Week&

Week 8 at a glance

We will be learning and practicing to:

e (learly and unambiguously communicate computational ideas using appropriate formalism. Translate
across levels of abstraction.

— Defining important sets of numbers, e.g. set of integers, set of rational numbers
— Defining functions using multiple representations
— Classifying sets into: finite sets, countably infinite sets, uncountable sets

— Using functions to compare cardinality of sets

e Know, select and apply appropriate computing knowledge and problem-solving techniques. Reason
about computation and systems. Use mathematical techniques to solve problems. Determine appro-
priate conceptual tools to apply to new situations. Know when tools do not apply and try different
approaches. Critically analyze and evaluate candidate solutions.

— Determining what evidence is required to establish that a quantified statement is true or false

— Evaluating quantified statements about finite and infinite domains

e Apply proof strategies, including direct proofs and proofs by contradiction, and determine whether a
proposed argument is valid or not.

— Tracing and/or modifying a proof by contradiction

— Using proofs as knowledge discovery tools to decide whether a statement is true or false

TODO:

Homework assignment 5 (due Tuesday May 21, 2024)

Review quiz based on class material each day (due Friday May 24, 2024).

Start reviewing for Test 2. The test is in class next week on Friday May 31, 2024.
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Week 8 Monday: Cardinality of Sets

Definition: A finite set is one whose distinct elements can be counted by a natural number.
Motivating question: when can we say one set is bigger than another?

Which is bigger?

e The set {1,2,3} or the set {0,1,2,3}7
e The set {0, 7,2} or the set {N,R,()}?

e The set N or the set R*?

Which of the sets above are finite? infinite?

Key idea for cardinality: Counting distinct elements is a way of labelling elements with natural numbers.
This is a function! In general, functions let us associate elements of one set with those of another. If the
association is “good’, we get a correspondence between the elements of the subsets which can relate the

sizes of the sets.

Analogy: Musical chairs

X

What does this say about the number of chairs and the number of people?

People try to sit down when the music stops

Person%t sits in Chair 1, Person® sits in Chair 2,

Person® is left standing!
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Recall that a function is defined by its (1) domain, (2) codomain, and (3) rule assigning each element in
the domain exactly one element in the codomain. The domain and codomain are nonempty sets. The rule
can be depicted as a table, formula, English description, etc.

A function can fail to be well-defined if there is some domain element where the function rule doesn’t give
a unique codomain element. For example, the function rule might lead to more than one potential image,
or to an image outside of the codomain.

Example: f4 : RT — Q with fa(x) = z is not a well-defined function because

FExample: fg:Q — Z with fpg (g) = p + ¢q is not a well-defined function because

Ezxample: fc :7Z — R with fo(x) = 2 is not a well-defined function because
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Definition : A function f : D — C is one-to-one (or injective) means for every a,b in the domain D, if
f(a) = f(b) then a = b.

Formally, f : D — C'is one-to-one means

Informally, a function being one-to-one means “no duplicate images”.

Definition: For nonempty sets A, B, we say that the cardinality of A is no bigger than the cardi-
nality of B, and write |A| < |B|, to mean there is a one-to-one function with domain A and codomain B.
Also, we define || < |B| for all sets B.

In the analogy: The function sitter : {Chairl, Chair2} — {Person¥t, Person®, Person®} given by
sitter(Chairl) = Person3x, sitter(Chair2) = Person®, is one-to-one and witnesses that

[{Chairl, Chair2}| < |{ Person¥t, Person®, Person®}|
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Definition: A function f: D — C is onto (or surjective) means for every b in the codomain, there is an
element @ in the domain with f(a) = b.

Formally, f : D — C'is onto means

Informally, a function being onto means “every potential image is an actual image”.

Definition: For nonempty sets A, B, we say that the cardinality of A is no smaller than the car-
dinality of B, and write |A| > |B|, to mean there is an onto function with domain A and codomain B.
Also, we define |[A] > |0 for all sets A.

In the analogy: The function triedToSit : { Person3t, Person®, Person®} — {Chairl, Chair2} given by
triedToSit(Person3t) = Chairl, triedT'oSit(Person®) = Chair2, triedToSit(Person®) = Chair2, is
onto and witnesses that

|{ Person3t, Person®, Person®}| > [{Chairl, Chair2}|

Definition : A function f : D — C'is a bijection means that it is both one-to-one and onto. The inverse
of a bijection f: D — C is the function g : C' — D such that g(b) = a iff f(a) = 0.
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Week 8 Wednesday and Friday: Finite, countably infinite, and
uncountable sets

Cardinality of sets

For nonempty sets A, B we say

|A| < |B| means there is a one-to-one function with domain A, codomain B
|A| > | B| means there is an onto function with domain A, codomain B

|A| = | B| means there is a bijection with domain A, codomain B

For all sets A, we say |A| = |0], || = |A| if and only if A = 0.

Caution: we use familiar symbols to define cardinality, like | | <| |and | |>| |and]| |=] |,
but the meaning of these symbols depends on context. We’'ve seen that vertical lines can mean absolute
value (for real numbers), divisibility (for integers), and now sizes (for sets).

Now we see that < and > can mean comparing numbers or comparing sizes of sets. When the sets being
compared are finite, the definitions of |A| < |B| agree.

But, properties of numbers cannot be assumed when comparing cardinalities of infinite sets.

In a nutshell: cardinality of sets is defined via functions. This definition agrees with the usual notion of
“size” for finite sets.

Properties of cardinality

vA (Al =14])
VAVB (Al =[B] — [B|=|A])
VAVBYC ((|Al=[B| A [B|=1[C]) = [Al=]C])

Extra practice with proofs: Use the definitions of bijections to prove these properties.
Cantor-Schroder-Bernstein Theorem: For all nonempty sets,

|A| = |B| if and only if (|A] < |B| and |B| < |A|) if and only if (|A] > |B| and |B| > |A|)
To prove |A| = | B|, we can do any one of the following

Prove there exists a bijection f: A — B;

Prove there exists a bijection f : B — A;

Prove there exists two functions f; : A — B, f : B — A where each of fi, f5 is one-to-one.
Prove there exists two functions f; : A — B, fo : B — A where each of fi, f5 is onto.
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Definition: A set A is countably infinite means it is the same size as N.

Natural numbers N List: 01 23456789 10...
identity : N — N with identity(n) =n

Claim: identity is a bijection. Proof. Ex. Corollary: |N| = |N|
Positive integers Z™ List: 1 2 345 67 89 10 11...

positives : N — Z*1 with positives(n) =n + 1

Claim: positives is a bijection. Proof: Ex. Corollary: |N| = |Z7|
Negative integers Z~ List. —1 -2 -3 —4 —5 —6 —7 —8 =9 —10 —11...
negatives : N — Z~ with negatives(n) = —n — 1

Claim: negatives is a bijection. Corollary: |N| = |Z~|

Proof. We need to show it is a well-defined function that is one-to-one and onto.

o Well-defined?

Consider an arbitrary element of the domain, n € N. We need to show it maps to exactly one element

of Z~.

e One-to-one?

Consider arbitrary elements of the domain a,b € N. We need to show that

( negatives(a) = negatives(b) ) — (a = b)

e Onto?

Consider arbitrary element of the codomain b € Z~. We need witness in N that maps to b.

Integers Z List: 0 —1 1 -2 2 -3 3 —-44 -5 5...

2x ifxz>0

: 7 — N with =
/ with f(z) {—233—1 if 2 <0

Claim: f is a bijection. Proof. Ex. Corollary: |Z| = |N]|
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More examples of countably infinite sets
Claim: S is countably infinite

Similarly: The set of all strings over a specific alphabet is countably infinite.

Bijection using alphabetical-ish ordering (first order by length, then alphabetically among strings of same
length) of strands

Claim: L is countably infinite

list :N — L toNum : L — N
list(n) = (n,[]) toNum([]) = 0
toNum( (n,1) ) = 2"3tNum(]) forneN,leL

Claim: |Z1| = |Q|

One-to-one function from Z* to Q is f1 : Z — Q with fi(n) =n for all n € N.

fo:Q—=7ZXZ
(0,1) ifx=0
folz) = ¢ (p,q) ifax="2,
ged(p,q) =1, ¢ >0

) - +
FiZXTL—TZY XL LT X T Tt

20 + 2,2y + 2) ifz>0,y>0 Fil (z,y) ) = 273V for z,y € Z*
—2r—1,2y+2) ifz<0,y>0
2+ 2, -2y + 1) ifzx>0,y<0
—2r—1,-2y—1) ifz<0,y<0

(
Sl (@ry) ) = E
(
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Cardinality categories

A set A is finite means it is empty or it is the same size as {1,...,n} for some n € N,

A set A is countably infinite means it is the same size as N. Notice: all countably infinite sets are the
same size as each other.

A set A is countable means it is either finite or countably infinite.
A set A is uncountable means it is not countable.
Lemmas about countable and uncountable sets

Lemma: If A is a subset of a countable set, then it’s countable.

Lemma: If A is a superset of an uncountable set, then it’s uncountable.

Lemma: If A and B are countable sets, then A U B is countable and A N B is countable.

Lemma: If A and B are countable sets, then A x B is countable.

Generalize pairing ideas from Z+ X Z* to 2™

Lemma: If A is a subset of B , to show that |A| = |B|, it’s enough to give one-to-one function from B to
A or an onto function from A to B.
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Are there always *bigger* sets?

Recall: When U is a set, P(U) ={X | X C U}

Key idea: For finite sets, the power set of a set has strictly greater size than the set itself. Does this extend
to infinite sets?

Definition: For two sets A, B, we use the notation |A| < |B| to denote ( |A| < |B| ) A=( |A| = |B)).

b=1{} PO ={0} 0] < [P(0)]
{1} P({1}) = {0, {1}} {1} < [P{1})
{12} PHL2Y) ={0, {1}, {2}, {1.2}} L2} <[P({1,2})|

N and its power set

Example elements of N

Example elements of P(N)

Claim: |N| < |P(N)|
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Claim: There is an uncountable set. Example:
Proof: By definition of countable, since is not finite, to show is |N| # |P(N)| .

Rewriting using the definition of cardinality, to show is

Towards a proof by universal generalization, consider an arbitrary function f : N — P(N).
To show: f is not a bijection. It’s enough to show that f is not onto.
Rewriting using the definition of onto, to show:

VB € P(N)JaeN ( f(a)=B)

. By logical equivalence, we can write this as an existential statement:

In search of a witness, define the following collection of nonnegative integers:

Dy ={neN [ ngfn)}

. By definition of power set, since all elements of Dy are in N, Dy € P(N). It’s enough to prove the following
Lemma:

Lemma: VYa € N ( f(a) # Dy ).

Proof of lemma:

By the Lemma, we have proved that f is not onto, and since f was arbitrary, there are no onto functions
from N to P(N). QED

Where does Dy come from? The idea is to build a set that would “disagree” with each of the images of
f about some element.

neN| fln)=X, |Is0eX,? IsleX,?” Is2¢€X,? Is3e€X,?” IsdeX,?” ... IsneDy?
0 |[f0)=X,| Y/N Y /N Y /N Y /N Y/N ... N/Y
1 | f)=X,| Y/N Y /N Y /N Y /N Y/N ... N/Y
2 | f2)=X,| Y/N Y /N Y /N Y /N Y/N ... N/Y
3 | fB)=Xs| Y/N Y /N Y /N Y /N Y/N ... N/Y
4 | f@=Xx,| Y/N Y /N Y /N Y /N Y/N ... N/Y
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Countable vs. uncountable: sets of numbers

Comparing Q and R
Both Q@ and R have no greatest element.

Both Q and R have no least element.

The quantified statement

is true about both Q and R.

VaVy(ex <y — 3z(z < 2 < y))

Both Q and R are infinite. But, Q is countably infinite whereas R is uncountable.

The set of real numbers

ZCQGCR

Order axioms (Rosen Appendix 1):

Reflexivity
Antisymmetry
Transitivity
Trichotomy

Va € R(a < a)
Vae RVbeR ((a < b <

Vae RVOeERVeceR ((a<bAb<c¢c) = (a<c))
Vac RYOeR ((a= b>

Completeness axioms (Rosen Appendix 1):

Least upper bound Every nonempty set of real numbers that is bounded above has a least upper bound
Nested intervals For each sequence of intervals [a,,, b,| where, for each n, a,, < a,11 < byy1 < by, there
is at least one real number x such that, for all n, a,, < x <b,.

Each real number r € R is described by a function to give better and better approximations

if n>1and (n mod 4) =0
if n>1and (n mod 4) =1

z, LT — {0,1} where x,.(n) = n'" bit in binary expansion of r
r Binary expansion | z,
0 ifn>1and (n mod4) =2
0 ifn=1orif 1 and d4)=3
0.1 0.00011001.... | woa(n) = § ifn="1orifn>1and (nmod4)
1

V2 —1=04142135... | 0.01101010... | Use linear approximations (tangent lines from calculus)
to get algorithm for bounding error of successive oper-
ations. Define = _5_,(n) to be n'* bit in approximation

that has error less than 2~ (1)
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Claim: {r e R | 0<r A r <1} is uncountable.
Approach 1: Mimic proof that P(Z") is uncountable.

Proof: By definition of countable, since {r € R | 0 <r A r < 1} is not finite, to show is |[N| # [{r €
R|0<r Ar<1}.

To show isVf:Z" = {reR | 0<r A r <1} (fisnot a bijection) . Towards a proof by universal
generalization, consider an arbitrary function f: Z* — {reR | 0 <r A r <1}. To show: f is not a
bijection. It’s enough to show that f is not onto. Rewriting using the definition of onto, to show:

dre{reR | 0<r Ar<1}VaeN( f(a)#x)
In search of a witness, define the following real number by defining its binary expansion
df - O.blbgbg e

where b; = 1 — b; where by, is the coefficient of 27% in the binary expansion of f(j). Sinc dy # f(a) for
any positive integer a, f is not onto.

Approach 2: Nested closed interval property

To show f: N — {reR | 0<r A r <1} is not onto. Strategy: Build a sequence of nested closed
intervals that each avoid some f(n). Then the real number that is in all of the intervals can’t be f(n) for
any n. Hence, f is not onto.

Consider the function f:N— {reR | 0<r A r <1} with f(n) = 1+Si2n(n)

f(n) Interval that avoids f(n)
0.5

0.920735. ..
0.954649. ..
0.570560. ..
0.121599. ..

B W~ o3

Other examples of uncountable sets

e The power set of any countably infinite set is uncountable. For example:
P(N), P(Z*), P(Z)
are each uncountable.

e The closed interval {z € R | 0 < z < 1}, any other nonempty closed interval of real numbers whose
endpoints are unequal, as well as the related intervals that exclude one or both of the endpoints.

e The set of all real numbers R is uncountable and the set of irrational real numbers Q is uncountable.

IThere’s a subtle imprecision in this part of the proof as presented, but it can be fixed.
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Review Quiz
1. Sets of numbers.

Goals for this question: Reason through multiple nested quantifiers. Fluently use the definition and
properties of the set of rationals.

Recall the definition of the set of rational numbers, Q = {%’ |p€Z and q € Z and q # 0}. We define
the set of irrational numbers Q =R - Q = {z ¢ R | z ¢ Q}.

(i) VeeQVyeQIzeQ (x+y=2) V) VeeQVyeQ3zcQ(z+y=2)
(i) Ve QVy e Q32 €Q (x —|—z:y) (vi) V2 eQVy cQ Iz € Q (z + :y)
(i) Ve eQVy € Q32 €Q (z-y = 2) (vii) Ve €eQVy € Q32 €Q (z-y = 2)
(iv) Vi e QVyeQ 3Iz€Q (x-2=1y) (viii) V2 €eQVy € Q Iz € Q (z- 2 =y)
(a) Which of the statements above (if any) could be disproved using the counterexample z = %,
y=17
ich of the statements above (if any) cou e disproved using the counterexample x =
(b) Which of th bove (if any) could be disproved using th pl Vi,
y = /37
(c) Which of the statements above (if any) could be disproved using the counterexample = = 0,
y =37
1ch of the statements above (if any) cou e disproved using the counterexample x =
(d) Which of th bove (if any) could be disp d using th pl V2,
y =07
(e) Which of the statements above (if any) could be disproved using the counterexample z = /2,
— _\/§?

Hint: we proved in class that v/2 ¢ Q. You may also use the facts that v/3 ¢ Q and —v/2 ¢ Q.
Bonus - not to hand in: prove these facts; that is, prove that /3 ¢ Q and —/2 ¢ Q.

2. Finite vs. infinite.

Select all and only the finite sets below.

3. Functions.
Consider the following input-output definition tables with X = {a,b,c¢} and Y = {1,2,3,4,5} and
Z = {10,20, 30}
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Table 1
Input ‘ Output

Table 2
Input ‘ Output

1 10 a 1
2 20 b 4
3 30 c 3

Table 3
Input ‘ Output
10 a
20 b
30 a

(a) Select all and only the tables that each define a well-defined function whose domain and codomain

iseach X, Y, or Z.

(b) Select all and only the tables that each define a well-defined function (with domain X or Y or
Z and with codomain X or Y or Z) and that is one-to-one.

(c) Select all and only the tables that each define a well-defined function (with domain X or Y or
Z and with codomain X or Y or Z) and that is onto.

4. Functions.

Consider the following functions:

Y/
/ — N g:Z —N
0 when n =0 1 b <0
—1-n  whenn
f(n) =<¢(-2-n)—1 whenn<0 gn) =
n when n > 0
2-n when n > 0
h:N —7Z qg: N —Z
h(n) (=2-n)+1 when n is even (n) —1-((n+1) div 2) when n is odd
n = n s
2-n when n is odd 1 n div 2 when n is even

(a) What is the result of f(—3)?
(b) What is the result of ¢(f(—4))?

Notice we are looking at function composition here: first apply f and then apply q to the result.

(c) What is the result of f(h(4))?

Notice we are looking at function composition here: first apply h and then apply f to the result.

(d) What is the result of g(—4)?
(e) What is the result of g(4)?

(f) Consider the following statements, and indicate if they are true for each of f, g, h, and q.

i. This function is one-to-one.
ii. This function is onto.

iii. This function is a bijection.

iv. This function could serve as a witness for |Z| < |NJ.
V.
vi.

Vili.

This function could serve as a witness for |Z| > |N|.
This function could serve as a witness for [N| < |Z].
This function could serve as a witness for |[N| > |Z|.

5. Functions.
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n div 4 if n is even

Consider the function f: N — Z given by f(n) = { (n+1) div4) ifnis odd
—((n iv if niso

Select all and only the true statements below.

(a
(b
(
(d) f witnesses that |[N| < |Z|
e) f witnesses that |[N| > |Z]
f) f witnesses that |N| = |Z|

is one-to-one
is onto

¢ is a bijection

(
(

h

(i) There is a bijection with domain N and codomain Z

There is an onto function with domain N and codomain Z

(
(

() IN| < |z
(k) IN| > [Z]

) f
) f
) [
)
)
)
g) There is a one-to-one function with domain N and codomain Z
)
)
)
)
(1) IN| = [Z]

6. Diagonalization.

The diagonalization argument constructs, for each function f: N — P(N), a set D defined as

Dy ={zreN|z¢ f(x)}

which has the property that, for all n € N, f(n) # Dy. Consider the following two functions with
domain N and codomain P(N)

fi(z) ={y € N| y mod 3 = xr mod 3}

fa(x) ={y e N[ (y > 0) A (z mod y # 0)}

Select all and only the true statements below.

a) 0e Df1
b) Dy, is infinite

(a)

(b)

(¢) Dy, is uncountable
(d) 1€ Dy,

(e) Dy, is empty

(f) Dy, is countably infinite

7. Classifying cardinality.

Recall the definitions from previous assignments and class: The bases of RNA are elements of the set
B = {A,C,G,U}. The set of RNA strands S is defined (recursively) by:
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Basis Step: Ae S, CeSuesS cGeS
Recursive Step: If s € S and b € B, then sb e S

For b an integer greater than 1 and n a positive integer, the base b expansion of n is
(akfl e '&1ao)b
where k is a positive integer, ag, aq, ..., ar_1 are nonnegative integers less than b, ap_; # 0, and

n = ak,lbkfl + -+ G1b+&0

For b an integer greater than 1, w a positive integer, and n a nonnegative integer with n < b*, the
base b fixed-width w expansion of n is

(wal e alao)b,w
where ag, ay,...,a,_1 are nonnegative integers less than b and
n = aw,lbwfl + -+ G1b+ agp

For b an integer greater than 1, w a positive integer, w’ a positive integer, and = a real number the
base b fixed-width expansion of x with integer part width w and fractional part width «’
is

(aw—l crra109.Cp 0t Cw’)b,w,w’

where ag, a1, ...,0y_1,C1,...,Cy are nonnegative integers less than b and
_ _ o/
T Qo1 abtag+ b b

and
T < Ay 1 b abFag+eb T 4 (e + DY
For each set below, determine if it is empty, nonempty and finite, countably infinite, or uncountable.

Challenge - not to hand in: how would you prove this?

(a) B

(b) S

(¢) {zx e N | == (4102)3}

(d) {x € R | x has a binary fixed-width 5 expansion}
() {r€R | 2=1(0.10)21,2}
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