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1 REVIEW OF LAST WEEK’S LECTURE

Proof by induction

Proof by induction is a proof technique that is used to prove that a predicate P(n) is true for all natural
numbers n larger than b, where b is a natural number.

The natural numbers are the “counting numbers”: the nonnegative integers 0, 1, 2, ... (note that, depending
upon the context, 0 may or may not be included in the natural numbers). The set of natural numbers is
denoted N.

For example, suppose we have the predicate P(n) : n(n? + 5) is divisible by 6.

We can demonstrate that P(n) is true or false for a specific value of n: for instance, if we choose n = 2,
2(2% + 5) = 18 is divisible by 6, so P(6) is true.

But we cannot demonstrate that P(n) is true for all n € N - that is, for all natural numbers n - by successively
choosing n to be every natural number, since there are infinitely many natural numbers. We can instead use
proof by induction to prove that P(n) is true for all n € N.

PROOF STRUCTURE:

Establish a statement S(n) to prove.
Generally, S(n) will take the form “P(n) is true for all natural numbers n > b,” where P(n) is a predicate
such as “n(n? + 5) is divisible by 6.”

1. Base case/basis: Prove that P(b) is true.
2. Induction hypothesis: Suppose that P(k) is true for all natural numbers k > b.
3. Induction step: Prove that P(k) implies P(k + 1) (i.e., prove that P(k + 1) is true if P(k) is true).

Conclude that P(n) is true for all natural numbers n > b, which is to say that S(n) is true.

INTUITIVELY, this makes sense because, if P(k) — P(k+ 1), and P(b) is true, then we reach each natural
number with a series of implications starting from b:

P(b) = Pb+1) > P((b+1)+1) > P(b+2)+1) = P(b+3)+1) > ...

FORMALLY, we can demonstrate that induction proofs are valid using the well-ordering principle.

Well-Ordering Principle: Any non-empty subset C' of N contains a smallest element.


http://www.utsc.utoronto.ca/~bretscher/a67/lectures/induction_ppt.pdf
http://youtu.be/NuGDkmwEObM?t=58m50s

Suppose that we have completed all 3 steps of a proof by induction in order to prove that P(n) is true for
all n € N greater than b.

Let C = {a| P(x) is false, x > b, x € N} be the set of all values greater than b for which P(n) is false.

Suppose that our proof is not valid. Then there must be at least one value for which P(n) is false, so C' is
non-empty. Then by the well-ordering principle, there exists a smallest element a € C.

Since our base case proves that P(b) is true, a # b.

Since @ > b and b is a natural number, a must be a natural number and (¢ — 1) must also be a natural
number. But (¢ — 1) < a and a is the smallest element in C, so (¢ — 1) must not be in C - that is, P(a — 1)
must be true.

However, by the induction hypothesis, if P(a — 1) is true, then P((a — 1) + 1) = P(a) must be true as well.
Then a is not in C.

This is a contradiction, demonstrating that our assumption that C' is nonempty must be false. Since C' is
empty, there are no values for which P(n) is false if the base case and induction hypothesis hold.

NOTE that a common misunderstanding of proof by induction is to think that, by using the induction
hypothesis, our proof assumes that P(n) is true for all natural numbers. This is not the case.

Rather, we use the induction hypothesis in the induction step to prove that, for any natural number k, if
P(k) is true, then P(k + 1) is true as well. Recall that we can prove an implication p — ¢ true if we prove
that, when p is true, ¢ is also true. We are not assuming that P(n) is absolutely true; we are assuming that
P(n) is true only to prove that the implication P(n) — P(n + 1) is true.

nn+1)
2

Q: PROVE THAT P(n): 0+ 142+ ...+ (n—1)+n= IS TRUE FOR ALL n € N.

Let S(n) be the statement that P(n) holds for all n € N.

Basis: n =0

0)(O+1)
2

= P(0) holds.

Induction hypothesis: Suppose that P(k) holds for & > 0.

=0

Induction step: n =k +1

0+1424... +k+(k+1D)=0+14+24...+k) +(k+1)

— @ +(k+1) [by the induction hypothesis]
kk+1) | 20k+1)
2 2
(k+2)(k+1)
2
k+D((k+1)+1)
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= P(k +1) holds if P(k) holds, for k& > 0.

‘ = S(n) is true. ‘




2 PROOF BY SIMPLE INDUCTION
Q: Prove that 4+9+14+19+...+(5n—1) = 2(3 +5n) for all natural numbers n.

Let P(n) be the predicate “4 +9+ 144+ 194 ...+ (5n — 1) = 5 (3 + 5n)".
Let S(n) be the statement that P(n) holds for all n € N (note that, here, 0 ¢ N).

Basis: n =1
5(1)—1=4

1 1
5(3+5(1)) = 5(8) =4

1
5(1)—-1= 5(3 +5(1)) = P(1) holds.
Induction hypothesis: Suppose that P(k) holds for k£ > 1.
Induction step: n =k +1

4494+ 14+19+...+BHE) —1)+GBHER+1) 1) = §(3+5(k:))+(5(k+1)—1) [by L.H.]
= ng + ?k +4 [expanded and simplified]

(k;rl)(3+5(k+1)) = (§+;) (3+5k+5)
(2 4k) + (g +4) [expanded and simplified]

A9+ 14419+ .+ (5(k) — 1)+ (Bk+1) —1) = FF )(3+5(k+1))

= P(k+1) holds if P(k) holds, for k& > 1.

‘ = S(n) is true. ‘

Q: Prove that —1+2+5+8+...+(3n—4) = —(3 —5n) for all natural numbers n.

l\Dlz

Let P(n) be the predicate “~1+2+5+8+...+(3n—4) = 5(3 —5n)".
Let S(n) be the statement that P(n) holds for all n € N (note that, here, 0 ¢ N).

Basis: n =1
3(1)—4=-1
1 1
~(3-5(1) ==(-2) = -1
SB-5(1) = 3(-2)
1
3(1)—4= 5(3 —5(1)) = P(1) holds.
Induction hypothesis: Suppose that P(k) holds for & > 1.


http://www.youtube.com/watch?v=IFqna5F0kW8
http://www.youtube.com/watch?v=wBvsIyQN4o8

Induction step: n =k +1

k
—1+24+54+8+...+Bk)+4) +Bk+1)—4) = 5(3—5(k))+(3(k+1)—4) [by I.H.]
= ng + %k —1 [expanded and simplified]
k+1 ko1
( ; )34 50k + 1)) = (2+2> (3 + 5k + 5)
3., 1 N
= 5/4; + 51{; -1 [expanded and simplified]
(k+1)
“14+2454+8 4.+ B(k) +4) + @Bk +1)—4) = =5 —B+5(k+1))

= P(k +1) holds if P(k) holds, for k& > 1.

‘ = S(n) is true. ‘

1 1 1 2" —1
: Prove that -+ -+ -+...+ — = or all natural numbers n.
Q 2 4 8 2n 2n 4
Let P(n) be the predicate “3 + 7 + § + ...+ 37 = 22;1”.
Let S(n) be the statement that P(n) holds for all n € N (note that, here, 0 ¢ N).

Basis: n =1

11
2(1) T 2

20 -1 1

IO

1 2001

Induction hypothesis: Suppose that P(k) holds for k& > 1.
Induction step: n =k +1

1 1 1 1 1 2k 1 1
stitst tamtoem = oty [by 1.H.]
2(2F — 1) 1
= T o(k+1) 9(k+1)

7 2(k+1) —_9 1
2(k+1) + 9(k+1)

B o(k+1) _ 1

T 9(k+1)

= P(k +1) holds if P(k) holds, for k& > 1.

‘ = S(n) is true. ‘

3 PROOF BY COMPLETE INDUCTION

So far, we have been using a type of proof by induction known as “simple” induction. Another type of proof
by induction is complete (or strong) induction.

Like simple induction, complete induction is used to prove that a predicate P(n) is true for all natural


http://www.youtube.com/watch?v=uHfwNKWyD20

numbers n larger than b, where b is a natural number.

The difference betwen the two techniques is in the induction hypothesis: rather than assuming only that P (k)
is true, we assume that P(b), P(b+ 1), P(b+ 2), ..., P(k) are all true (a “stronger” induction hypothesis,
hence the name of the technique).

It is easier to use complete induction than simple induction for certain problems, since there are more
assumptions that we can use.

PROOF STRUCTURE:

Establish a statement S(n) to prove.
Generally, S(n) will take the form “P(n) is true for all natural numbers n > b,” where P(n) is a predicate
such as “n(n? + 5) is divisible by 6.”

1. Base case/basis: Prove that P(b) is true.

2. Induction hypothesis: Suppose that P(b+ 1), P(b+ 2), ..., P(k) are true for all natural numbers
k>b.

3. Induction step: Prove that P(b) AP(b+1)AP(b+2)A...AP(k) implies P(k+ 1) (i.e., prove that
P(k+1) is true if P(b), P(b+ 1), P(b+2), ..., P(k) are true).

Conclude that P(n) is true for all natural numbers n > b, which is to say that S(n) is true.

The Unstacking Game

Consider a game in which each player starts off with a stack of objects.
e At his/her turn, each player splits (one of) his/her stack(s) into 2 smaller stacks.
e The number of points for each turn is the product of the sizes of the 2 stacks.

e The players continue taking turns and splitting their stacks until all the stacks contain only 1 object
each.

e Each player’s total score is the sum of his/her scores for all the turns. The player with the largest total
score is the winner.

For example, starting with 5 objects, one possible strategy is:

I NN N o N [

This player will have (2 x 3) + (2 x 1) 4+ (1 x 1) 4+ (1 x 1) = 10 points in total.

When we play the unstacking game, however, we notice that all strategies appear to result in the same score.
For example, here is another strategy when starting with a stack of 5 objects:




This again produces a total score of (1 x 4) + (1 x 3)+ (2 x 1) + (1 x 1) = 10 points.

WE CAN THEORIZE that, for an inital stack of n objects, any strategy will produce the same score S(n).
And since we believe that all strategies produce the same score, let us choose a strategy and calculate the
resulting score S(n), which should result from any other strategy as well.

We know (and have demonstrated above) that the sum of all natural numbers up to n is % If we choose

the strategy of splitting each stack of blocks into a stack of 1 block and a stack of all the remaining blocks,
then our total score will be (n —1) x 1)+ ((n—1)—1)x1)+...+(I1x1)=n-1)+(n—-2)+...+ 1L
For example, when starting with 5 objects, our strategy proceeds as follows:

A N I

This gives us ascore of (4 x 1)+ (3 x1)+(2x1)+(1x1)=44+3+2+1.

In general, our total score from this strategy will be the sum of all natural numbers up to (n — 1), which we
n—1)((n—1)41) _ n(n—1)
2 =T 2

know to be

SO NOW let us use complete induction to prove

n(n—1)

Q(n) : all strategies for the unstacking game produce the same score S(n) = for all n € N, where

n is the number of objects in the initial stack.

Basis: n =1

(1) —1
s = QO=1 _,
Since there are no moves that can be made with a stack of 1 object, all strategies will produce a score of 0.
= With n = 1, all strategies produce the same score S(1).

Induction hypothesis: Suppose that, with n = 2, all strategies produce the same score S(2); with n = 3,
all strategies produce the same score S(3); etc. Finally, suppose that, with n = k > 1, all strategies produce
the same score S(k).

Induction step: n =k +1

For our first turn, we divide the stack of (k + 1) objects into a stack of m objects and a stack of (k+1—m)
objects (the value of m depends upon our strategy).

Based on our induction hypothesis, with an initial stack of m < k objects, all strategies will produce a score
of S(m) = m(mT_l); and with an initial stack of (k + 1 — m) objects, all strategies will produce a score of
Sk+1-—m)= (kH*m)((’;H*m)*l).

NOTICE that these assumptions cannot be used in simple induction.

Then the total score for the game is the sum of the score for our first turn, and the total score for unstacking
m objects, and the total score for unstacking (k + 1 — m) objects:

mim—1) (k+1-m)((k+1—m)—1)
_|_
2 2
m?—m  (k+1—m)(k+m)
+
2 2
1 1
= §k2 + ik [expanded and simplified]

mk+1-—m)+Sm)+Sk+1—m)=m(k+1-—m)+

(km +m —m?) +



Notice that this total score depends only on k and not m - that is, the total score depends only on the inital
number of objects and not on our strategy, as we expected.
k+1D((k+1)=1) Ek(k+1)
2 2

= %k;2 + %kz [expanded]

k+D((k+1)-1)

2
= If all strategies produce the same score S(2) with n = 2, all strategies produce the same score S(3) with
n = 3, etc., and all strategies produce the same score S(k) with n = k > 1, then all strategies produce the
same score S(k+1) = w with n =k + 1.

mk+1—m)+Sm)+Sk+1—m)=

‘ = Q(n) is true. ‘

4 ADDITIONAL PRACTICE PROBLEMS
Q: Using simple induction, prove that 1 +2+4 +... +2" = 2"t! — 1 for all natural numbers n.

Q: Using simple induction, prove that 2” > n? for all natural numbers n.

mntl — 1
V1 for all integers m > 2, n > 1.
m

n .
Q: Using simple induction, prove that > m' =
i=0

Define the sequence ag, a, ... as
2 if0<i<?2
a; = op .
aj_1+ai_os+a;_3 ifi>2

: Using complete induction, prove that a, < 2" for every integer n > 2.
g g

Q: Find the flaw in the following proof by induction (a well-known proof by George Pdlya).
P(n): n horses are of the same colour

S(n): ¥n € N, P(n) holds.

Basis: n =1

P(1) clearly holds as a single horse is the same colour as itself.

Induction hypothesis: Suppose that, within any set of k horses, £ > 1, all horses are of the same colour.

Induction step: n =k + 1

Consider a set of k£ + 1 horses and number them {1, 2, ..., k + 1} so that each horse is distinct. This set
contains (among others) the overlapping subsets {1, 2, ..., k} and {2, 3, ..., k 4+ 1}, each of which has k
horses.

By the inductive hypothesis, the horses in the first subset are all of the same colour, and the horses in the
second subset are all of the same colour. Both subsets contain the horses {2, 3, ..., k}, meaning that these
horses must all be of the same colour, and the horses not contained in both subsets (horse 1 in the first and
horse k + 1 in the second) must also be of the same colour as the rest. Thus, all &+ 1 horses are of the same
colour.

= P(k+1) holds if P(k) holds, for k > 1.

‘ = S(n) is true: all horses are of the same colour!




Q: Find the flaw in the following proof by induction.

P(n): n=1.

S(n): For all natural numbers n > 1, P(n) holds.

Basis: n =1

Trivial. = P(1) holds.

Induction hypothesis: Suppose that P(k) holds for k£ > 1 - that is, suppose that, for any & > 1, k = 1.

Induction step: n =k + 1

Consider the (as yet unproven) statement k + 1 = 1.

E+1=1
(k+1)(k—1)=1(k—1)
P—-1=k-1
K=k

1?=1  [by LH]

Since this final statement is true, and is equivalent to the initial statement k+1 =1, K4+ 1 = 1 must be true
as well.

= P(k +1) holds if P(k) holds, for k& > 1.

‘ = S(n) is true. ‘
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