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1. On proofs

1.1. Basic exercises
The main aim is to practice the analysis and understanding of mathematical statements (e.g. by isolating the
different components of composite statements), and exercise the art of presenting a logical argument in the
form of a clear proof (e.g. by following proof strategies and patterns).

The solutions will consist of the proper formal proof, showing the required level of detail and
precision — you should try to present your answers in a similar form. Of course, a formal written
proof is just a polished facade of the (usually more difficult) process of finding the correct
sequence of reasoning steps and proof techniques, which often constitutes the “scratchwork”.
Therefore, most of the formal proofs will be accompanied with notes (marked ) on how the
problem was approached, what guided the reasoning process and what mistakes should be
avoided. Mastering the art of formal proof may take some practice, but it is a very important skill
to acquire both for this course and your whole scientific education.

Prove or disprove the following statements.

Some fairly simple statements, but they showcase a wide range of proposition types and proof
techniques. Accordingly, the proof notes can apply to most of the statements you will encounter,
no matter how complicated.

1. Suppose n is a natural number larger than 2, and n is not a prime number. Then 2-n+ 13 is
not a prime number.

The statement is false. Choose n = 9. Thenn = 3 -3 isn’t prime,yet2-n+13 =31 is
prime, and we disproved the statement by a counterexample.

“Prove or disprove” questions should usually start with a sanity check: try a few numbers,
and if things seem to work, try a formal proof. Unfortunately, this is not a sure-fire technique,
as you may need to backtrack after realising that the statement is false after all. If you
realise this in the middle of writing the formal proof (rather than just the scratchwork),
you need to cross everything out and start again: there is no space for “plot twists” in a
proof attempt, and you should state if the statement is true or false right away.

To disprove a statement, all we need to present is a counterexample which falsifies it.
There is no need to explain the general situation where the statement doesn’t work, or
try to prove the negation of the statement. The counterexample doesn’t have to be very
elaborate, often edge cases like O or the empty set do the job perfectly. However, we have
to make sure that our counterexample falls under the consideration of the statement: 0
will not falsify a proposition that starts with “for every positive integer”.

2. Ifx>+y=13and y # 4 then x # 3.

We equivalently prove that if x> + y = 13 then y # 4 implies x # 3. Assume that
x?+ y = 13. We establish the contrapositive of the goal, i.e. if x = 3 then y = 4. Indeed,
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assume x = 3. Then, y =13 —x2=13—9 =4, as required.

The statement is of the form (P A Q) = R, so our proof algorithm dictates that we
should start by assuming P and Q, and prove R. However, in this case, Q and R are negative
assertions: knowing that y could be anything other than 4 is less useful than knowing that
it is equal to something. Since the consequent R is also negated, we may instead consider
proving a contrapositive. However, the contrapositive of (P A Q) = Ris “R= —(P A Q),
which will turn our useful assumption P into a negated goal. Instead, we perform a partial
assumption: we assume P only, and prove Q = R; this can now be done easily, since the
contrapositive will give us the additional assumption x = 3 and the goal will be y = 4.
Logically, this technique follows from the equivalence (P A Q) = R~ P = (Q = R), which
can be seen as “currying” the proposition Q.

3. For an integer n, n? is even if and only if n is even.

(=) We prove the following more general result: The product of an even integer with any
integer is an even integer. The required proposition follows as a corollary.

Consider any two integers m, n and assume that m is even. By definition of even integers,
m = 2k for some integer k. Therefore, m - n = 2k - n = 2(k - n) and thus, by definition,
m - n is an even integer.

(<) We prove the contrapositive; i.e., n odd implies n? odd. Assume n is odd, then by
Proposition 8 (product of odd numbers is odd) of the notes, n - n = n? is odd.

As soon as we see the phrase “if and only if”, we need to remember not to move on to
the next question halfway through the proof. Most of the time such proofs will consist of
two parts, so stating which direction is being proved is helpful for the reader (and a good
reminder to you to complete both directions).

Both directions follow as corollaries (logical consequences which are important in their
own right) of more general statements about multiplying two different even/odd numbers.
The advantage of making theorem statements as general as possible is that they can be
applied in many contexts and give rise to useful corollaries; we could have proved that the
square of an odd number is odd directly, but the underlying proof approach would have
been exactly the same as Proposition 8 so we might as well use it!

4. For all real numbers x and y there is a real number z such that x +z =y —z.

Consider arbitrary real numbers x,y, and choose z = % . Then, z is a real number
satisfying x +z = x + 5= = 8% = y + X = y —z. Therefore, there exists a real number

z satisfying x +z =y —z.

This is an example of an existence proof, which tend to look a bit backwards when
written formally: rather than deriving the witness as part of the proof, we “give away” the
answer right away, then show that it satisfies the required property. Of course, we don't just
pluck the witness out of thin air, or resort to a lucky guess. We find what it should be from
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the required properties via some sort of calculation, and once we found an answer, we
present it as a witness at the very beginning of the formal proof. Showing that it satisfies
the properties is of course straightforward (but can’t be omitted), since that’s how we
found the witness in the first place. In this specific example, the answer z = % can be
found by simple rearrangement of the condition x + 2 = y —z, but, to present this as a
formal existence proof, we need to state the witness and rigorously demonstrate that it
satisfies the requirement.

5. For all integers x and y there is an integer z suchthat x +z =y — 2.

The statement is false. Indeed, for the integers x =0 and y = 1 we will prove that there
does not exist an integer z satisfying x + 2z = y —z; i.e., equivalently, such thatz =1 —z.
Assume to the contrary that such an integer, say 2, existed. Then, we would have 2 -z, =1
and hence z, = % ; which is absurd as % is not an integer. Therefore, there are integers x
and y for which there is no integer z suchthat x +z =y —z.

This proof may seem more verbose than it needs to be: surely we can just say “let x =0
and y =1,thenz = % = % which is not an integer”. The problem with this reasoning is
that it is not a nonexistence proof: we showed that the specific z that can be computed
with the method above is not an integer, but that doesn’t mean there cannot be any other
z that works. To be completely rigorous, we need to show that the existence of any z that
satisfies the property is a logical absurdity - from this follows the lengthy but airtight proof
of the answer.

Note how in two lines we got to a statement that is obviously false: that there exists an
integer z such that z = 1 —z. We need to resist the temptation to take logical shortcuts
and appeal to the intuition of the reader to fill in the holes of our argument: anyone with
familiarity of basic arithmetic will recognise this as false (just rearrange the equation to get
Z = %, which is is not an integer), but this will not convince someone who reasons purely
by logic (and, unfortunately, supervisors and examiners are such people). As explained in
the previous point, the easiest logically rigorous way to show that such an integer z does
not exist is by contradiction.

6. The addition of two rational numbers is a rational number.

Consider any two rational numbers r,s. By definition, there exist some integers a, c and

a-d+b-c - .
—5.1 Isaquotient of

some nonzero integers b,d such thatr = 7 and s = . Then, r +s =
an integer (namely a - d + b - ¢) by a nonzero integer (namely b - d), and hence a rational

number.

A large part of writing formal proofs is just expanding definitions: rather than trying to
reason about rational numbers, we use their formal definition to transition into a proof
about integers. The more abstract the statement (quite common in set theory), the more
layers of definitions we may need to unwrap. However, this can allow us to prove some
rather difficult-looking propositions with a very simple, low-level reasoning step.
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7. For every real number x, if x # 2then thereisa unique real number y suchthat2-y/(y+1) = x.

We need to show that for every real number x, if x # 2 then there exists a real number y
satisfying: (1) % = x and (2) for all real numbers g, if Z% =xtheny =z.

Consider an arbitrary real number x, and assume x # 2. Then, y = 5= is a real number
satisfying (1), and if z is any real number satisfying ;—Zl =xthen 2.z =g-x+ x. Hence,
2—x)z=x.Asx#2,z2=5-=Y.

This is a unique existence proof, so requires two separate arguments: existence and
uniqueness. The standard way of proving uniqueness is to assume another value with the
same property, and show that it must be equal to the existing witness. Uniqueness may
seem like a relatively unimportant result, but in fact, it forms the basis of powerful proof
techniques which we’ll see later on.

8. For all integers m and n, if m - n is even, then either m is even or n is even.

One may prove the contrapositive of the statement; i.e. that if m and n are odd then m - n
is odd. But this is nothing but Proposition 8 of the notes.

Negation-based proof techniques (contradiction or contraposition) are often used to
avoid awkward proof patterns, usually involving existence or disjunction. Rather than have
a disjunctive goal (which requires some sort of case-splitting), we negate it to turn (via the
de Morgan laws) into a conjunctive assumption.

1.2. Core exercises

Having practised how to analyse and understand basic mathematical statements and
clearly present their proofs, the aim is to get familiar with the basics of divisibility.

1. Characterise those integers d and n such that:
a)0|n
We prove that an integer n satisfies 0 | n iff n = 0.
(=) Assume 0 | n. By definition, for some integer [,n=1-0=0.
(<) Assume n = 0. Then, n = 0- 0 and, by definition, 0 | n.

A good example of the need to be precise when applying definitions. We may

intuitively interpret d | n (“d divides n”) as “Z is an integer”, and conclude that

d
0 | nis impossible because § is undefined. However, the formal definition of d | n
makes no mention of the division operator: it is an algebraically more fundamental
concept which only requires multiplication to express. Strictly speaking, we haven’t
yet formally defined division in the course — sure, you know what division is from
school, but giving a precise and rigorous definition is more difficult than it may seem! If
we use the proper definition of divisibility for this exercise, we do find an appropriate

value for n, namely O: zero divides zero because there exists an integer [ (any integer
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will work) such that0=1-0.
b) d|0

We prove that d | O for all integers d. Indeed, let d be an arbitrary integer. Then,
0=0-d and henced | 0.

2. Let k, m, n be integers with k positive. Show that:

(k-m)|(k-n) < m|n

Consider any positive integer k and any two integers m, n.

(=) Assume (k-m) | (k-n).Then,k-n=1-(k-m).As k > 0, we can cancel k and deduce
n=1-m.Hence, m|n.

(&) Assume m | n. Then, n = a - m for some integer a; and multiplying by k, we have
k-n=a-(k-m).Hence, (k-m)|(k-n).

“Cancelling things” on both sides of an equation is a very standard process in elementary
(“high-school”) algebra. While in many cases it is still allowed in this course, you should
pay extra attention to any side-conditions required for the cancellation, or if cancellation
is even possible for the algebraic structure you're working with! It does hold for addition
and multiplication (with a side-condition), but, for example, an equation between function
composites f o g = f oe cannot be simplified to g = e in general (only if f is an injection
- see later). Cancellability may be a property of the structure, or particular elements in a
structure, rather than something you can just do arbitrarily.

The (=) direction of this proof relied on the fact that k is positive, and in particular,
nonzero - otherwise we wouldn’t be able to cancel the ks (and the property wouldn’t
actually hold). We did not require any assumptions on k in the (<) direction, so we could
extract a weaker form of the theorem, stating that for every integer k, m and n,

m|n=(k-m)|(k-n)

In some cases you may not have the assumption that k is positive but may still be able to
apply this weaker form to make progress. However, this is technically not a corollary of the
stronger statement, because that requires an unneeded assumption on k.

3. Prove or disprove that: For all natural numbers n, 2 | 2".

This is false, as 2 4 2°.

This is just a gentle reminder that O is a natural number!
4. Show that for all integers [, m, n,

[lm AN m|n=1|n
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Consider any integers [,m,n,and assumel |m A m | k.Asl | m, m = a -l for some integer
a.Asm | n,n=>b-mforsome integer b. Butthenin=b-m=b-(a-1)=(b-a)-land,
as b -ais an integer, we have [ | n.

An example of a proof which is not particularly difficult or illuminating, but it's still
presented in a clear, structured, formal manner. It should take about a line of scratchwork
to convince yourself that the statement is true, but that is only the first step: next, you
need to convince the reader of the proof, who may not find your sketch clear or rigorous
enough. Learning how to present even the simplest arguments in a formal, systematic
manner will massively aid you in tackling more difficult propositions which may seem
very daunting at first, but are actually much easier to digest connective-by-connective,
definition-by-definition.

5. Find a counterexample to the statement: For all positive integers k, m, n,

(m|lk AN nlk)=(m-n) |k

Choose k = m =n = 2. Then, k,m, n are positive integers.As 2 | 2, we havem | k A n | k
yet (2-2)42.

While questions like this don’t explicitly ask for it, you need to find a counterexample
and also show that it is a counterexample, i.e. that it contradicts the statement. Only writing
k = m =n =2 is not enough; you need to justify your answer.

6. Prove that for all integers d, k, [, m, n,
a)d|mAd|n=d|(m+n)

Assumed |m A d|n.Asd | m,m=a-d for some integera.Asd |n,n=>b-d for
some integer b. Therefore, n+n=a-d+b-d =(a+b)-d.As a+ b is an integer,
we have d | (m + n) as required.

b)dlm=d|k-m

Assume d | m;i.e. m = a-d for some integer a. Then,k-m=k-(a-d) = (k-a)-d.
As k - a is an integer, d | (k - m).

cdddlmAd|n=d|(k-m+1-n)

Assumed |m A d | n.As d | m, by 6(b) above, d | (k - m). Analogously, from d | n
we have d | (I-n). Thus,d | (k-m) A d | (I -n) so that applying 6(a) we conclude
d|(k-m+1-n)asrequired.

Science is about building on the shoulders of giants - even if that giant is us, ten
minutes ago. After proving two useful properties of divisibility in parts 6(a) and 6(b),
they are now part of our “knowledge base” and we can refer back to them freely,
without having to reprove them again.
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Mathematics and computer science are all about decomposition and composition
(also known as divide-and-conquer). Faced with a complicated proposition/problem,
we break it up into smaller components which are much easier to reason about. Then,
we find ways to solve the subproblems: prove lemmas and sub-theorems or write
functions, classes and methods to perform well-defined tasks. Finally, we combine the
sub-solutions and reap the rewards. In practice, however, the challenge is not always
in solving the subproblems from scratch, but figuring out which existing elements of
the knowledge base/programming library can be glued together to give the desired
results: after all, if we or someone else has solved some difficult problem already, we
shouldn’t need to do it again! There may be a striking one-liner proof/program that
does the job, but finding it may take significantly more effort than just solving the
problem manually. But, seeing how programmers can spend hours finding the shortest,
simplest, fastest, most space-efficient algorithms, there is a lot of enjoyment to be
had in crafting concise and elegant proofs that combine clever reasoning techniques
with existing propositions in satisfying ways. We will hopefully see examples of this
in the course so you can appreciate proof-writing not as a chore, but something
intellectually stimulating and often quite addictive!

7. Prove that for all integers n,

30|ln< (2|n A 3|n A 5|n)

(=) Assume 30 | n. Then, n = 30 - a for some integer a. Thus,n=2-(15-a)and so 2 | n.
Similarly, n =3-(10-a) and therefore 3 | n. And,asn=5-(6-a), we also deduce 5 | n.
Therefore2|n A 3|n A 5|n.

(&)Assume2|nA3|nA5|n.As2|nand3|nand5|n,wehaven=2-aandn=3-b
and n =5 - c for some integers a, b, c. Moreover, we have:

30-(—a+b+c)=(-15)-2-a+10-3-b+6-5-c=(—15)-n+10-n+6-n=n
Thus, n =30 - k for the integer k = —a + b + ¢, as required.

The (<) direction of this proof is more subtle than it may look - we can’t just multiply
2,3 and 5 together (see §1.2.5 above). Instead, we know that 30 | 30qa, so 30 | 15n; similarly,
30| 10n and 30 | 6n. We need to put these together to get 30 | n, for which we make use
of §1.2.6(a) above to find a linear combination of 15n, 10n and 6n that adds up to n. After
some thinking, we find that (—1) x 15+ 10 + 6 works, giving us the desired coefficients of
a, b and c.

8. Show that for all integers m and n,

(mlnAn|lm)=>(m=nV m=-—n)
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Consider any pair of integers m, n, and assume that m | n and that n | m. If m = 0 then, by
§1.2.1(a) above, n = 0 and we have m = n.

Consider henceforth the case m # 0. As m | n and n | m, there are integers a, b such that
n=a-mandm=>b-n.Thus,m=b-a-mand,as m # 0, we have b-a = 1. Then, since a
and b are integers, eithera=b =1 ora = b = —1 (otherwise, one would have a- b > 2
ora-b < —2).Finally, ifa=b =1thenm =n,and ifa = b = —1 then m = —n. Either
way, m = n or m = —n as required.

You may have started the proof from the second paragraph, without assuming that
m # 0. Then, at the step m = b - a - m, you would be stuck (if you're being careful): you
can't divide by m because it may be 0. In such cases a common solution is to handle the
problematic case (m = 0) separately, then have the desired extra assumption m # 0 in the
main proof and continue from there.

9. Prove or disprove that: For all positive integers k, m, n,
kl(m-n)=k|mVk|n

We disprove it by means of a counterexample. Choose m=n=2and k =4.Thenk | m-n,
yet neither k | m nor k | n.

It may sometimes be easier to disprove the contrapositive statement, since an implica-
tion holds if and only if its contrapositive holds.

10. Let P(m) be a statement for m ranging over the natural numbers, and consider the following
derived statement (with n also ranging over the natural numbers):

P*(n)=VkeN.0<k<n=P(k)
a) Show that, for all natural numbers ¢, P*(£) = P(¢).
Let £ be a natural number, and assume that
P*(¢) = (V natural number k.0 < k < ¢ => P(k))
holds.
Since £ is a natural number, it follows by instantiation that
0<(<{=P()

and, since 0 < ¢ < { is true by reflexivity of <, it follows by Modus Ponens that P({)
holds as required.

This last exercise starts to trip some students up, understandably: so far we've
been proving properties about numbers and divisibility, while now we’re proving
things about seemingly nothing in particular. Such abstract proofs are very common
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in mathematics, for the very simple reason that they can be applied in a huge number
of ways - in this case, P(m) can be any logical statement about natural numbers, and
the propositions will hold no matter how simple or complicated the definition of P
is! You may think of this as a “polymorphic” theorem, since we are proving something
about an arbitrary predicate P (any first-class function nat -> bool, if you will), but
as a consequence, we cannot assume anything about how it's defined.

Thinking abstractly takes some getting used to, as you may feel like there isn’t any-
thing to go on or any familiar notion to grasp in order to build intuition. However,
abstractness has the major benefit of avoiding any distracting details and low-level
“fluff” that could lead the proof attempt astray. If the above proposition was special-
ised to P(m) meaning “m is even”, you might start by unwrapping the definition of
evenness and incorporate it into the proof somehow, despite the property holding
no matter what P(m) actually is. Abstract proofs like this often involve purely logical
reasoning, without invoking any number theory or algebra - and logical reasoning is
often easier, since we essentially have an algorithm for proving logical statements.
Thus, when you are faced with an incomprehensible jumble of logical symbols, the
task may well be easier than proving a simple statement about natural numbers!

b) Exhibit a concrete statement P(m) and a specific natural number n for which the following
statement does not hold:
P(n) = P*(n)

Let P(m) = (m = 1) and n = 1. Then P(1) is the true proposition (1 = 1), but
P#(1) < P(0) A P(1)is equivalentto (0 =1) A (1 = 1) which is false.

Here we actually needed to “decode” the definition of P* in order to find a way to
falsify the above statement. Fortunately this is not too difficult in this case: P*(n)
holds if P(k) holds for all naturals less than or equal to n, essentially turning a
predicate P about naturals into a predicate P* about a finite collection of naturals
(similarly to how map turns a function on values into a function on lists of values).
Then, we need to find a predicate P and n € N that does not satisfy P(n) = P*(n).
This is trickier than just finding a number, since there are lots of ways we could define
P. But, once again, we try something very simple (P(m) holds for m = 1 only) and
find that it can easily be turned into a counterexample. There are lots of other options
for P of course, but there’s no need to try something convoluted or interesting to
get a contradiction (and equally, there’s no need to spend time finding the simplest
counterexample if you've already found a more complicated one).

c) Prove the following:

- P#(0) < P(0)
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(=) Assume P#(0); that is, for all 0 < k < 0, P(k). As 0 < 0 < 0, P(0) holds.
(<) Assume P(0). Consider any k, and assume 0 < k < 0. Then, k =0 and P(k)
holds by assumption.

- VneN. (P*(n)= P*(n+1)) < (P*(n)= P(n+1))

(=) Assume that (P*(n) => P*(n+ 1)), and further assume that P*(n) holds.
Then, it follows that also P#(n + 1) holds; i.e. that

Y natural number k.0 < k <n+1 = P(k).
In particular, by instantiation, we have that
0<n+1<n+1=P(n+1)

and since the antecedent of this implication is true, we deduce that P(n + 1)
holds, as required.

(<) Assume that @D (P*(n) = P(n+ 1)), and further assume that @ P*(n)
holds. We need show that P*(n + 1) also holds; i.e. that

V natural number k.0 <k <n+1= P(k).

or, equivalently, that
P*(n) A P(n+1)

hold, which is indeed the case because P*(n) holds by assumption ) and
P(n+ 1) follows by Modus Ponens from assumptions (1) and (2.

This is the most complicated statement in this exercise sheet, so do not
worry if had difficulties with it. We have universal quantification, bi-implication,
nested implication, and unwrapping the definition of P* gives another layer of
quantification and implication. You may take a minute to get a feel for what the
statement is saying, but the nice thing about purely logical proofs is that you
can often dive in head-first without really thinking about what you're proving!

Look at the top-level construct (universal quantification, bi-implication, etc.),
apply the proof pattern for that construct (often giving you some assumptions),
and continue until your goal becomes some atomic statement like P(n + 1)
(which you can’t unwrap further, since you don’t know what P is). After “digesting”
the proof goal, you should have a bunch of assumptions that you can work with:
unwrapping some definitions, instantiating universals, applying Modus Ponens.
Eventually you should end up with an assumption that matches the atomic proof

goal, and that's enough to conclude the proof.

At first, doing the “assume | prove”-style scratchwork is very helpful for practicing
proof patterns and keeping track of goals and assumptions. It should mostly
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feel like an algorithmic process: with a few rule applications you can turn a very
scary-looking formula into a primitive goal and a lot of assumptions to work with,
and the task usually boils down to finding a way of combining assumptions on
the LHS to get something that matches the RHS. Occasionally there is a small bit
of actual “thinking” required to make progress, such as finding an appropriate
value to instantiate a V with, or transforming an assumption in some useful way:
in the (<) direction above, really the only clever bit was figuring out that

Y natural number k.0 <k <n+1= P(k).

is equivalent to
P*(n) A P(n+1)

but even this step was not made in a vacuum, since we already had the assump-
tions P#(n) and P(n + 1). With some practice these methodical proofs should
become second nature, and you will be able to keep track of things in your head,
directly writing down the formal proof without any prior scratchwork.

- (VmeN. P*(m)) <= (YmeN. P(m))

(=) Assume that YV natural number m.P#(m), and let n be an arbitrary natural
number. Then, by assumption, P*(n) holds; that is

Y natural number k.0 < k < n= P(k)

and, by instantiation, 0 < n < n = P(n) so that P(n) holds. Thus, we have
shown
Y natural number m. P(m)

(<) Assume that (1) V natural number m. P(m). We need show that for all natural
numbers m and k,
0<k<m=P(k)

To this end, let m and k be arbitrary natural numbers, and assume 0 < k < m.
Since k is a natural number, we may instantiate assumption (1) with it yielding
P(k) as required.

This theorem may seem both surprising and unsurprising. Even though P*(m)
is definitely more general than P(m) (since P*(m) implies P(m) but not vice
versa), in the “limit” of quantifying over all natural numbers, they become equi-
valent. Then again, if P(m) holds for all natural numbers m, of course it would
hold for all natural numbers smaller than any n! This theorem (and the properties
proved as part of this exercise) form the basis of an important proof technique
which will be discussed later in the course.
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1.3. Optional exercises

1. A series of questions about the properties and relationship of triangular and square numbers
(adapted from David Burton).

a) A natural number is said to be triangular if it is of the form Zi;oi =0+1+---+k,for
some natural k. For example, the first three triangular numbers are t, =0, t; = 1 and
tz == 3.

Find the next tree triangular numbers t, t, and ts.
ty=6,t, =10, t; = 15.
b) Find a formula for the k'™ triangular number t,.

Geometric approach.

o [ ] [ J [ ]
[¢] [ J [ ]
o o [ J [ ]
o o . :
2-t = | : + ' o= p=k-(k+1)
. ‘. [ ] [ ]
o o [ ] [ ]
o o [ ]
o o o [ ]
Algebraic approach.

Note that, on the one hand,
Do+ 1P =300 = (k1P +( N5+ 1)~ (XL, %) -0’
= (k+1)?

and that, on the other,

Yo+ 12 =32 = Y, ([+1)°-i2)
= ¥ (2-i+1)
= (2:251)+ X!
= 2-t,+k+1

2
sothat t;, = %

¢) A natural number is said to be square if it is of the form k? for some natural number k.
Show that n is triangular iff 8 - n + 1 is a square. (Plutarch, circ. 100BC)

(=) Assume n is triangular; i.e. n = t, for some natural number k. By the previous

item, n = @ and one hasthat 8-n+1=(2-k+ 1)?is a square number.

(<) Assume that 8-n+1 is a square number; i.e. 8-n+1 = a? for some natural number
a.Then a?is odd and, by Proposition 12 of the notes, thus so is a. Therefore,a = 2-k+1
for some natural number k. Finally, since 8-n+1=a*>=(2-k+1)?>=4-k*+4-k+1
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hasn = Ktk — ¢ ired
one asn—T— k as requirea.

d) Show that the sum of every two consecutive triangular numbers is square. (Nicomachus,
circ. 100BC)

Consider any two consecutive triangular numbers t; and t;,,. Then, a simple calcula-
tion shows that the sum t, + t,.; equals (k + 1)? and hence is square:

k2+k+(k+1)2+k+1 _ 2k* 44k +2

=k?4+2k+1=(k+1)?
2 2 2

e) Show that, for all natural numbers n, if n is triangular, then soare 9-n+1, 25-n+ 3,
49 -n+ 6 and 81-n+ 10. (Euler, 1775)

Consider any natural number n, and assume that n is triangular; i.e. n = @ for
some natural number k. Then, calculate that 9-n+1 = t5 ;:

k2+k+1_9k2+9k+2_9k2+6k+1+3k+1 _ (Bk+1)+3k+1
2 a 2 a 2 - 2

9

= l3r41

Similarly, by completing the square, we can show that 25-n+3 =t5,,,49-n+6 =
t7k+37 and 81n+10 = t9k+4'

f) Prove the generalisation: For all n and k natural numbers, there exists a natural number g
suchthat 2n+1)* -t +t, = tq- (Jordan, 1991, attributed to Euler)

Here's a proof by a 2014/15 student (who wished to remain anonymous). Let n and k
be arbitrary natural numbers. We know that:

k(k+1 1

Choose q = 2nk + n + k, and calculate:

. _ql@g+1)  (@nk+n+k)-2nk+n+k+1)
q 2 - 2
_4n’k* + 4n’k + 4nk® + 4nk + k* + k+n®+n
B 2
(@’ +4n+1)(K*+k)+n’+n

2
k(k+1) N n(n+1)

2 2
=@2n+1)t +t,

=(2n+1)*-

Therefore we are done.

2. Let P(x) be a predicate on a variable x and let Q be a statement not mentioning x. Show that
the following equivalence holds:

((Elx. P(x)) = Q) = (Vx. (P(x)= Q))
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(=) Assume (3x. P(x)) => Q. We need show ¥x. (P(x) => Q). We do this by considering
an arbitrary a and showing that P(a) = Q, for which in turn we further assume P(a) and
finally show Q.

To recap, then, we are in the following situation:
Assumptions Goal
(Elx. P(x)) =Q Q

for arbitrary a
P(a)

Then, by the last assumption, 3x. P(x) and from this and the first assumption, by Modus
Ponens, we deduce Q as required.

(<) Assume Vx. (P(x) = Q). We need show (Elx. P(x)) = Q. For which we further
assume Jx. P(x) and show Q

To recap, then, we are in the following situation:

Assumptions Goal
Vx. (P(x) = Q) Q
dx. P(x)

From the second assumption, there is an a for which (1) P(a) holds and, by instantiation
from the first assumption, 2) P(a) = Q. By Modus Ponens from 2) and (1), Q follows as
required.

This is a very important duality that crops up in many different forms in mathematics
and computer science (and you will certainly encounter variants of it in future courses).
Despite this, it may seem quite unintuitive: it almost seems to say that we can convert
existential quantification into universal! Of course, we can’t ignore the shifting of the
parentheses: it's certainly not the case that

(3x. P(x) = Q) < (Vx.P(x) = Q)

A good way to get an intuition for this property is as a generalisation of case analysis. If a
property Q depends on the existence of a witness x satisfying P(x), but not x itself, we
need to prove Q no matter what x is. That is, our proof must hold for any actual value of
the witness, so we can instead look at what possible values can x take, and show Q by
assuming P(x) for all values x. We are case analysing the potential values of the witness,
and proving Q no matter what it is.

Alternatively, we can look at the contrapositives of both sides:
(—|Q = —(3x. P(x))) = (‘v’x. (-Qq= —|P(x)))

The LHS becomes -Q = (Vx. ﬂP(x)) using the de Morgan rule for quantifiers; but now
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the universal can be extended over the whole implication, since assuming —Q first and
then taking an arbitrary x is the same as taking an arbitrary x and then assuming -Q
(which doesn’t say anything about x).

2. On numbers

2.1. Basic exercises

1. Let i, j be integers and let m, n be positive integers. Show that:
a) i =i (mod m)
By §1.2.1(b), every number dividesi —i=0,som | i—1.
b) i =j (mod m) = j =i (mod m)

Assume i = j (mod m). Then m | i — j; i.e. i —j = k - m for some integer k. Thus,
j—i=(—k)-m,and as —k is an integer m | j —i; i.e. j =i (mod m).

¢) i=j(modm) A j =k (mod m)=—>i=k (modm)

Assume i = j (mod m) A j =k (mod m). Then, m |i—j and m | j — k. Hence, by
§1.2.6(a), m| (i—j)+ j—k =1i—k and thus i = k (mod m).

When working with congruence, we have three layers of definitions: i = j (mod m),
defined as m | i —j, defined as 3k € Z. i — j = k- m. To prove fundamental properties
about congruence (symmetry or transitivity), we usually need to go “down a level”
and reason about divisibility. At this level, we may be able to use known properties
of divisibility, such as in part (c); other times it may be easier to go further down, and
talk about the primitive definition of divisibility, such as in part (b). In the second
case we are essentially proving a lemma about divisibility “inline”: that d | m implies
d | —m. Alternatively, we may notice that this property follows as a direct corollary of
§1.2.6(b), with the multiplicative constant k = —1. The statement we prove is valid
either way, but in some cases writing a quick inline proof may be easier or harder
than finding if it is an instance of some existing property.

2. Prove that for all integers i, j, k, [, m, n with m positive and n nonnegative,
a) i=j(modm) A k=1l(modm)=i+k=j+1(modm)

Assume i = j (mod m) A k =1 (mod m). Then, m | i —j and m | k — L. Hence, by
§1.26(a), m|(i—j)+(k—0D)=(i+k)—(+1)andi+k=j+1 (mod m).

b) i=j(modm) A k=1l(modm)=i-k=j-I(modm)

Assume i = j (mod m) A k =1 (mod m). Then,m | (i—j) and m | (k—1). By §1.2.6(b),
m|i-(k—0)andm|l-(i—j);and, by §1.2.6(a), m|i-(k—D+1-(i—j)=i-k—j-L
Hence,i-k =j -l (mod m).

c) i =j (mod m) = i" = j" (mod m)
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Forn=0,i" = j" (mod m) always. Assume now (1) i = j (mod m). Then, forn =1, we
are done by assumption. For n = 2, by the previous item, we have ) i? = j? (mod m).
From (D) and (2), again by the previous item, we have i® = j* (mod m). Iterating this
process we get i" = j" (mod m) for every value of n.

If you're familiar with it, you may be screaming “induction!” - indeed, a formal
proof requires the mathematical Principle of Induction, which will be studied later in
the course.

These properties of congruence are fairly simple to state and prove, but combined
with the previous exercise they form the basis of equational proofs about congruence.
They allow us to extend a congruence between two integers into a congruence between
two algebraic (polynomial) expressions of arbitrary nesting which differ in those two
integers. For example, if we know that i = j (mod m), we also know (3i2 + 5i — 7)* =
(3j%+5j — 7)* (mod m) by repeatedly applying the properties proved in this exercise:
i = j (mod m) implies i*> = j? (mod m) implies 3i* = 3j? (mod m) and so on. This
is really helpful in equational proofs in modular arithmetic, because we can rewrite
parts of an expression not only if they are equal, but also when they are merely
congruent. We will see examples of this shortly.

3. Prove that for all natural numbers k, [ and positive integers m,
a) rem(k-m+1,m) =rem(l, m)
By the Division Theorem,
[ = quo(l,m) - m+ rem(l, m)

and hence
k-m+1l= (k + quo(l, m)) -m+rem(l, m)

from which it follows by the Division Theorem that

quo(k-m+1,m)=k+quo(l,m) and rem(k-m+1[,m)=rem(l,m).

The Division Theorem may seem like a dramatic name for a fairly obvious and
unremarkable statement: that numbers can be divided with a remainder. But, in fact,
the theorem is quite powerful and allows one to prove properties surprisingly easily.
Let's remind ourselves of the full statement:

For every natural number m and positive natural number n, there exists a unique
pair of integers g and r suchthat0<q,0<r <n,andm=q-n+r.

This is a unique existence statement, a form very common in mathematics. The
associated proof technique relies both on the existence and uniqueness components.
To highlight the former, consider the following alternative statement of the Division
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Theorem:

Given any natural number m and for any choice of positive integer n, we can write m
asm=q-n+r where q and r are unique integers satisfying0 <gand 0 <r <n.

This form emphasises the fact that if we have a natural number m, we can choose
any natural number n, and the theorem guarantees that it's possible to write m in
terms of n in the specific form m = g - n + r for two unique naturals satisfying 0 < g
and 0 < r < n. In essence, we get immediate “access” to two naturals g and r and
two new assumptions about these naturals, as well as their uniqueness proofs.

Since g and r are uniquely determined by m and n, we can write them as quo(m, n)
and rem(m, n) as if quo and rem were functions. In reality, they are just shorthands
for “the natural g (resp. r) determined from m and n by the Division Theorem”. With
these, you can succinctly state the Division Theorem as

Any natural number m can be expressed as m = quo(m, n) - n + rem(m, n) for any
choice of positive integer n, with quo(m, n),rem(m,n) € N and rem(m, n) < n.

You may well ask “why go through all this when we have the integer division and
remainder operators”? Well, we haven't formally defined them yet (and one way to
define them formally is precisely via quo and rem!), but even ignoring that, proofs
using uniqueness wouldn't really work if we just treated rem and quo as operators.
To see how this works, let's expand the solution to the question above.

We are required to show that for all natural numbers k,[ and positive integers m,
rem(k - m+[,m) =rem(l, m)-any multiple of m can be cancelled out in a remainder
by m. If we think of rem as the remainder operator (e.g. % in Java), this seems obvious -
but other than spelling out the details of division as repeated subtraction (the Division
Algorithm), it's quite tricky to prove! Instead, as we said above, rem(l, m) should be
treated as “the unique r determined by [ and m by the Division Theorem”. This is where
uniqueness comes in: we know that for any other expansion [ = quo(l, m)-m+r’ with
r’ < m, r’ must be equal to rem(l, m). Thus, equality of remainders can be derived
from showing that they satisfy the same property: that they can appear in the same
expansion of I (via m) and are both strictly less than m.

The question is exactly a proof of equality of two remainders: rem(k - m + [, m) and
rem(l, m). If we show that they appear in two “different” expansions of the same
natural number, they must be equal. What expansion would rem(l, m) appear in?
Easy: the Division Theorem tells us that [ can always be rewritten in terms of m as

[ = quo(l,m) - m+ rem(l, m)
Similarly, rem(k - m + [, m) appears in the expansion

k-m+I[=quo(k-m+I1,m) -m+rem(k-m+1,m)
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All we did is apply the streamlined form of the Division Theorem, expanding both [
and k-m+ L in terms of m. They can’t directly be compared yet, because they are
expansions of different naturals. To resolve that, we just add k- m to the first equation
and factorise to get:

k-m+1= (k+quo(l,m))-m+rem(l,m)

And with that, we are done! How? Well, we have two different expansions of the
number k - m + [: it's equal both to

quo(k-m+1,m)-m+rem(k-m+1,m) and (k + quo(l, m)) -m+rem(l, m)

where both rem(k - m + [, m) and rem(l, m) are less than m. But the Division Theorem
tells us that there is exactly one such expansion of k - m + [ possible, so these two
remainders cannot be different! That is to say,

rem(k-m+1,m) =rem(l,m)

which was precisely our proof goal.

Such surprising and abrupt conclusions are very much characteristic of proofs by
universal properties: rather than proving equality directly, we show that both remain-
ders satisfy the universal property (specified by the Division Theorem) of the same
number k - m+ [ and therefore must be equal. We will see a lot of examples of this in
the course and the exercises: while many statements can be proved by alternative
means, proofs by universal properties are often remarkably compact and elegant,
achieving the same goal with only a few clever reasoning steps.
b) rem(k +1,m) = rem(rem(k, m) + 1, m)

Because
rem(k +1,m) = rem(quo(k, m)-m+rem(k,m)+1, m) (by DT on k with m)
= rem(rem(k, m)+1, m) (by §2.1.3(a))
Note that, as a corollary, rem(k + [, m) = rem(rem(k, m) + rem(l, m), m).

The previous property of remainders is quite useful, especially in combination
with the Division Theorem: since we have a choice of expanding k in terms of any
positive integer, we can choose m to then ensure that the term quo(k, m) - m - being
a multiple of m - can be cancelled out.

c) rem(k-1,m) =rem(k - rem(l,m), m)

Because

rem(k-I,m) = rem(k -quo(l,m)-m+k-rem(l,m), m) (by DT on [ with m)
= rem(k -rem(l, m), m) (by §2.1.3(a))
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Note that, as a corollary, rem(k - [,m) = rem(rem(k, m) - rem(l, m), m).

Once again, we start by expanding a natural in terms of m, then use part §2.1.3(a)
to cancel the whole term. In this case, we choose [: this was guided by the need to
end up with a rem(l, m), which we wouldn’t get by expanding k.

4. Let m be a positive integer.

a) Prove the associativity of the addition and multiplication operations in Z,,; that is:

Vi:j:kEZm' (i+mj)+mk=i+m(j+mk) and (lm])mkzlm(]mk)

Consider arbitrary i, j, k in Z,,, and calculate as follows:

(i+mi)+mk=[li+jln+k] (by definition of +,))
= rem(rem(i +j,m)+k, m) (by definition of [-],,)
= rern((i +j)+k, m) (by §2.1.3(b))
= rem(i +(j+k), m) (by associativity of addition)
= rem(i +rem(j + k, m), m) (by §2.1.3(b))
= [i+[j+k]m]m (by definition of [-],)
=14y, +nk) (by definition of +,,)

Similarly, consider arbitrary i, j, k in Z,,, and calculate as follows:

(omi)mk=[li-jlnk] (by definition of - )
= rem(rem(i -j,m) -k, m) (by definition of [-],)
= rem((i -j) -k, m) (by §21.3(c))
= rem(i -(j k), m) (by associativity of multiplication)
= rem(i -rem(j - k,m), m) (by §21.3(c))
= [i [j- k]m]m (by definition of [-],,)
=1, mk) (by definition of - )

When defining something in terms of an existing construction, its properties will
often directly follow from the known properties of the underlying definition. In this
case, associativity of +,, relies on the associativity of + in terms of which +,, is
defined. However, we needed a lemma about addition and remainders to simplify the
expressions until we can directly appeal to the associativity of +.

These are examples of equational proofs, a very common and useful technique for
mathematical reasoning, generalising the algebraic calculations you are familiar with
from school. Whenever we need to prove equality or equivalence of two mathematical
objects (numbers, sets, functions, etc.), we can build it up as a chain of equalities,
each rewriting some part of the expression via some known property, definition, or
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lemma. There’s often a symmetry in the proofs, nicely showcased in this exercise: the
first half unwraps several layers of definitions and simplifies the resulting expressions;
the second half does the same in reverse. Indeed, it's often helpful to write equational
proofs starting from both ends, until they meet in the middle.

b) Prove that the additive inverse of k in Z,, is [—k],,.

We need show that k +,, [—k],, = 0 (mod m); and indeed, since
[ =[1],, (mod m)foralll € Z
one has that

k+p, [—k], = [k+[—k],] = k+[—k], = k+(—k) = 0 (mod m)

This is an example of a congruence proof: a weaker form of an equational proof
where some of the steps are not strict equalities, but congruences modulo m € Z*.
Since congruence is a so-called equivalence relation (it's reflexive, symmetric, and
transitive, all proved in §2.1.1), a chain of congruences establishes a congruence
between the endpoints. Reflexivity allows us to strengthen some of the congruences
into equalities: in the example above, k+, [—k],, = [k + [—k]m]m is a strict equality,
since it is the definition of +,,. Importantly, all congruences must be modulo the
same m € Z*, which is denoted at the end of the proof, ranging over the entire chain
of congruences.

2.2. Core exercises

1. Find an integer i, natural numbers k, [ and a positive integer m for which k = [ (mod m) holds
while i* = i' (mod m) does not.

Takei =2,k =0,l =3,andm = 3. Then,k =0 =3=1(mod 3),yet 2° = 1 #
8 =23 (mod 3).

2. Formalise and prove the following statement: A natural number is a multiple of 3 iff so is the
number obtained by summing its digits. Do the same for the analogous criterion for multiples
of 9 and a similar condition for multiples of 11.

For all natural numbers n and digits ay, ..., a

n?

+ (Xr,a;-10')=0(mod 3) < ( X\ a;) =0 (mod 3)

i 0
. (Zl N 101)50(mod9) = (Z? 0a ) 0 (mod 9)
- (X ,a-10)=0(mod 11) <> ( X7 ,(—1)"-a;) =0 (mod 11)
The above follow from the following stronger statements

- (Xioai-10) = (2, ) (mod 3)
- (Xipa-10Y) = (XL, a;) (mod 9)
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(30 ,a,-100) = (30 (=1)-q;) (mod 11)

The rule for 3 uses the fact that 10 = 1 (mod 3), which, by the exponentiation property
shown in §2.1.2(c), implies 10! = 1 (mod 3) for all L € Z*. This can be applied in every term
of the sum (since congruences can be applied within sums and products as shown in §2.1.2,
reducing the 10' coefficients to 1. The technique works the same for divisibility by 9, since
10 = 1 (mod 9); for 11, we notice that 10" = 1 (mod 11), but 10>"*! =10 = —1 (mod 11)
foralln e N.

There are also other proofs. Below is one based on the Binomial Theorem, rather than on
the theory of divisibility and/or congruences for the case of divisibility by 11. Please study
it and re-adapt it to the cases of divisibility by 3 and by 9.

First we calculate that

n n

>a-10=>a;-(11—1)

i=0 i=0

S . i l 2117 - (=1)

D ()16

n i i i . .
izoai-[(—1) +11-;(j)-11] LD ]

:( n (_1)i.ai)+11'|:iai'i(i,)'llj_l-(—l)i_j]
i=1 j=1 J

i=0

and then argue as follows:

(=)Assume 11 | ( 2.7 a;- 10" );sothat Y., a;-10° =11 - k for some integer k. Then,

Z?:o (_1)i ca; = 11- (k—l: le a; Zj':l (;) .11/t (_1)i—j ])
showing that 11 | ( 2.7 (—1)" - a; ).

(<)Assume 11| ( D7 (—1)'-q; );sothat 3. (—1)i-a; = 11-1 for some integer l. Then,

Z?:o a; 10" = 11- (Z + [ Z?:l a; 'Z§'=1 (;) A1V (1) D
showing that 11| >’ a;- 10"
3. Show that for every integer n, the remainder when n? is divided by 4 is either 0 or 1.
This is Lemma 26 of the notes.

The question here refers to the “intuitive” notions of division and remainder, but by
recognising their connection to congruence we can refer to the known number-theoretic
properties of modular arithmetic.

4. What are rem(552, 79), rem(232,79), rem(23 - 55, 79) and rem(557%,79)?
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rem(552,79) = 23, rem(232,79) = 55, rem(23 - 55,79) = 1, and
rem((55%)%°,79) = rem(23-(23%)",79) = rem(23-55-(55%)%,79)

= rem(23-(23%)%79) = rem(23-(55%)?79)
= rem(23-232,79) = rem(23-55,79)
=1

Of course, since we know the last one from Fermat’s Little Theorem, there was really no
need to calculate it!

5. Calculate that 2'°® = 53 (mod 153). At first sight this seems to contradict Fermat’s Little The-
orem, why isn’t this the case though? Hint: Simplify the problem by applying known congruences
to subexpressions using the properties in §2.1.2.

One possible sequence of steps, using the fact that 153 = 27 + 25:
9153 _ 96, (27)21 —96.97. (27)20
26.(—25) - (—25)%° = 26 (—25) - (252)"" = 2° - (—25) - 625
= 20.(—25)-(13%)° =2°-(—25) - 169°
= (—25)-2°-16° = (=25) - 2° - (2*)" = (=25) - 2° - (27)°
= (—25)-2°-(—25)-25% = 2°.(25%)?
= 2°.132=2°.16=2%.2"=4-(-25)
= 53 (mod 153)

This doesn’t contradict Fermat's Little Theorem, since 153 = 32 - 17 is composite.

This may seem like a daunting exercise, but we actually didn’t need to do anything
more complicated than squaring and addition. The key is being able to make impactful
simplifications using congruence: as soon as we have a number greater than 153, we can
replace it with the remainder after dividing by 153.

6. Calculate the addition and multiplication tables, and the additive and multiplicative inverses
tables for Z,, Z¢ and Z,,.

.Z3
+]o 1 2 01 2 |- ()
0[lo 1 2 o/lo 0o 0 0
1120 110 1 2 1 1] 1
202 0 1 210 2 1 2| 1 2
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'Z6
+/0 1 2 3 45 012345 —(4) ()
0|01 2345 0/000O0O0OO0 0] O 0
111 23450 1|01 2345 1|5 1] 1
21234501 2/02 4024 2| 4 2
3/!345012 3/030303 3|3 3
41450123 4|04 2042 4| 2 4
5/5 01234 5/054321 5|1 5| 5
.Z7
+/0 1 2 3 456 01 23456 —() ()t
0|01 23456 0(000O0O0O0O0 0] O0 0
111 234560 1/01 23456 1| 6 1] 1
2/!12 345601 2(0246135 2|5 2| 4
3/!13456012 30362514 3| 4 3| 5
41456 0123 4/041526 3 4| 3 4| 2
5|56 01 234 50531642 5|2 5| 3
6/6 01 2345 6/0654321 6|1 6| 6

Great demonstration of the property that every element of Z, has a multiplicative
inverse if p is a prime. Algebraically, this makes Z, a field: a place where you can do division.

7. Let i and n be positive integers and let p be a prime. Show that if n = 1 (mod p — 1) then
i" =i (mod p) for all i not multiple of p.

Assume that i and n are positive integers and that p is a prime. Assume further that
n=1(modp—1);sothatn—1=k-(p—1)for some natural number k. Then, for i not a
multiple of p, we have that

i"=1i-(PHk
=i-1"(modp) (by Fermat’s Little Theorem)

=1

When the question involves prime numbers, you should expect to require properties
and theorems specific to primes. In this course — which is only an introduction to number
theory - this will quite often be Fermat’s Little Theorem.

8. Prove that n®> = n (mod 6) for all integers n.

We can proceed by case analysis: since either n = 0 (mod 6), or n = 1 (mod 6), or
n =2 (mod 6), or n = 3 (mod 6), or n = 4 (mod 6), or n = 5 (mod 6), we check that
n® =n (mod 6) in each case.
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+ Case n=0 (mod 6): n® = 0% =0=n (mod 6).

- Casen=1(mod 6):n®=1%=1=n(mod 6).

- Casen=2(mod 6): n®=2%=8=2=n(mod 6).

« Casen =3 (mod 6): n®> =32 =27 =3 =n(mod 6).
« Casen=4(mod 5):n®*=4°=64=4=n(mod 6).
« Casen =5 (mod 6): n® =5%=125=5=n (mod 6).

Of course, this wouldn’t really work for larger moduli - see next question. A more elegant
solution is proving 6 | n®> — n, which, by the well-known divisibility rule for 6, follows from
showing 3 | n®> —n and 2 | n® —n. Now,

n—n=n-("*-1)=((n—-1)-n-(n+1);

but this is a product of three consecutive integers, so at least one of them must be even
and one must be divisible by 3. Thatis, n®*—n = 2-3-k for some k € Z, so n®> = n (mod 6).

Yet another approach is formally establishing the lemma (which can be seen as the gener-
alisation of the divisibility rule of 6):

(aEb(modZ)/\aEb(modB)) < a=b (mod 6)

In one direction, we have that a = 2k + b = 31 + b, so 2k = 3l for integers k and [; since
31 must be even and 3 is odd, [ must itself be even: [ = 2m for some m € Z. Substituting
back, we have a = 3-2m+b, so a—b = 6m. In the opposite direction,a—b =6k =2-3-k,
which immediately implies2 |a—b and 3 | a—b.

Now, it is sufficient to prove that n® = n (mod 2) and n® = n (mod 3). The latter is a direct
instance of Fermat'’s Little Theorem for the prime 3; the former holds by the congruence
chain n® = n? = n (mod 2), with both steps using Fermat's Little Theorem n? = n (mod 2),
multiplied by n in the first step using the product property of §2.1.2.

There are usually many ways of approaching a proof, ranging from “brute force” methods
to elegant and concise number-theoretic arguments. It doesn’t technically matter what
you do as long as the proof is correct — but just like how “working” code doesn’t always
mean “neat and readable” code, you should strive to make your proofs as streamlined as
possible. It's also very useful to practice recognising patterns and realising where some
known lemma or property can be applied, since they often end up doing the bulk of the
work: you shouldn’t need to reprove a specific case of a known, more general statement.

9. Prove that n” = n (mod 42) for all integers n.

An exhaustive case analysis would be impractical in this case. Instead, we adapt our more
conceptual solutions above.
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First, we use a very similar proof as above for the lemma
(aEb(mod6) A aEb(mod7)) < a = b (mod 42)

(notice how the crucial step is 6k = 71 implying that 6 | [, because 6 { 7 — the lemma
wouldn’t hold for non-coprime numbers (see §1.2.5). Another trick in this case is recognising
thata—b = 7(a — b) — 6(a — b), and, since by assumption a — b = 6k = 7I, we have
a—b=7-6k—6-7l=42-(k—1).

Now, n” = n (mod 7) holds by Fermat’s Little Theorem. To show n’” = n (mod 6), we
can equivalently show n” = n (mod 2) and n” = n (mod 3); both follow by repeated

applications of Fermat’s Little Theorem.

2.3. Optional exercises

1. Prove that for all integers n, there exist natural numbers i and j such that n = i — j? iff either
n=0(mod4)orn=1(mod4)orn=3(mod4).

Consider an arbitrary integer n.

(=) Assume there exist natural numbers i and j such that n = i — j2. By Proposition 25 of
the notes, we have that

either i2 = 0 (mod 4) or i> = 1 (mod 4)
and

either j2 =0 (mod 4) or j> =1 (mod 4)
We therefore have four cases:

+ i2=0(mod 4) and j*> = 0 (mod 4), in which case n = 0 (mod 4);
+ i2=0(mod 4) and j?2 =1 (mod 4), in which case n = —1 = 3 (mod 4);
+ i2=1(mod 4) and j? = 0 (mod 4), in which case n = 1 (mod 4);
« i2=1 (mod 4) and j* =1 (mod 4), in which case n = 0 (mod 4);

Hence, either n = 0 (mod 4), or n =1 (mod 4), or n = 3 (mod 4) as required.

(&) Assume that either n =0 (mod 4), orn =1 (mod 4), or n = 3 (mod 4). We need to
find natural numbers i and j such that n = i — j2.

Graphically, we want to show that one can distribute any number of|ofefe|e|e]e
of balls (as long as it's congruent to 0, 1 or 3 modulo 4) in a bl Il il il Il il
square grid leaving an empty square sub-grid, for instance as : : : :
follows (fori = 7, j = 3, and n = 40): ofefe .

We split our analysis in three cases.
- Case n is zero.

There are natural numbers i = j = 0 such that n = i* — j2, and we are done.
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+ Case n is a non-zero even integer.

As rem(n,4) = n—quo(n,4) - 4 (by the Division Theorem), it follows that rem(n, 4) is
even and since hence it is necessarily 0. Thus, n is in fact a non-zero multiple of 4; say

of the form 4 - k for some non-zero integer k. Then,

n=((k+1?>-(k—1? = (—k—1)>*—(1—k)?

and since either

k+1and k—1 are natural numbers

or

—k —1 and 1 — k are natural numbers

there are natural numbers i, j such that n = i2 — j2. (Note that this argument slightly

generalises that of Proposition 22 of the notes.)

Graphically, we are in the following kind of situation:

O | @ [ @2 | O | ®2 | % | %
® ®;
® ®;
® ®;
® o3
® ®;
® o3
.1 .4 .4 .4 .4 .4 .4 .4

- Case n is odd.

Thenn =2-k+ 1 for some integer k, and

no=(k+12—k* = (=k—1)2—(—k) .

Since either

k + 1 and k are natural numbers

or

—k —1 and —k are natural numbers

there are natural numbers i, j such that n = i — j2.
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Graphically, we are in the following kind of situation:

® (0, 6, 0, 0 0 09

Graphical proofs are great for intuition: so called “proofs without words” are often as
illuminating as they are beautiful. However, they are not (usually) a substitute for a formal
proof by logical reasoning, especially if the proposition to be shown is more general than
what could be encoded graphically. In this case, the statement is about all integers n, while
the graphical proof can only work for a natural number n.

2. Adecimal (respectively binary) repunit is a natural number whose decimal (respectively binary)
representation consists solely of 1’s.

a) What are the first three decimal repunits? And the first three binary ones?

The first three decimal repunits are 1, 11, and 111; while the first three binary repunits
are 1, 3,and 7.

b) Show that no decimal repunit strictly greater than 1 is a square, and that the same holds
for binary repunits. Is this the case for every base? Hint: Use Lemma 26 of the notes.

Let n be a decimal repunit greater than 1; thatis, n = Zi:o 10 for some [ > 1. Then,

z
n 22i51+2=3(m0d4)
i=0

and, by Proposition 25 of the notes, we deduce that n is not square.

Incidentally, the calculation above already contains the proof of the property for

binary repunits, since they are of the form n = Zi:o 2!

The statement:

For every base r, there are no r-ary repunits greater than 1 that are square.

is false. As a counterexample, take the base r = 3 and the 3-ary repunit 4 consisting
of two 1’s.
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3. More on numbers

3.1. Basic exercises
1. Calculate the set CD(666,330) of common divisors of 666 and 330.

We have that 666 = 2-32-37 and 330 = 2-3-5-11. Hence, CD(666,330) = {1,2,3,2:3} =
{1,2,3,6}.

You may be familiar with this method of computing the common divisors of two numbers
using their prime factorisation - this of course relies on the Fundamental Theorem of
Arithmetic, introduced later in the course.

2. Find the gcd 0of 21212121 and 12121212.

We run Euclid’s Algorithm:

ged(21212121,12121212) = ged(12121212,9090909)
= gcd(9090909, 3030303)
= 3030303

3. Prove that for all positive integers m and n, and integers k and [,

ged(m,n) | (k-m+1-n)

Let m,n be positive integers and k,[ be integers. As gcd(m,n) | m and ged(m,n) | n it
follows from §1.2.6(a) that gcd(m,n) | k - m and gecd(m,n) | [ - n; from which it further
follows by §1.2.6(b) that gcd(m,n) | (k-m+1-n).

Like rem, we can treat gcd(m, n) as a function of two positive integers m and n, or as a
symbol for the greatest common divisor of m and n defined using the universal property
of gcds. For example, we make use of the fact that ged(m, n) is a common divisor of m and
n, so we “automatically” get gcd(m, n) | m and ged(m, n) | n. We will see more examples
of this in the upcoming exercises.

4, Find integers x and y such that x - 30 + y - 22 = gcd(30, 22). Now find integers x” and y’ with
0 < y’ <30 such that x"-30+ y’ - 22 = gcd(30, 22).

Run the Extended Euclid’s Algorithm to find that gcd(30,22) =2and x-30+y -22=2
for x =3 and y =—4.To get a y’ between the range 0 < y’ < 30, we notice that

(x+11-1)-30+(y—15-1)-22=2

for all integers [ (Slide 219), and find a value [, such that 0 < y — 15 -1, < 30 setting
x'=x+11-l,and y' = y —15-1,. The two options are [, = —1 for (—8)-30+11-22 =2,
and [, = —2for (—19) - x +26-22 = 2.

5. Prove that for all positive integers m and n, there exists integers k and [ such thatk-m+I[-n=1
iff gcd(m,n) = 1.
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(=) By Corollary 62 of the notes: if 1 can be expressed as a linear combination of m and n,
and ged(m, n) must divide any linear combination of m and n, we must have ged(m, n) = 1.

(<) By Theorem 70 of the notes: gcd(m, n) is a linear combination of m and n.
6. Prove that for all integers n and primes p, if n2 = 1 (mod p) then either n = 1 (mod p) or
n =—1 (mod p).

Assume n? = 1 (mod p). Then p divides n? —1 = (n—1) - (n + 1). By Euclid’s Theorem,
pl(n—1)orp|(n+1);thatis, eithern=1 (mod p) or n = —1 (mod p).

3.2. Core exercises
1. Prove that for all positive integers m and n, gcd(m,n) = m iff m | n.

Let m and n be arbitrary positive integers.

(=) Assume that gcd(m, n) = m. Then m is the greatest common divisor of both m and n,
and in particular a divisor of n.

(<) Assume m | n.
Here are two arguments.

a) We have that n = k - m for some positive integer k, and hence that
ged(m,n) =ged(m,k-m)=m-ged(1,k)=m

where the second equality is a consequence of the linearity property (Lemma 63(3) of
the notes) of ged.

b) By Theorem 61 of the notes, it suffices to prove that

e m|mandm|n,and
« for all positive integers d such that d | m and d | n it necessarily follows that
d|m;

all of which hold trivially.

It's worth analysing the second approach, as it's quite characteristic of proofs by
universal properties: the proof just “pops out” without us having to do a whole lot of work,
similar to our use of the Division Theorem in §2.1.3(a).

As mentioned in §3.1.3, there are several equivalent ways of thinking about gcds. One is
as a function of two positive integers m and n, computed via Euclid’s Algorithm; another
is as a label for a unique number characterised by the universal property of being the
greatest common divisor of m and n. The difference may seem insignificant, but that
is precisely because of Theorem 61, which states that the value computed by Euclid’s
Algorithm coincides with the greatest common divisor. The universal property of gcds
(which we'll get to shortly) is the specification of what it is to be a greatest common divisor;
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Theorem 61 states that Euclid’s Algorithm satisfies the specification. We don’t define the
greatest common divisor of m and n as “the number returned by Euclid’s Algorithm”; just
as how we don’t define a sorted list as “the list returned by the quicksort algorithm” or
a lasagna as “the dish you get by following this specific recipe in this specific cookbook”.
We already know what a gcd/sorted list/lasagna is supposed to be, and we can then ask
whether some algorithm computes the gcd or some recipe makes a lasagna, or it doesn't.
Of course, what makes a lasagna and what is the best lasagna is entirely subjective, while
mathematical concepts can be unambiguously characterised using universal properties.

Universal properties have two parts: the property and the universality. The former charac-
terises the set of candidates for the concept we are considering; the latter selects a specific
candidate which is “better” than all the other ones. In the case of the greatest common
divisor of m and n, the property is that of being a common divisor of m and n: the set of
candidates that satisfy this property is CD(m, n). The “best” such candidate that we are
looking for is the one which is greater than all the other ones, and since CD(m, n) is a finite
non-empty set of natural numbers, it must have a unique greatest element max(CD(m, n)).
We can denote this element (which depends entirely on m and n) as ged(m, n) and call it
the greatest common divisor of m and n.

From this description (or, really, definition) of gcd(m, n) as the greatest element of the set of
common divisors, we can directly extract two “axioms”: gcd(m, n) € CD(m, n) (since it is a
common divisor), and for all d € CD(m, n), d < ged(m, n) (since it is the greatest common
divisor). In fact, we can state something stronger: not only are all other common divisors
numerically smaller than ged(m, n), they also all divide it: Vd € CD(m, n). d | gcd(m, n).
Expanding these, we universally characterise gcd(m, n) as the unique natural number g
satisfying the properties of being a common divisor and a multiple of all common divisors:

MWg|lmAgln @VdezZ . (dimAd|n)=d]|g

Using the transitivity of divisibility (§1.2.4), we can combine these into the concise specific-
ation of the universal property of greatest common divisors:

@®VdezZ".(d|m A d|n) < d]ged(m,n)

It's easy to show that gcds are unique: if we had two gcds, both would have to satisfy 2)
and, in particular, they must divide each other; but divisibility (on positive integers) is
antisymmetric (§1.2.8), so the two gcds must be equal. Uniqueness in turn gives rise to the
following important proof principle:

To prove that a number g € Z* is equal to ged(m, n),
it is sufficient to show that g satisfies (1) and 2.

This is similar to the approach we used with the Division Theorem: to prove that a number
r is equal to rem(m, n), it was sufficient to show that it is less than n and it can appear in
an expansion m = q - k + r with g € N. Adapting this technique to the combined form (3,
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we get a useful and particularly simple variation:
To prove that a number d divides gcd(m, n), it's sufficient to show thatd | mand d | n.

This, combined with the antisymmetry of divisibility (on positive integers), allows us to
prove equality of gcds, as shown in the example proofs of Lemma 63 in the notes. In
essence, the first step in proving something about gecd(m, n) or rem(n, m) is “forgetting”
about the gcd or rem and approach the proof via the universal property; it may seem like
a very roundabout technique (as opposed to, for example, a direct chain of equalities
ending in ged(m, n)), but it often leads to short and straightforward proofs. However, it's
definitely not the case that all proofs about gcds have to be done this way, and we’'ll see
more examples later!

To conclude the discussion, let us expand on proof (b) of this exercise, which uses the UP
of gcds. To recap, in the (<) direction we need to show:

Vm,n€Z . m|n—=— ged(m,n) =m

As always, assume m,n € Z* and m | n. The proof goal gcd(m,n) = m asks us to show
that m is equal to gcd(m, n); but, by the proof principle above, it is sufficient to show that
m satisfies (1) and 2). That is,

@OmimAm|n Q@VdeZ'.(dlmAd|n)=d|m

(D holds by reflexivity of | and our assumption m | n; @) is a direct implication. And that’s
it! The proof (a) wasn’t exactly complicated either, but (b) was rightly labelled as “trivial”.

The beautiful thing about this characterisation of gcds is that it is an instance of a much
more general mathematical notion called a greatest lower bound (with the dual least upper
bound being the least common multiple). These concepts appear all over mathematics and
computer science, and you will encounter many examples in this course as well; accordingly,
the proof technique described above can be (and will be, and has already been!) applied in
several seemingly different contexts. As a teaser, see if you can spot the similarity between
statement (3) above, and the pattern for proving a conjunction of two statements P and Q
given any set A of assumptions:

VA. A=>P)A(A=>Q) < A= (P AQ)
2. Let m and n be positive integers with gcd(m, n) = 1. Prove that for every natural number k,
m|lkAn|lk < m-n|k

Let m and n be arbitrary positive integers, and assume that (1) ged(m, n) = 1. Further, let
k be a natural number.

(=) Assume that @ m |k and ® n | k.
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It follows from (1) that
m-i+n-j=1 ®

for some integers i, j; and it follows from (2) and (3 that
k=a-m=b-n ®
for some natural numbers a, b.

Multiplying (&) by k on both sides and using (5), we therefore have
k=b-n-m-i+a-m-n-j=(b-i+a-j)-(m-n)
showing that (m - n) | k.

(<) Assume that (m - n) | k. Then, since both m | (m - n) and n | (m - n), by the transitivity
of divisibility, we are done.

The (=) direction of this proof used another characterisation of gcd(m,n) as the
least positive linear combination of m and n. (NB: “Least” here means “lowest”, not the
superlative of “less positive”.) Now that we are more familiar with universal properties, we
can decode this description as (1) ged(m, n) is a linear combination of m and n, and 2
gcd(m, n) divides all linear combinations of m and n:

M Jky,ly € Z. ky- m+ 1, - n = ged(m, n) @ Vk,l€Z. ged(m,n) |k-m+1-n

This characterisation is especially useful if we are able to express 1 as a linear combination
of m and n, since (2) means they must be coprime, i.e. gcd(m,n) = 1. Another common
use of an assumption of coprimality gcd(m, n) = 1 is that multiplication by gcd(m, n) is a
no-op, so we can freely introduce gcd(m, n) or k, - m + [, - n for some ky, [, € Z into any
expression. This is what we make use of in the question when multiplying &) and (5.

3. Prove that for all positive integers a, b, c, if gcd(a,c) = 1 then ged(a - b,c) = ged(b, c).
Below are three different proofs of the property.
Proof by equational reasoning

For a, b, c positive integers such that gcd(a,c) = 1, we have

ged(b, ¢) = ged(ged(a, c) - b, c) (since ged(a,c) =1)
= gcd(ged(a - b, c - b),c) (by linearity)
= ged(a - b, ged(c - b,c)) (by associativity)
= ged(a - b,c) (by §3.2.1)
Proof by universality

Let a, b, ¢ positive integers such that gcd(a,c) = 1. We need to prove that gcd(a - b,c) =
gcd(b, c), or equivalently, that ged(a - b, c) | ged(b, ¢) and ged(b,c) | ged(a - b, c). By the
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universal property of gcds, it is sufficient to show the following two properties:

« gcd(a- b,c)| bandged(a-b,c)|c.The latter holds since ged(a - b, ¢) is a divisor of c.
To establish the former, we note that b = ged(a, c)- b (since a and c are coprime), and
by distributivity, gcd(a - b, ¢ - b). Thus, we can show that ged(a - b,c) | ged(a - b, c - b),
or equivalently, ged(a - b,c) | a-b and ged(a - b,c) | ¢ - b, both of which follow from
gcd(a - b, c) being a common divisor of a - b and c.

« gcd(b,c) | a-band ged(b,c) | c. Both follow from ged(b, ¢) being a divisor of b and c.

Proof using the Fundamental Theorem of Arithmetic

The Fundamental Theorem of Arithmetic states that every positive integer is expressible
as the product of a unique finite sequence of ordered primes. If two integers are coprime,
their unique prime factorisations must be disjoint: that is, there is no prime p that appears
in the factorisation of both a and c. For any b € Z*, the prime factorisation of a - b will
be the product of those of a and b. Therefore the common prime factors of a- b and ¢
must be the common factors of b and ¢, since there are no common factors of a and ¢
by assumption. Since the greatest common divisor is the product of the common prime
factors, we must have ged(a - b, c) = ged(b, c).

These are three fairly different proofs of the same (relatively simple) theorem: one uses
equational reasoning and some properties of gcds, the second makes use of universality,
while the third relies on a powerful and general theorem rather than gcd properties. The
first is probably the most concise form, but of course it relies on us having established all
the required properties of gcds already.

4. Prove that for all positive integers m and n, and integers i and j:

n-i=n-j(modm) < izj(mod L)
ged(m, n)

We have:

n-i=n-j(modm) < k-m=n(i—j)
m n

=k ged(m, n) - ged(m, n) (=)
m n (i—7)
ged(m,n) | ged(m, n) e

Now we show that

m n . . .. m
ged(m, n) | ged(m,n) (=) = i=] (mod ged(m, n))

(<) We have m i — j by assumption, and from the multiplication property of divisib-
ility (§1.2.6(b)), we have 77— | zqtmmy - (1 —J)-
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(=) We first establish that and ———— are coprime using linearity:

m
ged(m,n) ged(m,n)

m - gcd(m, n) n-gcd(m,n)) ( m n )
d = ocd = ocd -ogcd
ged(m,n) gc( ged(mm)  gedimm) )~ 8Ammed\ e gedtm )

Since ged(m, n) is a positive integer, this equality can only hold if gcd(m, m) =1.
This assumption of coprimality can then be used in Euclid’s Theorem to conclude

m n

(i—-j)= (i—J)

m
ged(m,n) | ged(m,n) ged(m, n) ‘
as required.

The inspiration for the first “creative” step (dividing both sides by ged(m, n)) comes
from seeing the term m in the proof goal.

A very useful corollary of this theorem is that we can always divide both sides of a
congruence by a positive integer that is coprime with the modulus. Similarly, we can divide
both sides of the congruence and the modulus with any positive integer that divides all
three. The general theorem handles the case “in between”, when a positive integer divides
both sides of the congruence, but not the modulus.

5. Prove that for all positive integers m, n, p, q such that ged(m, n) = ged(p,q) =1,ifg-m=p-n
thenm=pandn=q.

Let m, n, p,q be positive integers. Assume that gcd(m, n) = ged(p, q) = 1 and further that
Mq-m=p-n

Multiplying both sides of the identity 1 = gcd(m, n) by p and using the linearity property
of gcd we have that
p=p-ged(m,n) =ged(p-m,p-n) ©)

Now, from (1) and the linearity property of gcd, we also have that

ged(p -m,p -n) = ged(p - m,q-m) = ged(p,q) - m ®
Finally, since gcd(p,q) = 1, one has p = m from (2) and 3.
We can show with an analogous argument that n = q as well.
6. Prove that for all positive integers a and b, gcd(13-a+8-b,5-a+3-b) = gcd(a, b).
Calculational proof

For all positive integers a and b, one has

ged(13-a+8-b,5-a+3-b)=ged((13-a+8-b)—(5-a+3-b), 5-a+3-b)
=gcd(8-a+5-b,5-a+3-b)
=gcd((8-a+5-b)—(5-a+3-b),5-a+3-b)
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=gcd(3-a+2-b, 5-a+3-b)
=ged(3-a+2-b, (5-a+3-b)—(3-a+2-b))
:gcd(B-a+2-b, 2-a+b)
=gcd((3-a+2-b)—(2-a+b), 2-a+b)
=gcd(a+b, 2-a+b)

:gcd(a+b, (2-a+b)—(a+b))
=gcd(a+b, a)

:gcd((a+b)—a, a)

= gcd(b, a)

= gcd(a, b)

Conceptual proof (advanced)

We prove following general statement (see 2018/P8/Q9 exam question):
VneN. ged(a-F,,5+b-Fn+2,a-F, ., +b-F,)=gcd(a,b)
where F, is the n'" Fibonacci number, defined recursively as

Fo=0 F;=1 Foip =Fp 1 tF,

For n € N, we prove the following two properties, which, by the universal property of gcds,
will imply the required equality.
« Both gecd(a, b) | (aF,,5 + bF,,,) and gcd(a, b) | (aF,,, + DF,).
gcd(a, b) divides both a and b, so it divides every integer linear combination of them
(81.2.6(c)).
+ For all positive integers d,

ifd | (aF,.5+ bF,,,)andd | (aF,., + bF,) thend | gcd(a, b).

Let d be a positive integer such thatd | (aF, 5+ bF,,,)and d | (aF, ., + bF,); so that
di =aF,,;+ bF,,, and dj = aF,,, + bF, for (positive) integers i and j.

It follows that

d-(iF,—jFu2) = (Fy Foys—Fpn-Fr)-a
=(Fy Fppp+Fy Fopy—Fy - Fpyy —Fpq - Fry) - a
:(Fn'Fn+2_F3+1)'a
=(—1)""a (Cassini's Identity)
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so that d | a; and, analogously,
d-(iFy = JFp3) = (Fppy  Frpa—Fris - Fp)-a
=(Fpyy Fppn +Fy - Fopy —Fy  Fopn —Fo - Frip) - b
:(F:fﬂ_Fn'FnJrZ)'b
=(—1)"b (Cassini’s Identity)
sothatd | b. Thus, d | gcd(a, b) as required.
You will learn more about Fibonacci numbers in the next set of exercises.
7. Let n be an integer.
a) Prove that if n is not divisible by 3, then n?2 = 1 (mod 3).
This is an instance of Fermat’s Little Theorem.
b) Show that if n is odd, then n? = 1 (mod 8).
Let n be an odd integer, and thereby let k be an integer suchthatn =2 -k + 1.
We consider two cases.
- Case k is even.
Then, k = 2 -1 for some integer [,and n>=8-1-(2-1+1) =1 (mod 8).
« Case k is odd.
Then, k = 2-1+1 for some integer [,and n? = 8-(2:1+1)-(1+2)+1 = 1 (mod 8).

Either way n? = 1 (mod 8), as required.
c¢) Conclude that if p is a prime number greater than 3, then p? — 1 is divisible by 24.

Let p be a prime greater than 3. Then, p is an odd integer not divisible by 3 and it
follows from part (a) that: ) 3 | (p? — 1). Moreover, as p is odd, we have from part
(b) that: @ 8| (p*—1).

Finally, since gcd(3,8) = 1, by §3.2.2 one has that ) and @ imply 24 | (p>—1) as
required.

8. Prove that n'®> = n (mod 10) for all integers n.

To show n'® = n (mod 10), by the direct corollary of §3.2.2 it is sufficient to show n'® =

n (mod 2) and n'® = n (mod 5). Both hold by successive applications of Fermat’s Little
Theorem, repeatedly reducing n? or n° to n until we reach n. For example:

n*=n>n’n®*=n-n-n®*=n">=n(mod>5)

9. Prove that for all positive integers [, m and n, if gcd(I,m-n) = 1 then gcd(l,m) = 1 and
ged(l,n) = 1.
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Let [, m, and n be arbitrary positive integers, and assume that gcd(l,m-n) = 1.

By §3.1.5(<), there exist integers i and j such thati-l+ j-m-n = 1. Thus, we have that
there exist integersi and a suchthati-l+a-m=1

and
there exist integers i and b suchthati-l+b-n=1.

Therefore, by §3.1.5(=) one has that gcd(l,m) = 1 and ged(l,n) = 1.

10. Solve the following congruences:
a) 77 -x =11 (mod 40)

By §3.2.4, a solution will satisfy the congruence iff it satisfies () 7- x = 1 (mod 40)
(gcd(40,11) = 1 so the modulus does not change). As 7 and 40 are coprime, this
amounts to finding the multiplicative inverse of 7 in Z,, (Corollary 75), which is the
second coefficient in the expression of 1 as a linear combination of 40 and 7. We run
the Extended Euclid’s Algorithm to find that 40-3 + 7 - (—17) = 1. Thus, x, = —17 is
a solution to (¥), and therefore to 77 - x, = 11 (mod 40). To find the general form of
solutions, we note that the linear combination of 40 and 7 is not unique (Slide 219),
so x can have the general form x = —17 + 40n = 23 + 40n for any integer n.

b) 12-y =30 (mod 54)

By §3.2.4, a solution will satisfy the congruence iff it satisfies () 2- y = 5 (mod 9),
thatis,2-y+9-k = 5forsome k € Z. Now, since 2 and 9 are coprime, we can express
1 as their linear combination, computing the coefficients using the Extended Euclid’s
Algorithm: 2-(—4)+9-1 = 1. Multiplying both sides by 5 gives us 2-(—20)+9-5 =5,
which is a solution to (%) with y, = —20. To generate all the solutions, we note that ()
is satisfied by y,+9n for any n, so y can have the generalform y = —204+9n = 7+49n
for any integer n.

) 13 =z (mod 21)
C
3-2=2(mod 17)
To solve a system of congruences, we find the general form of solutions for the
congruences individually, then find the ones that satisfy both.
All solutions to the first congruence are of the form z; = 13 + 21k for k € Z.

Solutions of the congruence 3-z = 2 (mod 17) satisfy () 3-2+17-n = 2.Since 3and 17
are coprime, we can express 1 as their linear combination using EEA: 3-6+17-(—1) = 1.
Multiplying by 2 on both sides gives a solution to (1), and from there, we get the
general form of solutions as z, =12+ 171 for | € Z.

The solutions for the congruence system will be those which are both of the form z;
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and z, simultaneously:
13+21-k=12+4+17-1

Albeit this looks like one equation with two unknowns, we can rearrange it to the
form
21-(=k)+17-1=1

which we can solve using EEA, since 21 and 17 are coprime:
21-(—4)+17-5=1

Thus, &) has general solutions k = 4+ 17i and [ = 5+ 21j for i,j € Z; at these
specific values of k, the general solution z; = 13+ 21 - k for the first congruence also
satisfies the second congruence (and similarly for z,). Substituting k into 2, or [ into
2, gives

z =97+ 3571 VieZ.

which is the general form of solutions that satisfy the system of congruences.

This question shows the usefulness of the characterisation of gcds via linear combin-
ations: it allows us to solve one equation with two unknowns, as long as the RHS is a
multiple of the gcd of the coefficients (so if the coefficients are coprime, the RHS can be
any positive integer). Solving a congruence ax = b (mod m) amounts to characterising the
integer solutions of the equation ax —my = b (known as a linear Diophantine equation),
which exist only if ged(a, m) | b.

If a congruence ax = b (mod m) has one solution x, (i.e. if gcd(a, m) | b), it has an infinite
number of solutions of the form x = x,+pk for k € Z, all separated by a “period” p. In some
cases (such as part (a)), the period coincides with the modulus, so all possible solutions
can be derived from a single integer x, € Z,,. In other cases (such as part (b)) the solutions
may be more “frequent” due to the period being a fraction of the modulus: m = dp. Then,
the solutions x, + pk can be split into d classes, all with the period m, but different initial
values xy, X;,...X4_1 €Z,,. Onesuchclass {...,x —2m,x —m,x,x + m,x +2m,...} is
often called the congruence class of x modulo m (denoted Xx,, or sometimes [x],,, although
this course uses the latter notation to refer to the least positive element of x,, in Z,,), so
in essence, an infinite number of integer solutions to a congruence can be characterised
by a finite number of congruence classes. With this interpretation, part (a) had only one
solution 23,,, while part (b) had six:

754 E54 E54r 3_454 4_354 554

By considering a solution to be a congruence class modulo m, we can show that a congru-
ence ax = b (mod m) has exactly gcd(a, m) solutions if gcd(a, m) | b, and O otherwise.
Of course, the d = gcd(a, m) congruence classes modulo m can be combined into one
congruence class modulo m/d - the two representations are equivalent, but one may be
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more useful in some contexts than the other. As an example, compare the phrases “every 8
hours starting at 1Tam” and “every day at 1am, 9am, and 5pm”, and how we must use the
latter form to refer to events repeating regularly several times a week because 7 prime.

Since integer solutions of a congruence are not unique, we can ask which solutions of one
congruence also satisfy another - that is, solve a system of congruences. These are quite
different from the systems of equations you are familiar with, which involve n unknowns
and n independent equations, and the solution is found by expressing one variable in
terms of the others and performing substitutions. Congruence systems involve only one
unknown, and the individual congruences are independent constraints on this one unknown.
Rather than trying to combine the congruences via substitution, we solve each of them
independently, getting sets of congruence classes for each individual congruence. Then, the
task is finding the common elements of the congruence classes (their intersection), which
therefore must satisfy the whole system of congruences simultaneously. If the individual
solutions have the form x + pk and y +ql, the congruence classes x, and y , will intersect
when x + pk = y + ql; this now becomes another linear Diophantine equation of the form
pk —ql = y — x that can be solved if ged(p,q) | y — x. The resulting integer values for k
and [ tell us the number of periods one needs to offset x and y by until they coincide, and
since all solutions are uniformly periodic, k and [ will themselves be periodic congruence
classes. The general expressions can then be substituted back into either x + pk or y +ql
to find an initial value and a larger period for the solutions that satisfy both parts of the
congruence system.

As a simple example, consider the congruence classes 1,, 2, and 2,,. The classes 1, and 2,
will intersect whenever 1 + 2n = 2 + 3k, and the linear Diophantine equation 2n —3k =1
has solutions n = 3m + 2 and k = 2m + 1. What this means is that every 3" @ starting
from the second one (using 0-indexed counting) will coincide with every 2" m starting
from the first one, as can be seen below at step 5 (when m = 0) and 11 (when m = 1). To
figure out what “every 3" @ starting from the second one” means on the resolution of the
integers, we substitute the solution for n back into 1 + 2n, which combines the periods of
“there is a solution at every 3" circle” and “there is a circle every 2 steps” into “there is
a solution every 6 steps” and similarly for the offset. Thus, the intersection of 1, and 2,
will be 5¢. We can do a similar procedure to find the intersection of 2, and 2, to be 2,,.
However, Tz and 54 will never intersect, since the Diophantine equation 2n — 4l =1 has
no solutions — gcd(2,4) = 24 1. Congruence systems often arise from the interaction of
periodic events: examples are scheduling, polyrhythms, predator-prey life cycles, etc.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1+2n @ [ [ [ L L o
2+ 3k | | | | |

244l A A A A
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11. What is the multiplicative inverse of: (a) 2 in Z,, (b) 7 in Z,,, and (c) 13 in Z,5?

We apply Corollary 75 of the notes, which states that if gcd(m,n) = 1, the multiplicative
inverse of [n],, is [lc,(m, n)],,, where lc,(m, n) is the second coefficient of the expression
of 1 as a linear combination of m and n using EEC. With this, we get that:

a) 1-7+(=3)-2=1,502"' =4 (mod 7)
b) 3-40+(—17)-7=1,so0 7! =23 (mod 40)
c) 4-23+(=7)-13=1,s0 1371 =16 (mod 23)

12. Prove that [22!2°°!] _has a multiplicative inverse in Zs.

175
We first establish the following lemma:
For every pair of positive integers m and n, we have that
[n],, has a multiplicative inverse in Z,, iff gcd(m,n) = 1.

(=) Let m and n be arbitrary positive integers, and assume that [n],, has a multiplicative
inverse in Z,,, say L. Then,

n-l=[n-1],=I[nl], =1 (modm)

and thus there exists an integer k such thatn-1 + m -k = 1. Thus, from §3.1.5(=),
ged(m,n) = 1.

(<) By Corollary 75(2) of the notes.

Now, gcd(2212001175) = ged (212091 . 1112901 '52.7) and since the two numbers have no
prime factors in common, they must be coprime. By the above lemma, ged(2212%°!175) =1

implies that [ 2212%°1] __has a multiplicative inverse, as required.

175

3.3. Optional exercises
1. Let a and b be natural numbers such that a® | b - (b + a). Prove that a | b.

Hint: For positive a and b, consider a, = and b, =

show that a® | b(b + a) implies a, = 1.

gcd(a b) gcd(a 5y SO that ged(ay, by) =1, and

If either a or b are O the result is straightforward. Consider thus the case in which both a
and b are positive integers, and assume that a? | b(b + a).

Then, fora, = gcd(a 55 and by = gcdé’a,b),we have thata, | by(b,+a,) and, since gcd(a,, by) =
1,thata, | (by+a,) so that a, | b, and thus a, = ged(a,, b,) = 1. Therefore, ged(a, b) = a
and we are done.

2. Prove the converse of §1.3.1(f): For all natural numbers n and s, if there exists a natural number
gsuchthat(2n+1)*-s+t, = t,» then s is a triangular number. (9™ Putnam, 1988)

Hint: Recall that if ®q=2nk+n+kthen(2n+1)*t, +t,= t Solving for k in (), we get
that k =

2 +1’ 2 +1
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Suggested by a 2014/15 student (who wished to remain anonymous).

Assume (2n + 1)% + t, = t,. Then, t, = ¢, (mod (2n+1)?); so that n(n + 1) =
qlg+1) (mod (2n+ 1)2) and hence (q—n)(q—n+2n+1)=0 (mod (2n+ 1)2).

Therefore (2n+1)? | (g —n)(q—n + 2n + 1), and it follows from the previous item that
2n+1)|(g—n).

As t, = t,, we have that ¢ = n, and therefore that k = an;fl is a natural number. By

assumption and the solution to §1.3.1(f), we then have:
2n+1)Ys+t,=t,=2n+ 1)1t +t,
and so that s = t;, as required.

3. Informally justify the correctness of the following alternative algorithm for computing the gcd
of two positive integers:

let rec gcdO(m, n) = if m = n then m
else let p
and q
in gcdo(p, q - p)

min m n

max m n

The partial correctness of the algorithm follows from Corollary 58(2) of the notes. To
establish the termination of gcd0 on a pair of positive integers (m, n) we consider and
analyse the computations arising from the call gcd®(m, n). We consider two cases:

+ Case m = n.
The computation of gcd0(m, n) reduces in one step to m, and therefore terminates.
- Case m # n.

The computation of gcd®(m, n) reduces in one step to that of gcd0(p,q — p), where
p = min(m, n) and ¢ = max(m,n). Thus, the passage of computing gcd0(m,n) by
means of computing gcd0(p,q — p) maintains the invariant of having both compon-
ents of the pair being positive integers; but, crucially, strictly decreases the sum of the
pairs in each recursive call (as m + n > max(m,n) = p + (q — p) because both m and
n are positive). As this process cannot go on forever (the sum is of two strictly positive
integers but decreases at every step, so the lowest it can gois 1 +1 = 2, at which
point m = n), the recursive calls must eventually stop and the overall computation
terminate (in fact, in a number of steps necessarily less that or equal the sum of the
input pair).

We can use induction to make this argument formal; see §4.3.1.
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4. On induction

4. Basic exercises

1. Prove that for all natural numbers n > 3, if n distinct points on a circle are joined in consecutive
order by straight lines, then the interior angles of the resulting polygon add up to 180 - (n—2)
degrees.

We prove this property P(n) of all n > 3 by mathematical induction from basis 3.

Base case: n = 3. Three connected points on a circle must form a triangle: since they are
distinct, they cannot be collinear. The sum of internal angles of a triangle is 180°, which is
180 - (3 —2) degrees.

Inductive case: n = k + 1. Assume that (B P(k) holds and take an arbitrary polygon
constructed from k + 1 points A,,...,A.,; on a circle. The (k + 1)-gon can be separated
into a k-gon and a triangle with a line segment connecting A; and A,. By the induction
hypothesis (H), the interior angles of the k-gon add up to S, = 180 - (k — 2) degrees. The
sum of angles of the whole polygon is Sy, = Sy + ZA A A1 + LAA A+ LAAA L,
where the angle terms belong to the triangle AA;AA..;. Since its interior angles must
add up to 180°, we have the expression for the sum of internal angles of the (k + 1)-gon:

Sii1 =S, +180° =180 (k—2)+180° =180 ((k + 1) —2)

While the formula holds for any polygon, working with points on a circle makes the
inductive proof easier, since we never need to worry about three points being on the same
line and only making up one side.

It may be tempting to approach the inductive step by starting with a k-gon, then adding
a new point to turn it into a (k + 1)-gon and increasing the sum of internal angles by 180°.
The problem with this is that we are given a (k + 1)-gon to start with, and its vertices are
predetermined: we need to split it up into a triangle and a k-gon, no matter what the points
are. This distinction is fairly minor in this case and doesn’t cause any difficulties (any line
segment connecting two vertices one point apart will split do the job), but remembering
what parameters we have control over vs. what we are given (that is, what we need to
assume as being arbitrary) is very important in proofs, especially inductive ones. We will
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see examples of this throughout this sheet.

2. Prove that, for any positive integer n, a 2" x 2" square grid with any one square removed can
be tiled with L-shaped pieces consisting of 3 squares.

We prove the property P(n) of all n > 1 by mathematical induction from basis 1:
P(n)=V0<1i,j<n.a2"x2"grid Awith square A; ; missing can be tiled
Base case: n = 1. Take a 2! x 2! = 2 x 2 grid and assume one of the squares is missing.

This must be one of the following four situations, depending on which one of the 4 squares
was removed:

All resulting shapes can be tiled with one L-shaped piece consisting of three squares.

Inductive step: n = k + 1. Assume @ P(k): a 2¢ x 2k grid with any square missing can be
tiled with L-shaped pieces. Take a 25! x 2%*1 grid with any one square missing. The grid
can be split into four 2% x 2% quarters which we label by A, B, C and D; assume, without
loss of generality, that the missing square is in quarter A at position A, ;. By the (® applied
to i and j, the quarter A can be tiled with A; ; missing. Next, we use the (+) applied to i = k
and j =1 to tile quarter B with the bottom left square missing. Similarly, we tile C and D
with two applications of the induction hypothesis ((H(1, k) and (1, 1), respectively) with
the top right and left corners missing. The three missing corners form an L-shaped hole of
3 squares in the middle of the 2K*! x 2k grid, which can be filled in with one additional
tile. This leaves only one missing square A; ; with the rest of the grid tiled with L-shaped
pieces, so we are done.

AD:: SR B

C LTI TrrrrD

This isan example of an inductive proof where the proposition P(n) is itself a universally
quantified statement: we state property for all grid size parameters n, and within a particular
grid of size 2" x 2", for all possible grid cells that could be missing. Thus, after case-splitting
on n, we still have a universally quantified proof obligation; however, in the inductive case,
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we also have a universally quantified inductive assumption.

While the general pattern for proofs like this is just an instance of the standard induction
principle, it is worth analysing nevertheless:

To prove a property of the form
YneN.Vx €A P(n,x)
it is sufficient to prove

Vx€A. P(0,x) and VkeN.(Vye€A P(k,y))= (Vxe€A. P(k+1,x))

The base case - which is usually seen as the “trivial” step — is now itself a universally
quantified statement which may not necessarily be easy to establish. Indeed, if the inner
quantification is over natural numbers as well, we may end up having to do another
inductive proof of Ym € N. P(0, m) if a direct proof (“Let m be an arbitrary natural number
and prove P(0,m)...") is not possible.

The inductive step highlights the interplay between the two quantifications. Unwrapping
the formula, we get three assumptions: an arbitrary natural number k, an arbitrary element
x € A, and a proof that P(k,y) holds for any choice of y € A. In the process of the
proof, this induction hypothesis can be applied to any element y € A, be it x € A, a
value computed from x, or any other value arbitrarily chosen by us. There is a significant
difference between the inductive step above, and a formula such as

VkeN.Vxe€A. P(k,x) = P(k+1,x)

which leaves us no flexibility in “tailoring” the IH to our needs by choosing an appropriate
value for x.

The question above had an inner universal quantification over the position of the missing
cell, so the proof cannot depend on any particular choice of position in the 2€*1 x 2k+1
grid. However, we do have control over the position of the missing cell when applying the
induction hypothesis to the 2% x 2k quarter grids: we can essentially think of the (¥ as a
“function” from coordinates (i, j) to the proof of “tileability”. To complete the inductive
step, we first apply the IH to the coordinates of the actual hole in the 25*! x 25+1 within
the A quarter, then select the appropriate locations for the holes in the quarters B, C and
D to leave an L-shaped hole in the middle. We apply the (H) both to the unknown values
(i,j) given to us by the universal quantifier on the LHS of the implication, as well as values
that we select deliberately to create space for an extra L-shaped tile.

The phrase “without loss of generality” is often used to reduce repetition or make sim-
plifying assumptions that do not change the strength of the result. It is usually understood
that if the assumption is violated, it can be altered in an obvious way to make the rest of
the proof go through. It is important to ensure that the assumption really doesn’t affect
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the generality of the statement: saying things like “w.l.0.g., assume n is even/nonzero/a
power of two” is sometimes tempting, but it's rarely clear how the proof could be extended
to numbers which are odd/zero/not a power of two, and proving these cases may require
entirely different approaches to the one considered. Above, we assumed w.l.o.g. that the
hole is in quarter A so we don’t need to repeat the proof for all four quarters. The proofs
would not be exactly the same (e.g. if the hole was in quarter B, the IH would need to be
applied to the (i — k, j) coordinates of the 2F x 2% grid), but it's clear that the general idea
would work in each case.

The proof above doesn'’t just show that a tiling is possible, it gives a concrete algorithm
for constructing it. Proofs like this are — unsurprisingly - called constructive proofs (also
known as effective proofs to avoid confusion with constructive mathematics), as opposed to
nonconstructive or pure existence proofs which show that a mathematical object exists, but
doesn’t give a concrete example or way of computing one. Constructive proofs by induction
naturally give rise to recursive algorithms, where the application of the (H corresponds to
a recursive call. Of course, when implementing the recursive algorithm, we don’t have the
luxury of saying that “without loss of generality, assume the user will never call the function
with the hole outside of quarter A” - we have to explicitly handle all four possibilities and
slightly different recursive calls to cover any possible input.

4.2. Core exercises
1. Establish the following:

(a) For all positive integers m and n,

m—1
(2'—1)- > 2 =2mm—1]
i=0

The first thing to note is that an inductive proof is not really necessary. Indeed, for
arbitrary positive integers m and n, one can calculate that

m—1 m—1 m—1
(zn o 1) . Z 2i-n — 2(i+1)-n o Z 2i-n
i=0 i=0 i=0
m—1 m—1
— 2i-n + 2((m—1)+1)~n _ 20~n o Z 2i4n
i=1 i=1
=2mn—1

However, as it is very instructive, two inductive proofs follow. Note the different,
though subtle, ways in which the inductive hypothesis is used in each proof.

For the first proof, we show
VmeZ*. P(m)
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for P(m) the statement

m—1
Vnezt. (2'—1)- » 2" =2""—1
i=0

by the Principle of Induction.

Base case: m = 1. The statement P(1) amounts to
Ynez. (2"—1)-2i"=2!"—1
which is vacuously true.

Inductive step: m = k + 1. Let k be an arbitrary positive integer, and assume that the
Inductive Hypothesis P(k) holds for it; i.e. that

k—1

Vnezt (2"—1)- » 2" =2k"1—1 ®),

i=0
We need show that P(k + 1) follows; i.e. that

(k+1)-1 -
Vne 77F. (Zn _ 1) . Z o — 2(k+1)~n 1
i=0

To this end, we let [ be an arbitrary positive integer and proceed to show that

k
(21 _ 1) . Z 2i'l — 2(k+1)~l -1 @
i=0
Indeed, instantiating the (H),, we have that
k—1
(2—1)- > 2t =2k -1 ®
i=0
and so that
k k—1
(2l —1) -Zz” = ((21 —1)- Zz”) + (28 —1) -2
i=0 i=0
=2 14 (2! —1). 2K (by @)
— 2(k+1)'l . 1
establishing (1) as required. O
For the second proof, to show
m—1

Vnezt. ¥mez. (2"—1)- » 2" =2""—1
i=0
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we let [ be an arbitrary positive integer and prove
VmeZ*. Q(l,m)
for Q(I, m) the statement
m—1
(2—1)- > 2t =2ml—1
i=0
by the Principle of Induction.
Base case: m = 1. The statement Q(I, 1) amounts to
(21 o 1) . 20'l — 21-l . 1

which is vacuously true.

Inductive step: m = k + 1. Let k be an arbitrary positive integer, and assume that the
Inductive Hypothesis Q(I, k) holds for it; i.e. that

k—1
(21—1)-22“ —okl_1 ®,
i=0
We need show that Q(I, k + 1) follows; i.e. that
(k+1)—1
(21 o 1) . Z 2i'l — 2(k+1)~l -1 @
=0

Indeed,

k k—1
(2-1)- > 2= ((21 —1)- Zz“) +(2—1)- 2K

=2kl 14 (2 —1). 2K (by @),)

— 2(k+1)~l _ 1

establishing (1) as required.

The core of the proof is the same in both cases; the difference is how they set
up the induction hypothesis. The first proof includes the quantification over n in the
(W, and applies it to the arbitrary [ in the proof to get a specific instance 2. The
second proof fixes this [ right from the start, introducing it as a new arbitrary variable
in the standard manner of proving universal quantification. Then, the predicate to
be established by inductively is “parameterised” by this [, so the statement Q(I, m)
doesn't actually need a nested quantification. Despite (H, not containing a universal
quantification, the proof only requires it at the specific [ we already introduced. This
makes the second proof slightly simpler, but it would not work if we ever needed the
induction hypothesis at any other value of n.
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(b) Suppose k is a positive integer that is not prime. Then 2K — 1 is not prime.
Let k be an arbitrary positive integer. We consider two cases:
« k = 1. The statement holds because 2! —1 = 1 is not prime.

« k> 2. Assume that k > 2 is not prime. Hence, it is of the form m - n for natural
numbers m, n greater than or equal 2. It follows from the previous item that
2F—1=2m""—1=(2"—1)- 3 2" and, since 2" —1 > 22— 1 = 3 and
ST 2" > 1+ 4 = 5, we have that 2X — 1 has a non-trivial decomposition.
Hence it is not prime.

2. Prove that
VneN.VxeR.x>-1 = (1+x)">1+n-x

We prove Vn € N. P(n) for P(n) the statement
VxeR. x>2—-1=(1+x)">1+n-x

by the Principle of Induction.

Base case: n = 0. The statement P(0) reduces to
VxeR. x>-1=1>1

and holds vacuously.

Inductive step: n = k+1. Let k be an arbitrary natural number, and assume P(k); i.e. assume
the Inductive Hypothesis

VxeR x>—-1=14+x)">1+k-x ©)
We need show that P(k + 1) also holds; i.e. that
VxeR x>-1=1+x)""'>1+(k+1)-x
To this end, we let y be an arbitrary real number, assume further that
y=-1 ©O)

and proceed to show that
Q+y) " >14+*k+1)-y @

From (H), by instantiation and Modus Ponens using (1), one concludes that
(1+y)=>1+k-y
and from this, since by (1) we have 1+ y > 0, it follows that

A+ =0+ Q+y)=Q+k-y) - A+y)=1+k+1)-y+k-y*
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Thus, from the fact that k - y2 > 0, ) holds.

3. Recall that the Fibonacci numbers F, for n € N are defined recursively by F, =0, F; = 1, and
F.o=F,+F, forneN.

a) Prove Cassini’s Identity: For alln € N,
Fn : Fn+2 = Fn+12 + (_1)n+1
We prove
VTl €N. Fn : Fn+2 = Fn-H2 + (_1)fl+1
by the Principle of Induction.

Base case: n = 0. We have that
Fy-Fy=F* +(-1)!
because F,=0and F; = 1.
Inductive step: n = k+ 1. For any natural number k, assume the Induction Hypothesis
Fo - Fipp = Fg? + (1)

which can be rearranged to the following form by subtracting (—1)<*!:

Fiy> = (1) +F, Fiyy @®
We need show that

Frgp- F(k+1)+2 = F(k+1)+12 + (_1)(k+1)+1

i.e. that
Fry - Frs = Fk+22 + (_1)k

for which one calculates as follows:

Fk+1'Fk+3:Fk+12+Fk+1'Fk+2 (Fk+3:Fk+1+Fk+2)
:(_1)k+Fn'Fk+2+Fk+1'Fk+2 (by@)
= (=1 + F;° (Fyso = F + Fiyq)

b) Prove that for all natural numbers k and n,
Fovir1 = Fnpq - Frgn + Fy - F

A standard one-step induction proof is possible, but the task becomes quite a bit
simpler if we have two induction hypotheses.

One-step induction proof



DISCRETE MATHEMATICS SOLUTIONS WITH COMMENTARY

We prove that
Vk e N. P(k)

for P(k) the statement
VREN. F o =Fp Fep +Fy - Fr

by the Principle of Induction.

Base case: We need show that

VneN.F,,,;=F

w1 F1+Fy - Fy
which holds because F; =1 and F, =0.

Inductive step: For an arbitrary natural number k, assume the Induction Hypothesis
VRneEN. F o =Fp Fop HF - Fr ®
We need show that
VneN. Foan = Far1  Faan T Fa s Fin

i.e. that
VneN. Fyio = Fppy - Fryo +Fp - Fop @

To this end, we let m be an arbitrary natural number and proceed to show the
equivalent identity:
F(m+1)+k+1 =Fp Fro+Fy - Fry @

Indeed, instantiating the universally-quantified Induction Hypothesis (H for the nat-
ural number m + 1, one has that
F(m+1)+k+1 = F(m+1)+1 “Frp +Fp - Fre
from which one further calculates as follows:
F(m+1)+1 “Fip1 + Fopyq - Fy

= Fo-Frg+Fp Frg +Fgq - Fi (F(m+1)+l :Fm+Fm+1)

= F - Frg+Fp0 Figo (Fk+2:Fk+Fk+1)
to conclude 2).

This is an example of a proposition that could also be established by nested
induction: rather than show (1) directly for an arbitrary n € N, we could do another
base case for n = 0 and inductive case for n = m + 1. It's not always obvious when
this is required, but quite often results in a lengthier, but simpler proof.

Two-step induction proof
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We prove that
Vk e N. P(k)

for P(k) the statement
VREN. F o =Fp Fep +Fy - Fr

by the Principle of Induction with two induction hypotheses.

Base case 1: k = 0. We need show that
YneN.F,,,=F,_,-F,+F,-F,

which holds because F; =1 and F, =0.

Base case 2: k = 1. We need show that
VneN.F,,,=F,,-F,+F, -F,

which holds because F, =1,F, =1and F, ., +F, =F, .

Inductive step: Assume the following two Induction Hypotheses:
Froskr1 =Fnpq - Fogr +Fy - Fy @1
Frsiro =Fnp1 - Frgo + Fy - Fry @2
We need to prove that
Fn+(k+2)+1 =F 1 Figs +Fy - Fryo

One calculates as follows:

F n+k+3

= Fpirr + Fryrez

= (Fpy1 Fyp1 +Fyp F )+ (Foyq - Fryo + F, - Fryq) (@, and (1),)
= Fn+1'(Fk+1+Fk+2)+Fn'(Fk+Fk+1)
= Fp Frys +Fy- Frpo (Fiss = Fiq + Fipp @and Fiyp = Fi + Fipq)

Recognising the value of two induction hypotheses leads to a significantly simpler
and more elegant proof. It is important to remember that if we go back k induction
steps, we also need to prove the first k base cases.

If either of k or n is positive, this identity gives a way of expanding F,, as a sum
of products of Fibonacci numbers — a useful property whenever the index is a sum.

c) Deduce that F, | F;, for all natural numbers n and .

We prove that
VIl eN. P(1)
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for P(1) the statement
VneN.F, |F,,

by the Principle of Induction.
Base case: We need to show that
VneN.F,|F,,

i.e. that
YneN.F, |0

which holds because we know that every integer divides O from §1.2.1(b).
Inductive step: For an arbitrary natural number [, assume the Induction Hypothesis
VneN. F, |Fl~n @

We need to show that
YneN. Fn | F(l+1)~n

i.e. that
VTlEN'Fn|Fl-n+n

To this end, let n € N be an arbitrary natural number. We first consider the case when
n = 0: we have F, | F}q,, from the fact that O | O (see §1.2.1(a)). Otherwise, we can
express Fy.,,, as Fy.,,(,_1)+1 and expand using §4.2.3(b) as follows:

Fl-n+(n—1)+1
= Fl~n+1 : F(n—1)+1 + Fl~n : Fn—l (by §4-2-3(b))
:Fl.n+1'Fn+k'Fn'Fn_1 (by@,akGZ.FIHZk'Fn)

= Fn'(Fl«n+1+k'Fn—1)
Thus, F41)., = k' - F, for k' = F ., + k- F,_;, showing that F, | F;,).,, as required.

Words like “deduce” and “conclude” are a dead giveaway that you should be using
properties you showed in a previous part of the question, so you should always try
to transform the proposition or play around with your assumptions until a previous
lemma could be applied - this step often takes care of the “hard part” of the proof.
In this exercise the inductive step gave us Fj.,,,; since the index is a sum of two
natural numbers with n positive, we notice that the previous identity can be applied
to expand the term into two more “manageable” subterms.

d) Prove that gcd(F, ., F, ;1) terminates with output 1 in n steps for all positive integers n.

We prove that

Vn eN. gcd(F,,,, F,,1) terminates with output 1 in n steps
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by the Principle of Induction.

Base case: We need to show that
gcd(Fs, F,) terminates with output 1 in 1 step

Since F; =2 and F, =1 and 1| 2, the algorithm terminates with the base case of
F, =1 after one step.

Inductive step: For an arbitrary natural number k, assume the Induction Hypothesis
gcd(Fy o, Frq) terminates with output 1 in k steps @)
We need to prove that
gcd(Fy,3, Fri2) terminates with output 1 in k + 1 steps

By the definition of Fibonacci numbers, F; 5 = Fj,, +F;,;.Since F; 5, > F;, 4, thisisa
valid quotient-remainder decomposition of F,_ 5 so by the Division Theorem we have
that quo(Fy3, Fryn) = 1 and rem(F, 5, Fy.5) = Fyq. As Fy; is positive, Fi,5 1 Fiis
and gcd(Fiys, Fiio) steps to gcd(Fiyp, rTem(Fy g, Fiyp)) = 8Cd(Fiy, Fiyr )- By the @),
this terminates with output 1 in k steps; thus, starting with the additional computation
step, gcd(Fy,s3, Frin) terminates with output 1 in k + 1 steps.

e) Deduce also that:
(i) for all positive integers n < m, gcd(F,,, F,) = gcd(F,,_,,, F,,),
and hence that:

(i) for all positive integers m and n, gcd(F,,, F,,) = Focq(mn)-
Firstly, we prove the following statement equivalent to (i):
For all positive integers n and natural numbers k,

ng(Fn+k+1> Fn) = ng(Fk+1> Fn)

We make use of the following corollary/restatement of Theorem 61, which allows us
to use properties of Euclid’s Algorithm in reasoning about gcds:

For all positive integers m and n, gecd(m, n) = gcd(m, n).
In particular, we can adapt the recursive case of the definition of gcd into:
Vm,n € Z*. ged(m,n) = ged(rem(m, n), n) ©)
and the previous part §4.2.3(d) (shifted to positive integers) into:

VmeZ*. ged(F,. 1, Fy)=1 @
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Now, let n be a positive integer and k a natural number. Then,

gcd(F, 141, F,) = gcd(F,,q - Foyy + F, - Fi, F,) (by §4.2.3(b))
= ged(rem(F, .y - Fiyy + Fy - Fi, Fp), F) (by @)
= gcd(F,4q - Fiinr Fr) (by §2.1.3(a))
= gcd(Fyyq, Fp) (by §3.2.3 and )

Secondly, we prove the following statement from which (ii) follows:
for all positive integers [, P(1)
where P(1) is the statement:

for all positive integers m, n,
if gcd(n, m) terminates in [ steps then gcd(F,,,, F,,) = Fyeqqmn)

for gcd0 the function from §3.3.3. The proof is by the Principle of Induction.

Base case: Let m, n be arbitrary positive integers. Assume that gcdo(m, n) terminates
in 1 step. Then m = n and gcd(F,,, F,) = F;, = Fyeqqmn)-

Inductive step: Let [ be an arbitrary positive integer, and assume the Induction
Hypothesis P(1). Further, let m,n be arbitrary positive integers, and assume that
gcdO(m, n) terminates in [ + 1 steps Then, for p = min(m, n) and ¢ = max(m, n),
gcdO(m,n) = gcdO(p,q—p) and gcdO(p,q — p) terminates in [ steps. Thus, by the
Induction Hypothesis, we have that ged(F,_,, F,) = Fyeq(q—p p)- Finally, since by the
previous item, gcd(F,,, F,,) = gcd(F,, F,) = gcd(F,

_p»F,)and F, F
Focd(m,n) We are done.

ged(g—p,p) — L'ged(q.p) —
g

One can intuitively deduce that property (ii) holds because we are performing the
simplified Euclid’s Algorithm (with repeated subtraction rather than remainder) on
the indices of the Fibonacci number via a repeated application of property (i). This is
indeed the case, but formulating this into a proof is far from obvious. Given that this
is an exercise sheet on inductive proofs, we could try doing induction on m or n, only
to notice that we can’t make use of the inductive hypothesis in any meaningful way.
Indeed, the “repetition” that we're trying to capture has nothing to with the numerical
value of m or n directly, but rather the number of times we have to apply property (i)
to compute their gcd. Given m,n € Z*, we either cannot apply (i) because m and n
are equal, or we can apply it once to get gcd(F,,_,,, F,,), recursively apply it [ more
times to get Fyo4(;m—nn) @and then “unapply” one step of gcd0 to get Fyeqm n)-

Extracting a strong enough induction hypothesis from this intuition is still nontrivial
and requires us to explicitly refer to the termination of gcd0. Moreover, m and n
are universally quantified in the induction statement and the required property
gcd(F,,, F,) = Fyeqqm,n) is made dependent on a termination hypothesis that refers to
the induction variable [, rather than relating the two with a conjunction. This means
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that when proving the inductive case, we can assume that gcd0(n, m) terminates
in more than one step, and execute one step of the algorithm manually by applying
property (i). It may take several attempts to construct sufficiently strong induction
hypotheses, and as this exercise shows, they are not always as direct as case-analysing
on a positive/nonnegative integer that is quantified over in the proposition.

f) Show that for all positive integers m and n, (F,, - F,,) | F,,.,, if gcd(m,n) = 1.
Since m and n are coprime, §4.2.3(e) gives:
ng(Fm’Fn) = Fgcd(m,n) = Fl =1

implying that F,, and F, are themselves coprime. From §4.2.3(c) we know that F,,, | F,,,.,,
and F, | F,,.,. This, together with coprimality of F,, and F,, and §3.2.2 implies that
F,-F,|F,.,, asrequired.

g) Conjecture and prove theorems concerning the following sums for any natural number n:
(I) Z?:o Fz-i

After some test cases we conjecture the following identity:

n
ZFZ-i =Fyp—1
i=0

and prove it by the Principle of Induction.

Base case: n = 0. The sum consists of a single term F,,, = F, = 0, which equals
F20+1_1:F1_1:O.

Inductive step: n = k + 1. We assume the Induction Hypothesis

k
ZFz-i:F2k+1_1 @
i=0

and prove that
k+1

Z Fyi = F2(k+1)+1 —1
i=0

We can calculate as follows:

k+1 k
Z Fyi =Fyeny Z Fy.i
i=0 i=0
= Fopya + Fop1 — 1 (by @)

= Fopz—1=Fopipn—1

(“) Z?:o FZ-i+1
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We conjecture the following identity:

n
E :F2~i+1 =Fonpo
i=0

and prove it by the Principle of Induction.

Base case: n = 0. The sum consists of a single term F,.,,; = F; = 1, which equals
Fyopp=F, =1

Inductive step: n = k + 1. We assume the Induction Hypothesis
k
Z Fyiv1 = Forso ©)
i=0

and prove that
k+1

Z Foiy1 = F2(k+1)+2

i=0
We can calculate as follows:

k+1 k

Z Fyit1 = Fagans + Z Fait1
i=0 i=0

= Fopyz3 + Foppn (by @)

= Foira = Foger1)+2

(i) Sy F,

We conjecture the following identity:

n
ZFi:Fn+2_1
i=0

We can prove this by induction as before. Instead, we derive it from the previous
two results by case-analysis on n:

Case n = 2k. If k is O, the sum is O = F;,, — 1. Otherwise, the sum consists of
the first k even Fibonacci numbers plus the first (k — 1) odd Fibonacci numbers:

2k k k—1
ZFi - (ZFz.i) i (ZF%‘H) = Fop1 + Fyp =1 =Fyip—1
i=0 i=0 =0

Case n = 2k + 1. The sum consists of the sum of the first k even Fibonacci
numbers plus the first k odd Fibonacci numbers:

2k k k
ZFi - (Z Fz-i) i (Z F2-i+1) = Fopp1 =1+ Fopyo = Fopyrya — 1
i=0 i=0 i=0
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4.3. Optional exercises
1. Recall the gcd0 function from §3.3.3. Use the Principle of Mathematical Induction from basis 2
to formally establish the following correctness property of the algorithm:

For all natural numbers [ > 2, we have that for all positive
integers m, n, if m+n <1 then gcd0(m, n) terminates.

As suggested, we proceed by Mathematical Induction from basis 2.

Base case: We need show that for all positive integers m, n, if m+ n < 2 then gcd0(m, n)
terminates. To this end, we let m and n be arbitrary positive integers, and assume that
m+n < 2.Then,m =n =1 and gcd0(m, n) terminates.

Inductive step: Let [ be an arbitrary natural number greater than or equal 2, and assume
the Induction Hypothesis

For all positive integers m, n, if m + n < [ then gcd0(m, n) terminates. ©)

We need show that for all positive integers m, n, if m+n < [+1 then gcd0(m, n) terminates.
To this end, we let a, b be arbitrary positive integers, assume that a+ b <[+ 1, and
proceed to prove that gcd0(a, b) terminates.

We consider three cases.
- If a = b, then gcd0O(a, b) terminates.

« If a < b, then gcd0(a, b) = gcdO(a, b — a). Moreover, by the Inductive Hypothesis (1),
we have that

ifa+ (b—a) <1then gcdO(a, b—a) terminates,

and since
a+(b—a)=b <Il+1—a <1

it follows that gcd@(a, b — a) terminates and therefore that so does gcd0(a, b).

« If b < q,then gcd0(a, b) = gcdO(a,a — b). Moreover, by the Inductive Hypothesis (1),
we have that

if b+ (a—b) <1then gcdO(a,a— b) terminates,

and since
b+(a—b)=a <1l+1—-b <1

it follows that gcd®(a, a — b) terminates and therefore that so does gcd0(a, b).

2. The set of univariate polynomials (over the rationals) on a variable x is defined as that of
arithmetic expressions equal to those of the form Z?:O a; - x', for some n € N and some
coefficients ay,a,...,a, € Q.

(a) Show that if p(x) and g(x) are polynomials then so are p(x) + g(x) and p(x) - g(x).
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Let p(x)=>." a;-x"and q(x) = Z;;O b; - x/ be polynomials, and assume without
loss of generality that m > n. For simplicity, we extend the coefficients a; and b; to all
natural indices, with a; = 0 form <iand b; = 0 for n < j. Then, the sum p(x)+q(x)
is a polynomial (of degree m) because it is of the form:

p(x)+q(x) =D (a;+b)-x'
i=0

where the coefficients a; + b; are rational numbers since Q is closed under addition.

For the product p(x)-q(x), we calculate using the distributivity of multiplication over
addition:

p(x)-q(x) = (iai'xi) : (Zn: b; 'xf)

The number of terms in the sum of a fixed degree d will be equal to the number of
ways one can construct d as a sum of ani < m and a j < n; for example there will
be at most one term of degree O or m + n, two terms of degree 1 =14+0=0+1
andm+n—1=m+(n—1)=(m—1)+ n, three of degree 2and m+n—2 and
so on. Terms of the same degree can be combined, with their coefficients getting
added together. Using our extended coefficient indexing, the coefficient of the term
of degree k can be concisely expressed as:

k
j=0

As expected, ¢, = q, - b, (the constant terms), ¢,,,, =ag-b+m+n+---+a, - b, +
oo+ a,,,bgp=0+---+a, - b,+---+0 (most of the coefficients are “out of range”
andareO)andc, =a,-b,+a,-b,_;+---+a,- by, (nnonzero coefficients). Since
these are all rational numbers, the product of two polynomials is indeed a polynomial
(of degree m + n) because it is of the form:

m+n

p(x)-q(x) = - x*

k=0

(b) Deduce as a corollary that, for all a, b € Q, the linear combination a - p(x) + b - g(x) of
two polynomials p(x) and g(x) is a polynomial.
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Every rational number a can be seen as a polynomial of degree 0, with its only
coefficient being a. Thus, a-p(x) is a product of polynomials and hence is a polynomial.
The sum of two such expressions is still a polynomial, so we can conclude that the
linear combination a - p(x)+ b - q(x) of two polynomials for a, b € Q is a polynomial.

(c) Show that there exists a polynomial p,(x) such that p,(n) = >, i*=0%+1*+--- +n?

for everyn € N.'
Hint: Note that for everyn € N,

n

(n+1)° :zn:(i+ 1= >
i=0

i=0

The required polynomial is

1, 1, 1
n)=_-n"+_-n"+-n
p,(n) 3 5 6

We show that this is a sum of squares for any n € N by induction.

Base case: n = 0. The polynomial reduces to 0, which is the sum of the square number
0=02%

Inductive step: n = k + 1. Assume the Induction Hypothesis:

pa() = 2o+ e L= S ®
’ 372 6 &

We need to prove that
k+1

palk+1)=> i
i=0

The polynomial expands as follows:

1 1 1
po(k+1)= §(k +1)° + E(k +1)* + g(k +1)

1 1 1 1 1, 1
=K +k*+k+-+-kKP+k+=+k+-=
3 3 2 2 6 6

1 1 1 1 1 1
=(—k3+—k2+—k)+k2+2k+—+—+—
3 2 6 3 2 6

k
= > 2+ (kK +2k+1) (by @)
i=0
k+1

:Zk:i2+(k+1)2:2i2
i=0

i=0

Thus p,(k + 1) is the sum of consecutive squares, as required.

TChapter 2.5 of Concrete Mathematics by R.L. Graham, D.E. Knuth and O. Patashnik looks at this in great detail.
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As is usual with existence proofs, the hard work is done behind the scenes and we
start off the formal proof by magically producing a witness that just so happens to
satisfy the required property. The required witness for the existence was calculated
from the supplied hint:

n

(n+1)3:Zn:(i+1)3—Zi3

i=0

:Zn:(i3+3i2+3i+ 1)—Zn:i3
=0 i=0
= (Zn:3i2+3i+1) +Zn:i3—zn:i3
i=0 i=0 i=0

n n n
3i2+3i+1=3-Zi2+Z3i+1
=0 i=0

i=0
Rearranging, we get that

n

Zizzé((n+1)3—zn:3i+1)
=0

i=0

1 3
:§(n3+3n2+3n+1—(n+1+§(n2+n)))

L 101 1, 1

=-n+n*+n+-—=n—=—=n>+=n
3 3 2 2

1 1

=-n*+-n*+-n

3 6

Now, we suspect that this is the right answer, but the formal proof should start with
the statement of the answer followed by a proof that it satisfies the required property.
This is especially important in this case, when the proposed witness was calculated
using the (unverified) hint; separately proving that the polynomial is a sum of squares
makes our answer independent of the hint. The formal proof may well be done using a
different technique (in this case, induction), but it should not present any unpleasant
surprises since our proposed witness is almost certainly correct.

Of course, the statement for this question is a rather obfuscated way of saying “find a
formula for the sum of the first n square numbers”. You may already have it memorised
as i
Ziz _n(n+1)2n+1)

B 6

i=0
Multiplying things out indeed leads to the formula for the polynomial p,(n) we had
above. Even if we recognise this shortcut (instead of deriving it from the hint), we still
need to prove that the formula works - this is still best accomplished using induction.

(d) Show that, for every k € N, there exists a polynomial p,(x) such that, for all n € N,
pr(n) =2 jif=0k+1%+... +nk.
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Hint: Generalise the hint above, and the similar identity

n

(n+ 1) =Zn:(i+1)2—2i2
i=0

i=0

For k € N, P(k) be the statement

There exists a polynomial p,(x) such that, forall n € N, p,(n) = Z?:O ik,

We prove this by the Principle of Strong Induction.

Base case: The polynomial needs to satisfy p,(n) = D..

1% since i = 1, this is
simply equal to p,(n) = n+ 1, which is a polynomial.

Inductive step: Assume the Strong Induction Hypothesis: forall 0 <[ <k,

n

there exists a polynomial p;(x) such that, foralln € N, p,(n) = Z il (W
i=0

We need to show that P(k + 1) holds, that is

there exists a polynomial py,;(x) such that, for alln € N, p,,(n) = > i**!

The required witness of existence is

k
Pen ()= ﬁ(( ey ] pj(n)) ®

j=0
This is indeed a polynomial since:

« p;(n) is a polynomial for all 0 < j < k by the Strong Induction Hypotheses, and
Z;;O (k;.’z)pj(n) is a linear combination of polynomials which is a polynomial;

- (n+ 1)¥*2 can be expanded using the Binomial Theorem into a sum of powers of
n with binomial coefficients, so it too is a polynomial;

1

s isa rational coefficient.

« the sum of two polynomials is a polynomial, and
We prove that p;,(n) = Z?:O i**1 for all n € N by induction on n.
Base case: As before, p;,,(0) = 0.

Inductive step: Assume the Induction Hypothesis

n

P () =D ik ®

i=0

and prove that
n+1

Prn(n+1)= Z i<+

i=0
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First, we note the following two calculations:

k+2
(n+2)2 =((n+1)+1) 2= Z (k 2)( + 1) (Binomial Theorem)
NI
k

k+2
=+ 1"+ (k+2)-(n+ 1)+ Z( —: )(n +1)" (extract two summands)
i=0

j=0
k n+1 n+l k
=Z(k~|._2) 'Zaj = Z(k+2) -al (by (W4 and distributivity)
=~ J a=0 a=0 j=o ~ J
S (k+2 L&k +2)
= Z( j ) (n+1) + Z( j ) -a’ (extract last summand)
j=0 a=0 j=0

Combining the two, we have that

k

(2= (FF2) )

j=0
:(n+1)"+2+(k+1)-(n+1)"“—znzzk:(kir2)-af ©)
a=0 j=0 J

Now we are ready to expand the polynomial of the inductive step:

Prs1(n+1)
1 o k+2)
= 2((n+2) ;( . )pj(n+1))
L+ ) (k4 2) - (1) - ZZ(“Z) @ (by @)
k+2 prr e A
. k+2) .
k—((n+1)k2 Z}:;( . )a1)+(n+1)’<1
_L k+2 k+2 . - j k+1
=10 ((n+1) ;( j ) a20a1)+(n+1)
_L k+2 - k+2 . k+
—k+2((n+1) =2 )p]-(n))+(n+1) 1 (by @)
n n+1
= pra(M) + (41 =5+ (DT =D (by ® and @)
i=0 i=0

Thus, we have shown (by the nested Mathematical Induction) that our definition of
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Pr+1(n) by ® indeed satisfies py,,(n) = > i**! for all n € N. Then, by the outer
Strong Induction, we can conclude that there exists a polynomial p,(n) for all k € N

that satisfies p;(n) = >."_ i* foralln € N.

Once again, we found the witness (E) by calculating backwards from the (conjec-
tured) generalisation of the hint

n n

(n+1F =D (I +1)k= > ik

i=0 i=0
We could prove that this holds, but we can also use it without proof to derive the
witness, as long as we then formally show that the witness is correct. Given that the
property is only used behind the scenes as an “educated guess”, it will not invalidate
the proof even if the conjecture is actually incorrect. The calculation of the witness is
as follows:

(Tl + 1)k+2 — Z(m + 1)k+2 _ Z mk+2

n  k+2 n
k+2 ;
(ZZ( ) 1) _ka+2 (Binomial Theorem)
m=0 j=0 m=0
k+2 n n
k+2 ; ;
(Z Z ( ) 1) - Z mk+? (commute summation)
j=0 m=0 m=0
k+1 n
k+2 ;
— Z Z ( ) m’ (subtract last summand)
j=0 m=0
k n
k+2 k+2)
_ Z ( ) R+l Z ( ) -m’/ (extract last summand)
ik +1 pr
S (k+2
= (k+2)Z:mk+1 +Z( ) ZmJ (binom. coefficient)
_]:0 m=0
k+1 (k2
= (k +2)Zm +>° -p;(n) (@)
m=0 j=0
We rearrange this to get Z ! and set that as the witness formula for p;(n).

“This proof is a rather involved example of a nested, mixed induction proof: we do
strong induction over k € N and mathematical induction over n € N when proving
that our proposed witness (E) for p,;(n) (the inductive case of the outer induction)
is correct. The strong induction hypothesis (H is used throughout the proof, both in
the derivation of the witness and the proof of its correctness.

Note that we haven't actually constructed a closed-form expression for p,(n), but
a recursive algorithm for computing it from formulae for lower degrees. Importantly,
we established that the recursive expression is indeed a polynomial using the clos-
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ure properties proved in earlier parts. This is sufficient to prove that there exists a
polynomial expression for Z?:O ik, but of course one has to do quite some additional
work to extract the degree and the coefficients of the polynomial from the recursive
construction. The general, closed-form expression is known as Faulhaber’s Formula
and features the Bernoulli numbers, a rather irregular-looking sequence of rational

numbers used throughout mathematics; for instance, B, = £, B;5 = 0,B;, = —32U.

5. On sets
5.1. Basic exercises
1. Prove that C is a partial order, that is, it is:
a) reflexive: VsetsA.ACA

Let A be a set; we need to show that for all x € A, x is in A, which follows immediately.
b) transitive: VsetsA,B,C.(ACBABCC)=ACC

Let A, B, C be sets and x € A an element. We need to show that x € C. Since A C B,
X € B;and since BC C, x € C, as required.

c) antisymmetric: VsetsA,B.(ACB A BCA) < A=B

Let A, B be sets and suppose A € B and B C A. Then, if x € A then x € B, and
conversely, if x € B then x € A. That is, x € Aif and only if x € B, which implies that
A and B are equal sets.

Straightforward properties of the subset relation that follow from the fact that implica-
tion (in terms of which C is defined) is itself a partial order. The first two properties enable
partial order reasoning to establish A C B as a chain of subset relations starting at A and
ending at B; antisymmetry gives rise to a proof technique for showing that two sets are
equal iff they are both subsets of each other.

2. Prove the following statements:
a) VsetsA. 0 CA

Let A be a set. We need to show that every element of (} is in A, but since there are no
elements in §, this vacuously holds.

b) VsetsA. (Vx.x ¢A) < A=10
Let A be a set.

(=) Assume Vx. x ¢ A. We need to show that A= {J, or equivalently, ® C Aand A C §.
The former holds by the previous property, and to show the latter, we need to prove
that for all x, if x is in A then x is in (. But, by assumption, x € A, so the rest follows
vacuously.
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(<) Assume A= and x an element. We need to show that x is not in A. But A is the
empty set, and by definition, it has no elements; therefore x is not in A.

Properties like this are sometimes harder to prove than more complicated set-theoretic
statements - they just seem too obvious to warrant or require a proof, and attempting
one feels like circular reasoning. However, if something is obvious, it should have an
accompanying formal proof built from first principles (otherwise we really can’t call the
property obvious)! The first part of this exercise used proof by “vacuous truth”, which
is based on the logical principle that falsity implies anything. If we have an assumption
which is false (such as that an element x is in the empty set), any conclusion could follow
vacuously. A related principle is that every element in the empty set satisfies any property
P:VYx € (. P(x). The second part of the question could be established by simply saying
that it follows from the defining property of the empty set.

3. Find the union, and intersection of:
a) {1,2,3,4,5}and {—1,1,3,5,7}
letA=1{1,2,3,4,5}andB={—1,1,3,5,7}. Then:
AUB={-1,1,2,3,4,5,7} ANB={1,3,5}
b) {xeR|x>7}and{xeN|x>5}
letC={xeR|x>7}andD={xeN|x>5}. Then:
CuD={6}u{xeR|x>7} CnD={xeN|x>7}
4. Find the Cartesian product and disjoint union of {1,2,3,4,5} and {—1,1,3,5,7}.
LetA={1,2,3,4,5}and B={—1,1,3,5,7}. Then:

AxB=1{(1,-1),(1,1),(1,3),(1,5),(1,7),(2,—1),(2,1),(2,3),(2,5),(2,7),
(3,-1),(3,1),(3,3),(3,5),(3,7),(4,—1),(4,1),(4,3),(4,5),(4,7),
(5,-1),(5,1),(5,3),(5,5),(5,7) }

AWB=1{(1,1),(1,2),(1,3),(1,4),(1,5),(2,-1),(2,1),(2,3),(2,5),(2,7) }
5. LetI1 ={2,3,4,5}andforeachielI, letA;, ={i,i+1,i—1,2-i}.
a) List the elements of all sets A; fori € I.
A,={2,3,1,4} A;={3,4,2,6} A,={4,5,3,8} A;=1{5,6,4,10}

b) Let {A; |i €1} stand for {A,,A;,A4,As }. Find [ J{A;|i€l}and ({4 |iel}.

A lie1}=11,2,3,4,5,6,8,10} [ [{A|iel}={4}
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The last three exercises are intended to make you comfortable with these important set-
theoretic constructions through concrete examples — make sure you have a good intuition
for them going forward.

6. Let U be a set. For all A,B € P(U), prove that:
a) A=B < (AUB=U A ANB=10)

(=) Let A,B € P(U) be sets and assume A° = B. We show that AUB = U and
ANB = (. By definition, AUA*={a €U |x€AV xeA}={xeU|x€AV x ¢
A} ={x€U| T} =U,since every element of U is either in A or not in A. Dually,
ANA={x€U|x€ANXx€EA}={x€eU|x€ANXxEA}={xeU|L}=0,
since no element can be both in Aand not in A.

This direction proves that (-)° satisfies the complementation laws on Slide 300.

(<) Let A,B € P(U) be sets and assume AU B = U; that is, every x € U is in A or B.
This is logically equivalent to

VxeU x¢A=—x€<€B

so AUB = U implies that A° C B. Similarly, assume ANB = §; that is, for every x € U,
it is not the case that x is in both A and B. This is logically equivalent to

VxeU xeB=x¢A
so ANB = () implies that B C A°. By the antisymmetry of C, we conclude that A° = B.
b) Double complement elimination: (A°) =A

Presented are two different arguments.

(A We reason using part (a): to show (A°)¢ = A, it is sufficient to show that AAUA =
U and AN A = (. Both of these follow from the complementation laws and the
commutativity of union and intersection.

We can prove the equality of the sets directly via equational reasoning.
A ={xeU|(xe€A)}
={xeU|-(xe{yeUl|ly¢A}}
={xeU|(x¢A)}
={xeU|xeA} (double negation elimination)
=A
This self-inverse property of complementation (and negation) is called involution.

c) The de Morgan laws: (AUB)*=A°NB¢and (ANB)*=A°UB¢


https://www.cl.cam.ac.uk/teaching/2122/DiscMath/DiscMathProofsNumbersSetsNotes.pdf#page=302
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Presented are two different arguments.

(A We reason using part (a). To show the de Morgan law (AUB) = A°NB¢, itis enough
to show that

(AUB)U(A°NB)=U and (AUB)N(A°NB®) =10

We calculate as follows:

(AUB)U(A*NB°)
=((AUB)UA)N((AUB)UB") (U distributes over N)
=(BUAUA))N(AU(BUBY)) (commutativity and associativity of U)
=(BuUuU)N(AUU) (complementation laws)
=UNnU (U annihilates U)
=U (idempotence of N)
(AUB)N(A*NB°)
=(ANA°NB))uU(BN(A°NBY)) (N distributes over U)
=((ANA)NB)U((BNB)NA) (commutativity and associativity of N)
=(@NBYU@BNAS) (complementation laws)
=0ud (@ annihilates N)
=0 (idempotence of U)

To show the other de Morgan law (AN B)® = A°U B¢, one proceeds analogously or
derives it from the previous de Morgan law and part (b):

A°UB® = ((A°UB°))* (complement is an involution)
= ((A)° N (BY)9)* (previous de Morgan law)
=(ANB)* (complement is an involution)

We can work with iff-reasoning, where the crucial third step uses the propositional
de Morgan laws =(P V Q) < =P A =Q and =(P A Q) < —P V Q.

x € (AUB)® < —(x €AUB) x€(ANB) < —~(x€ANB)
< (x €AV x €B) & (x€AA x€B)
& —(x €A) A ~(x €B) < —(x€A)V ~(x €B)
& x€A° A x€B° & x€A°V x €B°
& x €A°NB° & x € A°UB°

Many set-theoretic proofs involve establishing the equality of two sets, and there are
several ways of formulating such proofs. Two sets A and B are equal if they have the same
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elements: Yx. x €A < x € B. Separating the bi-implication into two directions gives
rise to a derived proof technique: to prove A = B, it is sufficient to prove AC B and B C A.
These individual subset relation may be established element-wise (Vx €A. x € B and
Vx € B. x € A), or via a transitive chain of subset relations. The equality A = B itself can
be shown via equivalence reasoning, either by equating set comprehensions, or using a
collection of known equalities (such as the ones proved in this exercise) and “algebraic
manipulation” of sets. Finally, a way to combine element-wise and calculational reasoning
is via a chain of bi-implications between membership predicates, which often reduces the
proof to a purely logical argument, treating “x € A” as an atomic proposition. All of these
proof techniques are perfectly appropriate (as long as the nontrivial calculational steps
are all justified): one may be easier or harder than another, depending on the problem.

The non-calculational proofs in parts (® of (b) and (c) may seem rather contrived: they
are longer and fiddlier than the alternative proofs, and proceed in a very roundabout way
compared to directly calculating with elements. But this is precisely what makes them
illuminating: they make no reference whatsoever to notions and constructions specific
to sets, like the membership relation or set comprehension. The reasoning is carried out
entirely using the abstract properties of unions, intersections, and complementation, such
as commutativity, distributivity, annihilation, etc. Thus, the proofs can be directly translated
to any setting that supports operators with similar properties; namely order-theoretic
structures called Boolean algebras®. Powersets of a set form a Boolean algebra (see §5.3.2),
but so does the familiar set of truth values with conjunction, disjunction and negation. If
logical negation is only characterised via the propertiesPV—-P < TandPA—-P < 1,
the proofs above show that negation must also satisfy the property -(—P) <= P and the
familiar de Morgan dualities (that we used as a given in the alternative proofs in part (c)).

Why bother with all this, you may ask? We can already obviously see that -(—P) <= P
and the de Morgan laws hold from the truth tables. The guiding principle here (and most of
mathematics) is simple: results that have fewer assumptions are stronger than results that
have more. The fact that these propositions follow from a small, discrete set of algebraic
properties makes them stronger than if we had to rely on notions like truth tables, set
comprehensions, etc., which would restrict them to the particular area of mathematics we
are working with. Sure, the proofs are more cumbersome than using these “domain-specific
concepts, but they are possible and therefore need not be reproved as long as we are

n

working with a Boolean algebra. Much of mathematics is about proving more abstract and
general results than what one actually needs, because relying on fewer assumptions makes
them more widely applicable.

9 You should be familiar with the notion of Boolean algebra as a branch of "normal" algebra which uses
truth values instead of numbers - this is what you used in Digital Electronics. Thus it may seem weird to
refer to the plural "algebras" in this context. The name clash is unfortunate, but here we are discussing
the algebraic structure known as "a Boolean algebra", similarly to how we would discuss "a monoid" or
"a field" - and Boolean algebras are the setting in which you can do Boolean algebra (the calculational
process). There are other kinds of algebras too, like Heyting algebras and Lindenbaum-Tarski algebras,
all with slightly different operations and properties.
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5.2. Core exercises
1. Prove that for all for all sets U and subsets A,B C U:

a)VX.ACX ABCX < (AUB)CX b)VY.YCAAYCB < Y C(ANB)

a) LetX C U be a set.

(=) Assume that 1) A C X and @ B € X.We need showthatforallx € U,x €AV x €
B implies x € X. So, let x € U and assume 3) x €A V x € B. Then, if x € Awe have
x € X by assumption (1); and, if x € B we also have x € X, by assumption 3). Thus,
assumption 3 yields x € X as required.

(<) Assume AUB C X. Then, since AC AUB and B € AU B, we have by transitivity of
C (Lemma 84) both that AC X and B C X.

b) LetY C U be a set.

(=)Assumethat Y CAand @ Y C B. We need show thatforally e U,y €Y
impliesy €A A y € B.So, let y € U and assume y € Y. Then, by assumption (1),
y € Aand, by assumption (2), y € B, as required.

(<) Assume Y CANB.Then, sinceANB C Aand AN B C B, we have by transitivity of
C (Lemma 84) boththatY CAand Y C B.

These properties are also given in Proposition 86, but they are reproduced here to
highlight their importance. Once again, these are if-and-only-if characterisations of unions
and intersections, which usually hints at an underlying universal property that uniquely
describes what it means for something to be a union/intersection. In other words, these
properties are the specification for the set-theoretic concept of a union/intersection, and
the proofs above verify that the specific way we define them (via disjunction/conjunction
of membership) satisfies the specification. As Corollary 87 suggests, this gives rise to a
proof strategy for showing that a set C is the union of Aand B: if C is a superset of both
Aand B, and it is a subset of any other set X that is a superset of A and B, then C must
equal AU B (and there is a dual pair of conditions for intersections). The benefit of this
formulation is that some properties about unions/intersections are easier to approach via
this universal property, rather than directly unwrapping the set-theoretic definitions of
the operators. Moreover, just like with the complement proofs above, it gives us a way of
proving properties with minimal reference to set-theoretic constructions like membership
or comprehension, making them more general.

Now, you may have recognised similar formulations from last term, in an entirely different
field of mathematics: number theory. Indeed, if we spell out the universal property of
intersections:

MANBCA A ANBCB (@YY ePWU).(YCAAYCB)=Y CANB
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and compare it with the universal property of greatest common divisors:
@ ged(m,n)|m A ged(m,n)|n @VdeZ*'.(d|m Ad|n)=d|ged(m,n)

we can notice a clear and striking similarity. The secret is that both intersections and gcds
are instances of a more general construction called a greatest lower bound, which is a
concept that can be defined (but doesn’t necessarily have to exist) in any partially ordered
set (poset), i.e. a set with a reflexive, transitive and antisymmetric ordering relation.

Intuitively, a greatest lower bound of two elements of a poset is the largest element that is
smaller than both (it is “just below” both of them, but not smaller than necessary). For an
abstract poset (P,C), the greatest lower bound of two elements x and y in P is usually
denoted x My (also an element of P, if it exists) and often called their (binary) meet. It
has the properties that it is a lower bound of both x and y:

@OxNyEx A xMNyCy
and it is greater than any lower bound of both x and y:
@VlieP.(ICxAICy)=1C xNy

Binary meets (just like all concepts defined via an universal property) are unique, if they
exist; an important consequence is that any element that satisfies these two properties
will be equal to x M y. This lets us prove results about x My completely abstractly, without
knowing how it is defined in a particular poset.

The properties (1) and (2) of intersections and gcds exactly align with those of the abstract
definition of a binary meet: they are the exact same concept, manifested in different
partially ordered sets. In the case of intersections, the poset is the powerset P(U) with the
subset ordering relation, which we proved in §5.1.1 to be a partial order. In the case of gcds,
the poset is that of natural numbers, with divisibility as the ordering relation: d is “less
than” n if d | n. This may seem like a peculiar way of ordering (in particular, 0 becomes
the “greatest element” since d | 0 for any d € N, and 1 becomes the “least element” since
1| nfor any n € N), but it satisfies all the required properties of being a partial order. In
the divisibility poset, “lower bounds” of two numbers are their common divisors, so the
“greatest lower bound” is indeed the greatest common divisor.

With this abstract understanding, we can consider binary meets in other known posets.
What would the meet of two natural numbers m and n be in the standard < ordering? It
would be the number that is less than (or equal to) both m and n, but not “too small”; the
obvious choice would simply be the minimum of the two numbers, the greatest number
that is not larger than either m or n. Slightly more esoteric is the partial order of Boolean
truth values, { T, L }, whose intuitive ordering (reflexive and L less than T) coincides with
the Boolean operator of implication. Then, the binary meet of propositions P and Q is a
proposition that implies both P and Q, and is implied by anything that implies both P and



DISCRETE MATHEMATICS SOLUTIONS WITH COMMENTARY

Q. It is easy to see that the conjunction P A Q satisfies this characterisation: it clearly
implies both P and Q, and if R= P and R = Q, we can conclude that R=—= P A Q.

And of course, by dualising everything, we get two concepts for the price of one: the dual
notion of a greatest lower bound is the least upper bound, also called the (binary) join and
denoted x LI y, with universal properties:

MWx CxUy ANy Exuly @VueP.xCuAxCu)=xUy Cu

All the posets described above have binary joins given by the “expected” dual constructions:
union, least common multiple, minimum, disjunction.

One important point to highlight is the “unique, if it exists” nature of meets and joins: they
are not guaranteed to exist for any pair of elements in a poset. This is different from saying
that in any monoid (M, e, &), we can combine any two elementsa and b intoaeb € M. The
monoid product a e b is guaranteed to exist because e: M x M — M is a binary operator,
mapping two elements a and b to a new element of M - it “generates” the elementa e b,
and since it is an operator on M, asking if a ® b exists in M or not is uninteresting. The
symbols M and L are not operators: they are simply used to denote the unique meet/join
of two elements of a poset, if it happens to exist. The family of sets F = {0, {1},{2} } isa
poset under subset inclusion, and @ is indeed the meet (intersection) of {1} and {2}; but
their union {1,2} is not an element of F and there is no other common upper bound that
could be called the join, so the elements {1} and {2} in F have no binary join.

Having said that, we can analyse sets which have binary meets and joins for all pairs of
elements; such posets are called lattices. It so happens that all of the above examples are
lattices, and some are moreover bounded lattices with greatest and least elements (with
the exception being that (N, <) has no greatest element). A consequence of this is that
the meet and join can indeed be presented as binary operators in a lattice, since x My
and x Ll y are guaranteed to exist for any x, y € P. The binary operatorsM: P x P — P
and LI: P x P — P satisfy several properties “for free”: they are associative, commutative,
and idempotent. These follow — unsurprisingly - from the universal properties of the
corresponding (order-theoretic) concepts: for example, to show that x M x = x, it is
sufficient to show that x C x (by reflexivity), and forany y € P suchthat y C x, y C x
holds (sure). Similar proofs of commutativity and associativity are actually demonstrated
in the notes, following the statements of these properties for gcds in Lemma 63. Since the
arguments are done purely by universal properties, they can be adapted directly to binary
meets in any poset, and then specialised to other lattices like (P(U), €) or (N, <).

2. Either prove or disprove that, for all sets A and B,
a) ACB=P(A) C P(B)

Assume A C B and let X € P(A). Then, X € Aand A C B. Hence, X C B and so
X € P(B).

b) P(AUB) C P(A)UP(B)
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One can disprove it by taking two different singleton sets A and B and noticing that
(AUB) € P(AUB) while it is not the case that (AU B) € P(A) U P(B). For instance,

{1}u{2} ={1,2} € {0,{1},{2},{1,2} }, but {1,2} ¢ {0, {1}, {2} }.
c) P(A)UP(B) C P(AUB)
Assume X € P(A) U P(B); that is, either 1) X € P(A) or ) X € P(B).
In case (1), X € Aand since A C (AUB) we have X C (AUB); and hence X € P(AUB).
In case (2), X C B and since B C (AUB) we have X C (AUB); and hence X € P(AUB).

d) P(AnB) S P(A)NnP(B)

Assume X € P(ANB); that is X € (AN B) or, equivalently, X € Aand X C B. Hence,
X € P(A) and X € P(B); so that X € P(A) N P(B).

e) P(A)NnP(B) C P(ANB)

Assume X € P(A) N P(B); thatis, X € P(A) and X € P(B). Then,X CAand X C B;
sothat X C (AN B) and hence X € P(ANB).

Parts (d) and (e) used the universal property of intersections from §5.2.1. We could have
formulated the proof for (c) entirely using universal properties: to show P(A) U P(B) C
P(AU B), it is sufficient to show that P(AUB) is an upper bound of P(A) and P(B); but
both follow from the fact that AC AUB, B C AUB, and part (a) which lifts these subset
relations to powersets. A UP proof for (d) is very similar: to show P(AN B) € P(A) N P(B),
it is sufficient to show that P(AN B) is a common subset of P(A) and P(B), both of which
follow from lifting ANB € Aand AN B C B to powersets. It is not necessarily the case that
a UP proof is shorter or simpler than one done from first principles, but it often allows for
higher-level reasoning than going down to element-wise definitions. The rule of thumb
should be: if the proof goal is of the form AUB € X or Y € AN B, a UP proof may be
possible since it is sufficient to show that X is a common superset or Y is a common subset.

3. Let U be a set. For allA,B € P(U) prove that the following statements are equivalent.

a) AUB=B b) ACB c) ANB=A d) B¢ CA°

Let U be a set and consider A, B € P(U). To prove that the statements are equivalent, it is
sufficient that they cyclically imply each other.

(a) = (b) Assume AUB = B.Then,AC (AUB) = B and we are done.

(b) = (c) Assume A C B. Since, (ANB) € A we need only show A C (AN B) or, by §5.2.1,
that A € A and A C B; which respectively hold by reflexivity of € and assumption.

(c) = (d) Assume (ANB)=Aand let x € U.Then, x ¢ B implies x ¢ (ANB) = A.

(d) = (b) Because B¢ C A stands for x ¢ B =— x ¢ A for all x € U which is the
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contrapositive of x A= x € Bforall x € U.

(b) = (a) Assume A C B. Since also B C B, by §5.2.1 above, we have (AU B) C B; and as
B C (AUB) we are done.

Questions of the form “prove that the following n statements are equivalent” require
one to prove (at least) n implications that form a cycle; thanks to the transitivity and
symmetry of implication, this is sufficient to take care of a bi-implication between any
two statements. The order and number of implications proved is not important, as long
as there is a way to get from any statement to another. In this question we could have
done the chain (a) = (b) = (c) = (d) = (a), but (d) is simply a contrapositive of (b) so the
implication (d) = (b) is easier. However, this only results in one outgoing implication from
(a), so that needed to be “patched” up with an extra (straightforward) proof.

4. ForsetsA,B,C,D, prove or disprove at least three of the following statements:
a) ACCABCD)=AXBCCxD

Assume A C C and B € D, and let (a, b) be an element of A x B. We need to show
that (a, b) is also an element of C x D. Since a € Aand A C C, we have that a € C;
similarly, b € D. Thus, (a, b) € C x D, as required.

We slightly glossed over a few formal steps here, but this is rarely an issue. What we
mean by “let (a, b) be an element of A x B” is that we consider an element x € Ax B
and use the fact that all elements of A x B are pairs; so x must be of the form (a, b)
foran a € Aand b € B. Such “pattern-matching” is very common in formal proofs
and needs not be elaborated on too much, unless the patterns are interesting in their
own right or the relationships between the sets are more complex.

b) (AUC)x(BUD)C (AxB)U(C x D)

This statement is false. As a counterexample, consider A = {1}, D = {2} and
B=C=0.AuC ={1}and BUD = {2}; the first Cartesian product is thus {(1,2) }.
However, A x B = C x D = (). so their union is also the empty set, not a superset of

{(1,2) }.
c) AxC)u(BxD)C(AuB)x(CuD)

By the universal property of unions it is sufficient to prove that Ax C € (AUB)x(CUD)
and BxD C (AUB)x(CuUD). Part (a) implies the former withA C AUB and C C CUD,
as well as the latter withB CAUB and D C CUD.

Again we notice that the question asks us to prove that the union of two sets X and
Y is below another set Z, for which it is sufficient to prove that Z isa common superset
of both X and Y so the least common superset (a.k.a. the union) is necessarily going
to be below it. The requirements can be discharged using property (a), that lets us
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“apply” subset relations within components of a Cartesian product. Note how we do
not need to refer to elements of the sets at all.

d) Ax(BUC)S(AxB)U(AxC)

Let (a, x) be an element of Ax (BUC). By the definition of unions, x is eitherin B or in
C; in the former case the tuple (a, x) isin Ax B, which is a subset of (Ax B)U(Ax C);
in the latter, (a, x) € A x C which is again a subset of the union (AUB) x (CUD), as
required.

e) (AxB)U(AxD)CAx(BUD)

By the universal property of unions it is sufficient to prove that Ax BCAx (BUD)
and Ax D CAx (BUD). Both follow from property (a) and the fact that BUD is a
common superset of both B and D.

5. For sets A, B, C, D, prove or disprove at least three of the following statements:
a) ACCABCD)=—AWBCCWD

Assume A C C and B € D, and let x be an element of AW B. We need to prove that x
is in C ¥ D. By the definition of disjoint union, x is either of the form (1, a) for a € A,
or (2, b) for b € B. In the first case we use the assumption A C C to derive thata € C,
but then (1,a)isin CwD. In the second case we use the assumption B C D to derive
that b € D, so (2,b) isin C WD, as required.

b) (AUB)WC C(AWC)U(BWC)

Let x be an element of (AU B) W C. By the definition of unions and disjoint unions,
we consider three cases: x is of the form (1,a) with a € A, or (1,b) for b € B, or
(2,c) forc € C. In the first case, (1,a) isin AW C and therefore in (AW C)U (BW C);
similarly, in the second case, (1,b) isinBWC soin (AW C)U (B W C). Finally, in the
third case, (2,¢) isin both Aw C and BW C, so it will certainly be in (AW C)U (BwC).

) AwC)U(BWC)C(AUB)WC

By the UP of unions it is sufficient to prove that AwC C (AUB)W C and BWC C
(AUB) W C. Both follow using part (a) and the fact that AU B is a superset of both A
and B.

d) ANB)WC C(AWC)N(BWC)

By the UP of intersections it is sufficient to prove that (ANB)wW C isin AW C and in
B ¥ C. Both follow using part (a) and the fact that AN B is a common subset of both
Aand B.

e) AwC)N(BWC)CS(ANB)WC
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Let x be an element of (AW C) N (B W C). By definition of intersections it must be
both in Aw C and B W C, which is possible if it has the same tag: either x is of the
form (1, y) where y is both in A and B, or of the form (2, c) with ¢ € C. In the first
case (1, y) is the first injection of (AN B) W C, and in the second case (2,c) is the
second injection of (ANB) W C.

6. Prove the following properties of the big unions and intersections of a family of sets 7 C P(A):

a) VUCA (VXeF.XCU) < | JFcU

Let U be a subset of A.

(=) Assume that U is a superset of every element of F and let x be a member of U]—".
We need to show that x is also in U. By the definition of big unions, there exists a set
F € F such that x € F; but since U is a superset of every set in F, we know that F C U
and therefore that x € U.

(<)Assume | JF C U and let X be a setin F. Since [ | F is the union of all sets in F, we
know that X C UF, and by transitivity with the first assumption we can conclude that
X C U, as required.

b) VLCA (VX €F.LCX) < LS(F

Let L be a subset of A.

(=) Assume that L is a subset of every element of F and let x be a member of L. We need
to show that x is also in ﬂ]-", that is, it is a member of every set in JF. To this end, let F be
an arbitrary element of F. By assumption, we know that L C F, but then x € L must also
be in F. Since F was arbitrary, this holds for every element of F, so indeed x € ﬂ]—'.

(<) Assume L () F and let X be a set in F. Since (| F is the intersection of all sets in
F, we know that ﬂ}" C X, and by transitivity with the first assumption we can conclude
that L. € U, as required.

These two propositions generalise the universal properties of unions and intersections.
The union of a family of sets F is the least common superset of all the sets in the family:

@ vxeF.xc|JF @vVuca(vxerxcu)=|JFcu
Dually, the intersection is the greatest common subset of all sets in F:
D VXeF.[)FSX @VLCANXeF.LCX)=LC(\|F

You should be able to read such properties with relative ease: the first one says that the
big union is an upper bound of all elements in F, and the second one characterises it as
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the smallest such set. As in the binary case, the real power of universal properties comes
when proving statements of the form | JF € U or L C (] F, since all one needs to show
next is that U and L are upper and lower bounds, respectively.

7. Let A be a set.
a) Forafamily 7 C P(A), lettd ={U CA|VS € F.S C U} Prove that | JF = U.

The family i/ is the set of upper bounds of F, i.e. the family of sets which are all
supersets of every set in F.

(S) By the universal property of big unions (§5.2.6), it is sufficient to prove that
VXeF.XC ﬂu. By the universal property of intersections, for this it is sufficient
to prove that VX € F. YU € . X C U, and this holds by the definition of I/ as the
set of upper bounds of F.

(2) We know from the universal property of big unions that | J F is an upper bound,
soVSeF.SC U]—". But then U]—" must be in I/, the set of upper bounds. By the UP
of intersections, ﬂl/{ is a subset of every element of I/, and in particular, ﬂZ/{ - U F,
as required.

b) Analogously, define the family £ C P(A) such that ﬂ]-" = U L. Also prove this statement.

The family £ is the set of lower bounds of F, that is,
L={LCA|YVSeF.LCS}

We prove that (| F = L.

(€) We know from the universal property of big intersections that ﬂ]—“ is a lower
bound, so VS € F. | JF € S. But then (|F must be in £, the set of lower bounds.
By the UP of unions, UC is a superset of every element of £, and in particular,
F < JL, as required.

(2) By the universal property of big unions (§5.2.6), it is sufficient to prove that
VLeL.LC ﬂ]—". By the universal property of intersections, for this it is sufficient
to prove that YL € L. VX € F. L C X, and this holds by the definition of £ as the
set of lower bounds of F.

One could approach such questions from first principles, by expanding all definitions
and reasoning purely by logic. However, it would be rather cumbersome, and the higher-
level proof techniques derived from universal properties have a clear advantage. They may
take some getting used to, but it's worth the practice.

5.3. Optional advanced exercises
1. Prove that for all families of sets F; and F,,

UJAR)uUrR)=UFERuvr)
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State and prove the analogous property for intersections of non-empty families of sets.

The stated identity for unions is a special case of the associativity law for big unions, so

let us just consider the case of intersections; that is: for non-empty collections of sets F;
and F,,

(7)) 7)) =FuF)

Indeed, for all x, we have

xe(ﬂ]—“l)ﬂ(ﬂ}“z) PEEN (xeﬂfl) A (xeﬂ]—"z)
— (VXeF.xeX)AN (VX eF.xeX)
S VX.XeF=>xeX)ANXeF,=>xeX)
S VX.XeF,VXeF)—=xeX
— VX.Xe(FUF)—=xeX

= x € m(]-"1 UF,)

2. Foraset U, prove that (P(U),<S,u,n, U, D, (-)) is a Boolean algebra.

Let U be a set. We have the following:

C: P(U) x P(U) — Bis a partial order, as shown in §5.1.1.

Every two sets A and B have a union AU B which is their least upper bound, as
well as an intersection AN B which is their greatest lower bound (§5.2.1). It follows
from the universal properties that both operations are commutative, associative, and
idempotent.

The full set U is the neutral element of intersection: given any set A C U, it is the case
that ANU = A by §5.2.3.

The empty set @) is the neutral element of union: given any set A C U, we know that
) CAso§5.2.3 implies that AU = A.

Similarly using §5.2.3 we can deduce that U is the annihilator for union (since AC U
implies AU U = U) and 0 is the annihilator for intersection (since § € A implies
PUA=0).

To show the absorption laws, we let Aand B be subsets of U and prove that AU(ANB) =
A. Let x be an element of AU (AN B); by definition, it has to be eitherinAorinANB,
i.e.in Aorin both Aand B. In both cases x must be in A. Conversely, assume x € A;
then it is clearly in AU (AN B), as required. The second absorption law is similar.

To show distributivity, we let A, B and C be subsets of US and prove that AN (BUC) =
(ANB)U(ANC). Let x be an element of AN(BUC); by definition, it has to be both in A
and eitherinBorin C.Ifitisin B, thenitisalsoin ANB and hence in (ANB)U(ANC).
Otherwise, if it isin C, then itisin AN C and hence in (ANB)U (AN C). The other
distributive law is similar.

Thus we can conclude that (P(U), S, u,n, U,®,(-)) is indeed a Boolean algebra.


https://www.cl.cam.ac.uk/teaching/2122/DiscMath/DiscMathProofsNumbersSetsNotes.pdf#page=299

DISCRETE MATHEMATICS SOLUTIONS WITH COMMENTARY

As the name implies, a Boolean algebra is an algebraic (or order-theoretic) structure
that generalises Boolean truth values and operators. As an algebraic structure, it is a carrier
set with two idempotent, commutative and associative operators that distribute over each
other and are absorptive; two elements that are units for one operator and annihilators
for the other; and a unary complement operator. As an order-theoretic structure, it is a
complemented, distributive lattice; that is, a poset in which every element has a meet and
ajoin (i.e. a lattice, see §5.3.2) which distribute over each other, and every element has a
complement.

As this exercise shows, powersets of a set also form a Boolean algebra - this underlies the
intuitive similarity between logical operators (conjunction, disjunction) and set operators
(intersection, union). An interesting question to ponder is the status of implication: it does
not form part of the algebraic structure and is instead defined as P = Q = =P V Q. Set-
theoretically the corresponding notion would be A°UB, i.e. all the elements of the universe
except the ones that are exclusively in A - not a particularly common or useful notion!
We can also choose to axiomatise logic in terms of implication, and define negation as
—P = P = 1. Alattice with least and greatest elements and an appropriately characterised
“implication” operator is called a Heyting algebra. Every Boolean algebra is a Heyting
algebra with the implication defined as above, but not every Heyting algebra is a Boolean
algebra — as a consequence, some logical tautologies like double negation elimination
—(—P) = P or the law of excluded middle P V —P do not in general hold in a Heyting
algebra. The distinction between Boolean and Heyting algebras is the distinction between
classical and intuitionistic logic, the latter of which is particularly important in computer
science and will be covered in much detail in future courses.

6. On relations

6.1. Basic exercises
1. LetA=1{1,2,3,4},B={a,b,c,d}and C ={x,y,z}.
LetR={(1,a),(2,d),(3,a),(3,b),(3,d)}: A+~ B
and S ={(b,x),(b,y),(c,y),(d,2z)}: B + C.

Draw the internal diagrams of the relations. What is the composition SoR: A + C?

A B C

The composite S o R is the relation {(2,2),(3,x),(3,y),(3,2) }.

2. Prove that relational composition is associative and has the identity relation as the neutral
element.
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LetR: A+ B,S:B -+ C,and T: C -+ D bethree relations. We show that their composition
is associative: T o (SoR) = (T oS)oR. Take a pair (a,d) € T o (S oR); by the definition of
relational composition, there must be a ¢ € C such that (a,c) € SoR and ¢ T d; expanding
the former, there must be a b € B such thataRb and bSc. Butthen (b,d)€ T oS viac,
and (a,d) € (T oS) oR via b. The converse proof follows analogously from the definition,
so we conclude that relational composition is associative.

Let R: A + B be a relation. We show that id; oR = R = Roid,. Take a pair (a, b) €idgz oR;
there must exist a b’ € B such that aR b” and b’idy b, but since the identity relation is the
equality, we have that b’ = b and therefore (a, b) € R. Conversely, to show that (a,b) €R
is also in idg o R, we observe that b can be used as the intermediate step in showing that
(a,b) €R and (b, b) € idg. The right inverse proof is analogous, so we conclude that the
identity relation is the two-sided unit of relational composition.

3. ForarelationR: A -+ B, let its opposite, or dual relation, R°°: B -+ A be defined by:
bR®a < aRb
ForR,S:A+ Band T : B - C, prove that:
a) RCS=—=R®PCS®

Assume R C S and show that for all bR°? a, b S°? a. By the definition of opposite
relations, bR°? a if aR b, but by assumption, a S b and thus b S°? q, as required.

b) (RNS)®® =R°P NS
By the previous part and UP of intersections, we have that (RN S)°® C R° and
(RNS)° C S, s0 (RN S)° C R’ N S°P, Conversely, take a pair (b, a) in R°? and S°P;
then, (a, b) is both in R and S so it is in the intersection and (b,a) € (RN S)°P.
c) (RUS)® =RPUSP
For (b,a) € (RUS)°P, we calculate as follows:
(b,a) e (RUS)® < (a,b) € (RUS)
<= (aRb V aSh)
< (bR®a V bS®®a)

<= (b,a) €eRPUS?®

d) (T 0S)°P = S° o TP
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We calculate as follows:

(ToS)?={(c,a)|(c,a) (T oS)P?}
={(c,a)|(a,c)€ToS}
={(c,a)|IbeB.aSbAbTc}
={(c,a)|3beB.bS?Pa A cT®b}
={(c,a)|(c,a)€SPoT®P} =80T®P

As before, these questions concern the equality of sets which can be established in several
ways; three possibilities (universal properties, bi-implication reasoning and set compre-
hension reasoning) are demonstrated here.

6.2. Core exercises
1. LetR,R"CAxBandS,S’ C B x C be two pairs of relations and assume R CR"and S C S'.
Prove that SoRC S’ oR’.
Assume (a,c) € (S oR). Hence, there exists b € B such that aR b and b S c. Then, since
(a,b) € Rand R C R/, we have that (a, b) € R’; similarly, (b,c) € S’. By the definition of
composition, this implies that (a,c) € S’ o R/, as required.

A simple, but useful lemma which states that subset relationships can be applied on
both operands of relational composition. We have seen similar properties for powersets
(§5.2.2(a)), Cartesian products (§5.2.4(a)) and disjoint unions (§5.2.5(a)). As usual, special
cases of this property can be derived by expanding only one of the two operands: for
example, S’oRand SoR’.

2. Let FCP(AxB)and G C P(B x C) be two collections of relations from A to B and from B to
C, respectively. Prove that

(U9 e(JF)=(sorIReF,s€G}): A C

Recall that the notation {SoR: A+ C|R€ F,S € G} is common syntactic sugar for the
formal definition {T € P(Ax C)|JRe€ F.3IS € G. T =S oR}. Hence,

Te{SoReA+»C|ReF,S€G} < JRe F.iS€G.T=SoR

(S)We show: (| JG) o (JF) SU{SoRIREF,S€G}.

Assume (a,c) € (|JG) o (LJF). Hence, there exists b € B such that (a,b) € | JF and
(b,c) € Ug. Then, by the definition of big unions, we have aR b for some R € F and
bSc forsome S € G so it follows that (a,c) € SoR forsomeR € F and S € G. That is,
(a,c)e|J{SoR|Re F,SeG}.

(2) By the universal property of unions, we have that ( {SecR|Re F,Se€ g} C (U (]) °
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(JF)ifandonlyif SoR S (| JG)o (| JF) forallR € F and S € G. This is the case by
§6.2.1 and the fact thatR C | JF forall S € Fand S € | JG for all S € G, since the big
unions are upper bounds.

One direction required a direct proof of membership, but the other direction was of the
form UL{ C X and therefore could be approached via the universal property of big unions
as the least upper bound of a family of sets; to show that it is below X, it is sufficient to
show that every element of the family I/ is below X.

What happens in the case of big intersections?

One direction follows in both cases from the universal property of intersections:

(N9 ((\F)<)iSoRIREF,S€G}

However, the other inclusion fails. Consider a pair (a,c) € ﬂ{S oR|Re F,SegG}:it
means that for allR € F and S € G, there exists a by ¢ € B such that (a, bz ) € R and
(bgs,c) € S. We need to show that (a,c) € ((1G) o ([ F), that is, there exists a b € B
such that forallR € F,aR b, and forall S € G, b S c. Note the order of quantification: our
assumption produces an intermediate by, ; for any choices of S and R (and the by ¢s may
be different depending on the choice), while the goal asks for a single b € B that acts
as an intermediate for every relation in F and G. Since we won't be able to find such a
single b in general, this direction cannot hold. Abstractly, we only have the implication
dx. Vy. P(x,y) = Vy. 3x. P(x, y) but not the other direction; this was not an issue
with union since existentials can be swapped.

3. Suppose R is a relation on a set A. Prove that
a) Ris reflexive iffid, CR

R is reflexive iff for all a € A, aR a. Equivalently, for all a,a’ €A, if a = a’ thenaRd'.
Since the identity relation is equality, this is equivalent to id, being a subset of R.

b) R is symmetric iff R = R°P

R is symmetric iff forall a, b € A, if aR b then bRa. Equivalently, we can express this
as aR b implying aR®? b, or bR°? a implying bR a. These conditions in turn say that
R CR°® and R? C R, so R =R is equivalent to R being symmetric.

c) Ris transitive ff RoRCR

Ris transitive iff for all a, b,c € A, if (a,b) € R and (b, c) € R then (a,c) € R. We first
assume R is transitive and prove that R o R C R by taking a pair (a,c) € RoR. By the
definition of relation composition, there exists a b € Asuch thataR b and bRc, but
R is transitive, so aRc. Conversely, assume RoR C R and suppose aRb and bRc
for three elements a, b,c € A. Then, (a,c) € RoR via b, and by assumption, aRc,
proving that R is transitive.
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The calculational proof of this property would depend on the equivalence

Va,c€A.(3b€A.aRb A bRc)= aRc
< Va,ce€A VYbeA (aRb AN bRc)=—aRc

which is precisely an instance of the equivalence of the formulae (3x. P(x)) = Q
and Vx. (P(x) = Q) way back from §1.3.2.

d) Ris antisymmetric iff RNRP Cid,

R is antisymmetric iff forall a,b € A,aRb and bRa implies a = b. This is equivalent
to the statement that aR b and aR°? b implies a = b, that is, (a, b)) € RNR°? implies
(a, b) €id,. This, in turn, is equivalent to RNR°? C id,,.

These are sufficient and necessary conditions for establishing properties of relations in
terms of set-theoretic operators rather than element-wise proofs. As before, having the
ability to reason without “going down to the level of elements” often results in more direct
and elegant proofs that capture the algebraic nature of set-level calculations; in addition,
not having to introduce a lot of new variable names for elements make such proofs less
finicky and error-prone as well.

4. Let R be an arbitrary relation on a set A, for example, representing an undirected graph. We
are interested in constructing the smallest transitive relation (graph) containing R, called the
transitive closure of R: a relation CL[R] that satisfies ) R C CL[R]; @ CI,[R] is transitive; and
(3 CI,[R] is the smallest such relation.

a) We define the family of relations which are transitive supersets of R:
Ta={Q:A-» A|RCQandQ is transitive }
R is not necessarily going to be an element of this family, as it might not be transitive.
However, R is a lower bound for Ty, as it is a subset of every element of the family.

Prove that the set () 7y is the transitive closure for R.

We need to prove that (] 7 is the @) smallest @) transitive relation (D containing R.

(1) By the UP of intersections, R C ﬂﬁz holds iff R € Q for all Q € Ty; but by definition
of 7, we have that R must be a subset of all its elements.

@ To show that () 7 is transitive, it is sufficient to show that (| 7z o7z S () 7z by
§6.2.3. By the UP of intersections (similar to §6.2.2), [ | Tro[ T €[ {Q°Q|Q € T },
but since all Q € Ty are transitive, Q ©Q € Q and thus (1{QoQ|Qe Tz} C
NQlQe TR} =NTx

3 To show that (1) 7y is the smallest transitive superset of R, we let S be a transitive
relation with R C S and prove that (] 7; C S. Since S is transitive and R C S, it must
also be an element of T, and by the UP of intersections, [ 7 is a subset of every
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element of Ty, in particular S.

b) ﬂ Tz is the intersection of an infinite number of relations so it’s difficult to compute the
transitive closure this way. A better approach is to start with R, and keep adding the missing
connections until we get a transitive graph. This can be done by repeatedly composing R
with itself: after n compositions, all paths of length n in the graph represented by R will
have a transitive connection between their endpoints.

Prove that the (at least once) iterated composition R°" = R o R°* is the transitive closure
for R, i.e. it coincides with the greatest lower bound of 7z: R°" = (1] Tz. Hint: show that
R°* is both an element and a lower bound of 7.

By the definition of R°* and §6.2.2 (with F = {R"k
that

keN}and G = {R}), we have

R** =RoR*=Ro| J{R*

kEN}ZU{RoROk

where N* is the set of positive natural numbers. Again, we show that Un€N+ R is
the 3 smallest (2) transitive relation (1) containing R, where (1) and (2) amounts to
proving that R°* € T, and (3 that it is a lower bound of 7.

keN}=[JR™

neNt

(D We have thatR C [,y R”" since R =R°! is an element of the indexed family and
big unions are upper bounds.

(2) To show that R°* it is transitive, it is sufficient to show that R°" o R°" C R°*. By
§6.2.2, we have the following:

wrore=(Yre)o( U re) = Y U rvore

neN+ meN+ neNt meN+
To proceed, we prove the following lemma: for all k,1 € N, R°¢ o R°l = R°(k+D),

Base case: k = 0. Then, R° o R*! = id, o R®! = R°(®*U since the identity relation is a
left unit for composition.

Inductive step: k + 1. Assume the @: R°* o R°l = R°**D_ By definition of iterated com-
position, R°“*D o R°l = (R o R°*) o R*!, but since relational composition is associative,
this equals R o (R°* o R°!) which, by the @, is R o R°*+D = R°(+1+D 35 required.

By this lemma, | i Uens RO R™ = |, e Upens 2™, Now, to show that
Uners Upens R°7T™ C R°F, we can use the UP of big unions twice and equivalently
establish

VneN*. ¥meN* R C R**

but this is the case because R°™™ & {R°* | k € N* } and big unions are upper
bounds. Thus, we have shown that R°" o R°" C R°*, and by §6.2.3, it is transitive.

(3 We need to show that R°* is the smallest such relation, i.e. it is a lower bound of
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Tz- By the UP of unions, we equivalently have

| JR"C[Th & VneN".VQeT.R"CQ

neNt

The latter statement can be proved by induction on n.

Base case: n = 1. We need to show that for all Q € 7, R°! =R C Q; but this is the
case since R C Q by the definition of 7;.

Inductive step: n = k + 1. Assume the (): YQ € ;. R°* € Q. We need to prove that
YQ € Tz. R°*D C Q. Let Q € T be such a relation, and show that R°**1) = Ro Rk C
Q. By the induction hypothesis, R° € Q and R C Q by assumption on Q, so §6.2.1
implies that

RoR*CQoQCQ

where the last step follows from the fact that Q is transitive. Thus, RUHD C Q. By the
principle of mathematical induction, we have that Yn e N*. R C Q for all Q € T,
so R°* is indeed a lower bound of 75.

Putting everything together, we have that R°" is the transitive closure of R, as required.

A rather involved proof with many distinct steps, references to established prop-
erties and several proof techniques. Notice, however, that at no point did we have
to reason about elements of the relations: we got to the end without ever having to
say “take (a,a’) € R°"", for example. It would have been possible to get a low-level
proof like this, but expanding all definitions and resorting to purely logical reasoning
is often lengthier and more error-prone. Gaining the fluency to work with universal
properties and recognising common patterns (sufficient conditions for transitivity,
operand-wise application of subsets in composition, etc.) is a worthwhile, time-saving
skill to learn for discrete mathematics and other mathematical subjects.

The concept of a closure is a common and powerful tool for characterising mathem-
atical constructions. Abstractly, we say that a set A is closed under an n-ary operation
f if it maps n elements of A to an element of A; that is, if the operation can be rep-
resented as a function f : A" — A. Familiar examples are addition and multiplication
on natural numbers, union and intersection on P(U) for a set U, list concatenation
on the set of all lists of some type. However, natural numbers are not closed un-
der subtraction (e.g. 2—5 = —3 ¢ N), odd numbers are not closed under addition
(e.g. 3+ 5 =8), subsets of U are not closed under Cartesian product (because the
output is a set of pairs in U x U, not an element of U), etc.

More generally, we can talk about the closure of a set under some property P: for
example P(G) <= G is transitive, or P(A) <= Ais closed under operation f.

Naturally, we may be interested in taking a set A and turning it into one that is closed
under a particular property P “with the least amount of effort”. In particular, we don’t
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want to do anything if A already satisfies P; but if it doesn’t, we only want to add
the minimal number of extra elements to make it so, not more. Thus, we want to
construct the set Cl,[A] with the following properties: (D it should certainly contain
all elements of A, so A C Cl,[A]; @ it should satisfy property P; and (3 it should
be the smallest superset of A which satisfies P. Hopefully you recognise this as a
universal construction, defining the smallest set Cl,[A] in the family C, defined as:

Cpr={C|ACCandP(C)}

As we saw before, the least element of such a family is exactly the bigintersection ﬂCp,
since it is below every closed superset C of A by its UP - this is what part (a) shows
in the particular case of the transitive closure of a graph. While this proof succeeds,
the construction of a closure as a big intersection is inconvenient: it proceeds by
overapproximating (potentially quantifying over an infinite number of supersets) and
taking the common elements of every overapproximation. In many cases the closure
can be built bottom-up, adding elements to the set up until the closure property
is satisfied. The exact approach depends on what property one is considering, but
often involves repeated phases of adding elements to a set to fix all the current
deficiencies, and checking if the new elements gave rise to new holes that need to be
fixed. For example, if a graph G has edges (a, b) and (b, ¢), its transitive closure will
have to include the edge (a, ¢); however, if G also has an edge (c,d), it can combine
with (a, c) so the edge (a, d) will be included in the next phase. This is repeated until
there are no more edges needed to make the graph transitive - for a finite graph, this
state will be reached in a finite number of steps. As this question shows, the step of
glueing together transitive edges is done via relation composition, and iterating this
process a potentially infinite number of times will construct the transitive closure.

7. On partial functions

7.1. Basic exercises
1. LetA, ={1,2}and A; ={a,b,c}. List the elements of the sets PFun(4;,A;) fori,j € {2,3 }.
Hint: there may be quite a few, so you can think of ways of characterising all of them without
giving an explicit listing.

PFun(A,,A,). We have 4 possible total functions: {(1,1),(2,1)}, {(1,1),(2,2)},
{(1,2),(2,1) },{(1,2),(2,2) }. All singleton subsets of these are also partial functions, of
which there are 4 more: {(1,1)}, {(1,2) },{(2,1) },{(2,2) }. Finally we have the totally
undefined function {}, giving the expected number of (2 + 1)? = 9 of partial functions.

PFun(A,,A;). We have 9 possible total functions: {{(1,x),(2,y)} | x,y € A;}. The
singletons map 1 or 2 to any of a, b, c, so there are 6 of those: {{(1,x)} | x € A} U
{{(2,y)} | y €A;}. With {}, we have 16 = (3 + 1)? partial functions, as expected.

PFun(A;,A,). We have 8 possible total functions: {{(a,x),(b,y),(c,z)} | x,y,z2 €A, }.
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There are 3-2-2 = 12 partial functions undefined at one argument (where the notation
{A, }i¢; for an indexed family of sets stands for {A; |i € 1}):

{ {(Cl, X), (b,J’) } }x,yEAZ U { { (Cl,.X'), (C,Z) } }x,z€A2 U { { (b,}’); (C:Z) } }y,z€A2

There are 3 -2 = 6 partial functions undefined at two arguments:

{{(a,x)} }rea, UI{(D, ¥) } }yen, U{{(c,2) } }ocn,
With {}, we have 27 = (2 + 1)® partial functions, as expected.
PFun(A;,A;). We have 27 possible total functions: { { (a,x),(b,y),(c,2)} | x,y,2 € A5 }.

There are 3 -3 -3 = 27 partial functions undefined at one argument:

{ {(a: X), (b,}’) } }x,y€A3 U { { (Cl,.X'), (C,Z) } }x,z€A3 U { { (b,}’); (C:Z) } }y,z€A3

There are 3 -3 =9 partial functions undefined at two arguments:

{{(a,x)} }rea, U{{(D,¥) } }yen, U{{(c,2)} }ocn,
With {}, we have 64 = (3 + 1) partial functions, as expected.
2. Prove that a relation R: A + B is a partial function iff R o R C idj.

(=) AssumeR: A -+ B isa partial function: that is, foralla € Aand by, b, € B, ifaR b, and
aR b, then b; = b,. We need to show that if (b, b,) € RoR°®, b; = b,. By the definition
of relational composition and the opposite relation, there exists a a € A such that aR b,
and aR b,; but since R is functional, b; = b,.

(&) Assume Ro R C id, and take a € A, by, b, € B with aR b, and aR b,. Then, b; R’ a
and therefore (b,, b,) € R o R°? through a. By assumption, this implies that b; = b,, as
required.

3. Prove that the identity relation is a partial function, and that the composition of partial functions
is a partial function.

We show that for all a, a,,a, €4, ifaid,a, and aid, a,, a; = a,. Since id, is the equality
relation, we haven that a = a;, and a = a,, so a; = a,.

Let f: A — B and g: B — C be two partial functions. To show that g o f is a partial
function, it is sufficient to show that (g o f) o (g o f)°? Cid. (§71.2). By §6.1.3(d), we have
that (gof)o(gof)®P=gof of°og®. Since f isa partial function, f o f°? Cidy and
g o g°? Cid.; thus, by §6.2.1, we have:

go(fofP)og®Cgoidiog®=gog®Cidc.

We could of course prove the latter by unwrapping the definition of partial functions and
composition, or doing case analysis on when the functions are defined. But approaching it
via a sufficient condition is quite neat too!
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7.2. Core exercises
1. Show that (PFun(A, B), €) is a partial order. What is its least element, if it exists?

Any subset of a partial function is itself a partial function, since it may be defined on
fewer elements of the domain, but functionality is not violated. The set of partial functions
between two sets therefore has the standard subset ordering f C g which is reflexive,
transitive and antisymmetric as shown in §5.1.1. The least element is the empty set seen as
the totally undefined partial function from A to B.

2. Let 7 C PFun(A, B) be a non-empty collection of partial functions from A to B.

a) Show that [").F is a partial function.

By §7.1.2, it is sufficient to show that (ﬂ ]-") o (ﬂ ]-")OP C idg. We calculate as follows:
(A ((\F)>=((F)o((iF>rIFer}) (by §6.1.3(b))
C(WFoF®|FeF} (by UP of intersections)

- m{idB | F e F}=idg (by §71.2 and assumption)

b) Show thatU]—" need not be a partial function by defining two partial functions f,g: A— B
such that f U g: A + B is a non-functional relation.

We can simply have f = {(1,a)}and g ={(1,b)}forA={1}and B={a,b}.Both
are partial (in fact total) functions, but the union {(1,a),(1,b)} maps 1 to both a
and b, violating functionality.

c) Let h: A— B be a partial function. Show that if every element of F is below h then U]—"
is a partial function.

If forall f € F, f € h,then his an upper bound of F and therefore we have | J F C h.
But subsets of partial functions are themselves partial functions, since they cannot
have more mappings from any particular element of A than h.

You may wonder why the high-level proof we used for intersections doesn’t work
for unions. The issue is that the UP of unions only allows the inclusion

JtForrFertc(JF)o(( J{FPIFeF))
and while a seemingly more general property
H{FeF |EFeF}=(F)(JF)

holds in both directions (see §6.2.2), the F and F’ are independent (since they come
from two existential assumptions) and F’ cannot be specialised to F°.
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8. On functions

8.1. Basic exercises
1. LetA, ={1,2} and A; = {a, b, c}. List the elements of the sets Fun(A;,A;) fori,j € {2,3 }.

The total functions have already been listed amongst the partial functions in §7.1.1:

Fun(A;,A,) = {{(1,x),(2,y)} [ x,y €Ay}
Fun(A,,A;) = {{(1,x),(2,y)} | x,y €A}
Fun(As,Ay) = {{(a,x),(b,y),(c,2)} | x,y,2 €Ay }
Fun(As,As) = {{(a,x),(b,y),(c,2)} | x,y,2 € A3}

2. Prove that the identity partial function is a function, and the composition of functions yields a
function.

We need to show that for all a € A there exists a unique a’ € A such thatid,(a) = a’. Of
course, a is the witness of the existence, and it is unique since sets have no duplicate
elements.

Let f: A— B and g: B — C be functions. We show that the composite g o f is also a
function, that is, for all a € A, there exists a unique ¢ € C such that (g o f)(a) = c. By the
definition of function composition, (g o f)(a) = g(f (a)), where f(a) = b for a unique
b € B and g(b) = ¢ for a unique ¢ € C. Thus, a unique c does exist, and g o f is a function.

3. Prove or disprove that (Fun(A, B), €) is a partial order.

Unlike partial functions, functions are not closed under taking subsets or supersets: the
number of mappings (i.e. the graph) of a function must be equal to the size of the domain
(or, more precisely, isomorphic), so we can’t add or remove mappings without breaking
functionality or totality. We may be tempted to conclude that (Fun(A, B), €) is not a partial
order, but we should remember that there is still an ordering on the set even if different
functions can’t be compared: f C g if and only if f = g. Thus, the subset ordering on
functions simply restricts to equality, which is trivially a partial order: we have reflexivity
since f C f, and antisymmetry and transitivity hold because the hypotheses like f C g
and g € h simply become f =g =h.

4. Find endofunctions f,g: A— Asuchthat fog# gof.

Let f : N — N be the successor functionn— n+1,and g: N — N be the squaring function
m — m?. Then, foralln, (go f)(n)=(n+1)?>=n*+2n+1,but (fog)(n)=n?+1.

Many other examples exist of course. This is merely a reminder that function composition
(and relational composition in general) is not commutative, and it doesn’t have many other
properties that we tend to expect from binary operators: for example, f o g = f oh does
not imply g = h in general.
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8.2. Core exercises

1. Arelation R: A - B is said to be total if Ya € A. 3b € B. aR b. Prove that this is equivalent to
id, € R°? oR. Conclude that a relation R: A + B is a function iff RoR°? C id; and id, € R’ oR.

(=) Assume thatR: A + B is a total relation, that is, for all a € A there exists a b € B such
that aR b. We need to show that for all (a,a’) € id,, (a,a’) € R’ oR - that is, that R’ o R
is reflexive. A pair (a,a) fora € Ais in R°? o R if there exists a b € B such that aR b and
bR°?q,i.e. aR b, which is satisfied if there exists a b € B such that aR b. But this follows
from the assumption that R is total.

(&) Assume that R°? o R is reflexive and show that R is total. Take a € A; as R’ oR is
reflexive, (a,a) € R°? oR, so there exists a b € B such that aR b. Taking this b as the
witness of existence, we conclude that R is a total relation.

A total function is both a total relation and a partial function, so a relation R is total if and
only if it satisfies both id, € R°? o R (from above) and R o R°? C idy (from §7.1.2).

This question establishes that partial functions are in some sense dual to total rela-
tions: instead of asking for uniqueness (functionality), they require an existence (totality).
Consequently, we can dualise several results from the previous section. For example, we
have that the union of total relations is total, but the intersection is not, with the proofs
being the duals of the arguments in §7.2.2 (and the proof attempt for intersections failing
because their universal property is the “wrong way around”).

2. Let y: P(U) — (U = [2]) be the function mapping subsets S C U to their characteristic
functions ys: U — [2].

a) Prove that for all x € U,

* Xaus(x) = (xalx) V x5(x)) = max(y4(x), x5(x))

Let x € U. Then,
Yap(x) &= x€(AUB) &< (x €A) V (x €B) <= (y4(x) V x5(x))
and the latter holds iff y,(x) =1 or yz(x) =1, so max(y(x), xz(x)) = 1.

* Xars(X) = (xa(x) A xp(x)) = min(y,(x), xp(x))
Let x € U. Then,

Xap(X) & x €(ANB) < (x €A) A (x € B) <> (yalx) A xp(x))
and the latter holds iff y,(x) =1 and yz(x) =1, so min(y,(x), xz(x)) = 1.

* Xacs(x) = 2(xa(x)) = (1 — xalx))
Let x € U. Then,

Xac(x) & x €A &= ~(x €A) = ~(ya(x))
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and the latter holds iff y,(x) =0,s01— y(x)=1.

b) For what construction A?B on sets A and B does it hold that

Xars(x) = (xa(x) ® 25(x)) = (xa(x) +2 x5(x))
for all x € U, where & is the exclusive or operator? Prove your claim.

The element x must be exactly in one of A or B, not their intersection. This leads to
the definition
A?B=(A\B)U(B\A)=(AUB)\(ANB)

which is known as the symmetric difference and written A A B. Then, for x € U,
Yarg(x) &= x€(AAB)
— (x€eAANXE€B)V (x€B A x¢A)
= (xalx) A =x(x)) vV (25(x) A = xa(x))
> xa(x) ® xp(x)

and the latter doesn’t hold iff y,(x) = y5(x) = 0 or y,(x) = xz(x) = 1. Adding
x4(x) and yz(x) can give the values of 0, 1 or 2, but we only want the case where
the sum is 1 and use the addition modulo 2 to route the other possibilities to 0.

8.3. Optional advanced exercise

Consider a set A together with an element a € A and an endofunction f: A — A.

Say that a relation R: N -» Ais (a, f )-closed whenever
R(0,a) and VneN,x €A R(n,x)=R(n+1,f(x))
Define the relation F: N + Aas
F= ﬂ{R: N + A|Ris(a, f)-closed}
a) Prove that F is (a, f)-closed.
b) Prove that F is total, thatis: Yn € N. 3y € A. F(n, y).

c) Prove that F is a function N — A, thatis: Vn € N. 3y € A.F(n, y).

Hint: Proceed by induction. Observe that, in view of the previous item, to show that 3!y €
A.F(k, y) it suffices to exhibit an (a, f )-closed relation R such that 3!y € A.R,(k, y). (Why?)
For instance, as the relation Ry = {(m,y) e NxA|m=0= y =a} is (a, f )-closed one
has that F(0,y) = Ry(0,y) = y = a.

d) Show that if h is a function N > Awith h(0) =a and YneN. h(n+ 1) = f(h(n)) thenh =F.

Thus, for every set A together with an element a € A and an endofunction f : A — A there exists a
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unique function F : N — A, typically said to be inductively defined, satisfying the recurrence relation

{a forn=0
F(n)=
f(F(n—1)) forn>1

9. On bijections

9.1. Basic exercises

1. a) Define a function that has (i) none, (ii) exactly one, and (iii) more than one retraction.

b) Define a function that has (i) none, (ii) exactly one, and (iii) more than one section.

The general pattern (for finite sets) is that the domain of sections is smaller than (or
equal to) the codomain so elements can be “selected” from a larger set. Conversely, the
domain of a retraction is greater than or equal to the codomain, so a group of elements
can be “collapsed” into one. The section-retraction condition states that a sectionata € A
selects one of the elements that get mapped to a by the retraction.

2. Let n be an integer.
a) How many sections are there for the absolute-value map x — |x|: [—n..n] — [0..n]?

The absolute value function maps two integers k and —k to the same natural number
|k| (other than 0), so a section for this map can select either of the two integers. The
codomain [0..n] has size n + 1 but 0 can only be mapped to 0 € [—n..n]; for the
remaining n inputs we have 2 choices each, giving us 2" possible sections.

b) How many retractions are there for the exponential map x — 2*: [0..n] — [0..2"]?

The retraction only needs to map the powers of two back to their exponents, leaving
2" — n naturals in [0..2"] that are not in the range of the exponential map and
therefore are not constrained by the section-retraction condition. Since each of these

can be mapped to any of the #[0..n] = n + 1 possible inputs, the exponential map
has (n 4+ 1)> " retractions.

3. Give an example of two sets A and B and a function f : A — B such that f has a retraction but
no section. Explain how you know that f has these properties.

See §9.1.1.

4. Prove that the identity function is a bijection and that the composition of bijections is a bijection.

To show that the identity id,: A — A is a bijection, it is sufficient to exhibit a two sided
inverse, namely id, itself. Since it is the unit of composition, we have id, o id, = id,, which
is both the left and right inverse condition.

Let f: A— Band g: B — C be bijections, with respective inverses f " and g~'. We need to
show that the composite gof : A— C is a bijection. Consider the function f "og™: C — A,
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and calculate using the inverse properties of f and g:
(frog™)o(gof)=f"o(g og)of =f oidyof =f"of =id,
(gof)o(flog)=go(fof)og ' =goidgog =gog =id

Thus, f' o g7" is a two-sided inverse of g o f, making it into a bijection.

5. For f: A— B, prove that if there are g,h: B — Asuch that go f =id, and f o h = id then
g = h. Conclude as a corollary that, whenever it exists, the inverse of a function is unique.

We show that if a map f : A — B has two opposite-sided inverses, they must be equal.
Assume g,h: B — Asatisfy go f =id, and f oh = idgz. We consider the composite go f oh
and calculate:

go(foh)=goidg=g (gof)oh=idyoh=h
and since composition is associative, we have that g = h.
Assume a function f : A— B has two inverses f; ', f,”': B — A. Then, in particular, they

satisfy f; ' o f =id, and f o f,™" = idg, so by the first part, we have that f;™ = f,.

9.2. Core exercises

1. We say that two functions s: A — B and r: B — A are a section-retraction pair whenever
r os = idy,; and that a function e: B — B is an idempotent whenever e o e = e. This question
demonstrates that section-retraction pairs and idempotents are closely connected: any section-

retraction pair gives rise to an idempotent function, and any idempotent function can be split
into a section-retraction pair.

a) Let f: C > Dand g: D — C be functions suchthat fogo f = f.
(i) Canyou conclude that f o g is idempotent? What about g o f? Justify your answers.
Both are idempotent, since by associativity of o and the assumption we have:
(foglo(fog)=(fogof)og=fog
(gof)o(gof)=go(fogof)=gof
(i) Define a map g’ using f and g that satisfies both
fogof=f and glofog'=g’
Let g’ =gof og.Then:

foglof=fogo(fogof)=fogof=f
g'ofog/=go(fogof)ogofog=go(fogoflog=gofog=¢g’
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Straightforward questions intended to get you used to “the algebra of functions”:
calculating with compositions of functions, rather than their values at arguments.

b) Show thatifs: A — B and r: B — A are a section-retraction pair then the composite
sor: B — Bisidempotent.

Lets: A— Band r: B — Abe a section-retraction pair with r os = id,. We show that
sor: B — Bisidempotent as follows:

(sor)o(sor) = so(ros)or = soidyor = sor

where we use assumption along with the associativity of composition and neutrality
of the identity function.

c) Show that for every idempotent e: B — B there exists a set A (called a retract of B) and a
section-rectraction pairs: A— Bandr: B — Asuchthatsor =e.

Let e: B — B be an idempotent function. We need to show that there exists a set A
such that e can be split into the compositione =sor wheres:A—Bandr: B —A
form a section-retraction pair.

Take A to be the subset {e(x) | x € B} C B, i.e. the direct image of B under e.
Let s: A — B be the subset injection A > B, and r: B — A be e with its codomain
restricted to its range. That is:

s(x)=x  r(y)=e(y)

Now, the composite sor maps x € Bto e(x) € Awhichistheninjected to B unchanged,
sosor = e.The reverse composite ros maps an element y : Ato e(y), but by definition
of A there must be an x € B such that y = e(x), and by the idempotence of e we
have that e(y) = e(e(x)) = e(x) = y; thus, r os = id, and the two maps form a
section-retraction pair.

This is a rather abstract exercise which establishes a connection between idem-
potent maps and section-retraction pairs, namely: every sr-pair gives rise to an
idempotent map, and every idempotent map can be split into a sr-pair.

Idempotent maps are functions which do not need to be applied more than once:
f(f(x))=f(x),soin general f"(x) = f (x) for any natural number n. Examples are
the absolute value function |—|: Z — Z, sorting algorithms and other “normalisation”
procedures (once something is brought into a standardised, normal form, it should
not change if normalised again), mapping a set X to its closure under some property
Cl,(X) (e.g. for an arbitrary relation R, taking the transitive closure of CI.(R) should
be a no-op), pressing the elevator or road crossing indicator button, etc.

Section-retraction pairs normally capture the idea of sorting a set of elements B into
disjoint groupings labelled by A: the retraction r: B — A maps an element b € B to
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its group label in A, while the section s: A — B selects a particular element s(a) € B
labelled by a € A. Clearly the group that a particular element of the group belongs
to will be the starting group, giving rise to the required one-sided inverse condi-
tion. Examples are cities grouped by countries, students grouped by subject/college,
products grouped by brands, employees grouped by department, and so on (you can
probably find even more examples in the Databases course).

A common characteristic of all of these is that the set of entities is larger than the
set of groups, and each group has at least one element (since the section has to
select something). This is usually visualised as a vertical internal diagram, where
the retraction r maps several entities in B to a single element in A, and the section
s maps an element in A to one of the elements that is mapped to it by r. As this
representation demonstrates, elements in B get clustered by which group they belong
to, which equips B with an implicit partitioning (see §10.2.3). The section then selects a
“representative element” of each partition. The section-retraction condition ros =id,
simply states that the representative elements are in the clusters they represent -
certainly desirable! For the example of cities grouped by countries, the representative
element of each city cluster may be the capital city (and let’s assume every country
has exactly one capital), which of course has to be in the country it is a capital of.
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Section-retraction parts only have a one-directional inverse property r os = id;

nevertheless, the reverse composite s or — not required to be the identity - cannot be
completely arbitrary either. As shown in the exercise, it has to be an idempotent map:
once we do one round trip between B and A, we are “stuck” no matter how many new
round trips we do. Mathematically, we have found the fixed point of an endofunction,
i.e. the value x such that f(x) = x. It is easy to see that every idempotent map
e: B — B has a fixed point e(x) for all x € B, since the idempotence condition
e(e(x)) = e(x) is precisely a fixed point equation. Graphically, we can see that
following any 2-step path from x € B will lead us to the representative element, from
which any round trip is merely the identity map. The composite s o r can therefore be
seen as a function on B, representing the mapping of any element in a cluster to its
representative; for example, any city to the capital of its country, any student to their
college student union president, any employee to their department manager.



DISCRETE MATHEMATICS SOLUTIONS WITH COMMENTARY

Now, we consider a different problem: we start with a set B and an endomap e: B —
B satisfying e o e = e. As before, idempotence clusters elements in B since one
application of e maps them to a unique representative and any new applications will
simply loop on the representatives.

6 '\J ®/. L@// )
c\L U U U v

The question is: can we recover the set A and the section-retraction pair that induces

e just from B and e? While we can’t expect to be able to do this exactly - we'd need
to figure out the names of colleges only based on the students — we can do the next
best thing: find a decomposition which will be isomorphic to the original grouping.
Looking at the diagram, it should be quite clear which elements act as representatives
of the clusters and can therefore be abstractly characterised: all the outputs of the
idempotent map e, i.e. the set of fixed points of e. Thus, we take the retract A to
be nothing more than the subset A = { f(x) | x € B}. Intuitively, we exploit the
(simplified) fact that the set of capitals/presidents/managers is isomorphic to the
set of countries/colleges/departments. Now, we needtofinds: A—Bandr: B —A
satisfying r os =id, and sor = e. Since A is a subset of B, there is a canonical section
s: A— Bthat embedsAinto its superset: s(x € A) = x € B. Conversely, the retraction
that maps B to A is the idempotent function e itself, with its codomain restricted
to its range: r(y € B) = e(y). The composite s o r is an application of e followed
by an “identity” map, so we clearly have s o r = e. To prove the section-retraction
condition, take an x € A and consider r(s(x)) = r(x) = e(x), which is not exactly
what we need; however, we know that x € A so it must be of the form x = e(y) for
some y € B. Thus, r(s(x)) =r(s(e(y))) =e(e(y)) =e(y) = x, as required.

10. On equivalence relations

10.1. Basic exercises
1. Prove that the isomorphism relation = between sets is an equivalence relation.

Reflexive. The identity id,: A — A is a bijection (§9.1.4), so we have the isomorphismA = A
for all sets A.

Symmetric. Assume A = B; that is, there is a bijection f : A— B. Itsinverse f ': B > Ais
a bijection too, so we have the isomorphism B = A, as required.

Transitive. Assume A = B and B = C with respective bijections f and g. Then the composite
gof:A— Cisa bijection too (§9.1.4) and exhibits the isomorphism A = C.

2. Prove that the identity relation id, on a set A is an equivalence relation, and that A/id, = A.
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The identity relation id,: A + Ais equal to the equality relation {(x,y) €AxA|x =y}
which is an equivalence relation.

The quotient set A/id, is the set of equivalence classes of A under the equality relation:
A/id, = {[a]- CA|a € A}. The equivalence class [a]_ contains all elements that are
equal to a, which of course is a itself since sets have no repeated elements. Hence every
equivalence class is the singleton set, and we can construct a bijection f : A — A/id, by
mapping x € Ato { x } € A/id,, and the inverse f " mapping {y } to y.

3. Show that, for a positive integer m, the relation =,, on Z given by
x=,y < x=y (modm)
is an equivalence relation. What are the equivalence classes of this relation?

We have already proved that congruence is reflexive, transitive and symmetric in §2.1.1, so
it is indeed an equivalence relation. The equivalence classes of congruence modulo m are
the congruence classes k,, = {n €Z | (m| k—n)}, and the quotient Z/=,, is isomorphic
to the set Z,, of integers modulo m.

4. Show that the relation = on Z x Z™ given by
(a,b)=(x,y) <= a-y=x-b
is an equivalence relation. What are the equivalence classes of this relation?
Reflexive. We have to show that (a, b) = (a, b) for a € Z and b € Z*; by definition, this is
a-b=a-b,which is true by reflexivity of equality.
Symmetric. Assume (a, b) = (x,y); that is, ay = xb. By symmetry of equality we have
x -b=a-y whichimplies (x,y) = (a, b), as required.

Transitive. Assume (a,b) = (x,y) and (x,y) = (m,n); then, W a-y = x-b and @
x-n=m-y.We have to show that 3 a-n = m- b. Multiplying both sides of () by n, then
rearranging and applying (2), we have the following:

a-y-n=x-b-n=x-n-b=m-y-b

Since y € Z™, it is nonzero and we can divide both sidesofa-y-n=m-b-y to get 3, as
required.

An equivalence class of this relation for a pair (a, b) contains all pairs (x, y) such that
a-y = x-b;inotherwords, 7 = f Thus, the relation expresses the equality of fractions,
with an equivalence class corresponding to different “representations” of the same fraction,
and a representative element for every class being the fraction in lowest terms. The quotient
set Z x 7/ = has elements corresponding to rational numbers (represented by an infinite
number of distinct, but equivalent fractions of integers) so it is isomorphic to Q.
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10.2. Core exercises
1. Let E; and E, be two equivalence relations on a set A. Either prove or disprove the following
statements.

a) E; UE, is an equivalence relation on A.

The statement is false. Let A = {a, b,c} and consider the equivalence relations
El = { (Cl, a)’ (Cl, b): (bJ Cl), (b’ b), (C, C) } and EZ = { (Cl, a): (bz b): (b’ C), (C, b), (C, C) }
Then, the union E; U E, contains the pairs (a, b) and (b, ¢) but not the pair (a, c), so
the union - while still being reflexive and symmetric - is not transitive.

b) E; NE, is an equivalence relation on A.

Let E; and E, be two equivalence relations on A. We show that E; NE, is an equivalence
relation as well, using the sufficient conditions of §6.2.3.

Reflexive. We show that id, C E; N E, or equivalently, id, € E; and id, C E,, which
hold since E; and E, are reflexive.

Symmetric. By §6.1.3(b), (E; N E,)°? = E,°° N E,°® = E; N E,, since both relations are
symmetric.

Transitive. It is sufficient to show that (E; NE,) o (E; NE,) C E; NE,, or equivalently,
(E;NE,)o(E,NE,)CE,and (E;NE,)o(E,NE,) CE,.Since E;NE, C E;, by §6.2.1
we have (E;NE,)o (E;NE,) C E, o E;, and by transitivity of E;, E; o E; C E;. The
case for E, is similar.

Could we have done this quite easily with element-wise reasoning? Yes. Is this
approach far more satisfying? Also yes.

2. For an equivalence relation E on a set A, show that [a; ]; = [a,]; iff a; E a,, where

laly={x€A|xEa}.

Let E be an equivalence relation on A, and take two elements a;,a, € A.

(=) Assume [a, ]z = [a,]z; we need to prove that a, E a,. By definition of equivalence
classes and set equality, all elements x € A are related to a, if and only if they are related
to a,: x Ea; <= x E a,. In particular, for x = a;, we have a; Ea; < a;Ea,; butE s
reflexive, so a; E a; and from this a; E a, follows.

(<) Assume a, E a, and prove that for all x € A, x E a, if and only if x E a,. If x E a,, then
by assumption and the transitivity of E, x E a,. Conversely, if x E a,, we can chain this with
the opposite assumption a, E a, to get x E a,, as required.

3. For afunction f : A— B define a relation = on A by the rule: for all a,a’ €A,
a=;ad < f(a)=f(a)

a) Show that for every function f : A— B, the relation =, is an equivalence relation on A.
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Reflexive. We need to show that for all a € A, a =; q, or equivalently, f (a) = f(a) -
but the latter holds by reflexivity.

Symmetric. Assume a =; b, that is, f(a) = f(b). Then f(b) = f(a), so b =; q,
proving that =; is symmetric.

Transitive. Assume a =; b and b =, c, thatis, f(a) = f(b) and f(b) = f(c). By
transitivity of equality, f (a) = f(c), so a =; c, as required.

b) Prove that every equivalence relation E in a set A is equal to =, where g: A A/E is the

quotient function g(a) = [a]g.
Let E be an equivalence relation on A. We need to show that foralla,b €A, aEb if
and only if a =, b, or, by definition, [a] = [b]g. But this follows directly from §10.2.2.

c) Prove that for every surjection f : A— B,

B = (A/ Ef)

Let f: A = B be a surjection. We prove the isomorphism by exhibiting a bijection
g:B— (A/ Ef) with a two-sided inverse g': (A/ Ef) — B.

Let g mapa beBtotheset{acA| f(a)=Db};thisisanon-empty set since f is a
surjection, and it is an equivalence class of elements under =, because any a;,a, in
the set gets mapped to b by f and therefore f(a;) = b = f(a,) implies a; =; a,.

Let g7' be a mapping from an equivalence class [a]Ef ofana €Ato f(a) €B.

We show that for all b € B, g7'(g(b)) = b. By definition of g, g(b) ={a €A| f(a) =
b} which is nonempty by the surjectivity of f; let a be one of its representative
elementssothat g(b) = [a]Ef.Then, g‘l([a]Ef) = f(a), but by assumption, f (a) = b,
so we indeed have g7' o g = id,.

Conversely, let [a]Ef S (A/ Ef) be the equivalence class of an element a € A. We

then have g(gfl([a]zf)) = g(f(a)) = {a’ € A| f(a’) = f(a)}. But this set is
precisely {a’ € A| a’ =; a}, the equivalence class [a]Ef of a. Thus, go g™ = idA/Ef,
and the bijection g exhibits the isomorphism B = (A/ Ef), as required.

As before, the best way to get an intuition for this question is to draw a diagram.
A useful visualisation of functions - similar to the clustering representation in §9.2.1 -
is as elements of the domain stacked over the elements of the codomain that they
are mapped to, with the individual mapping arrows left implicit (and functionality

captured by the fact that a dot in A can only be over exactly one dot in B).
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If the function is an injection, each column can at most one element; if it is a surjection
(like f here), each column must have at least one element. The equivalence relation
=, in this question relates two elements in A precisely when they are in the same
column, and since f is a surjection, the elements of A are all partitioned into disjoint,
non-empty columns. Since each column is above an element in B, there is a bijection
between the set of partitions (i.e. the set A quotiented by Ef) and B, exhibited by a
mapping between b € B and the stack of A elements that get mapped to b (sometimes
called the fiber over b).

11. On surjections and injections

111. Basic exercises

1. Give two examples of functions that are surjective, and two examples of functions that are not.

Surjective. Absolute value function to the naturals |—|: Z - N; natural log function
In: RJ - RR; first projection function from the Cartesian product of two (nonempty) sets
m,:AXB > A

Not surjective. Integer squaring function on the naturals: (—)?: N — N (only returns perfect
squares); constant function ¢, : A— B with value b € B (always outputs b if B is not the
singleton set); successor function (—) + 1: N — N (0 is not the successor of any number).

2. Give two examples of functions that are injective, and two examples of functions that are not.

Injective. The inclusion/injection function ¢: S » A for any subset S of A; exponential
function x — e*: R > R; perfect hash function.

Not injective. Integer squaring function: (—)?: Z — Z (since x? = (—x)?); quotient function
q(a) =[alz: A— A/E for an equivalence relation E (related elements map to the same
equivalence class); sin(x): [0,27t] — [—1, 1] since sin(0) = sin(27) = 0.

11.2. Core exercises
1. Explain and justify the phrase injections can be undone.

Every injection (from a non-empty domain) has a retraction which “undoes” its effect. If
i: A Bisaninjection, every b in B is mapped to by at most a € A; thus, a retraction can


https://en.wikipedia.org/wiki/Perfect_hash_function

DISCRETE MATHEMATICS SOLUTIONS WITH COMMENTARY

be defined as
a ifda€A. i(a)=0>b
r(b) =
a, otherwise

where a, is any element of A. This is total, since every b is either mapped to the source a
for which i(a) = b, or to the fixed a,. It is also functional, since there may only be at most
one a for which i(a) = b. By construction, r oi = id,, so the two form a section-retraction
pair.

The implication holds in the other direction as well: every sections: A — B (with a retraction
r: B — A)is an injection. To see this, consider a,a’ € A and assume s(a) = s(a’). But since
r os = id,, we have that r(s(a)) = r(s(a’)) implies a = a’, so s must be an injection.

2. Show that f : A — B is a surjection if and only if for all sets C and functions g,h: B — C,
gof =hof implies g =h.

(=) Let f : A— B be a surjection: for all b € B there exists an a € A such that f(a) = b.
Furthermore, let g,h: B — C be functions and assume (1) go f =ho f. We need to show
that g = h, that is, for all b € B, g(b) = h(b). But by assumption any b € B is equal to
f(a) for some a € A, so the condition is equivalent to g(f (a)) = h(f (a)), which is just (0.

(&) We show the contrapositive: if f : A B is not surjective, then there exists a C and
functions g,h: B — C suchthat go f =ho f but g # h. If f is not surjective, there exists
a by € B such thatforall a € A, f(a) # b,. We can therefore choose two functions g and h
such that they match on the range of f, but differ on b,,. For example, take C to be B with
a new distinguished element x added: C =BU{*}.Let g: B— BU {*} be the inclusion
g(b) = b, and let h(b,) = and h(b) = b for all b # b,. Then, go f =ho f,since gand h
defined to be equal for all elements in the range of f, but they differ on the element b,
not “covered” by f, hence g # h.

The (<) direction can be presented as a non-contrapositive argument as well. Let
f A - B be a function and assume forall g,h: B — C,if gof = ho f then g = h.
We need to show that for all b € B there exists an a € A such that f(a) = b. Choose
C=[2]={0,1}and define g = yzand h = X Py where F(A) C B is also called the
range of f,i.e.theset {f(a) € B|a € A}. Thatis, g(b) = 1 for all b, and h(b) = 1 for
all b in the range of f, and 0 otherwise. Now, for all a € A, g(f(a)) = h(f (a)), but by
assumption this implies that g = h. This is only possible if the range of f is B itself, i.e. f
is surjective.

What would be an analogous condition for injections?

Injectivity is equivalent to left-cancellability: f : B — C is an injection iff for all sets A and
functions g,h: A— B, if fog=fohtheng=h.

(=) Assume f : B > C isan injection, and suppose that f og = f oh forsome g,h: A— B.
We need to show that for all a € A, g(a) = h(a). Injectivity means that for all b,, b, € B, if
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f(b;) = f(b,) then b; = b,. Instantiating this for g(a), h(a) € B, and using the assumption
f og = f oh,we deduce that f(g(a)) = f(h(a)) implies g(a) = h(a). Since a € A was
arbitrary, we have that g = h.

(<) Assume that forallAand g,h: A— B, (D f o g = f oh implies g = h. We need to
show that for all by, b, € B, if f(b;) = f(b,) then b; = b,. Take b,, b, € B and assume
that @ f(b,) = f(b,); for A= {() } the singleton set, define g,h: A— B as g() = b, and
h() = b,. Then, by @), f(g()) = f(b1) = f(by) = f (h()), but then by (D g = h so by = b,.

3. Use the above sufficient condition to show that the identity function is a surjection, and the
composition of surjections is a surjection.

Identity. We show thatid,: A — Ais a surjection. Let X be a setand g,h : A— X be two
functions, and assume g oid, = h o id,. Since the identity is the unit of composition, we
get g = h immediately, so id, is a surjection by §11.2.2.

Composition. Let f : A—> B and g: B - C be surjections. We show that gof: A— Cisa
surjection via §11.2.2. Let h,i: C — X be two functions and assume ho(gof)=io(gof);
we need to prove that h = i. Composition is associative, so (hog)o f =(iocg)of -and f
is a surjection, so we have thatho g =io g: B — X. Similarly, g is surjective, so h = 1.

As is hopefully apparent now, exercises of the form [object] is [defined set-theoretic
concept] iff [it satisfies set-theoretic property] are powerful and reusable proof principles:

X is the union of Aand B ifACX,BCX,andforallY,(ACY ABCY)=XCY
Ris an equivalence relation iffid; CR,R=R? and RoRCR
R is a partial function iff RoR°P Cidy

f is surjective iffforall g,h: B—>X,gof =hof =>g=h

Thus, to prove that [object] is [defined set-theoretic concept], instead of expanding the
set-theoretic definition (which is usually given in terms of individual elements), we can
reason via the higher-level set-theoretic properties which may result in more abstract and
elegant proofs with preorder or equational reasoning. While perhaps not immediately as
intuitive and not necessarily shorter, once you get used to the approach, you will be able
to recognise and appreciate opportunities for reasoning via sufficient/universal properties
rather than reaching for “let x € A and show x € B” right away and making your proof
low-level and often harder to follow. That said, for explicitly defined sets and functions,
proving surjectivity (for example) from first principles may be more direct - see some
exercises in the next section.

12. On images

121. Basic exercises

1. LetR, = {(m,n) | m = n?}: N - Z be the integer square-root relation. What is the direct
image of N under R,? And what is the inverse image of N?
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By the definition of the direct and inverse relational images, we have:

E’(N)zZ R,(N)={0}u{neN|nisnotsquare}

This may well be called a “trick question”, since the answer could hardly be more coun-
terintuitive - then again, it follows directly from the definition of inverse relation images so
there is not much to argue about! R, relates every integer (on the right) with its square (on
the left), a natural number: R, = {(0,0),(1,—1),(1,1),(4,2),(4,-2),(9,—3),(9,3), ... }.
The direct image of the natural numbers is therefore Z itself, since the square of every
integer is in N. It may seem intuitively obvious that the inverse image of N C Z under the
square root relation would be the set of square numbers, but this is distinctly not the case.
Recall the definition of inverse relational images:

R(YCB)={acA|VbeB.aRb=>beVY}
ForR,, and Y =N C Z, this becomes:
R,(N)={meN|VneZ m=n*=>neN}

In other words, if there are any integers that square to an element ofE(N), they all have
to be natural numbers. O is certainly in the inverse image, since the only number that
squares to 0 is O itself, and it is in N. The problems start with nonzero square numbers like
1,4,9, etc.: there are exactly two integers that square to the same perfect square number,
namely the square root, and the negative of the square root. Only one of these is a natural
number, the other violates m = n?> = n € N and therefore cannot be an element of the
inverse image. Thus, the inverse image of natural numbers under the square-root relation
contains no square numbers other than 0. Even worse is that every natural number which
is not a perfect square (and therefore isn't related to any integers) vacuously satisfies the
condition: for any n € Z, 2 # n? so the hypothesis is never satisfied and the implication
holds! As a result, the inverse image contains all the non-square natural numbers and 0.

You may rightly ask: why do we define inverse images in such a way? The answer is simply
that this is the most natural way to define it as a dual of the direct image R(X) = {b €
B|3dx € X. xRb}. Indeed, if we slightly rephrase the condition 3x € X. x R b to separate
existence and membership of X, and compare it to the inverse image definition, we get:

RX)={beB|3xc€A xRb A x€X}
R(Y)={a€A|VyeB.aRy=>ye€Y}

As is often the case with mathematics, symmetry and simplicity takes precedence over
intuition, and trying to define the inverse image to yield the “expected” results would
needlessly complicate the definition. In fact, what we intuitively expect the inverse image
of N under R, to be (the set of perfect squares) is nothing more than the direct image of N
under the opposite relation R
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2. For arelationR: A -+ B, show that:
a) RX)=|J,.x R{x})forallXx CA
Let X be a subset of A. We calculate as follows:

R(X)={beB|3xe€X.xRb}
:{b€B|EIx€X.3y/€{x}.y’Rb}
={beB|3Ixex.be R({x}}

= JR{x}

b) R(Y)={acA|R{a}) Y }forallY CB.
Let Y be a subset of B. We calculate as follows:

R(Y)={a€A|VyeB.aRy=>yecY}
:{a€A|Vy€B. (3a’e{a}.dRy)=>yeY}
={a€A|‘v’y€B.y€ }_i({a}):>y€Y}
={acA|R({ap)cY}

This equivalent characterisations of inverse images highlights the requirement
that every y € B related to an a € A has to be in Y, not just at least one.

12.2. Core exercises
1. For X C A, prove that the direct image f(X) C B under an injective function f : A> Bisin
bijection with X; thatis, X = f (X).

Let f : A— B be an injective function and let X be a subset of A. We show that the direct
image of X under f is isomorphic to X by constructing a bijection h: X = f (X). Define

h as
h(x €eX)=f(x) € f(X)

By construction, h is a function from X to F(X) because every output of f for an inputin
X ends up in the direct image. We show that h is surjective and injective. Take any element
y € J?(X); by definition, there must exist an element x € X such that f(x) = h(x) =y,
which is the condition for surjectivity of h. Now, take x;, x, € X and assume that h(x;) =
h(x,). Then, f(x;) = f(x,), but f is injective, so x; = x, — proving that h is injective too.
As a direct corollary, the range of an injection is isomorphic to the domain: F(A) ~ A

This is a situation where proving injectivity and surjectivity is more convenient than
trying to precisely formulate an inverse function that maps y € f)(X) to “the element in X
that got uniquely mapped to y” and using this to calculate the inverse laws.

2. Prove that for a surjective function f : A > B, the direct image function j?: P(A) - P(B) is
surjective.
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Assume f : A B is a surjection: for all b € B, there exists an a € A such that f(a) = b.
We need to prove that for any element Y € P(B) there exists an X € P(B) such that

f (X)=Y.Thus, take a subset Y C A, and let the corresponding subset of A be the inverse
image ?(Y) C A. We now need to show that J?(JT(Y)) =Y, for which we calculate:

F(F))={beB|3aef(Y).f(a)=b}
={beB|da€A f(a)eY A f(a)=b}
={beY|dacA f(a)=b}

but the last set is precisely Y since f is surjective and therefore the comprehension
condition holds for all b € Y. As a direct corollary, the range of a surjection is equal to the
codomain: f (A) = B. A bijection is both an injection and a surjection, so A = f (A) =B.

3. Show that any function f : A— B can be decomposed into an injection and a surjection: that
is, there exists a set X, a surjection s: A—» X and an injectioni: X > B suchthat f =ios.

Let f: A — B be a function, not necessarily a surjection or injection. Take X to be the
range of f, that is, the direct image of its domain: X = f)(A) C B. Then, by definition, every
element b € F(A) has an associated element a € A such that f(a) = b, so f with its
codomain restricted to its range is a surjection - hence, s(a) = f(a): A » J?(A). The range
of f is a subset of the codomain, so we have the canonical inclusion i(b) = b: ]?(A) - B
which is an injection. For all a € A4, i(s(a)) = i(f(a)) = f(a), so the composite i os is
indeed equal to f, as required.

When A= B (and f : A— Ais an endofunction), the construction of course still works.
In fact, it gives one half of the idempotent-splitting example §9.2.1, in which an idempotent
endofunction e: A — A s split through its range {e(b) | b € B} = €(B) into functions r
and s assor = e which, thanks to the idempotence condition, form a section-retraction pair:
r os = idy. Sections are always injections, and the constructed retraction is a surjection,
matching the result shown in this exercise.

4. For arelationR: A -+ B, prove that
a) R(UF)=U{Rx) |X € F} forall F € P(A)
Let 7 € P(A) be a family of subsets. We have the following calculation:
beR( JF) = Jae| JF.aRb
< dX e F.daeX.aRb
> IX e F.beR(X)
< WY e{RX)|xeF}lbey
= be| fR)|xeF}

b) R(NG)=N{R(X)| Y €G}forall G < P(B)
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Let 7 C P(A) be a family of subsets. We have the following calculation:

acR(()9) & VbeB.aRb=ac( g
&< VYbeB.aRb=>VYe€§.acY
< V¥ eg.VbeB.aRb=>a€yY
> VY eG.aeR(Y)
— Vxe{R(Y)|veg}aex
= ae[ {R(V)|veg}

5. Show that, by the inverse image, every map A — B induces a Boolean algebra map P(B) — P(A).
That is, for every function f : A— B, its inverse image preserves set operations:

- @) =0
ae?((?)) S f(a)ed < false & asl
- F(B)=A
ae}?(B) <& fa€EB & true & acA
c FXUY)=FX)UF(Y)

aef(XUY) & f(A)e(XUY) & f(A)EX V f(Q)EY
S acfX)Vaef(X) & aef(X)UF(Y)

c FENY)=FX)NF(Y)

aef(XNY) e f(@e(XNY) e fFlAEX A f(Q)EY
SacfX)Aaef(X) & acf(X)NF(Y)

Fee=(Feo)

aef(X) & fl@eX o ~(f@eX) & ~aef() & as(F0)

13. On countability

13.1. Basic exercises
1. Prove that every finite set is countable.

If the set is empty, it is countable by definition. Otherwise, if A is finite, it has at most
#A =n > 0 elements. Thus, an enumeration N - A can be constructed by mapping the
first n natural numbers to distinct elements of A (e.g. by putting them in some order and
assigning k: [0..n— 1] to the k™ element), and the rest of the naturals to a single element
a, € A. The mapping is surjective by construction (the k" element of A is listed at k) so it
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is an enumeration.

2. Demonstrate that N, Z, Q are countable sets.
N is enumerated by the identity function, which is in particular a surjection.

Z is enumerated by alternating between positive and negative numbers: 0,1,—1,2,—2,....
Explicitly, e: N = Z is the enumeration

. |2 ifnisodd
e(n) =
5 ifniseven

Q is enumerable using the traversal of the coordinate plane demonstrated on Slide 398.

13.2. Core exercises

1. Let A be an infinite subset of N. Show that A = N. Hint: Adapt the argument shown in the proof
of Proposition 144, showing that the map N — A is both injective and surjective.

Let A be an infinite subset of N. We construct a bijection N = A to show that they are
isomorphic. To this end, define the function u: N — A as follows:

w(0) =min(4) wn+1)=min{k€A|u(n) <k} =min(A\ {u(k) | k<n})

We will denote the set A\ {u(k) |k <n}asA,,sothat u(n+1)=min(A,).

To show that u is an injection, we need to prove that if u(m) = u(n) then m = n. We
equivalently prove the contrapositive: if m # n, then u(m) # u(n). Without loss of
generality, assume that m < n; then, u(m) € {u(k) |k <n—1},so u(m) ¢ {u(k) | k <
n—1}=A\{u(k) | k <n—1}. 0Onthe other hand, u(n) is an element of the latter set
(its minimum), which means that u(m) cannot equal u(n).

To show that u is a surjection, we let a be an arbitrary element of A and show that there
isan i € N such that u(i) = a. Consider the set {k € N | u(k) < a} of numbers which
get mapped to an element below a in A, and let N be the size of this set (which, by the
Pigeonhole Principle, must be at most a). Now, Ay is the subset of A obtained by removing
its N least elements, and by construction, its least element is a. But if a = min(Ay ), then it
is equal to u(N + 1) by the definition of u, so we indeed have the natural numberi =N +1
such that u(i) = a.

2. For an infinite set A, prove that the following are equivalent:

a) There is a bijection N = A,
b) There is a surjection N - A.
c) There is an injection A N.

(@) = (b), (c) Every bijection f: N = A has an inverse f: A = N which is itself a
bijection. Every bijection is a surjection (giving N - A from f) and an injection (giving
A» N from f).
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(b) = (c) Let s: N - A be a surjection. We need to construct an injection i: A » N,
assigning a unique numeric code to every element of A. As s is a surjection, the inverse
images of the singleton subsets of A (also called the set of fibres of elements of A)
are all non-empty, and as they are subsets of the natural numbers, they must have
a minimal element. Thus, definei: A — N as a function that maps an x € A to the
smallest natural number that maps to x:

i(x)= min(‘?({x})) =min{neN|s(n)=x}

This encodes an element x € Aby the position of its first occurrence in the enumeration
given by s. We can see that i is injective as s acts as its retraction: for any x € S,
s(i(x)) = s(n) where n is the smallest natural number such that s(n) = x so clearly
s(i(x)) =s(n) = x and s oi =1id,, as required.

(c)=(a) Let i: A > N be an injection. We need to construct a bijection A = N, or
equivalently, show that A and N are isomorphic. By §12.2.1, the direct image of the
domain under the injection i (i.e. the range of i) is isomorphic to the domain: 7 (A) = A.
By assumption, A is infinite, so i (A) € N is infinite as well. But then it is an infinite
subset of the natural numbers, and by §13.2.1, it is isomorphic to N. Hence we have
the chain A = 7(A) = N, establishing the bijection N =5 A.

If you look at other resources on countability, you will face several competing, but equi-
valent (but sometimes not quite equivalent) definitions which make translating between
various statements and proofs a bit of a chore — especially since the same terms are used
by different authors for different purposes. This course uses enumerable for sets which
have a surjection N - A, and countable for sets which are enumerable or empty (since
one can't have a function into the empty set so this needs to be handled as a special case).
Other literature (e.g. Wikipedia) calls sets which are isomorphic to N countably infinite,
and sets which are either finite or countably infinite are called countable. The countability
condition can be equivalently stated as the set being isomorphic to some subset of the
natural numbers, i.e. coming with an injection A > N. Yet other terms used for the above
notions are at most countable, enumerable, denumerable, equinumerous, listable, etc.

As this exercise shows, the bijection/surjection/injection notions are equivalent when the
set A is infinite, and appropriate connections can be made when the sets are empty or
finite. This gives us two equivalent ways of showing that a set is enumerable: either by
constructing an enumeration N - A, or by defining an encoding function A > N that maps
every element of A to a unique natural number. This is related to a concept called Godel
encoding which will be covered in more detail in the IB Computation Theory course.

3. Prove that:

a) Every subset of a countable set is countable.
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Assume S C A for some sets A. If A is finite, so is S and it is countable. If A is infinite
and S is finite, S is countable. If S is also infinite, we can show that it is enumerable by
providing an injection S » N. But by assumption we have an injection f : A> N and
subsets come with a canonical injective inclusion function ¢t: S > A, so the composite
S » A> Nis an injection.

b) The product and disjoint union of countable sets is countable.
Assume A and B are countable sets.

If either is empty, the Cartesian product will be empty too and therefore countable.
In the general case, assume they are enumerable and there are injections f : A> N
and g: B > N that uniquely encode the elements of the sets. We define a function
p:Ax B — N as follows:

p(a,b) = 2f(@) ., 38(a)

By the Fundamental Theorem of Arithmetic, the mapping is injective: the output of
this mapping will have a unique prime decomposition, and the number of 2 and 3
factors will give the unique code of elements of A and B, respectively. By §13.2.2, the
injection p will imply that A x B is enumerable.

If both sets are empty, their disjoint union will be empty and therefore countable.
If either is empty, the disjoint union will be isomorphic to the other set, which is
countable by assumption. In the general case, assume A and B are enumerable and
come with injections f : A>> N and g: B > N. We define the functionu: AwB — N
as follows:

u(0,a) =2"@  y(1,p) =38®

Again, by the Fundamental Theorem of Arithmetic, the prime decomposition of the
output of u will uniquely determine the output of f(a) or g(b) which in turn uniquely
determine the input a and b by assumption. By §13.2.2, the injection u will imply that
AW B is enumerable.

Constructing unique encodings using products of primes is a useful alternative
to the visually descriptive “diagonal traversal” enumeration which is often quite
difficult to define explicitly. The specific choice of encoding can of course vary (e.g. we
could have encoded disjoint unions via even and odd numbers) but there is no
reason to look for the most “efficient” solution since all we care about is whether the
enumeration/encoding is possible or not.

4. For a set A, prove that there is no injection P(A) = A.

We suppose there is an injection f : P(A) = A and derive a contradiction. By §11.2.1, the
injection f has a retraction r: A — P(A) which must be a surjection since it undoes the
application of f on any element of A. But then r would be a surjection from a set to its
powerset, which is impossible due to Cantor’s Theorem.
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13.3. Optional advanced exercise
1. Prove that if A and B are countable sets then so are A*, Py, (A) and PFung, (A, B).

All the results follow from Proposition 154: an enumerable indexed disjoint union of
enumerable sets is enumerable. An enumeration-style proof is presented in the notes, but
an encoding-style argument is straightforward too: we can encode elements of L—ﬂielAi as

d(iel,acA;)=p(c(i),c(a)) = 2¢(d) . gcila)

where c: I > N is the encoding of the index set, and ¢;: A; > N is an encoding for every
element of the indexed family.

A= H—JneNA” is the set of finite sequences on A. If A is empty, the only finite sequence
with elements from A is the empty sequence, so { () } is finite and countable. In the general
case, we know that N is enumerable, and A" is the iterated binary Cartesian product of
enumerable sets and hence is an enumerable set for every n € N (quick inline induction
proof: A° = (J is countable; A1 = Ak x A is the Cartesian product of countable A by IH,
and countable A by assumption). By the above proposition, the N-indexed disjoint union
of countable sets is countable.

Pin(A) ={S CA| S is finite } is the set of finite subsets of A. If A is empty, Py, (A) = {0}
which is finite so countable. Otherwise, the set A has an encoding c: A > N which imposes
an ordering on the elements on A based on the ordering of their code: fora,b €A, aE b
if c(a) < c(b). This ordering restricts to every subset of A, so in particular, finite subsets of
A can be mapped to finite sequences of elements of A according to the ordering C. Then,
the set of finite subsets of A is isomorphic to the set of finite sequences on A, which is
countable for a countable A.

PFung,(A,B) = L—ﬂSGPﬁH(A)S = B is the set of partial functions with a finite domain of
definition from A to B. If A or B are empty, the totally undefined function is the only
element of the set so it is countable. Otherwise, the disjoint union is indexed by P, (A)
which is enumerable by the result above. The function space S = B has a finite domain S,
so a single function f : S — B can be captured as a finite sequence of elements of B as
(f(s1), f(55), f(53),...,f(s,)) where n = #S and s, is the i element of S in some ordering
(which is always possible to define for a finite S). Thus, S = B = B*S which is countable for
any countable B. By Proposition 154, the set PFung;, (A, B) is a countable indexed disjoint
union of countable sets and is therefore itself countable.

14. On inductive definitions

1. Let L be the subset of { a, b }* inductively defined by the axiom — and rule Lb forue {a,b}".
€ au

a) Use rule induction to prove that every string in L is of the form a"b" for some n € N.
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We prove that for every string s in the set L inductively defined by the axiom and rule,
there exists a natural number n such thats = a"b".

Axiom - The string s must be the empty string ¢, and for n = 0 we have that ¢ = a®b°.
€

Rule Lb Let s = aub for some string u and assume the (H): there exists a natural
au

number k such that u = a¥b*. Then, s = aub = aa*b*b = a**'b**! so the witness
n = k + 1 satisfies the required property.

b) Use mathematical induction to prove that foralln € N, a"b" € L.

Base case: n = 0. The string a®b° is the empty string ¢, which is an element of L by
the defining axiom.

Inductive step n = k + 1. Assume the @): a“b* € L. We prove that the string a**! b**1
is in L as well. By definition of string repetition, a**'b**! = aa*b*b. The (@ states
that a“b* € L, and the rule can be applied to deduce that aa“b*b € L as well.

c) Conclude that L ={a"b" |neN}.

In the previous two parts we have shown that every string of L is of a particular form
a"b" for n € N, and that every string of this form is in L. Thus, we have the subset
inclusions L € {a"b"|ne N} and {a"b" |n €N} C L, proving that the sets are
equal.

d) Suppose we add the stringato Ltoget L’=LU{a}.Is L’ closed under the axiom and
rule? If not, characterise the strings that would be in the smallest set containing L’ that is
closed under the axiom and rule.

The resulting language L’ would not be closed: we can use the rule to generate the
strings aab, aaabb, a®™'b", which are not of the required form and therefore are
not already part of the language. The closure of L under the rule and axiom would
therefore be {a"b" |neN}U{a"'b" |neN}.

2. Suppose R: X -» X is a binary relation on a set X. Let R": X -+ X be inductively defined by
the following axioms and rules:
(x,y)€R

—— (x€X) ——— (x€Xand yRz)
(x,x)€R' (x,2) €R’

a) Show that R' is reflexive and that R C RT.

We show that R is reflexive by giving a derivation of (x,x) € R' for all x € X. This is
simply the first axiom defining the relation.

Next, we show that for all (x, y) €R, (x,y) €R' by providing a derivation:
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(x,x) €R’
——  (x€Xand xRy)
(x,y) €R

b) Use rule induction to show that R' is a subset of
S={(y,z)eX xX | Vx €X.(x,y) ER"=> (x,2) €R'}

Deduce that R' is transitive.

We show that for all (y,2) € R, we have that for all x € X such that (x,y) € R,
(x,%) €R' by rule induction.

. T . T .
Axiom O3)<F We clearly have (x,y) € R" implying (x, y) €R", as required.
Rule % with (O y Rz. Assume the (): (x, y) € S. To show (x,z) € S, letw e X
be an element and suppose that @) (w,x) € R'; we prove (w,z) € R by giving a
derivation:
®

(w,y) €R'

——— (weXand D yRz)

(w,z) eR'

where the @ (x,y) € S is applied to the assumption @ (w,x) € R to deduce
(w,y) €RT, as required.

To prove that R' is transitive, we need to show that (x, y), (y,2z) € R" implies (x,z) €
R'.Since R C S, we also have (y,z) € S, which, by definition of S and the assumption
(x,y) €R" implies (x,z) €R'.

c) Suppose that T: X -+ X is a reflexive and transitive binary relation and that R C T. Use
rule induction to show that R" C T.

We show that for all (x, y) €R', (x,y) € T by rule induction.

Axiom ————— Since T is reflexive, we have that (y, y) € T.
(v,y)ER (:5)

Rule % with (O y Rz. Assume the (H): (x,y) € T.Since R C T, we also have
(v,2) eT from (1); then, since T is transitive, we deduce (x,2) € T using the (H),

which is what we were meant to prove.
d) Deduce from above that R" is equal to R¥, the reflexive-transitive closure of R.

In parts (a) and (b) we showed that R' is reflexive and transitive; in part (a) we
also proved that R C R'. Finally, part (c) established that R' is smaller than any
other reflexive-transitive superset of R, which is the universal characterisation of the
reflexive-transitive closure of R.
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3. Let L be a subset of { a, b }* inductively defined by the axiom and rules (for u € {a, b }*):

au ab’u

ab au® au

a) Is ab’ in L? Give a derivation, or show that there isn’t one.

The string ab’ is indeed in L, as witnessed by the following derivation:
ab
ab?
ab*

ab®

ab®

b) Use rule induction to show that every u € L is of the form ab™ with n = 2X —3m > 0 for
some k,m € N.

Axiom > We have thatab=ab'and 1 =2X—3mfork=m =0.

a

Rule a;z If by the IH we have that u = b2 ", then u> = b
required form with k =1+ 1 and m = 2n.

ab®u

au .

have that u = b% ~3("*D; thus, au is of the required form with k =l and m=n+1.

+1_q. .
2731 50 qu? is of the

Rule If by the IH we have that b3u = b2 3", then by removing the first 3 bs we

¢) Isab®in L? Give a derivation, or show that there isn’t one.

If ab® were in L, by part (b) it must be of the form ab® ™ for some k,m € N. This is
not possible however, since 2 —3m = 3 <= 2% = 3(m + 1) would require 3(m +1)
to be a power of 2; but the only prime factor of 2¥ is 2 so it can’t a multiple of 3.

d) Find an explicit characterisation of the elements of the language as a set comprehension,
and prove (along the lines of §14.1) that it coincides with the inductively defined set L.

We claim that L = {abzk_gm 2k—3m>0 } We've already shown the C direction,
proving that every string in L is of the appropriate form. We now show that every
string of the appropriate form has a derivation; namely, that for all k € N,

VmeN. 28—3m>0=—ab? e

which we prove by mathematical induction on k.

Base case: k = 0. The only m for which the hypothesis 2° —3m > 0 is satisfied is

20-3.
b 3-0

m = 0, and for this we have a derivation of a =ab € L by the axiom.
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Inductive step: k = [ + 1. Assume the (H):

VmeN.2'—3m>0=>ab®> el
and prove Ym € N. 241 —3m > 0 => ab® ™ € L by nested mathematical induc-
tion on m.
Inner base case: m = 0. By the (H) we have that ab® e L, and by applying the rule %
we can derive ab® € L.

Inner inductive step: m = n + 1. If, by the nested IH we have that ab®> " € L, then

_Qa_ +1_
3n=3 _ p21 8+ o 1

3 +
by applying the rule (lij—uu we can derive ab®

15. On regular expressions

1. Find regular expressions over {0, 1} that determine the following languages:
a) {u | u contains an even number of 1's }

We should only be able to add 1s in pairs, so we take the regex (0|10*1)*.

b) {u | u contains an odd number of 0’s }

After requiring one 0, we ask for an even number of Os: 1*0(1|01*0)".

2. Show that b*a(b*a)* and (a|b)*a are equivalent regular expressions, that is, a string matches
one iff it matches the other. Your reasoning should be rigorous but can be informal.

First note that any string u matching b*a(b*a)* is a concatenation u = u,u, - - -u, of one
or more (i.e. n > 1) strings in {a, b }* matching b*a. Each u; ends with an a and hence
(because n > 1), so does u. Therefore u matches (a|b)*a.

Conversely, if u matches (a|b)*a it is a string in {a, b }* ending with an a: looking at the
occurrences of a in u, we can express u as u = b™ab™a--- b"a for some k > 1 and some
ny,...n, > 0; and hence u matches b*a(b*a)*.

Equivalence of regular expressions is more difficult to establish in general - reasoning
by “observation” or pattern analysis like above does not scale to more complicated regexes.
The question will be revisited, however, in the second half of the course, using some
additional developments that will allow us to check equivalence of regular expressions in
finite time.

3. Extend the concrete syntax, abstract syntax, parsing relation of regular expressions, and the
matching relation between strings and regular expressions with the following constructs:

a) r?: matches the regex r zero or one times. For example, ab?c is matched by ac and abc,
but not abbc.

b) r*: matches the regex r one or more times. For example, ab*c is matched by abc and
abbbbc, but not ac.


https://www.cl.cam.ac.uk/teaching/current/DiscMath/2022-stajano-discmath-slides.pdf#page=27
https://www.cl.cam.ac.uk/teaching/current/DiscMath/2022-stajano-discmath-slides.pdf#page=30
https://www.cl.cam.ac.uk/teaching/current/DiscMath/2022-stajano-discmath-slides.pdf#page=32
https://www.cl.cam.ac.uk/teaching/current/DiscMath/2022-stajano-discmath-slides.pdf#page=36
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We extend the alphabet ©" with the symbols ? and * and the concrete syntax with the
following rules:

r r

r? r

+

The abstract syntax is extended with the unary constructors Opt and Plus, and parsing is
modified as follows:

r~R r~R
r? ~ Opt(R) r* ~ Plus(R)

Finally, we add the following axioms and rules to the matching relation:

(u,r) (u,r) (u,r) (v,r")

(e,77?) (u,r*) (u,r?) (uv,r")

Show that (#*)? is equivalent to r*. Is that the case for (r?)" as well?

The regex (r*)? matches either the empty string &, or one or more repetitions of a string
matched by r. Combined, it matches zero or more repetitions of a string matched by r,
which is precisely the meaning of r*.

The regex (r?)* matches one or more repetitions of either the empty string, or a string
matched by r. In particular, it matches the empty string (if all the repetitions are empty),
and any nonzero number of occurrences of r. Again, this is the same as the meaning of r*.

This question involved adding two new constructs to our regex syntax, and as the last
part showed, the system is now “non-orthogonal” in that certain regexes are interderivable.
This is not necessarily a problem - many formal systems exhibit this form of redundancy -
but it does make the inductively defined syntax larger which may complicate reasoning
about the system (for example, every recursive definition or inductive proof on regexes now
has two extra cases that would be covered by existing ones). Thus we may also reasonably
choose to define r? and s* as “syntactic sugar” (extra notation added for convenience)
abbreviating r|e and ss*, respectively. These, and other derived operators and patterns
form the basis of practical regex engines used widely in text processing applications.

16. On finite automata

1. For each of the two languages mentioned in §15.1 (string containing an even number of 1's or
an odd number of 0’s), find a DFA that accepts exactly that set of strings.

We can construct both with only two states each, corresponding to whether we have seen
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an even or odd number of 1's or 0's and making the appropriate state accepting.

0 0 1 1
o0 (@ 1)
1 0

2. Given an NFA°* M = (Q,%,A,s,F,T), we write g = q’ to mean that there is a path
in M from state g to state ¢’ whose non-¢ labels form the string u € X%*. Show that
L = {(q,u,q’) ’ q = q’} is equal to the subset of Q x * x Q inductively defined by the
axioms and rules:
(quq) . (q,u,q")

——ifg —q”inM —”ifq’iq”inM
(q,€,9) (q,u,q") (q,ua,q")

Hint: recall the method from §14.1. for showing that a language defined via set comprehension
is equal to an inductively defined set: first show that L is closed under the rules and axioms,
then show that every string in L has a derivation.

(€) We show that every element (q,u,q’) of the inductively defined set L satisfies g = q
by rule induction.

Axiom We can always transition from a state to itself without consuming any

(@29
symbols, so ¢ = g holds vacuously.

(q,u,q’) ;€ " u / . ..
Rule @na) where ¢ — q” in M. The IH states that ¢ = q'. If there is an e-transition
q,u,q
from q’ to q”, we can make one further step without consuming a symbol, so the overall

string formed by the non-¢ labels will still be u - hence, g N q”, as required.

Rule ((q’u’q/)/) where ¢’ — q” in M. The IH states that g N q’. If there is a transition from
q,ua,q
q’ to ¢’ labelled with a, we can make a further step that extends the recognised string

with the symbol a - hence, g N q”, as required.

(2) We show that we can derive (q,u,q’) € L whenever g = g’ in M by mathematical
induction on the length |u| € N of the string u.

Base case: |u| = 0, so u = ¢. If the number of non-g symbols in the path is 0, all of the
steps must have been e-transitions. Such paths can be captured by the axiom, and any
number of applications of the first rule to transition between states without consuming an
input.

Indutive step: [u| = k+ 1, sou = va fora € ¥ and |v| = k. Assume the (H: we have a
path ¢ = q’ and therefore (q,v,q’) € L. If we have a path labelled va, there must be a
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transition from g’ to ¢” labelled by a; then, the second rule can be applied to (¢q,v,q") € L
and ¢’ = g” to deduce (q,va,q’) € L, as required.

Even though strings are no different from finite lists of symbols of the alphabet, they are
formally elements of ¥, not a set inductively defined with an axiom for the empty string,
and a rule for “consing” a symbol to the string. Performing induction on the length of the
string simulates the kind of (structural) induction one would perform on an OCaml-style
list.

3. The example of the subset construction given on Slide 58 constructs a DFA with eight states
whose language of accepted strings happens to be L(a*b*). Give an “optimised” DFA with the
same language of accepted strings, but fewer states. Give an NFA with even fewer states that
does the same job.

The simplified NFA and DFA are as follows:

The main difference is that the DFA needs to handle the symbol a occurring in state q,,
which would mean seeing an occurrence of a after a b which disqualifies the string from
being in L(a*b*). The usual way of marking this as an invalid input in a DFA is to transition
into a state from which it is impossible to reach an accepting state; upon any further input
just stays stuck in g5.

17. On regular languages

1. Why can’t the automaton Star(M) used in step (iv) of the proof of part (a) of Kleene’s Theorem
be constructed by simply taking M, making its start state the only accepting state and adding
new e-transitions back from each old accepting state to its start state?

The problem is that we would be meddling with the internals of the automaton in unex-
pected ways by turning a (potentially) non-accepting start state into an accepting one.
If M has transitions looping back to the start state, we may be able to accept partially
recognised strings prematurely. For example, the automaton on the left below recognises
the language L(a(aa)*b), but naively adding an e-transition from g5 to q; and making q,
accepting would result in a machine that accepts not only the expected L((a(aa)*b)*),
but also (aa)*. By adding a new start state we ensure that the automaton “commits” to


https://www.cl.cam.ac.uk/teaching/current/DiscMath/2022-stajano-discmath-slides.pdf#page=58
https://www.cl.cam.ac.uk/teaching/current/DiscMath/2022-stajano-discmath-slides.pdf#page=74
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performing a full repetition by explicitly transitioning into the start state of M.

o200

2. Construct an NFA® M satisfying L(M) = L((e|b)*aab™) using Kleene's construction.

Using the entirely algorithmic construction we get the following automaton:

Of course, there is a lot of redundancy, especially the large number of e-transitions
that could be safely collapsed. The regex is not in its simplest form either, since (e|b)* is
equivalent to b*. However, these are concerns of implementation efficiency, and Kleene's
theorem is a result that the two formalisms are “in principle” equivalent. There are examples
of languages that could be concisely expressed as regexes but the size of DFAs recognising
the language is exponential in the length of the redex (such as the strings which have a
specific symbol in the k*" last position); conversely, some languages are simple to recognise
by a DFA, but the corresponding regexes are enormous (divisibility by 7 requires a DFA of 7
states, and converts to a regex of 10791 characters).

3. Show that any finite set of strings is a regular language.

Let L = {uy,u,,...,u; } be a finite set of strings. We construct the regular expression
Uq|u,| ... |u, which is clearly matched by all strings in L. Since such a regex exists, by
Kleene's Theorem we conclude that L is regular.

4. Use the construction given in the proof of part (b) of Kleene’'s Theorem to find a regular
expression for the DFA M whose state set is {0,1,2}, whose start state is 0, whose only
accepting state is 2, whose alphabet of input symbols is { a, b }, and whose next-state function
is given by the following table.

N = OO

b
2
1
1

N N =] Q


https://codegolf.stackexchange.com/questions/3503/hard-code-golf-regex-for-divisibility-by-7
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The DFA specified in the question is as follows:

Py

a

We apply Kleene's regex construction by first removing state 1, then state 2 - other orderings
are possible. The recursive cases are not expanded further when the required redex is
easily constructed by observation.

réOZZ} = ba*

A = 1A Y = s
f012} {0} {0} {0})* {0} = blaa*b
P = 8 (01218 =l

réozl 2k — {0 2 | r{0 2}(r1{012})*ri022} = ba*|(a|ba*b)(blaa*b)*(alaa*a)

5 IfM =(Q,%,A,s,F)isan NFA, let Not(M) be the NFA (Q, %, A,s,Q \ F) obtained from M by
interchanging the role of accepting and nonaccepting states. Give an example of an alphabet X
and an NFA M with set of input symbols X such that {u € ~* |u ¢ L(M) } is not the same as
L(Not(M)).

A simple minimal example is the following automaton M with alphabet X = {a }:

We have that L(M) = { ¢ }, but interchanging the accepting and nonaccepting states would
turn g, into a nonaccepting state so the language recognised is . However, d # {a }*\ {¢}.

6. Let r = (a|b)*ab(alb)*. Find a regular expression that is equivalent to the complement for r
over the alphabet { a, b } with the property L(~r)={u€{a,b}* |ué L(r)}.

The language matching r consists of all strings that contain ab as a substring. Thus, the
complement of L(r) is the setof strings that do not contain ab as a substring, which is only
possible if there are no occurrences of b after the first occurrence of a. The corresponding
regular expression is thus simply b*a*.

7. Given DFAs M; = (Q;, %, 6;,s;, F;) fori = 1,2, let And(M,, M,) be the DFA
(Q XQy,%,6,(s1,8,), Fy X Fy)
where 6: (Q; X Q,) x X — (Q; X Q,) is given by

6((q1,92),a) = (81(q1,a), 6,(q2,a))
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forall q; € Q;,q9, €Q, and a € X. Show that L(And(M,, M,)) = L(M;) N L(M,).

We prove the following lemma: for all strings u € X* and states q,,4,,9},q, €Q,
(q1,92) = (qﬁ,q;) inAnd(M,,M,) < ¢ = Q1 inM; A g, = q; in M,

This will directly imply the required result for q;, g, the start states s,,s, and q7, g, a pair
of accepting states in Fy, F,. The lemma will be proved by induction on the length of the
string u.

€
Base case: |u| = 0, so u = ¢. If (q;,9,) = (q},q,) in And(M,, M,), we must have that
q, = q; and g, = q, because the automaton is deterministic and has no e-transitions. But

this is exactly the case when g, = q, and g, = qs-

Inductive case: |u| = k + 1, so u = va with |v| = k and a € X. Assume the (H) for the string
v. If there is a path (p;,q;) = (ps,q3) in And(M,, M,), there must be two states p,,q,

such that (p1,q;) = (P5,4,) and (p,,q,) — (p3,q5). By the @, we have that p; = p,
and q, SN q,, and 6((py,q5),a) = (p3,q3) by definition holds if 6,(p,,a) = p; and
0,(qy,a) = g5. Combining p, = p, with p, N ps and g, = q, with g, 5 ds, we have a

path p, S ps and q4 = g5 in M; and M, respectively, as required.

18. On the Pumping Lemma

1. Briefly summarise the proof of the Pumping Lemma in your own words.

Bookwork exercise, mainly intended to get you to read and understood the proof in
order to be able to reproduce it if needed. The core points to remember are:

« The pumping lemma property is a necessary condition: regularity of L implies PLP, but
not the other way around.

« The statement of the PLP should be read as a kind of dialogue: what are the objects
and constraints you are given (a regular language L, a word of an appropriate length,
and the number of repetitions of the central string), and what are things you have
control over (the minimum length of the string, and the decomposition).

« The negation of PLP (used in the contrapositive) is the same dialogue but flipped
around. An important consequence that is easy to overlook in informal proofs of
non-regularity is that the “opponent” chooses the decomposition: they will try their
very best to “catch you out” so the proof must not make any assumptions on how the
string is split (other than the constraints stated, which are there precisely to stop the
opponent choosing a decomposition for which the expected reasoning doesn’t work).

2. Consider the language L = {c™a"b"|m>1 An>0}uU{a™b" | m,n>0}. The notes show
that L has the pumping lemma property. Show that there is no DFA M which accepts L.

Hint: argue by contradiction. If there were such an M, consider the DFA M’ with the same states
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as M, with alphabet of input symbols just consisting of a and b, with transitions all those of
M which are labelled by a or b, with start state §,,(s,,,c) where s, is the start state of M,
and with the same accepting states as M. Show that the language accepted by M’ has to be
{a"b™ | n >0} and deduce that no such M can exist.

We follow the hint and take M and M’ as given. We show that L(M’) = {a"b" | n>0}.

(©)Ifwe{a,b}*isaccepted by M/, then cw € L(M) since the start state of M’ is reached
with a single c-transition from the start state of M. By definition of M, w must be of the
form a"b" for some n € N.

(2) If w = a"b", we have that ca™b" € L(M), and by the definition of M’, we have that
a"b" e L(M").

Thus, from the assumption that the DFA M exists, we constructed a DFA M’ such that
L(M’) = {a"b" | n>0}; however, we know from the contrapositive statement of the

Pumping Lemma that {a"b" | n > 0} is not regular, so our assumption that M exists was
wrong. Consequently, the language L is not regular.

The proof presented here is done using a technique called reduction: we reduce the
question of determining the membership of a stringu in {a"b" | n > 0} to the question of
determining the membership of cu in L, so if the latter is answerable using a DFA, then so
is the former (which leads to a contradiction). The central property of the mapping u — cu
isthatu € {a"b" |n >0} ifand only if cu € L. Reduction proofs will be discussed in more
detail in the IB Computation Theory and Complexity Theory courses.



	On proofs
	Basic exercises
	Core exercises
	Optional exercises

	On numbers
	Basic exercises
	Core exercises
	Optional exercises

	More on numbers
	Basic exercises
	Core exercises
	Optional exercises

	On induction
	Basic exercises
	Core exercises
	Optional exercises

	On sets
	Basic exercises
	Core exercises
	Optional advanced exercises

	On relations
	Basic exercises
	Core exercises

	On partial functions
	Basic exercises
	Core exercises

	On functions
	Basic exercises
	Core exercises
	Optional advanced exercise

	On bijections
	Basic exercises
	Core exercises

	On equivalence relations
	Basic exercises
	Core exercises

	On surjections and injections
	Basic exercises
	Core exercises

	On images
	Basic exercises
	Core exercises

	On countability
	Basic exercises
	Core exercises
	Optional advanced exercise

	On inductive definitions
	On regular expressions
	On finite automata
	On regular languages
	On the Pumping Lemma

