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Chapter 5: Mathematical Induction

So far in this course, we have seen some techniques for dealing with stochas-
tic processes: first-step analysis for hitting probabilities (Chapter 2), first-step
analysis for expected reaching times (Chapter 3), and probability generating
functions (Chapter 4), which are especially useful for dealing with sums of ran-
dom variables. We now look at one more tool that is often useful for exploring
properties of stochastic processes:

5.1 Proving things in mathematics

There are many different ways of constructing a formal proof in mathematics.
Some examples are:

e Proof by counterexample: a proposition is proved to be not generally true
because a particular erample is found for which it is not true.

e Proof by contradiction: this can be used either to prove a proposition is
true or to prove that it 1s false. To prove that the proposition is true (say),
we start by assuming that it is false. We then explore the consequences of
this assumption until we reach a contradiction, e.g. 0 = 1. Therefore something
must have gone wrong, and the only thing we weren’t sure about was our initial
assumption that the proposition is false — so our initial assumption must be
wrong and the proposition is proved true. o=l = F ( T) = &9
A famous proof of this sort is the proof that there are infinitely many prime
numbers. We start by assuming that there are finitely many primes, so they
can be listed as pi, po, ..., p,, Where p,, is the largest prime number. But then
the number p; X py X ... X p, + 1 must also be prime, because it is not divisible
by any of the smaller primes. Furthermore this number is definitely bigger than
Pn- S0 we have contradicted the idea that there was a ‘biggest’ prime called p,,
and therefore there are infinitely many primes.

e Proof by mathematical induction: in mathematical induction, we start
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with a formula that we suspect is true. For example, I might suspect from
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observation that Y ¢ 1k = n(n + 1)/2. I might have tested this formula for
many different values of n, but of course I can never test it for all values of n.
Therefore I need to prove that the formula is always true.

The idea of mathematical induction is to say: suppose the formula is true for
all n up to the value m = 10 (say). Can I prove that, if it is true for n = 10,
then it will also be true for n = 117 And if it is true for n = 11, then it will
also be true for n = 127 And so on.

In practice, we usually start lower than n = 10. We usually take the very easiest
case, n = 1, and prove that the formula is true for n = 1: LHS = Zizl k =
1 =1 x2/2=RHS. Then we prove that, if the formula is ever true for n = x,
then it will always be true for n = x + 1. Because it is true for n = 1, it must
be true for n = 2; and because it is true for n = 2, it must be true for n = 3;
and so on, for all possible n. Thus the formula is proved.
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The method of mathematical induction for proving results is very important in
the study of Stochastic Processes. This is because a stochastic process builds
up one step at a time, and mathematical induction works on the same principle.

Example: We have already seen examples of inductive-type reasoning in this
course. For example, in Chapter 2 for the Gambler’s Ruin problem, using
the method of repeated substitution to solve for p, = P(Ruin | start with $x),
we discovered that:

) [
‘ (—\ Ve 72 @
cp=2m 1 7(0\ é——(%*l)("@’“l%ﬂ]
® p3=3p1 —2
®pi=dpi—3
We deduced that P, = ¢ F— (’7(‘0 In jﬂ/\uml.

To prove this properlyj'we should have used the method of mathematical
induction. —
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n=l LAS=Y e RHS=H2
Approach: follow the steps below. k=) ‘
N2 LHS=|42 RHS= 22

5.2 Mathematical Induction by example

Question: Prove by induction thA

(i) First verify that the formula is true for a base case: usually the smallest appro-
. L_______- . .
priate value of n (e.g. n = 0 or n = 1). Here, the smallest possible value of n is
n = 1, because we can’t have S)_,.

Roage case » n= | .

Lﬂso¢@:gk: 1

1 = LHS,

RS "?réB -
So B is f?r\oued ('For n=| .

(ii) Next suppose that formula (%) is true for all values of n up to and including
some value x. (We have already established that this is the case for x = 1).

Using the hypothesis that (x) is true for all values of n up to and including z,
prove that it is therefore true for the value n = x + 1.

Qurvah ease . /'\ssw ® © tre afof n=l, o, x afor Some X
So we con assime Z_ k xﬂ\ | @ yy

2 N
ko = & for "allowed

’%Mmmha,\
Qq.q/wm fo prove Hud B mug)y also lold afor n=n+1\.
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ko = |
= %’—\—(Zjl + (')(Jrl\ L:\D alloweA ?m&o, @
= (’XH)E 3;—: + ig dif\cfrvr?si:j
= O ()

2
= RHS oGP .
I({» ) tre éor n=7

e bhewe fﬂouzi 1‘ trne alSo ’ge n=7+1 .

(iii) Refer back to the base case: if it is true for n = 1, then it is true forn = 1+1 = 2
by (ii). If it is true for n = 2, it is true for n = 24 1 = 3 by (ii). We could go
on forever. This proves that the formula (x) is true for all n.

E ® is fre for N1 (Case crse).
So & is fvmud fre /G.Ppr oM ?Ajres,uj n=1,2,% ... [
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General procedure for proof by induction

The procedure above is quite standard. The inductive proof can be summarized
like this:

Question: prove that f(n) = g(n) for all integers n > 1. @

—

Basecase: n = 1. Provethat f(1) = g(1) using

(LHS = f()

— 4(1) = RHS)

General case: suppose the formulaistrueforn = x: so f(x) = g(x). @

Prove that the formula is therefore tr rn=ux-+1:
RT P f(’xﬁ\ = 3('7(-#1}

LHS = f(z+1)

+E

[ someexpression breaking down f(x + 1) |
N into f(x) and an extraterminx + 1

formulaistrue for n = x, so substitute \ |, 0o @
f(z) = g(z) intheline above

= {do some working}

= g(z+1)

- RHS.a({f@ ,

Cini. . Conclude: the formulaistrueforn = 1, soitistrueforn = 2, n = 3,
 on=4,... —

It istherefore true for all integersn > 1. O]
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5.3 Some harder examples of mathematical induction

Induction problems in stochastic processes are often trickier than usual. Here
are some possibilities:

e Backwards induction: start with base case n = N and go backwards,
instead of starting at base case n = 1 and going forwards.

CoMANOy Two-step induction, where the proof for n = x + 1 relies not only on the
Shds formula being true for n = x, but also on it being true for n =z — 1.

e
The first example below is hard probably because it is too easy. The second
example is an example of a two-step induction.

2 S
FExample 1: Suppose that pg = 1 and p, = for all x = 1,2,.... Prove by
mathematical induction that p, = 1;a!! % ﬁ— 0,1,2,....
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Example 2: Gambler’s Ruin. In the Gambler’s Ruin problem in Sectlon 2.6,

we have the following situation: l C - D D r%%

‘!/\kUL&}‘Ll( (P

J . .
e p, = P(Ruin | start with $x);

e We know from first-step analysis that p, 1 = 2p, — pe1 (Gh) ]

e We know from common sense that py = 1 (G2)
e By direct substitution into (G1), we obtain: -
> =
= 2 —1 :
b2 P1 4— r'—';r - 2—f) -
p3 = 3p1—2 -
fo=2(2p-1) -¢
e We develop a suspicion that for all x =1,2,3, ..., "% 3 et
DAORADD Ao v <

pe=zp—(x—1) (%)
e We wish to prove (x) by mathematical induction.

For this example, ow~ S‘WU\ \f'\—gorfwafiof\, Gl J M([O/‘(_Qge_s P in
torms RoT # “
a’{r 101 AND th-l - So e Vl@eﬂl tio L’\S-(’.

crseS Use w=| ad x=1.




Rase case « = | 105

s 4D = p
“S 4@ - bep -0 = p = LHS.
proveﬂl caSe ‘3(_:|.
E%m case - A= L
L 4® =p
201 by i givn B) A G
RaSop® = 2p -1 = LHS

‘. Proved case w-=7 |
C\wﬂlca‘g,g_; Sb\_fPOjE @ X4 d‘rme é(or axu 2 u]o to 9(:[(_

So we can assime 5 (H=k) f = lebo] — (le-1) e Allowd
(eslet) p = (l-dp - (k) (2D
RTP ® tre for = les : “!
RT® f}ul = (ke '5 F = R @
Las D = p,
06' _ " L:\:) @"JVU\@
- Z’P‘L - ‘Dlzwl

] - DNe _(le-y
Z%kﬁw(k—b\ﬁ Z(I&D[{B ,\lLouﬁ‘Wk
P2k kDY — 200y (ko) coleck

)

- s
P (k+)) - ke SN
= RHS 3D,
So ?{? @*‘m& (f:r X = -] and x=1¢) THs ffovw{ frine d/_},,c—
L =let] .
Proved bese crses x=| ad x=2

k) s fnoue.ﬂl éof‘ M ox=123, -
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