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Practice Midterm 1

1. Are the propositions “Every two people have a common friend” and “Every person has at least
two friends” logically equivalent? Justify your answer.

Solution: They are not logically equivalent. Suppose the world consists of Alice, Bob, Charlie,
and Dave, and the following friendships: Alice with Bob, Bob with Charlie, Charlie with Dave,
Dave with Alice. Then every person has two friends, but Alice and Bob have no common friend.

2. Show that for every real number x, at least one of the numbers x, x +
√

2 is irrational.

Solution: We prove this by contradiction. Assume that there exists a real number x such that both
x and x+

√
2 are rational. The difference of two rational numbers is rational, so (x+

√
2)−x =

√
2

is then rational. This contradicts Theorem 9 from Lecture 2.

3. Alice has an infinite supply of $4 stamps and exactly three $7 stamps. Can she obtain all integer
postage amounts of $18 and above? Justify your answer.

Solution: Yes. We prove this by strong induction on the postage amount n. When n = 18 (the
base case), she can obtain $18 from two $7 stamps and one $4 stamp. Now assume this is true for
all postage amounts from $18 up to $n. She can then make $(n+ 1) as follows: If n+ 1 = 19, she
uses one $7 and three $4 stamps. If n + 1 = 20 she uses four $5 stamps. If n + 1 = 21 she uses
three $7 stamps. If n+ 1 ≥ 22, then n− 3 ≥ 18 so by inductive assumption she can make $(n− 3)
using $4 stamps and at most three $7 stamps. Using an additional $4 stamp she obtains $(n+ 1).
It follows that she can obtain any amount above $18 by strong induction on n.

4. Show that for every integer n ≥ 1, 1 + 1/4 + 1/9 + · · ·+ 1/n2 ≤ 2− 1/n.

Solution: We prove the proposition by induction on n. In the base case n = 1, the left hand side
is 1 and the right hand side is 2 − 1/1 = 1, so the proposition holds. Now take any n ≥ 1 and
assume that

1 +
1

4
+

1

9
+ · · ·+ 1

n2
≤ 2− 1

n
.

Therefore

1 +
1

4
+

1

9
+ · · ·+ 1

n2
+

1

(n + 1)2
≤ 2− 1

n
+

1

(n + 1)2
.

We can bound the expression on the right like this:

2− 1

n
+

1

(n + 1)2
≤ 2− 1

n
+

1

n(n + 1)
= 2− (n + 1)− 1

n(n + 1)
= 2− 1

n + 1

so the inductive conclusion holds. By induction, the predicate is true for all n.

A side note: How did I come up with the inequality

2− 1

n
+

1

(n + 1)2
≤ 2− 1

n
+

1

n(n + 1)
?
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2 I did so by working backwards. In order to complete the inductive step, what we needed to prove
is that

2− 1

n
+

1

(n + 1)2
≤ 2− 1

n + 1
.

Moving the terms around, I notice that this is equivalent to proving that

1

(n + 1)2
≤ 1

n
− 1

n + 1
.

Writing a common denominator for the left hand side, this is the same as

1

(n + 1)2
≤ 1

n(n + 1)
.

This is certainly true, as the denominator on the right is smaller, so the fraction is larger. This
reasoning suggests that a good way to proceed is to bound the term 1/(n + 1)2 by 1/n(n + 1).
After that we just need to simplify the expression.

5. There are 7 girls and 15 boys in a group. Show that some girl is friends with at least five boys or
some boy is friends with at most one girl (or both).

Solution: We prove this by contradiction. Assume that the statement is false, namely every girl
has at most four boy-friends and every boy has at least two girl-friends. Let G be a bipartite
graph whose vertices are the girls and the boys and whose edges are the girl-boy friendships. Then
each girl-vertex has degree at most 4 and each boy-vertex has degree at least 2. On the one hand,
the total number of edges equals the sum of the girl-degrees, which is at most 7 · 4 = 28. On the
other hand, this number equals the sum of the boy-degrees, which is at least 15 · 2 = 30. This is
a contradiction.

6. n white pegs and n black pegs are arranged in a line. In each step you are allowed to move any
peg past two consecutive pegs of the opposite colour, left or right. Initially all white pegs are to
the left of the black ones. Show that the colours can be reversed if and only if n is even.

· · · · · ·
initial

· · · · · ·
final

Solution: First we show that if n is even the colours can be reversed. More generally we show
by induction on k that this is true for any number k of white pegs and n black pegs (as long as n
is even). When k = 0 there are no white pegs so there is nothing to reverse. Now we assume k
white pegs and n black pegs can be reversed. Given k + 1 white pegs and n black pegs, move the
rightmost white peg to the right end by jumping two black pegs at a time and leave it there. By
inductive hypothesis the remaining k + n pegs can be reversed, so the whole configuration can be
reversed.

Now we show that if n is odd the colours cannot be reversed. Say a pair of pegs is inverted if one
is black, one is white, and the black one is to the left of the right one. We prove the following
invariant: After any number of steps, the number of inverted pairs is even. This is initially true
as the number of inverted pairs is zero. Now assume it is true after t steps. In step t + 1, the
number of inverted pairs goes up by two if a white peg jumps to the right or a black peg jumps to
the left, or down by two if a white peg jumps to the left or a black peg jumps to the right. In all
cases, the number of inverted pairs stays even.

In the final configuration, every one of the n2 black-white pairs is inverted. Since n is odd, n2 is
also odd so there is an odd number of inverted pairs. Therefore the final configuration can never
be reached.



3Practice Midterm 2

1. Is the following deduction rule valid?

∀x∃y : P (x, y) ∃x∀y : P (x, y)
∀x∀y : P (x, y)

Solution: No. Suppose P (x, y) means “person x is happy on day y”, Alice is happy on Monday,
Alice is happy on Tuesday, Bob is happy on Monday, but Bob is not happy on Tuesday. Then
∀x∃y : P (x, y) is true because everyone is happy sometimes – on Monday, ∃x∀y : P (x, y) is true
because someone (Alice) is happy all the time, but ∀x∀y : P (x, y) is false because Bob is unhappy
on Tuesday, so not everyone is happy all the time.

2. Prove that if m2 + n2 is even then m + n is even.

Solution: We prove the contrapositive: If m + n is odd then m2 + n2 is odd. Assume m + n is
odd. We consider two cases: If m is odd and n is even, then m2 is odd and n2 is even, so m2 + n2

is odd. If m is even and n is odd the same reasoning works with the roles of m and n exchanged.
As the two cases cover all possibilities, the statement is true.

3. Show there exists a Die Hard scenario with three jugs and a 1 litre target in which Bruce dies if
he can only use any two out of the three jugs to measure, but he survives if he uses all three jugs.

Solution: Suppose Bruce has a 6 litre, a 10 litre, and a 15 litre jug. Since 2 divides both 6 and
10, Bruce cannot measure 1 litre using these two jugs. Since 3 divides both 6 and 15, Bruce also
cannot measure 1 litre with them. Since 5 divides both 10 and 15, Bruce dies if he restricts himself
to using those two only. However, if all three jugs are available, Bruce can measure 1 litre by filling
the 6 and 10 litre jugs to the top, then pouring out their contents into the 15 litre jug until it fills
up. There will be 1 litre left in one of them.

4. A knight jumps around an infinite chessboard. Owing to injury it can only make
the moves shown in the diagram. Can it ever reach the square immediately to the
left of its initial one?

Z0Z0Z
0Z0Z0
Z0M0Z
0Z0Z0
Z0Z0Z

Solution: No. We represent each chessboard square by its integer (x, y) coordinates, with the
initial square being (0, 0) and the one to its left (−1, 0). If we model the jumping knight by a state
machine, the transitions out of state (x, y) are

(x, y)→ (x− 2, y − 1) (x, y)→ (x− 1, y − 2) (x, y)→ (x + 2, y + 1) (x, y)→ (x + 1, y + 2).

The predicate “3 divides x + y” is an invariant of this state machine. It holds initially, and after
every transition (x, y)→ (x′, y′) we have x′+y′ = x+y−3 in the first two cases and x′+y′ = x+y+3
in the other two. Assuming the invariant holds before the transition (i.e., 3 divides x + y) it also
holds after the transition (3 divides x′ + y′).

The invariant does not hold for state (−1, 0) so that state cannot be reached.



4 5. The vertices of a graph are the integers from 101 to 200 and their cube roots (200 in total). The
pair {x, y} is an edge if (and only if) x+ y is irrational. Does the graph have a perfect matching?

Solution: No. The graph has 200 vertices, out of which there are at least 101 integers: the
numbers 101 to 200 plus 5 = 3

√
125. No pair of integers forms an edge as their sum is rational.

If a perfect matching existed, these 101 integers would have to be perfectly matched to the 99
remaining vertices, which is clearly impossible.

(This is not an instance of Hall’s theorem. Hall’s theorem is about bipartite graphs and this one
is not as 3

√
2, 3
√

3 and 4
√

4 is a cycle of length three.)

6. Give a stable matching for the following preferences. Show that there is no rogue couple among
the six man-woman pairs that are not matched to one another.

Xue Yoda Zack

Alice Betty Carol

1 2 3 1 2 3 1 3 2

3 2 1 1 3 2 2 1 3

Solution: We show that the matching {Xue,Betty}, {Yoda,Carol}, {Zack,Alice} is stable. Since
every girl gets her first choice, there can be no rogue couples: No girl has an incentive to switch
to another boy, since that boy would be less desirable to her than the one she is matched with.


