Algebra of Events

1. Algebra of Events

Q.1.5.1.1 What is the sample space for measuring the life-time of a bulb?
Answer: The life of a bulb can continue indefinitely. Thus, the sample
space, S = [0,00), where a semi-closed set [a,b) = {z:a < x < b}

Q.1.5.1.2 What do you mean by an event? What is an elementary event?
Answer: An event is a subset of the sample space. An event FE is
said to occur on a particular trial of the experiment if the outcome
observed is an element of the set E. Consider the experiment of flip-
ping two coins. Let X be the event of getting atleast one head. Then
X ={(H,H),(H,T),(T,H)}. Every sample point in the sample space
denotes an elementary event. Thus, Y = {(H,T)} is an elementary
event.

Q.1.5.1.3 Construct the sample space of three-child family that describes
the genders of the children with respect to birth order.
Answer: We assume that there are two outcomes at every birth: boy
(b) and girl (g). Fig. 1.1 shows a tree structure for a three-child family.
Sample space, 2 = {bbb, bbg, bgb, bgg, gbb, gbg, ggb, ggg}.

Q.1.5.1.4 Consider the experiment of tossing three coins.

i. Write the sample space.

ii. Find the event of getting exactly one head.

iii. Find the event of getting no head.

Answer: i. Sample space, S ={HHH,HHT,HTH,HTT,THH, THT,
TTH,TTT}, where H stands for event of occurring head, and 7' stands
for event of occurring tail

ii. The event of getting exactly one head = {HTT,THT,TTH}

ili. The event of getting no head = {TTT}

Q.1.5.1.5 What is the sample space of tossing a coin until one gets an
head?

Answer: One might get an head using 1 toss, and the event is B} = {H }.
One might get an head using 2 tosses, and the event is Fy = {T'H}.
One might get an head using 3 tosses, and the event is F5 = {TTH}.
Let E; be the event of getting head using 7 tosses.

Thus, the sample space = U E; = {H,TH,TTH,...}
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Figure 1.1: Tree diagram of a three-child family

Q.1.5.1.6 Let A and B be events in the same sample space. Then
AU(ANB)=A.

Answer: Let € be the sample space.

AU(ANB) = (ANQ)U(ANB) = AN(QUB) [Distributive law, Q.1.5.1.7]
=ANQ=A

Q.1.5.1.7 Consider the events A, B and C in the same sample space.
Then AN(BUC)=(ANB)U(ANC).

Answer: This is a distributive law. We shall give a prooof of it.

Let z € AN (BUCQC).

Thenz € Aandx € BUC =2 € Aand (zx € Borz € ()

Case 1: x € B

Thenz€e Aande e B==xc ANB=xc(ANB)U(ANC)

Case 2: z € C

Thenz € Aande e C=2c ANC=zx€ (ANB)U(ANCQC)

Thus, zr € AN(BUC)=x€ (ANB)U(ANC)

Then AN(BUC)C (ANB)U(ANCQC) (1.1)
Let z € (ANB)U(ANC).

Thenz e ANBorxe ANC

Casei: x€ ANB

Thenz € Aandzr € B=>zx € Aandz e BUC=x2€ AN(BUC)
Caseii: x€e ANC
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Thenz e Aandr e C=x€Aandzr e BUC=xz€ AN (BUCQC)
Thenzx € (ANB)U(ANC)=2zec AN(BUC)

Thus, (AN B)U(ANC) C AN (BUC) (1.2)
(I.1) and (1.2) = (ANB)U(ANC)=ANn(BUC)

Note: Another distributive law: AU(BNC)=(AUB)N(AUC)

Q.1.5.1.8 Let A; = [0,1 — 1], for i =1,2,....

%

Find U2, A; and M52, A;.

Answer: U®;A; =1[0,1) and N2, A4; = {0}.

Q1519 If A, € A,—1 C --- C A; show that U ;A; = A; and
Nt A=A,

Answer: We prove the result U} ; A; = A; using induction on n.

For n = 1, the result is true, by default.

Let the result be true for n = k.

Thus, UleAi = A

We shall show that the result is true for n = k£ + 1.

Then UfillAi = UleAi U Ags1 = A1 U Agyq [by induction hypothesis]
=A; [from the given condition]

Thus, the induction step follows.

[Second part]

We prove the result N}'_; A; = A,, using induction on n.

For n = 1, the result is true, by default.

Let the result be true for n = k.

Thus, ﬂleAi = A

We shall show that the result is true for n = k£ + 1.

Then ﬂfillAi =Nk A; N Apyq = A N Agyq [by induction hypothesis]
=Ag+1 [from the given condition]

Thus, the induction step follows.

Q.1.5.1.10 What is a trial? Give an example.

Answer: Consider an experiment, which is being repeated under iden-
tical conditions, does not give unique result. But the result is one of
the several possible outcomes. The experiment, repeated each time, is
known as a trial and the outcome is known as a case or sample point or
an elementary event. When we roll a die, an outcome is one of the faces
numbered from 1, 2, ..., 6.

Q.1.5.1.11 Explain the following terms: exhaustive events, mutually ex-
clusive events, equally likely events, independent events.
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2. Combinatorial Analysis

Q.1.5.2.1If Ay, Ao, ..., Ay are k disjoint sets, then n(AjUAsU---UAL) =
n(Al) + n(Ag) + -+ n(Ak)

Answer: We shall prove the result using the method of induction on k.
Let k= 2.

Event A; U Ay can occur only by occurring either event Ay or event Ao,
since A1 N Ay = ¢.

Thus, n(A; U A2) = The number of sample points in A; U Ay = The
number of sample points in A; + The number of sample points in Ay =
n(Al) + n(Ag)

So, the result is true for k = 2.

Let the result be true for £ < p. We want to show that the result is true
for k=p+1.

n(A1UA2U--'UAp+1) :n((AluAQU"'UAp)UAp+1)

Note that events A; U Ay U---U A, and A, are disjoint.

Then n(A1 UAsU--- U Ap+1) = n(A1 UAdsU---U Ap) + n(Aerl) [by
induction hypothesis]

=n(A1) +n(A2) + - +n(4,) + n(Ap+1) [by induction hypothesis]

So, the induction step follows.

“~ [ N M \_ (N+M
Q.1.5.2.2 Provethatkzo< L > <nk ) _< ; >

for integers N, M, n 26.
Answer: [Method 1]

(1+2) MM = (142)N.(14a)M = < i ( JZ )ﬁ ) ( f: < ]‘f )ﬂ )

k=0 =0

Then, (1+x)N+M:ZN:§:< JZ > ( J\l4 >xk+l

k=0 (=0
We are interested in collecting the coefficients of ™ from both sides for

those terms for which k + [ = n.

n N k n—k ’
n=0 n=0 k=0
The result follows.
[Method 2] Consider a set of (N + M) elements. We divide it into two
parts: one with N elements and other with M elements. If we wish to
select n elements, then we first choose k elements from the first part
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(k < n) and the remaining (n — k) elements from the second part. For
M

each k, there are precisely ( ZZ > ( _— > possibilities. Summing
over all values of k, we obtain an expression for < N —; M )

Q.1.5.2.3 State and prove Pascal’s identity.

-1 -1
Answer: Pascals’s identity states that ( Z ) = ( Z_ 1 >+( " k >,
for any positive integers k and n.

[Method 1]

n n—1 n—1
VVhenk>n,(k>—0—<k_1 >—|—< 1 )
Thus, the result is true.

Now we assume that k < n.

n—1 n—1 n—1)! n—1)!
( k-1 > + ( k ) - (kf(l)!(n)fk)! + k!((nszl)!

n— n n! n
=(n—1)! [k!(n]ik)l + k!(nfkk)!} =(n—1! [k!(nfk)!} = ®Bn—k)! ( Lk )
[Method 2]

wero(1) (5o (3)-(5)
webn(75) (7)o (1) (271

The proof of the above result is give below for 0 < k& < n.
Let {a1,as,...,a,} be the set of elements under consideration. There
are two types of k-subsets: subsets that contain a,, and subsets that do

not contain a,,.
Case 1: When a k-subset does not contain a,,, then the k-subset is formed

—1

from {aj,as,...,ap—1}. The number of such subsets is " i

Case 2: When a k-subset contains a,, then & — 1 elements are selected
—1

from {a1,as,...,an—1}. The number of such subsets is Z L

Adding the k-subsets of Case 1 and Case 2, we get the total number of
k-subsets. The result follows.

Q.1.5.2.4 State binomial theorem. Prove it.
n
Answer: Binomial theorem states that (z + y)" = < " > ahyn=k,

k=0 k
forn=1,2,3,... (2.1)

13
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[Method 1]

Forn=1,LHS =z +y.

RHS = < é >:c0y1_0+ < 1 )xlyl_l =y+a = LHS

The theorem holds for n = 1. Assume that the theorem holds for n — 1.
We need to show that the theorem holds for n.

n—1
(o +9)" = (& +y)(a + )" = <x+y>z(”;1) B

k=0

:z::_(“_l) hLyn=1- k+z<n—1> kg

k + 1 for the first sum and 1 = k for the second sum.

(:c+y)”—§<7;:11> Z"MFZ( >$iynz

1

— | n—1 n—1
— N - - i, n—1 n
=z +Z[<i—1>+< ; )}azy +y

=1

n—1 n '
="+ ( . ) 2y 4+ y" [Pascal’s identity, Q.1.5.2.3]

i N
_ 1, n—1
> (1)

i=0

[Method 2]
In the expansion of (x1 +y1)(x2 +y2) ... (Tn + yn), each term contains n
of x; and y;, i = 1,2,...,n. There are 2" such terms. When n = 2, we
have (21 + y1) (%2 + y2) = 2191 + T1Y2 + T291 + T2y2.
When 1 =29 ==z, =x and y; = y2 = --- = y, = y, how many

of the 2" terms in the sum will have k of the zs and (n — k) of the ys as
factors? The form of such term is 2*y™*, and the number of such terms
is equal to the number of choices of finding k£ x’s out of possible n x’s,

e (1),

n

Thus, (z +y)" = Z < Z ) xhyn=Fk,

k=0
Q.1.5.2.5 How many integers between 1 and 300 (inclusive) are
i. divisible by at least one of 3, 5, 77
ii. divisible by 3 and by 5 but not by 77
iii. divisible by 5 but by neither 3 nor 7?7
Answer: Let A = {n|l <n <300 A 3 divides n},

14
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3. Probability Models

Q.1.5.3.1 What is a probability model?

Answer: A probability model consists of a nonempty set called the sam-
ple space S; a collection of events that are subsets of S; and a probability
measure P having the following properties:

i. P(A) € [0, 1], where event A is defined on the sample space S.

ii. P(S)=1.

iii. P is countably additive. Let Aj, Aa,... be a finite or countable se-
quence of disjoint events.
ThenP(AluAQU):P(A1)+P(A2)+ (31)

(i) - (iii) are called axioms of probability.

Q.1.5.3.2 Show that P() = 0, where ) is null set.

Answer: Let Fq, Fo, E3, ... be the sequence of events such that S = Fq,
and Fy = F3 = --- = (), where S is the sample space.

Events are mutually exclusive, and |J;2, E; = S.

Using axiom (iii), we have

P(S) = P(El) —|—P(E2) +P(E3) + o= P(S) —|—P(E2) +P(E3) —+ ...
= P(S)=P(S)+P0)+P0)+...

= P(0) =0, where ) € S, and P(#) > 0 [ Axiom (i) |

Q.1.5.3.3 Let E be an event defined on sample space S. Show that
P(E€) =1— P(E), where P(E°) is the complement event of F.
Answer: 1 = P(S) [ Axiom (ii) ]

=1=P(EUE") [ S=FUE"]

= 1= P(E)+ P(E°) | Axiom (iii) ]

= P(E°)=1- P(FE)

Q.1.5.3.4 Show that P(F) < P(F),if ECF.

Answer: F = EU(ENF),since ECF

Note that events £ and E N F are mutually exclusive.

Using Axiom (iii), P(F) = P(E)+ P(E°NF) (3.2)
Using Axiom (i), P(E°NF) > 0.

From (3.2), P(F) > P(E).

Q.1.5.3.5 What is relative frequency? Give an example.
Answer: Consider an experiment that is performed n times. Each per-
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formance is called a trial (see Q.1.5.1.10). Let an event E occur in ng
trials. Then the ratio Z£ is called the relative frequency of E in the n
trials, and denoted by f(E,n) = “E.

An unbiased coin is tossed 100 times, and tail (7") appears 52 times.
Then the relative frequency of T is 52/100 = 0.52.

When n is a large number, P(E) ~ f(E,n).

Q.1.5.3.6 State and prove the formula of probability for union of events.

Answer: Probability of union of events: For any n events E1, Eo, ..., Ey,
P(E1UE2U-~-UEn) = ZzP(EZ) _Zi<jP(EiﬂEj)+2i<j<kP(Eim
Eijk> —---+(—1)n+1P(ElﬁEgﬂ--~ﬂEn)

Proof: We shall prove it using the method of induction on n. Let n = 2.
Then P(E; U Es) = P[(E1 N ES) U (EfN E2) U (Ey N Ey)]

Events 4 N ES, EY N Ey and Eq N Ey are mutually exclusive.

Thus, P(E1 U Es) = P(E1 N ES) + P(Ef N E2) + P(EL N Ey), (3.3)
using Axiom (iii), Q.1.5.3.1

P(El) = P{(El N Eg) U (El N ES)]

= P(E1 N E3) + P(E; N ES) [Axiom (iii)]

Then P(E1 N Eg) = P(El) — P(El N EQ)

Similarly, P(E{ N Ey) = P(E2) — P(E1 N E3)

From (3.3),

P(E1UE2) = P(El) —P(El ﬂEQ)—i-P(EQ) —P(ElﬁEQ) +P(E1mE2)
So, P(El U Ez) = P(El) + P(EQ) — P(El N EQ)

Thus, the result is true for n = 2.

We assume that the result is true for n < k. We shall show that the
result is true for n = k + 1.

P(E1UE2U-"UEkUEk+1) :P[(E1UE2U~-UE]€)UE]€+1]
=P(EyUEyU---UEg)+ P(Eg41) — P[(E1UEyU---U Eg) N Egy4q],
using induction hypothesis

=32 P(E)=Y iy P(BUE)+3 o P(ENE;NER)— - +(=1)" L P(E1N
Esn---nN En) + P(Ek+1) -7, (3.4)
where, T'= P[(E1 N Exy1) U(EaNEgq)U--- U (Ex N Egt)],

applying distributive law
T:ZZ‘P(EimEk—H)_Zi<jP(EimEijk+1)+~-, (35)
applying induction hypothesis

Using (3.4) and (3.5), we conclude that the induction step follows.

Q.1.5.3.7 Discuss classical (apriori) concept of probability. State the

limitations of the concept.
Answer: Assume that a trial in an experiment results in one of n ex-
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haustive, mutually exclusive and equally likely cases, and m of them are
favourable to the happening of an event E.

P(E) _ Number of favourable cases __ m
" Number of exhaustive cases = n

There are limitations of the above definition.
i. Outcomes of a trial may not be equally likely.
ii. The number of exhaustive cases in a trial may be infinite.

Q.1.5.3.8 Elaborate the emperical (statistical) concept of probability.
Answer: Consider an experiment, where the trials are repeated under es-
sentially homogeneous and identical conditions. Then the limiting value
of the ratio of the number of times an event happens to the number of
trials, when the number of trials become indefinitely large, is called the
probability of the the event.

Refer to the concept of relative frequency (Q.1.5.3.5). Let an event E
occurs ng times in n trials. Let f(E,n) be the relative frequency of
event E in n trials. Then emperical probability of E is defined as

P(FE) = limy,o f(E,n).

Q.1.5.3.9 Let F4, E, ..., E, be n events on the same sample space. Prove
that P (UL, Ei) < 3500, P(E;).

Answer: We shall prove it using the method of induction on n.

When n =2, P(Fy U Es) = P(Ey) + P(E2) — P(E1 N Ey) [Q.1.5.3.6]
Using Axiom (i), P(E1 N E2) > 0 [Q.1.5.3.1]

Then, P(El @] EQ) < P(El) + P(Eg)

We assume that the result is true for n = k. We shall prove that the
result is true for n =k + 1.

P(EyUEyU---UELUEk11) = P[(E1UEyU---UEg) U Ej4]

= P(El UEQU“'UEk) +P(Ek+1) —P[(E1UE2U-~UE]€)HE]€+1]
[Q.1.5.3.6]

<% P(E))+ P(Epy1) — P[(E1UEyU---UEy) N Ejyq] [by induction
hypothesis]

< S M P(E;) [Axiom (i), Q.1.5.3.1]

Q.1.5.3.10 Three unbiased coins are flipped. Find the probability that

first and third coins show the same face.

Answer: Sample space = {(H,H,H),(H,H,T),(H,T,H),(H,T,T),(T,H, H),
(T,H,T),(T,T,H),(T,T,T)}

Let E be the event that first and the third coins turn into the same face.
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