If r is the number of RED marbles we are drawing at a time, what do you think r is?

If you said r =1, pat yourself on the back!! 1 RED marble is drawn at a time.

2 WHITE:

If n is the number of WHITE marbles we have to choose from, what do you think 7 is in this
problem?

If you said n = 5 you are right!!! There are a total of 5 WHITE marbles.
If r is the number of WHITE marbles we are drawing at a time, what do you think r is?
If you said r = 2, tap yourself on the back!! 2 WHITE marbles are drawn at a time.

Let us place those values into the combination formula and see what we obtain:

n! *RED:n=3,r=3
" '_(n—r)!r! *WHITE:n=5,r =2
3! 5! ..
,CsC, = .————— *Eval. inside ()
G- (5-2)!2!
315 *Expand 3! until it gets to 2!
2113121 *Expand 5! until it gets to 3!
! !
:&5'4'3' *Cancel out 2!'s and 3!'s
211! 3121
_354
1271
=3.10
=30

If you contain a factorial key, you can put it in as 3!, times 5!, divided by 2!, divided by 1!, divided
by 3!, divided by 2! and then press enter or =.
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Notes If you don’t contain a factorial key, you can abridge it as exposed above and then enter it in. It
is most likely best to shorten it first, because in some cases the numbers can get somewhat large,
and it would be awkward to multiply all those numbers one by one.

This shows there are 30 draws that would contain 1 RED and 2 WHITE marbles.
How many different draws would contain exactly 2 red marbles?

This would be a combination problem, since a draw would be a group of marbles without
considering order. It is like taking hold of a handful of marbles and gazing at them.

In part a above, we gazed at all possible draws. From that list we only desire the ones that
enclose 2 RED and 1 WHITE marbles. Memorize that we require a total of 3 marbles in the
draw. As we have to have 2 red, that makes us needing 1 white to complete the draw of 3.

Let’s observe what the draw appears like: we would have to have 2 red and 1 white marbles to
fulfill this condition:

2RED 1WHITE
First we need to find n and r:
Mutually that would make up 1 draw. We will use the counting principle to assist us with this one.

Note how 1 draw is split into two parts - red and white. We can not merge them together since
we require a specific number of each one. So we will work out how many ways to get 2 RED and
how many ways to get 1 WHITE, and by means of the counting principle, we will multiply these
numbers together.

2RED:

If n is the number of RED marbles we have to select from, what do you think 7 is in this problem?
If you said n = 3 you are correct!!! There are a total of 3 RED marbles.

If r is the number of RED marbles we are drawing at a time, what do you think ris?

If you said r = 2, pat yourself on the back!! 2 RED marble is drawn at a time.

1 WHITE:

If n is the number of WHITE marbles we have to select from, what do you think is in this problem?
If you said n = 5 you are right!!! There are a total of 5 WHITE marbles.

If r is the number of WHITE marbles we are drawing at a time, what do you think r is?

If you said r = 1, tap yourself on the back!! 1 WHITE marble are drawn at a time.

Let us place those values into the combination formula and see what we obtain:

c n! *RED:n=3,r=2

T (n—r)lr! *WHITE: n =5, 7 =1
3! 5!
GG =
(3-2)121 (5-1)1!

_3 5 *Eval. inside ()

2117411

3215.41 *Expand 3! until it gets to 2!
:WW *Expand 5! until it gets to 4!
_33

12
=15
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If you contain a factorial key, you can place it in as 3!, times 5!, divided by 1!, divided by 2!, Notes
divided by 4!, divided by 1! and then press enter or =.

If you don’t contain a factorial key, you can shorten it as exposed above and then enter it in. It
is most likely best to abridge it first, because in some cases the numbers can get pretty large, and
it would be awkward to multiply all those numbers one by one.

This indicates that there are 15 draws that would include 2 RED and 1 WHITE marbles.
Self Assessment

Fill in the blanks:

1T A of n objects taken r at a time is a selection of r objects from a total of
n objects (r < n), where order does not matter.

2. Combination signifies ............ccccecocuenicucnne of things.

3. The n and the r signify the similar thing in both the permutation and combinations, but
the oo varies.

4. The number of combinations is indicated by .........ccccceevrernncnen. .

5. The dissimilarity among combinations and permutations is in combinations you are

counting groups and in permutations you are counting different methods to assemble
items with respect t0 .....c.cocovveviririeicirinine

13.2 Restricted - Combinations

(@) Number of combinations of ‘n” dissimilar things taken ‘7" at a time, when “p" particular
things are forever included ="7C_.

(b) Number of combination of ‘n’ dissimilar things, taken ‘7" at a time, when “p" particular
things are forever to be excluded = "*C,

Example: In how many manners can a cricket-eleven be selected out of 15 players? if
(i) A particular player is always selected,

(ii) A particular is never selected.

Solution:

(i) A particular player is always selected, it signifies that 10 players are chosen out of the
remaining 14 players.

=. Required number of ways = “C, ="C,
=141/4!x19! =1365

(ii) A particular players is never selected, it means that 11 players are chosen out of 14 players.
= Required number of ways = “C

= 14!/11!x3! =364
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Number of ways of choosing zero or more things from ‘n’ different things is specified by: 2"-1
Proof: Number of ways of choosing one thing, out of n-things = "C,

Number of choosing two things, out of n-things ="C,

Number of ways of choosing three things, out of n-things ="C,

Number of ways of choosing “n” things out of ‘n” things = "C,

= Total number of manners of choosing one or more things out of n dissimilar things

= ncl + nCZ + nc3 + e — + nC"
= (nco + ncl - ncn) - nco
=2-1 [ "C,=1]

' Example: John has 8 friends. In how many ways can he invite one or more of them to
dinner?

Solution: John can choose one or more than one of his 8 friends.
= Required number of ways = 28 - 1= 255.

Theorem:

Number of ways of choosing zero or more things from ‘n” identical things is specified by : n+1

' Example: In how many ways, can zero or more letters be chosen form the letters AAAAA?

Solution: Number of ways of:
Choosing zero ‘A’s = 1
Choosing one ‘A’s = 1
Choosing two ‘A’s =1
Choosing three ‘A’s = 1
Choosing four ‘A’s = 1
Choosing five ‘A’s = 1
= Required number of ways =6 [5+1]

Theorem:

Number of ways of Choosing one or more things from “p” identical things of one type ‘q’
identical things of another type, ‘r’ identical things of the third type and ‘n’ different things is
given by:

(p*1) (q+1) (r+1)2° -1

Example: Find the number of different options that can be prepared from 3 apples,
4 bananas and 5 mangoes, if at least one fruit is to be chosen.

Solution:

Number of ways of choosing apples = (3+1) = 4 ways.

Number of ways of choosing bananas = (4+1) = 5 ways.

Number of ways of choosing mangoes = (5+1) = 6 ways.

Total number of ways of choosing fruits =4 x 5 x 6

But this involves, when no fruits i.e. zero fruits is chosen
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= Number of ways of selecting at least one fruit = (4x5x6) -1 =119 Notes
Note: There was no fruit of a diverse type, thus here n=o

= 2n=20=]

Theorem:

Number of ways of choosing ‘t” things from ‘n” identical things is “1".

' Example: In how many ways 5 balls can be chosen from ‘12’ identical red balls?

Solution: The balls are identical, total number of manners of choosing 5 balls = 1.

' Example: How many numbers of four digits can be formed with digits 1, 2, 3, 4 and 5?

Solution:
Heren=5 [Number of digits]
Andr=4 [Number of places to be filled-up]

Required numberis °P,=5!/1! =5x4x3x2x1
Self Assessment

Fill in the blanks:

6.  Number of combinations of ‘n’ dissimilar things taken ‘r’ at a time, when “p” particular
things are forever included = ..............ccccccceeee. .

7. Number of combination of ‘n’ dissimilar things, taken ‘r" at a time, when “p” particular
things are forever to be excluded = .............cccccccceece. .

13.3 Binomial Coefficients

You must be familiar with expressions like a + b, p + q, x + y, all consisting of two terms. This is
why they are called binomials. You also know that a binomial expansion refers to the expansion
of a positive integral power of such a binomial.

For instance, (a + b)* = a® + 5a’b + 10a’b? + 10a?b?® + 5ab* + b’ is a binomial expansion. Consider
coefficients 1, 5, 10, 10, 5, 1 of this expansion. In particular, let us consider the coefficient 10, of
a’b? in this expansion. We can get this term by selecting a from 3 of the binomials and b from the
remaining 2 binomials in the product (a + b) (a + b) (a + b) (a + b) (a + b). Now, a can be chosen
in C(5, 3) ways, i.e., 10 ways. This is the way each coefficient arises in the expansion.

The same argument can be extended to get the coefficients of a” b~ in the expansion of (a + b)™.
From the n factors in (a + b)", we have to select r for a and the remaining (n - r) for b. This can be
done in C(n, r) ways. Thus, the coefficient of a* b*"* in the expansion of (a + b)"is C(n, r).

AN

Caution In view of the fact that C(n, r) = C(n, n - 1), the coefficients of ab"-" and a"-"b* will
be the same.

r can only take the values 0, 1, 2, ..., n. We also see that C(n, 0) = C(n, n) =1 are the coefficients of
a" and b". Hence we have established the binomial expansion.

(@+byr=ar+C(n 1) a"'b+C(n, 2)a~2b*+ ... + C(n, r) a”*b" + ... + b~
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Notes In analogy with “binomial’, which is a sum of two symbols, we have ‘multinomial” which is a
sum of two or more (though finite) distinct symbols. Specifically we will consider the expansion
of (a, +a, +...+a )"

|

Notes For the expansion we can use the same technique as we use for the binomial
expansion. We consider the nth power of the multinomial as the product of n factors, each
of which is the same multinomial.

Every term in the expansion can be obtained by picking one symbol from each factor and
multiplying them. Clearly, any term will be of the form where r,, r,,..., are non-negative
integers such that r, + r, +...+ r_ = n. Such a term is obtained by selecting a, from r, factors, a,
from r, factors from among the remaining (n - r,) factors, and so on. This can be done in:

Cinyr) - Cn-r,r) - Cln-r-r,1)..ClL-1—Typrreiinn.. -7, 1,) ways.

m-1"

If you simplify this expression, it will reduce to .
172

So, we see that the multinomial expansion is

n! .

n o_ 7 7, T

(a, +a, +..+a,) = PIPTR] [0y
It !

m

where the summation is over all non-negative integers r,, 7,,..., r, adding to n.

n!

The coefficient of a}!,a?...ay in the expansion (a, + a, +... +a )" is and is called a

rlnl.r,!”’

multinomial coefficient, in analogy with the binomial coefficient. We represent this by C(n, r,,

n
7, ..., 1,). This is also represented by many authors as { Tty 1’,,,} .

For instance, the coefficient of x*y*z*#*u?in the expansion of (x + y + z + u)is C(10; 2, 2, 2, 2,2) =
101/ (21)°.

l?

Did u know? Multinomial expansion refers to the expansion of a positive integral power of
a multinomial.

Self Assessment

Fill in the blanks:

8. A e refers to the expansion of a positive integral power of such a binomial.
9. In analogy with ‘binomial’, which is a sum of two symbols, we have ‘multinomial” which
is a sum of two or more (though finite) ...........ccccccevvernnnn. symbols.

10.  The coefficient of a* b*"* in the expansion of (a + b)" 1S ...cccccvvecuerrenccuennen .

T1. e expansion refers to the expansion of a positive integral power of a
multinomial.
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12.  In view of the fact that C(n, r) = C(n, n - r), the coefficients of a'b"-" and a"~"b" will be the Notes

13.  The coefficient of in the expansion (a, +a, +... +a )" iS5 ccccerrrrrrrrrrirnne. , and is called a
multinomial coefficient, in analogy with the binomial coefficient.

13.4 Inclusion-Exclusion Principle

Let us begin with considering the following situation: In a sports club with 54 members, 34 play
tennis, 22 play golf, and 10 play both. There are 11 members who play handball, of which 6 play
tennis also, 4 play golf also, and 2 play both tennis and golf. How many play none of the three sports?

To answer this, let S represent the set of all members of the club. Let T represent the set of tennis
playing members, G represent the set of golf playing members, and H represent the set of

handball playing members. Let us represent the number of elements in A by |A| .

Consider the number |S| —m —|G| —|H| .

Is this the answer to the problem? No, because those who are in T as well as G have been
subtracted twice. To compensate for this double subtraction, we may now consider the number

|S|—|T| - |G| - |H|+|T "G|+|GH|+|HNT].

Is this the answer? No, because those playing all the three games have been subtracted thrice and then
added thrice. But those members have to be totally excluded also. Hence, we now consider the number

IS|-|T| - |G| - |H|+|T nG|+|GnH|+|H NT|-|T"GNH|.
This is the correct answer. This reduces to 54 -34 -22-11+10+6+4 -2=5.

To solve this problem we have made inclusions and exclusions alternately to arrive at the
correct answer. This is a simple case of the principle of inclusion and exclusion.
l"

Did u know? Tt is also known as the sieve principle because we subject the objects to sieves
of a progressively finer mesh to arrive at a certain grading.

Let us state and prove this principle now.
13.4.1 Inclusion-Exclusion Formula

Let A, A,..., A bensetsin a universal set U consisting of N elements. Let S, denote the sum of
the sizes of all the sets formed by intersecting k of the A is at a time. Then the number of
elements in none of the sets A, A ,..., A_is given by

AN A, N NA|=N=S +5,- 5, +... +(-1)' S, +... +(-1)'S,

Self Assessment

Fill in the blanks:

14.  Inclusion-Exclusion principle is also known as the ............cccccceunnie. principle because we
subject the objects to sieves of a progressively finer mesh to arrive at a certain grading.

15.  Inclusion-Exclusion formula is given by ;\1 N Az NN A,, s .
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13.5 Summary

° An arrangement of r objects, without considering order and without replication, chosen
from n different objects is known as a combination of n objects takenr at a time.

° The word selection is used when the order of things has no significance.

° A combination of n objects taken r at a time is a selection of r objects from a total of n
objects (r < n), where order does not matter.

n

rn and read, “n choose r.”

o The notation for combination is usually [[

!
° The number of combinations is indicated by .C, = G

(n—r)lr!
° The dissimilarity among combinations and permutations is in combinations you are

counting groups and in permutations you are counting different methods to assemble
items with respect to order.

° Number of combinations of ‘n’ dissimilar things taken ‘7’ at a time, when ‘p’ particular
things are forever included ="7C_.

° Number of combination of ‘n’ dissimilar things, taken ‘" at a time, when ‘p” particular
things are forever to be excluded = "*C,

13.6 Keywords

Combination: An arrangement of r objects, without considering order and without
replication, chosen from n different objects is known as a combination of n objects taken r at a
time.

Selection: The word selection is used when the order of things has no significance.

13.7 Review Questions

1.  Inaclass of 10 students, how many ways can a club of 4 students be arranged?

2. Find the number of ways to take 4 people and place them in groups of 3 at a time where
order does not matter.

3. Apoker hand consists of 5 cards dealt without replacement and without regard to order
from a deck of 52 cards.

(@) Show that the number of poker hands is 2,598,960.

(b)  Find the probability that a random poker hand is a full house (3 cards of one kind
and 2 of another kind).

(c)  Find the probability that a random poker hand has 4 of a kind.

4. Suppose that in a group of n people, each person shakes hands with every other person.
Show that there are C(n, 2) different handshakes.

5. Find the number of poker hands that are void in at least one suit.

6. 3 cards are drawn from a standard deck of 52 cards. How many different 3-card hands can
possibly be drawn?
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10.

John has got 1 dollar, with which he can buy green, red and yellow candies. Each candy
costs 50 cents. John will spend all the money he has on candies. How many different
combinations of green, red and yellow candies can he buy?

The board of directors of a corporation comprises 10 members. An executive board, formed
by 4 directors, needs to be elected. How many possible ways are there to form the executive
board?

Jose has 9 friends that he wants to invite to dinner but he can only invite six of them at one
time. Out of the nine friends many different groups can he invite?

Over the weekend, your family is going on vacation, and your mom is letting you bring
your favorite video game console as well as five of your games. How many ways can you
choose the five games if you have 12 games in all?

Answers: Self Assessment

1. combination 2. selection
n!
3.  formula 4. .G = (n—r)ir!
5. order 6. “’PCPp
7. ™C 8. binomial expansion
9.  distinct 10. C(n, 1)
11.  Multinomial 12.  same
n!
13. il ! 14. sieve
15, N-S +S,-5 +... +(-1)*S_+... +(-1)"S,
13.8 Further Readings
Books Giri&Banerjee, Introduction to Business Mathematics, Academic Publishers.
Jacobus Hendricks van Lint, A Course in Combinatorics, Cambridge University
Press.
Marshall Hall, Combinatorial Theory, John Wiley & Sons.
A
Y.L
Online link

www.mathwarehouse.com/ probability /combination.php
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Objectives

After studying this unit, you will be able to:
° Understand the concepts of random experiments
) Discuss the concept of event

) Recognize the axiomatic approach to probability
Introduction

We start with thinking of some event where the result is vague. Instances of such results would
be the roll of a die, the quantity of rain that we obtain tomorrow, the condition of the economy
in one month, etc. In every case, we don’t know for certain what will occur. For instance, we
don’t know precisely how much rain we will obtain tomorrow.

A probability is a mathematical measure of the possibility of the event. It is a number that we
connect to an event, say the event that we’ll obtain over an inch of rain tomorrow, which
imitates the possibility that we will get this much rain.

A probability can be expressed as a number from 0 to 1. If we allocate a probability of 0 to an
event, this shows that this event never will take place. A probability of 1 connected to a particular
event shows that this event always will happen.

In this unit, you will understand the various concepts of probability such as random experiments,
sample space, events, etc.

14.1 Random Experiments

The fundamental view in probability is that of a random experiment: an experiment whose
result cannot be revealed beforehand, but is however still dependent on analysis.
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Instances of random experiments are: Notes
1.  Tossing a die,
2. Calculating the amount of rainfall in January,
3. Counting the number of calls coming at a telephone exchange throughout a fixed time
period,
4. Choosing a random model of fifty people and scrutinizing the number of left-handers,

5. Selecting at random ten people and gauging their height.

Example: (Coin Tossing) The most basic random experiment is the experiment where a
coin is tossed a number of times, say n times. Certainly, much of probability theory can be
dependent on this experiment. To better recognize how these experiment performs, we can
perform it out on a digital computer, for instance in Matlab.

The given below simple Matlab program, creates a series of 100 tosses with a fair coin (that is,
heads and tails are uniformly likely), and plots the outcomes in a bar chart.

x = (rand(1,100) <1/2)
bar(x)

Here x is a vector with 1s and Os, representing Heads and Tails, say. Distinctive outcomes for
three such experiments are given in Figure 14.1.

Figure 14.1: Three Experiments where a Fair Coin is Tossed 100 Times

1 i UEEE e Tl nmrmnmnm T o nnnrrrnr

10 20 30 40 50 60 70 80 90 100
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The dark bars signify when “Heads” (=1) emerges. We can also scheme the average number of
“Heads” beside the number of tosses. In the same Matlab program, this is performed in two

additional lines of code:
y = cumsum(x)./[1:100]
plot(y)

The outcome of three such experiments is portrayed in Figure 14.2. Observe that the average
number of Heads appears to congregate to 1/2, but there is load of random instability.

Figure 14.2: The Average Number of Heads in n Tosses, where n =1, ..., 100
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Example: (Control Chart) Control charts, are commonly used in manufacturing as a
technique for quality control. Each hour the average output of the process is calculated — for
instance, the average weight of 10 bags of sugar — to evaluate if the process is still “in control”,
for instance, if the machine still puts on average the accurate quantity of sugar in the bags. When
the process > Upper Control Limit or < Lower Control Limit and an alarm is raised that the process
is out of control, e.g., the machine is required to be accustomed, since it either puts too much or
not sufficient sugar in the bags. The question is how to fix the control limits, as the random
process obviously fluctuates around its “centre” or “target” line.

Figure 14.3: Control Chart
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' Example: (Machine Lifetime): Presume 1000 indistinguishable components are observed
for failure, up to 50,000 hours. The result of such a random experiment is usually summarized
through the cumulative lifetime table and plot, as specified in Table 14.1 and Figure 14.3,

—

correspondingly. Here F(t) signifies the proportion of components that are unsuccessful at

time . One question is how F(f) can be modeled by means of a continuous function F, in lieu of

the lifetime distribution of a usual module.

Table 14.1: The Cumulative Lifetime Table

t(h) failed D t(h) failed o
0 0 0.000 3000 140 0.140

750 2 0.020 5000 200 0.200
800 30 0.030 6000 290 0.290
900 36 0.036 8000 350 0.350
1400 42 0.042 11000 540 0540
1500 58 0.058 15000 570 0570
2000 74 0.074 19000 770 0.770
2300 105 0.105 37000 920 0.920

Figure 14.4: The Cumulative Lifetime Table

F(t) (est.)

(=}
(=]

0 10000 20000 30000

' Example: A 4-engine aeroplane is able to fly on just one engine on each wing. All
engines are unreliable.
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Figure 14.5: An Aeroplane with Four Undependable Engines

Number the engines: 1,2 (left wing) and 3,4 (right wing). Scrutinize which engine functions
correctly during a particular period of time. There are 24 = 16 probable outcomes of the
experiment. Which outcomes cause “system failure”? Furthermore, if the probability of failure
inside some time period is recognized for each of the engines, what is the probability of failure
for the whole system? Again this can be observed as a random experiment. Below are two more
pictures of randomness. The first is a computer-generated “plant”, which appears astonishingly
like a real plant. The second is genuine data representing the number of bytes that are broadcasted
over some communications connection. An appealing trait is that the data can be displayed to
exhibit “fractal” behaviour, that is, if the data is combined into smaller or larger time intervals,
a comparable picture will emerge.

Figure 14.6 (a): Plant Growth (b) Telecommunications Data

g

We hope to depict these experiments by means of suitable mathematical models. These models
is composed of three building blocks: a sample space, a set of events and a probability. We will now
depict each of these objects.

2

Task Give an example of random experiments.

Self Assessment

Fill in the blanks:

T A is a mathematical measure of the possibility of the event.

2. is an experiment whose result cannot be revealed beforehand, but is
however still dependent on analysis.

3. A probability of 1 ......ccccoeecuiiiicnne. to a particular event shows that this event always will
happen.
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14.2 Sample Space Notes

Even though we cannot forecast the result of a random experiment with certainty we typically
can state a set of potential outcomes. This provides the first element in our model for a random
experiment.

Definition

The sample space U of a random experiment is defined as the set of all achievable results of the
experiment.

' Example: of random experiments along with their sample spaces are:

1. Cast two dice successively,
Q={11),(12),...,(1,6),(21),...,(6 6)}
2. The lifetime of a machine (in days),

Q = R+ = {positive real numbers} .

3. The number of coming calls at an exchange throughout a specific time interval,
Q={0,1, -} =Z+.

4. The heights of 10 chosen people.
Q={(x1,...,x10),xie”0,i=1,...,10} =R+"°.

Here (x1, . . ., x10) displays the result that the length of the first chosen person is x1, the length
of the second person is x2, etc.
l)

Did u know? For modeling purposes it is frequently simpler to take the sample space
larger than needed.

' Example: The real lifetime of a machine would surely not extent the whole positive real
axis. And the heights of the 10 chosen people would not surpass 3 metres.

Self Assessment

Fill in the blanks:

4. Even though we cannot forecast the result of a random experiment with certainty we
typically can state a set of potential ...........cc.cceevennee. .

5. The .o Q of a random experiment is defined as the set of all achievable
results of the experiment.

6.  For modeling purposes it is frequently simpler to take the sample space ...........cccccccuruuucee.
than needed.

14.3 Events

Frequently we are not concerned in a single result but in whether or not one of a group of results
appears. Such subsets of the sample space are known as events. Events will be signified by
capital letters A,B,C, . ... We say that event A appears if the result of the experiment is one of the
essentials in A.
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' Example: of events are:

1. The event that the sum of two dice is 10 or more,
A=1{(46),(55) (5 6) (64) 6 5) (6 6).

2. The event that a machine lives less than 100 days,
A = (0, 100) .

3. The event that out of fifty chosen people, five are left-handed,
A=1{5}.

' Example: (Coin Tossing) Presume that a coin is tossed 3 times, and that we “record”
every head and tail. The sample space can then be shown as

Q={HHH HHT,HTH,HTT, THH, THT, TTH, TTT},

where, for instance, HTH means that the first toss is heads, the second tails, and the third heads.
An substitute sample space is the set {0, 1}3 of binary vectors of length 3, e.g., HTH communicate
to (1,0,1), and THH to (0,1,1). The event A that the third toss is heads is

A={HHH,HTH,THH, TTH} .
As events are sets, we can affect the common set operations to them:
1. The set A U B (A union B) is the event that A or B or both take place,
2. The set A N B (A intersection B) is the event that A and B both take place,
3. The event Ac (A complement) is the event that A does not crop up,
4.  If Ac B (Ais a subset of B) then event A is said to imply event B.

Two events A and B which have no results in general, that is, A N B = ¢, are known as disjointevents.

Example: Let us cast two dice successively. The sample space is Q = {(1, 1), (1, 2), ...,
(1, 6), (2 1),..., (6, 6)}. Let A = {(6, 1), ..., (6, 6)} be the event that the first die is 6, and let B =
{(1, 6), ..., (1, 6)} be the event that the second dice is 6. Then AN B ={(6,1), ..., (6, 6)} " {(1, 6), ...,
(6, 6)} = {(6, 6)} is the event that both die are 6.

It is frequently functional to portray events in a Venn diagram, like in Figure 14.7.

Figure 14.7: A Venn Diagram

ANB®  ANB A°NB
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In this Venn diagram we observe Notes
(i) A nC=¢and consequently events A and C are disjoint.

(i) (AN Bc) N (Acn B) = gand therefore events A N Bc and Ac N B are disjoint.

Example: (System Reliability) In Figure 14.8 three systems are represented, each
comprising of 3 undependable components. The series system functions if and only if (shortened
as iff) all components work; the parallel system functions iff at least one of the components functions;
and the 2-out-of-3 system functions iff at least 2 out of 3 components function.

Figure 14.8: Three Unreliable Systems

- 1
— Gy ) — 2 ¢
Series 3 -

Parallel

2-out-of-3

Suppose Ai be the event that the ith component is functioning, i = 1, 2, 3; and let Da,Db,Dc be the
events that correspondingly the series, parallel and 2-out-of-3 system is working. Then,

Da=A1NnA2nA3,

And

Db=A1UA2UA3.

Also,

Dc=(A1NA2NA3) U (A1 N A2 A3) U (A1 N A2 N A3) U (A1 N A2 N A3)

= (A1 N A2) U (A1 N A3) U (A2 A3).

Two functional consequences in the theory of sets are the following, because of De Morgan:

If {Ai} is a compilation of events (sets) then

[Q&I=OA5 (1)

and

(QAI=QM~ ()

This is simply proved by means of Venn diagrams.

Note that if we understand Ai as the event that a component functions, then the left-hand side
of (1) is the event that the equivalent parallel system is not functioning. The right hand is the
event that at all components are not functioning. Evidently these two events are the similar.
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2

Task Define disjoint events with example.

Self Assessment

Fill in the blanks:

7.  Frequently we are not concerned in a single result but in whether or not one of a group of
results appears. Such subsets of the sample space are known as ..........ccccceuevueune .

8. We say that event A appears if the result of the experiment is one of the .............ccccceee.
in A.

9. Two events A and B which have no results in general, that is, A N B = ¢, are known as

10. If Ac B (Ais a subset of B) then event A is said t0 ........cccceeuvueuennnene. event B.

11.  If {Ai} is a compilation of events (sets) then [UAI'J ............................. .

i

14.4 Probability

The third element in the model for a random experiment is the requirement of the probability
of the events. It informs us how likely it is that a specific event will take place.

Definition

A probability P is a rule which allocates a positive number to every event, and which assures the
following axioms:

Axiom 1: P(A) > 0.

Axiom 2: P(QQ) = 1.

Axiom 3: For any series A1,A2, . .. of disjoint events we have

P(LlJAi}ZP(Af) : -3)

Axiom 2 just specifies that the probability of the “certain” event Q is 1. Property (1.3) is the vital
property of a probability, and is sometimes known as the sum rule. It just specifies that if an
event can occur in a number of different manners that cannot occur simultaneously then the
probability of this event is just the sum of the probabilities of the composing events.

Note that a probability rule P has precisely the similar properties as the general “area measure”.

' Example: The whole area of the union of the triangles in Figure 14.9 is equivalent to the
sum of the areas of the individual triangles. This is how you should understand property (3). But
rather than gauging areas, P computes probabilities.

As a direct effect of the axioms we have the following properties for P.
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Figure 14.9: The Probability Measure has the Similar Properties as the “Area”

Theorem: Let A and B be events. Then,

P(4) =0.

2.  AcB==!P(A)<P(B).
3. P@A)<1.
4. PAd=1- PA).
P(A U B) = P(A) + P(B) - P(A M B).
Proof:

1. Q=QnNpn¢n -, 50, by the sumrule, P(Q) =P(Q) + P(4) + P(h+ - - -, and consequently, by
the second axiom, 1 = 1+P(¢#)+P(g)+ - - -, from which it follows that P(¢) = 0.

2. IfAcB, thenB=AuU (BnAc), where A and B n Ac are disjoint. Therefore, by the sum rule,
P(B) = P(A) + P(B N Ac), which is (by the first axiom) greater than or equal to P(A).

3. This follows directly from property 2 and axiom 2, because A c Q.

4. Q=AU Ac where A and Ac are disjoint. Therefore, by the sum rule and axiom 2: 1 = P(Q2)
= P(A) + P(Ac), and thus P(Ac) =1 - P(A).

5. Write A U B as the disjoint union of A and B n Ac. Then, P(A U B) =P(A) + P(B U Ac). Also,
B = (A nB)u (BN Ac), sothat P(B) = P(A N B)+ P(B N Ac). Merging these two equations
gives P(A N B) = P(A) + P(B) - P(A N B).

We have now finished our model for a random experiment. It is up to the modeler to state the
sample space Q and probability gauge P which most strongly illustrates the definite experiment.
This is not always as clear-cut as it appears, and sometimes it is functional to model only certain
observations in the experiment.

' Example: Consider the experiment where we toss a fair die. How should we describe Q
and P? Clearly, Q ={1, 2, .. ., 6}; and some common sense displays that we should define P by

P(A)=|A]
6,AcQ,

where |A| signifies the number of elements in set A. For example, the probability of receiving
an even number is P({2, 4, 6}) = 3/6 = 1/2.

In many applications the sample space is countable, i.e. Q = {al, a2, . .., an} or

Q={al, a2, .. .}. Such a sample space is known as discrete.
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The simplest manner to specify a probability P on a discrete sample space is to state first the
probability pi of every elementary event {si} and then to define

P(A)=_imiec A

pi, forall Ac Q.

This thought is graphically displayed in Figure 14.10. Each element ai in the sample is allocated
a probability weight pi illustrated by a black dot.

l"

Did u know? To discover the probability of the set A we have to sum up the weights of all
the essentials in A.

Figure 14.10: A Discrete Sample Space

Again, it is up to the modeller to correctly state these probabilities. Luckily, in many applications
all basic events are equally likely, and therefore the probability of every basic event is equal to 1
divided by the total number of elements in Q.

Since the “equally likely” principle is so significant, we invent it as a theorem.

Theorem: (Equilikely Principle): If Q has a finite number of results, and all are uniformly likely,
then the probability of each event A is defined as

P(A) = 14|
Q.

So for such sample spaces the computation of probabilities diminishes to counting the number of
outcomes (in A and Q).

When the sample space is not countable, for example Q = R+, it is supposed to be continuous.

' Example: We draw at random a point in the interval [0, 1]. Every point is equally
probable to be drawn. How do we state the model for this experiment?

The sample space is clearly Q = [0, 1], which is a continuous sample space. We cannot define P by
means of the simple events {x}, x € [0, 1] since each of these events must have probability 0 (!).
Though we can define P as follows:

Foreach0<a<b<1,letP(a b])=b-a.
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This entirely mention P. Particularly, we can locate the probability that the point occurs into any Notes
(sufficiently nice) set A as the length of that set.

Some examples of probability are discussed below.

' Example: A Poker Hand

The game of poker has various variants. General to all is the truth that players obtain - one way
or another - hands of five cards each. The hands are evaluated according to a predestined ranking
system. Now we shall assess probabilities of numerous hand combinations.

Poker utilizes the standard deck of 52 cards. There are C(52, 5) probable combinations of 5 cards
chosen from a deck of 52: 52 cards to select the first of the five from, 51 cards to select the second
one, ..., 48 to select the fifth card. The product 52 x 51 x 50 x 49 x 48 must be divided by 5!since the
order in which the five cards are added to the hand is of no significance, such as 7 #8&9&10&] %
is the same hand as 9%7&10&]J%8&. So there are C(52, 5) = 2598960 different hands. The poker
sample space comprises 2598960 uniformly probable elementary events.

The probability of either hand is obviously 1/2598960. Visualize having an urn with 52 balls, of
which 5 are black and the remaining white. You are to draw 5 balls out of the urn. What is the
probability that all 5 balls drawn are black?

The probability that the first ball is black is 5/52. Presuming that the first ball was black, the
probability that the second is also black is 4/51. Presuming that the first two balls are black, the
probability that the third is black is 3/50, ... The fifth ball is black with the probability of 1/48,
given the first 4 balls were all black. The probability of drawing 5 black balls is the product:

32 1 1

50 49 48 C(52,5)

The highest ranking poker hand is a Royal Flush - a series of cards of the same suit beginning
with10, e.g., 10 % Q& K& A&. There are 4 of them, one for each of the four suits. So the probability
of getting a royal flush is 4/2598960 = 1/649740. The probability of getting a royal flush of, say,
spades 4, is obviously 1/2598960.

Any sequence of 5 cards of the same suit is a straight flush ranked by the highest card in the
sequence. A straight flush may begin with any of 2, 3,4, 5, 6,7, 8, 9, 10 cards and some times with
an Ace where it is thought to have the rank of 1. So there are 9 (or 10) possibilities of getting a
straight flush of a specified suit and 36 (or 40) possibilities of obtaining any straight flush.

Five cards of the same suit - not essentially in sequence - is a flush. There are 13 cards in a suit and
C(13, 5) = 1287 combinations of 5 cards out of 13. All in all, there are 4 times as many flush
combinations: 5148.

Four of a kind is a hand, such as 5#545 ¢ 5¥Ka, with four cards of the similar rank and one extra,
unmatched card. There are 13 combinations of 4 equally ranked cards each of which can complete
a hand with any of the remaining 48 cards. A hand with 3 cards of one rank and 2 cards of a
dissimilar rank is called Full House. For a specified rank, there are C(4, 3) = 4 methods to select 3
cards of that rank; there 13 ranks to consider. There are C(4, 2) = 6 combinations of 2 cards of equal
rank, but now only 12 ranks to select from. There are then 4 x 13 x 6 x 12 = 3744 full houses.

A straight hand is a straight flush without “flush”, so to articulate. The card must be in series but
not essentially of the same suit. If the ace is permitted to begin a hand, there are 40 ways to select
the first card and then, we need to account that the remaining 4 cards could be of any of the 4
suits, providing the total of 40 x 4 x 4 x 4 x 4 = 10240 hands. Removing 40 straight flushes leaves
10200 “regular” flushes.
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Notes Three of a kind is a hand, like 5&54547¥Ka, where three cards have the similar rank while the
remaining 2 vary in rank among themselves and the first three. There are 13 x C(4, 3) = 52 combinations
of three cards of the similar rank. The next card could be any of 48 and the fifth any of 44 and the pair
could come in any order so the products is required to be halved: 52 x 48 x 44 / 2 = 54912.

' Example: A spinner has 4 equal sectors colored yellow, blue, green and red. After spinning
the spinner, what is the probability of landing on each color?

The possible conclusions of this experiment are yellow, blue, green, and red.

P(yellow) = # of ways to land on yellow _ 1

total # of colors 4
P(blue) = # of ways to land on blue _ 1
total # of colors 4
P(green) = # of ways to land on green _ 1
total # of colors 4
P(red) = #of ways toland onred _ 1

total # of colors 4

' Example: A single 6-sided die is rolled. What is the probability of each conclusion? What
is the probability of rolling an even number? of rolling an odd number?

The possible conclusions of this experiment are 1, 2, 3, 4, 5 and 6.
Probabilities:

_#ofwaystorollal 1
total # of sides 6

P(1)

_#ofwaystorolla2 1

P@2) . =
total # of sides 6
P@) = # of ways to 1"011 a3 _1
total # of sides 6
P) = # of ways to 1j011a4 _1
total # of sides 6
PE) = # of ways to 1:olla5 _1
total # of sides 6
P(6) = # ofwayst01.‘olla6 _1
total # of sides 6
# ways toroll an even number 3 1
P(even) = - =2_=
total # of sides 6 2
P(odd) = # ways to roll an o.dd number 3 1
total # of sides 6 2

This example shows the difference between a conclusion and an event. A single conclusion of
this experiment is rolling a 1, or rolling a 2, or rolling a 3, etc. Rolling an even number (2, 4
or 6) is an event, and rolling an odd number (1, 3 or 5) is also an event.
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' Example: A glass jar contains 6 red, 5 green, 8 blue and 3 yellow marbles. If a single
marble is selected at random from the jar, what is the probability of selecting a red marble? a
green marble? a blue marble? a yellow marble?

The possible conclusions of this experiment are red, green, blue and yellow.

Probabilities:
P(red) = # of ways to choosered _ 6 _ 3
total # of marbles 22 11
P(green) = # of ways to choose green _ 5
total # of marbles 22
P(blue) = # of ways to choose blue _ 8 _ 4
total # of marbles 22 11
P(yellow) = # of ways to choose yellow _ 3

total # of marbles 22

The conclusions in this experiment are not equally expected to happen. You are more probable
to select a blue marble than any other color. You are least likely to select a yellow marble.

14.4.1 Axiomatic Approach to Probability

The issue of what probability actually is does not have a completely acceptable answer. In some
conditions it may be supportive to consider probability as displaying long-run amount or
degree of belief. However these are not exact mathematical definitions. The current approach is
to consider probability as a mathematical construction pleasing definite axioms.

Definition (Kolmogorov’s Axioms for Probability): Probability is a function P which allocates to
every event A a real number P(A) such that:

1. For every event A we have P(A) >0
2. P(S)=1
3. If A1, A2, ..., An are events and Ai N Aj = ¢ for all i =6 j then
P(A1UA2U--UAn)=Y P(A))
i=1
If A1, A2, ... are events and Ai N Aj =“ for all i =6 j then
P(A1UA2U--)=>"P(A))
i=1

The events fulfilling 3 are pair wise disjoint or mutually exclusive.

—T]

Notes Notice that Axiom 3 has an edition for finitely numerous events and an edition for
a countable infinite number of events. If S is finite then we want only worry regarding the
first one of these. If S is infinite (mainly if it is not countable) then a number of intricacies
creep in which we will mostly ignore in this course.
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You can verify that setting P(A) =

A
g‘ provides a probability. This is the case when every result

in the sample space is uniformly likely.

AN

Caution Do not assume that every outcome is equally likely without good reason.

Beginning from the axioms we can infer different properties. Optimistically, these will consent with
our instinct regarding probability. The proofs of all of these are simple inferences from the axioms.

Proposition 1: If A is an event then P(Ac) =1 - P(A).

Proof:

Let A be any event. By meaning of the complement Ac and A are disjoint events.
Since they are disjoint we can apply Axiom 3 to get

P(A U Ac) =P(A) + P(Ac).

But (again by definition of the complement) A U Ac =S so

P(S)=P(A) + P(Ac).

By Axiom 2 P(S) =1 and so

1=P(A) + P(Ac).

Rearranging this provides the result.

]

Notes Observe that every line of the proof is defensible by one of the axioms or a definition
(or is a simple manipulation).

We can utilize the results we have proved to infer further ones like the following corollary.
Corollary 1

P($) = 0.

Proof.

By definition of complement Sc = ¢. Hence by Proposition 1
P@)=1“P©S)=1"1=0

where the second equality accesses Axiom 2.

Corollary 2

If A is an event then P(A) 1.

Proposition 2: If A and B are events and A B then

P(A) P(B).

Proposition 3: If A ={al, a2, ..., an} is an event then

Hm=ﬂm:gHMD
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Fill in the blanks:

12.  Probability informs us how .........ccccccceee. it is that a specific event will take place.

13. A probability rule P has precisely the ...........c.c.c.c.. properties as the general “area
measure”.

14. To discover the probability of the set A we have to sum up the ..........ccc.c.c..... of all the

essentials in A.

15. When the sample space is not countable, it is supposed to be ...........c.c.c.c........ .

14.5 Summary
° A probability is a mathematical measure of the possibility of the event.
o The fundamental view in probability is that of a random experiment: an experiment

whose result cannot be revealed beforehand, but is however still dependent on analysis.

o Even though we cannot forecast the result of a random experiment with certainty we
typically can state a set of potential outcomes.

o The sample space Q of a random experiment is defined as the set of all achievable results
of the experiment.

° Frequently we are not concerned in a single result but in whether or not one of a group of
results appears. Such subsets of the sample space are known as events.

° Two events A and B which have no results in general, that is, A N B = ¢, are known as
disjoint events.

° The third element in the model for a random experiment is the requirement of the
probability of the events. It informs us how likely it is that a specific event will take place.

o The issue of what probability actually is does not have a completely acceptable answer. In
some conditions it may be supportive to consider probability as displaying long-run
amount or degree of belief.

14.6 Keywords

Disjoint Events: Two events A and B which have no results in general, that is, A N B = ¢, are
known as disjoint events.

Events: Frequently we are not concerned in a single result but in whether or not one of a group
of results appears. Such subsets of the sample space are known as events.

Probability: A probability is a mathematical measure of the possibility of the event.

Random Experiment: The fundamental view in probability is that of a random experiment: an
experiment whose result cannot be revealed beforehand, but is however still dependent on analysis.

Sample Space: The sample space U of a random experiment is defined as the set of all achievable
results of the experiment.

14.7 Review Questions

1. Ilustrate the concept of random experiments with examples.

2. A die is rolled, find the probability that an even number is obtained.
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3. Which of these numbers cannot be a probability?

(@)  -0.00001 (b) 05
(¢ 1.001 d 0
€ 1 ) 20%

4. Two dice are rolled, find the probability that the sum is
(@) equaltol (b) equalto4
(c) lessthan13

5. Adieisrolled and a coin is tossed, find the probability that the die shows an odd number
and the coin shows a head.

6. Iftwoevents A’ and ‘B’ are such that A c B, then prove P(A) < =P(B).

7. Three coins are tossed. What is the probability of getting (a) all heads, (b) two heads, (c) at
least one head, (d) at least two heads?

8. Illustrate the concept of Axiomatic Approach to Probability with examples.

9.  Asingle card is chosen at random from a standard deck of 52 playing cards. What is the
probability of choosing a 5 or a king?

10. A single 6-sided die is rolled. What is the probability of each outcome? What is the
probability of rolling an even number?

Answers: Self Assessment

1.  probability 2. Random experiment
3. connected 4. outcomes
5. sample space 6. larger
7. events. 8. essentials
9.  disjoint events 10.  imply
1. =NA 12, likely
13.  similar 14. weights
15.  continuous
14.8 Further Readings
Books Hsu, Obability, Random Variables, And (So), Tata McGraw-Hill Education.

Joseph Lawson Hodges, Basic Concepts of Probability and Statistics, SIAM.

Yu. M. Suhov, Probability and Statistics by Example: Basic Probability and Statistics,
Cambridge University Press.

2

Online link http:/ /www.maths.uq.edu.au/~kroese/ asitp.pdf
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