SOLUTIONS TO SOME OF THE PROBLEMS IN MAT3250
SPRING 2025

ANNE BRUGARD

WEEK 3 — RECURRENCE RELATIONS AND GENERATING FUNCTIONS
Warm up.

(1) 23 =z(xz+1)(z +2) = 23 + 322 + 22. Let N = {1,2,3} We have

s33=1 (1)(2)(3)
s32 =3 (12)(3),(13)(2),(23)(1)
ss1=2  (123),(132)

We see that s3; = a;, where a; is the coefficient of xt.

rt =z(z+1)(z +2)(z + 3) = 2* + 623 + 1122 + 62. We have

S4,4 = 1
54,3 = 6
S42 = 11
S41 = 6

(2) We use that % = (7) and the recurrence relation (1) = (*-") + (*7])

2 (-1 (z-1)E
i W =)

Multiplying each side by k! give us the recurrence relation
2t = (= DE 4+ k(z —1)*D,

(3) Let S(z) be the generating function of the sequence.

a)
oo
S(z) = Z(an + 10b,, — ¢,)2"
n=0
= i anz™ + 10 i bp2" — i cpz"
n=0 n=0 n=0

= A(z) + 10B(z) — C(2)
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S(z) = i 2"a, 2"
n=0

= Z an(22)"
n=0
= A(22)

oo

Z(an +bp_1)2"

n=0

o] o0
= E anz" + g bp_12"
n=0 n=0
o0

= A(z)+ = Z bp2"

n=0

= A(z) + zB(z)

n
—
N
SN~—
Il

o0

S(z) = Z(an +1)2"
nOOO .
= Z anz" + Z 2"
n=0 n=0
1
1-2

= A()+

=z g na,z"" !

=2A'(2)

T 1
==z
1—2x 1—2x

=x i@x)"
n=0
— i annJrl
n=0
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b)
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c)

Problem 3.1. Prove the following recurrence formula for Stirling numbers of the
second kind:

n
n
Sntik+1 = Z (i>5i,k.
i=k
Hint: Empathize with the element n + 1 and partition the set of all (k + 1)-set
partitions of {1,...n+ 1} based on the size o the subset in the partition containing

n+ 1.

Solution. We follow the hint and partition the set of all (k+ 1)-set partitions based
on the size of the subset in the partition that contains the element (n + 1). Since
we have (k + 1) subsets in total, the size of the subset that contains the element
n—+1 can be at most n — k+ 1. In that case, we have k subsets each containing one
element and the n — k + 1-subset containing n — k elements and the element n + 1.
We can make this partition in
(s
n

ways, where ( k) counts the number of ways we can choose the elements not in
the subset containing the element n + 1 and Sy counts the numbers of ways to
partition k elements into k subsets (which is one way).

The next possible size of the subset that contains the element n+1isn — k. In
that case k + 1 elements are not in this subset and we have to count the number
of ways to choose these k + 1 elements and the number of ways to partition these
k + 1 elements into k£ subsets. The number is

n
(k + 1) Sk 1k

Following this procedure when we let the subset that contains the element n+ 1 be
smaller and smaller, we get the formula

" n
Snt1,k+1 = Z (Z>Szk

i=k
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Problem 3.2. Let P, be the number of integer partitions of n with %k parts.

(1) Give a combinatorial proof of the following relation for integer partitions:

k
P%kzzjz:}%—kJ

n=0

What initial conditions need to be fixed in order to make this a recurrence
relation giving all numbers of P, ,? Hint: Remove the first column from
the Young diagram of a partition of n with k parts and count what remains.

Solution.

(1) We follow the hint and remove the first column from the Young diagram
of a partition of n with k parts and count what remains. When we have
removed the first column, what remains is a partition of n — k elements.
The number of parts in the partition of n — k elements can be between 1
and k depending on the partition of n elements into k parts was before we
removed the first column. If none of the numbers in the partition was 1,
then we have a partition of n — k elements into k parts (try drawing the
Young diagram of the partition 7 = 3+ 2+ 2 and remove the first column).
If every number in the partition is 1 expect for one (the number n — k+ 1),
then we have a partition of n — k elements into k parts after removing the
first column (try doing this for 7=5+1+1).

In general after removing the first column, we get a partition of n — k

elements into ¢ parts when the partition of n elements into k parts has k—i
ones. We therefore sum over P,,_j ; for i = 0 to n and get the formula

k
}%j:: E Iafkﬂ
n=0

Problem 3.3. Let an be the number of ways a 2 x n rectangle can be covered by
1 x 2 dominoes. Give a recurrence relation for the sequence (a,). What does this
tell you about A(z) = >0 a,z"?

Let b,, be the number of ways a 3 x n rectangle can be covered by 1 x 3 dominoes.
Determine a recurrence relation for (b,) and explain what this means forB(z) =

Yo bnz"

Solution. a, = an—1 + a,_2 valid for n > 2. For the relation to be right for as = 2,
we must have ag = a; = 1. This gives

oo
F(z)= Zanz"
n=0
o0 o0
=14+z+ Z ap_12" + Z Ap_22"
n=2 n=2

oo o0
:1—|—z+z§ anz”+22§ anz"
n=1 n=0
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o0 o0
:1+z+z(—1+2anz”)+z22anz”

n=0 n=0
=14 2F(2) + 2*F(2)
1
FE =y

b, = bp—3 + by—1 valid for n > 3. For the relation to be right for b3 = 2, we must
haveb0:b1:b2:1

o o0
=1+4+2+22+ Z bp_12" + Z bp_32"
n=3 n=3

oo oo
:1+z+z2+sznz”+z?’anz”

n=2 n=0

:1—|—z—|—z2+z(—1—z+anz”)+z3anz”
n=0 n=0

=14 2F(2) + 2°F(2)
Solving this for F(z) gives
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WEEK OF 10 FEB - GENERATING FUNCTIONS CONTINUED

Warm-ups.

(1) Let the sequence a,, be defined by the recurrence a,, = ap—1 + ap—2+ an_3
and ag = 1, a; = 1, ap = 1. Find an expression of the generating function
for a,, as a rational function (do not find the partial fraction decomposition).

(2) Suppose the generating function of a sequence a,, is given by

1 n 2
(1—2)2 1-2z
Give a formula for a,, as in Theorem 3.1. of Aigner.

(3) Find the closed form for the exponential generating function for the se-
quence given by the number of permutations of a set of size n.

A(z) =

Solution.

(1)

oo oo
A(z) = Zanz" =142+ 2> +Zanz"
n=0

n=3

=14+z422+ Z(an,l + ap_2+an_3)z"

n=3
=142+ 22 +zZanz"+zQZanz"+z3Zanz"
n=2 n=1 n=0
=14 2+22+2(A(2) =1 —2) + 22(A(2) — 1) + 23 A(2)

=142422—2-22 -2+ AR)(z+22+2°)
=1-224+A(2)(z + 22+ 2%).

This gives
122
Az) = .
() 1—z—22-23
(2)
1 2

(1—z)2+1—22

=> (n+1)z"+2) (22)"

n=0 n=0
n=0
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(oo}
> "
n=0
1
1—2

Problem 4.1. Give the partial fraction decomposition of

1
1—3z+222

and use this to compute the a,, given by

1—3z+2z2 Z“"

What is the recurrence relation satisfied by the sequence (a,,)? For which n is this
relation valid?

Solution. Since (1 — 3z + 22%) = (1 — 22)(1 — 2), we have

1 a b

1-3:12:2 1-2: 1-2
1=a(l—2)+b(1—2z)

l=a+b—z(a+2b)

So,

a+b=1
a+2b=0,

and a = 2, b = —1. We therefore get

1 2 1

1-32+222 1-22 1—2z

‘We have

1 2 1
1-32+4222 1-2z 1—2

so a, = 2"+t — 1.
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Set A(Z) = m = ZZO:O CLnZn. Then

A(z) = 1+ 32A(2) — 222 A(2)

oo oo
=1+3z Z anz" — 222 Z anz"
n=0 n=0
o0 oo
=1+3 Z Ap_12" — 2 Z 22"
n=1 n=2

o0 (o)
=1+ 3(apz' + Z Ap—12") — 2 Z Ay
n=2 n=2

o0 o0
=14+3z+ 32 Ap_12" — 2 Zan_gz"
n=2 n=2

=1+32+ 2(3%4 —2a,_2)z"
n=2

This shows that a,, = 3a,,_1 — 2a,,_o for n > 2 and ag = 1, a; = 3.

Problem 4.2. Determine the recurrence relations, generating functions, and an
explicit formula for the following sequences in n:

(1) The number of words of length n on an alphabet of size 5.

(2) The number of binary words of length n with no consecutive ones.

(3) The number of binary words of length n with an even number of zeros. Let
en and o, be the number of words of length n with even and odd number
of zeros, respectively. Give two relations between their generating functions
E(z) and O(z).

Solution.
(1) a, =5" forn > 1. a,41 = 5" =5-5" =b5ay,, a; = 5.

Az) =) 52" = (52)" = 1_}5z.
n=0 n=0

(2) Let b, be the number of words of length n with no consecutive ones. Such
a word can end in either a 0 or a 1. If it end in a 0, the first n — 1 letters
can by any binary word of length n — 1 with no consecutive ones. There
are b,_1 such words. If it ends in 1, the (n — 1)th letter must be a zero and
the first n — 2 letters can be any word of length n — 2 with no consecutive
ones. There are b,,_o such words. We therefore have b,, = b,,_1 + b,,_o for
n > 2. We have by = 1 and b; = 2. We find the generating function:

B(x)=1+22+ Y (by_1+by2)

n=2

=1+2z+ xi b + a2 Z bp_oz™

n=1 n=0

=1+2x4+z(-1+ Z bpa™) + 2* Z bp_ox"

n=0 n=0

=142z — 2+ xB(z) + 2 B(z)
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Bz)(l-z—-2*)=1+x

B(x) =

1—2—22

We see that b, = F, 41, where (F},) is the Fibonacci sequence with Fy = 0
and F; = 1. We have from the Aigner that

() (%)

n+1 n+1
oo L1tV +_ 1-v5\"
n — n+1—\/g 2 2

(3) Consider a binary word of length n with an even number of zeros. If the
last word is O, the first n — 1 is a word with an odd number of zeros and
if it ends in 1 the first n — 1 is a word with an even number of zeros. We
have e,, = ep_1 + 0p—1. In the same way we get o, = e,_1 + 0,-1. We
have eg = 1 and oy = 0, since the empty word has zero zeros which is even.
Let E(z) =Y 07 yenz" and O(z) = Y07, 0,2™. We have

SO

E(Z) =1+ Z(en,1 + on,l)z”
n=1

=14z i(en +0,)2"

=1+ zg?z) + 20(z).
In the same way we get

O(z) = zE(2) + O(2).

We can now solve for E(z). From the second equation we get

1—z"

O(z) =

Substituting this into the first equation gives

B(z) =1+ 2B(2) + Zj]ff)
Bz l-z—z2(1-2)—2)=1-2
B(z)(1-2:+42>-2*)=1—-2
B(z) = 1-=2
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We use the generating function to find the recurrence relation.
Ez)(1-22)=1-=2

E(z) = 1—z+2zZenz”
n=0
o0
=1—2z+ 22%—12’n
n=1

=1—2z+42e9z+ Z 2e,_12",
n=2
soey=1,e =—1+4+2ey =1and e, =2e,_; forn>2. We have e,, = 27!
for n > 1.

Problem 4.3. From Problem 2.3, we know that S, o =2""! —1 for n > 1.
(1) Use this to express the generating function

SQ(Z) = Z Sn,gz”
n=0
as a rational function.
(2) Use the recurrence relation Sy, = Sp—1,-1 + kSp—1,, and the formula
found for S3(z) to show

23

(1-2)(1-22)(1-3z)

(3) Use a partial fraction decomposition to find a closed formula for S, 3.

53(2) =

Solution.

1)

(2" — 1)z
2n—1zn _ i P
n n=1
1+z§:2"z" — iz"
n=0 n=0
oo oo
= 1—|—z2(22)" — ZZ"
n=0 n=0

z 1

M

SQ(Z) = Z Sn_rg,z"
n=0

n=1

M

1

e s

_ (I1-22)1—2)+2(1—2) —(1—22)
(1-22)(1-2)

_ 1-324+22242—22-14+22

B (1—-22)(1—2)

(1-22)(1-2)
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(2)
Sg(z) = Z Sn,gz"
n=0
= Z(Sn—l,Q +3S,-1,3)2"
n=0
= Z Sn—122"+3 Z Sp-1,32"
n=0 n=0
z Z Sp 22" + 3z Z Sp,3z"
n=0 n=0
22
= Zm + 3ZS3(Z)
C(1-32)(1—22)(1 - 2)
3)

1 _a n b n c
(1-32)1-22)(1—2) 1-3z 1-2z 11—z

11

1=a(l—22)(1—2)+b(1—-32)(1—2)+c(l—32)(1—2z2)

=a(l —32+422%) + b(1 — 42 + 32%) + ¢(1 — 5z + 62%)

=a+b+c— (3a+4b+5c)z + (2a + 3b + 6¢) 2%

This gives
a+b+c=1,
3a+4b+ 5¢c =0,
2a + 3b+ 6¢ = 0.
Which has solutions a = %, b=—-4,c= %, so we get
9 4 1
S3(z) = +

20—32) 1-2z 2(1-2)
(32)" —4 Z(Qz)" + Z z"
n=0 n=0

(3n+2 _ 2n+3 + 1)2”

M8

J
2

Il
=3

n

[l
NE
[NCR

0
This shows that S, 3 = £(3"T2 — 273 + 1),

n

Problem 4.4. Let F,, be the n-th Fibonacci number. Prove that
5]

k=0

Hint: Exzpand the generating function F(z) as a sum over terms z(z + 22)*.
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Solution.

We fix an n and find the coefficient F,, in front of 2™. The coefficient is

l
Fa= <k>
1=0,k=0

2—k+1=n
We rewrite the relation and get k = 2l —n + 1. This gives

L2) I Lz ! L5 n—1—i
F"Z<2l—n+1> Z(n—l—l) Z( i >
1=0 1=0 i=0
where the first equality follows since 2l —n+ 1+ (n — 1 —1) = [. In the second
equality weset t=n—1—-10.l=n—-1—-k.
Problem 4.5. Let C,, be the Catalan numbers from Problem 2.6, and let C(z) be
their generating function.
(1) Prove that C(z) = 2C(2)? + 1.
(2) Solve the quadratic equation to determine C'(z).
(3) Show that

Solution.

(1)

C(z) = i Cpz"
" oo n—1
=1+ Z (CiCrm1-i)2"
n=1 i=0
n=0 :=0
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=1+4+20(2)?
(2) We use the abe-formula with a = 2z, b= —1,c = 1 and get
1++v1 -4z
22 '

We have to decide which of the two solutions we want. We have that
Co=1,80 C(0) =Y 07, Crz™ = Co0°+ > 07, Cpz™ = 1. We consider the
limits

C(z) =

1+\/1—4z_

I
z—l)r(r)lJr 2z >

o 1-V1—4: s

lim = =1,
20+ 2z 2-2

where we used L'Hopital’s rule for the second limit. This shows that we
want the negative sign.

1-V1-4z 1- Y me (%)(_43)71
2z 2z
14 (1) = 3200, (3)(—42)"

2z

C(z) =

n=0

0 1
= 2 )2 (=4
S (k)2

This shows that C,, = 2+ (—4)"(

Problem 4.6.
(1) Consider the product

Fz,y,2) =(x+y+2)" = Z ai jrxyl 2k
W5,k
Explain why a; j 1, is the number of words on the alphabet {0, 1,2} of length
n with ¢ Os, j 1s and k 2s.
(2) Let b, be the number of words of length n on the alphabet {0, 1,2} with
an even number of Os and an even number of 1s. Show that

F(1,1,1) 4+ F(=1,1,1) + F(1,-1,1) + F(=1,-1,1)

b, =
4

(3) Write the generating function of b,, as a rational function, and give a re-
currence relating for the b,,.
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Solution.

(1)

(2)

The expansion of (z + y + z)™ represent all the possible ways to choose n
elements from the set {z,y, 2z} where repetition is allowed. The coefficient
a; ;. represent the number of ways to choose i zs, j ys and k zs. If we
replace x with 0, y with 1 and z with 2, we get words on the alphabet
{0,1,2} of length with ¢ Os, j 1s and k 2s.

F(1,1,1) = 3™ counts the words of length n on the alphabet {0,1,2}.

e F'(—1,1,1) counts the words of length n on the alphabet {0, 1,2}, but
the coefficient a; ; 1, is negative when i is odd.

e F(1,—1,1) counts the words of length n on the alphabet {0, 1,2}, but
the coefficient a; ;1 is negative when j is odd.

e F(—1,—1,1) counts the words of length n on the alphabet {0, 1,2},
but the coefficient a; ; is negative when ¢ is even and j is odd and
when ¢ is odd and j is even.

e In the sum F(1,1,1) + F(-1,1,1) + F(1,-1,1) + F(-1,-1,1), the
coefficients representing the words with an even number of 0s and an
even number of 1s are positive in each summand, so they are counted
four times. The coefficients representing the words with an odd num-
ber of Os and an even number of 1s have positive sign in F'(1,1,1),
negative sign in F'(—1,1,1), positive sign in F(1,—1,1) and negative
sign in F(—1,—1,1), so they sum to zero. The same happens for the
coefficients representing the words with an odd number of Os and an
even number of 1s. The coefficients representing the words with an
odd number of 0s and an odd number of 1s are counted with a posi-
tive sign in F'(1,1,1), negative sign in F'(—1,1,1) and F(1,—1,1) and
a positive sign in F(—1,—1,1), so they sum to zero. The only coeffi-
cients surviving is therefore the ones representing the words with an
even number of Os and an even number of 1s. We divide by 4 to get
the correct number.

3 bpz" = 3 13” 1"+ 1"+ (=1)™")2"

; ;4( + 11T (1))
11 1 1 1
_4<13z+1z+1z+1+z>

1—2z—22

1—3z— 224323

We use the generating function to find the recurrence relation.

B(2)(1-32z—22+32%) =1-22 - 22

B(z) =1—22— 2%+ 32B(2) + 2°B(z) — 32°B(2)
=1-2z—22 +3sznz"+222bnz" —SZszbnz”
n=0 n=0 n=0

=1-22—2%+ i 3b,_12" + i bp_oz™ — i 3b,,_32"
n=1 n=2 n=3
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o0 o0 o0
=1—2z— 224 3bpz + 3b12% + bpz% + Z 3bp_12" + Z bp_oz" — Z 3b,,_32"
n=3 n=3 n=3

=1+ (—=2+3bo)z + (=1 +3by + bo)2” + Y 3by_1 + by — 3bn_3

n=3

We have a,, = 3b,,_1 +b,_2 —3b,_3forn >3 and by =1, by = -2+ 3bg =
—2+4+3=1land by =—-1+3b;+by=-1+3+1=3.

Problem 4.7. Give formulas for the generating function and the exponential gen-
erating function for the sequence a,, = 2" + 5".

Solution.
Z a2 = 2(2" +5™)2"
n=0 n=0

= 2(22)" + (52)"
n=0

= (22)"+ 2(52)"
n=0 n=0
1 1
=12 T1-5.
2—-Tz
1 -T2+ 1022

Problem 4.8. Recall the Bell numbers from Problem 1.3. Using the recursive
formula proven there for B,, 11, show that the exponential generating function B(z)
for B,, satisfies:

dB(z)

= e*B(z).

Verify that B (2) = e~ satisfies the above differential equation and that the first
3 terms of the series expansion of e give % for i =0,1,2.
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Solution.

— nl 0! (n+1)!
> 1 "L /n\ -
|
oy (n+1) pors k
dB(z) i n+1 «— <n> -
= B, 2"
|Z n—k
dz —= (n+1)! = \k
S LS ()6
A\
Z — 1 n - B’ﬂ n
n=0 n=0
== k' (n— k)" 7

where we have used the multiplication rule.
Since

1/ny 1 n! _ 1
n\k) nlkl(n—k)! El(n—Fk)

we have that dif) = e*B(z).

Let B(z) = e¢ ~!. Then

dB(z) d(ec 1)
dz  dz
— 7 66271
= e*B(2).
Since B(z) = e¢” ! satisfies the differential equation, we also have that
z > B
e*—1 __ =n _n
=y T

where B,, are the Bell numbers. We show this explicitly for n = {0,1,2}. Recall
that the Taylor series expansion of B(z) = Y0° B(‘;)!m 2" and that By = 1,B; =
1,B, = 2.

0_1 ~
¢ B

o 0

0 ~

60 . e -1 Bl
- =2

1! 1!

0 0 ~
6066 —1 +€O€O€e —1 i 32

2! T
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WEEK OF 17 FEB - INCLUSION-EXCLUSION AND ASYMPTOTIC ANALYSIS

Inclusion-exclusion, warm-ups.

(1)

In a class of 50 students, 25 of the students study English, 20 study French,
and 15 study German. Furthermore, 10 students study both English and
French, 8 study both English and German, 5 study both French and Ger-
man, and 3 study all three languages. How many students do not study
any of the three languages?

In how many ways can you arrange the digits 1, 2,3,4,5 such that 1 is not
directly to the left of 2 and 2 is not directly to the left of 37 E.g. 13245 is
allowed, 31254 and 51423 is not.

What is the number of permutations on the set {1,...,4} with & fixed
points for k =0,1,2, 3,47

Use inclusion-exclusion to find how many words on the alphabet 0,1,2 of
length 5 contain each number at least once.

How many of the numbers from 1 to 18 are divisible by either 2 or 37 How
many of the numbers from 1 to 42 are not divisible by either 2, 3 or 77

Solution.

(1)

(2)

(4)

We use the Inclusion-Exclusion Principle and get
50 —-25—-20—-15+10+8+5—-3 =10.

Let E; is the property that 1 is directly to left of 2 and Fs the property
that 2 is directly to left of 3. Then

N =51 — N(E,) — N(E;) + N(E1, Es)

=5l —41 — 4!+ 3|
=120—-24-2446
=T78.

k=4
k =3 0 (if three are fixed, then all four are fixed)

k=2 (;l) = 6 (there is one permutation with 2 fixed points for every pair
you pi

k=0

e (o (- (o O

=41-4-3146-21-4+1
=9.
k=1
N = 4! — |exactly 4 fixed points| — |exactly 3 fixed points|
— |exactly 2 fixed points| — |exactly 0 fixed points|
=24-1-0-6-9
=38

3 3 3 3
35— 25 1° — 0°=3"-3.2°43=150
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where we first subtract the number of words with two or fewer letters, add
the words with only one (or fewer) letter(s) and then subtract the number
of words with zero letters (which is zero).

(5) Let F be the numbers between 1 and 18 that are divisible by 2 and F5 the
numbers between 1 and 18 that are divisible by 3.

N =18 = N(E1) — N(E3) + N(Ey, E)

18 18 18

— 18— — — — 4+ —
5 376

—18-9-6+3

=6

So there are 18 — 6 = 12 numbers from 1 to 18 that are divisible by either
2 or 3. Let Ey and E>5 be as before, but for the numbers between 1 and 42
and let E3 be the numbers between 1 and 42 that are divisible by 7.

N =42 — N(E1) — N(Es) — N(Es) + N(E, E)
+N(E1, Es) + N(FEs, Es) — N(E1, Es, E3)
42 42 g g

=42 =22
> 3 76
12 42 42
14 21 42
—42-21—14—6+7+3+2—1
=12

Problem 5.1. Let E be the set of maps ¢ : {1,...,n} — {1,...,7}. For an
m € {1,...,r}, let E,, C E be the set of maps ¢ which do not hit m, i.e. of maps
¢ such that ¢(k) #m for k=1,...,n.

(1) Show that a map ¢ is surjective if and only if it does not lie in E,, for any
me{l,...r}.
(2) Prove that
Bl = (= 1)".
(3) It my,ma,...,my € {1,...,r} are distinct, prove that
|Emy N Emy NN By | = (r — k)™

(4) Prove using inclusion-exclusion that the number of surjective maps from
{1,...,n} to the set {1,...,r} is

(5) Deduce that
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Solution.

(1) Assume ¢ is surjective and let m € {1,...,r}. Since ¢ is surjective, there
exists an k € {1,...,n} such that ¢(k) = m. This means that ¢ does not
lie in E,,. Assume now that ¢ does not lie in F,, for any m € {1,...,r}.
This means that for every m € {1,...,r} there exists a k € {1,...,n} such
that ¢(k) = m, in other words: ¢ is surjective.

(2) The maps ¢ in F,, do not hit m, but can hit every other element in
{1,...,7}. There are (r — 1) other elements which can be hit by each

element in {1,...,n}, so the number of such maps is (r — 1)™.

(3) Since mq,ma,...,my are distinct, |Ep,, N Ep, N--- N Ey,, | is the number
of maps that do not hit mq,mo,...,mg. The remaining » — k can be hit
by each element in {1,...,n}, so the number of maps is (r — k)™.

(4) We proved in (1) that ¢ is surjective if and only if it does not lies in E,,
for any m € {1,...,r}. Let N denote the number of surjective maps. We

have from Theorem 2.3 in Aigner that

= |E| - Z |E’m1
i=1

+ Y Bm, NEp,| =+ (1) |Em, N0 By |
0<i<j<r

1B\ | Enm.
i=1
We use the results from (2) and (3) and get

::i;0<—4>i(:)<r-—i>”

(5) We use the facto from Aigner p.13 that the number of surjective maps from
{1,...,n} to {1,...,r} is r!S,, . Then

&mlr<1v0)w@”

I
-
—
—_
S~—
<.
3=
.
~
=
| =
o~
S~—
—
=
|
<
N~—
3

|
—
[
—
~—
<.
=
—
S
\
-
=

Problem 5.2. Let ¢(n) denote the number of integers k such that 1 < k < n and
k is relatively prime to n. Prove using inclusion-exclusion that

wr=a(i-8) (4 2)

where n = plf plz2 . pff
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Solution. We use the same approach as in warm up (5). Let F; be the numbers
between 1 and k that are divisible by p;. We use Theorem 2.4 in Aigner and get

d(n)=n— N(E)+ . N(E,E)— -+ (-1)'N(Ey,... E)
i=1

1<i<j<t
n n n n
= — — — . — — 4 : 4_..._|_(_1)t
P1 Dt 1§i<j§tpzp] P1---Dt
1 1 1 1
=n|l-—— - =+ — e (=D
P1 Dt 1<icj<t Dipj b1 Dt

(- 0-2)-(-2)

Asymptotic analysis, warm-ups.
(1) Order the following functions by the relation <.

e, n",log(2n),n, 2, 2", log(n), n*

,n!
(2) Let fi(n) =n, f2(n) =n? g1(n) = n3+n and ga(n) = —n3. Show that
f1(7’L) = gl(n)a f2(n) = 92(77‘)’
but that we do not have
fi(n) + fa(n) < g1(n) + g2(n).

(3) Find an example of two polynomials f(n) and g(n) such that f(n) < g(n)
for all n, but such that we do not have

f(n) < g(n).
(4) If an algorithm for an input of length n executes n steps where the ith step
requires 2 operations, what is the Big-O running time of the algorithm?
(5) If an algorithm for an input of length n executes n steps where the ith step
requires n? operations, what is the Big-O running time of the algorithm?
Solution.

(1) We follow the arguments in Aigner p. 100 and get

2 < log(n) <log(2n) <n <n? < 2" <e™ <n! <n"

(2) We have

T A1 L) R T N -0,

n—oo g (n) n—oon3 +n n—oo n2 + 1

tim |20 2 ™~ L 2o

n—oo | gg (n) n—oo N3 n—oo N ’

oy A fo(m) L g mde? 1A
n—oo g1 ('n,) + gz(n) n—oon3 4+n —nd n—soo N n—oo 1
(3) Let f(n) =n and g(n) =n+1. Then f(n) =n <n+1=g(n) for all n,

but
lim f(n) = L
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(4) The total number of operations is 2 - n = 2n. We want to show that
2n = O(n) in the notation of Aigner.

O(n) = {f(n) : there exists a constant C > 0 such that |f(n)| < Cn for n > ng}

If we let C' = 2, we have that 2n < 2-n, so 2n = O(n). The Big-O running
time for the algorithm is therefore O(n).

(5) The total number of operations is n - n? = 3 and the Big-O running time
for the algorithm is O(n?).

Problem 5.3.
(1) Show that
(A) n™ < (nh)? for n > 1.

Hint: First use

k(n+1—k) = (”‘2”>2_ (n—QH —k>2

to show that for 1 < k < n, we have

k(n+1—k)>n.
(2) Use Stirling’s formula for the asymptotics of n! to show that
(B) n" < (n!)?

Explain why (A) does not imply (B).

Solution.

(1) We have that ’%”1 — k increases when k increases from 1 to n, and that
nil _ 1 — —(ml _p) = This means that (%2 —k)° < (22 —1)% =

("7_1)2 We therefore have

Fn 1 k) = (n—2|—1>2_(n—2|—1 _k>22 (n—2|—1>2_(n;1)2:n.

Now we show that

n™ < (nh)? for n > 1.

where we have used that each factor in the second line is on the form
k(n+1—k)for 1 <k<n.
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(2) Stirling’s formula says that n! ~ v27n (2)", so

n n

n

lim g = lim ——
n—oo (n!) n—»00 (m (%)n)
nn

= lim ——
n—oo 27n - n2e=2n)
2\n
) e
T Col
n—oo 27N - N7

since n™ goes to zero faster than (e?)" goes to zero.

(A) does not imply (B) since we do not know from (A) how fast n” and (n!)?

change.

Problem 5.4. Use Stirling’s formula to show

2n 4n
n N
Get a sense of the accuracy of this asymptotic estimate by computing
2
()
4n/\/mn
as a decimal number for n = 1,10,100,1000, and by plotting the graph of this
expression as a function of n.

Solution.

n)  nl(2n—n)! B (n!)2

(2n> () (2n)!

We use Stirling’s formula on both (2n)! and (n!)2.

lim M — lim 2m(2n)(2n)? e~ - (2mn) " tn=2me?n
L 2y/mndnp2netn=2ny=2n

2-1mn

n=1: 0,282
n =10: 0,0314

n = 100: 0,0032

n = 1000: 0,00031.

Problem 5.5. Let f,g : N — R be positive functions. Prove that if h(n) € O(f(n))
and j(n) € O(g(n)), then

(1) h(n)j(n) € O(f(n)g(n))

(2) h(n)+j(n) € O(f(n) + g(n)).
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Solution. Since h(n) € O(f(n)), there exists a constant C' > 0 such that |h(n)| <
C|f(n)| for n > ng, and since j(n) € O(g(n)), there exists a constant C’ > 0 such
that |j(n)] < C’|g(n)| for n > ng.
(1) We have that h(n)j(n) € O(f(n)g(n)) if there exists a constant D > 0 such
that |h(n)j(n)| < D|f(n)g(n)| for n > my. Indeed, we have

[h(n)j(n)] = |h(n)]]5(n)]
< Clf(n)|C’lg(n)]
= CC'|f(n)g(n)],

for n > mg, where mg = max{ng, n}}.

(2) In the same way, we have that h(n)+ j(n) € O(f(n) + g(n)) if there exists
a constant D’ > 0 such that |h(n) + j(n)| < D'|f(n) 4+ g(n)| for n > my,.
Indeed, we have

[h(n) + j(n)] < [R(n)] + |5(n)]
< Clf ()l + Clg(n)]
< max{C, C"}(|f(n)| + lg(n)])
= max{C, C"}|f(n) + g(n)],

where the last equality follow since f, g are positive functions.

WEEK OF 24 FEB - GRAPH THEORY
Warm ups.

(1) How many edges are there in the complete graph on n vertices.

(2) Is there a 3-regular graph on 5 vertices?

(3) Write down the adjacency and incidence matrices for the complete graph
on 4 vertices.

(4) Write down the adjacency and incidence matrices for a labeling of the circuit
graph on 4 vertices.

(5) Write down the adjacency and incidence matrices for the hypercube graph

Q2.

Solution.

(1) In a complete graph, there are edges between every pair of vertices, so the
number is (Z)

(2) A complete graph of 5 vertices has (3) = 10 edges, but a 3-regular graph
on 5 vertices should have 3 -5 = 15 edges, so it is not possible.

(3) Adjacency matrix:

e =)
— = O
—_ O = =
O V=)~ =
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Incidence matrix: There are 4 vertices and (3) = 6 edges, so the incidence
matrix is a 4 X 6-matrix. We number the edges in the following way:

Then the matrix is

1110 00
100 1 1 O
01 01 01
0 01 011

(4) We label the vertices in a cyclic order and the edges in the following way:

€1 = (U1,U2)

ez = (v2,v3)
e3 = (v3,v4)
€4 = (U47 Ul)
Adjacency matrix:
0 1 0 1
1 010
01 0 1
1 010
1 0 0 1
1 1.0 0
01 10
0 0 1 1

(5) We label the vertices the following way: v; = 00, v = 01,v3 = 10,v4 = 11.
We label the edges in the following way:

e1 = (v1,v2)
ez = (v1,v3)
€3 = (U27U4)
€4 (’03,7)4)

Adjacency matrix:

O = = O
= o o
— o O
S = = O
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Incidence matrix:

[ R R
O = O
O~ O
= -0 O

Problem 6.1. Show that a graph with n > 2 vertices has at least two vertices of
the same degree. Hint: The degree d(v) of a vertex v must satisfy 0 < d(v) < n—1.
If there is a vertex of degree n — 1, can there be a vertex of degree 07

Solution. We follow the hint and use the fact that the degree of the vertex is between
0 and n — 1. We divide the problem into two cases:

e (Case 1: No vertex has degree 0. Then the possible degrees are 1 ton—1, i.e.
there are n — 1 possibilities for the n vertices. By the Pigeonhole Principle,
at least two vertices must have the same degree.

e Case 2: There is a vertex of degree 0. Then no vertex can have degree
n — 1, so the possible degrees for the remaining vertices are between 0 and
n — 2. By the Pigeonhole Principle, at least two vertices must have the
same degree.

Problem 6.2. Which of the graphs K,,, P,,C,,Q, are bipartite? The answer
may depend on n.

Solution.

e K,: K; and K are bipartite. For n > 3, there are loops of odd length, so
K, is not bipartite.

e P,: We let S be the vertices with odd indices and let T" be the vertices with
even indices, and see that P, is bipartite for every n.

e (C,,: When n is even, we choose S and T as for P, and we see that C,, are
bipartite. When n is odd, v; and v, are both in S, but are adjacent, so the
graph is not bipartite.

e (Q,: We let S be the vertices with an odd number of 1s and let T be the
vertices with an even number of 1s. Since adjacent vertices differ by one
bit, they will have different parity of 1s.

Problem 6.3. A k-colouring of a graph G = (V, F) is an assignment f : V — C
where |C| = k and such that wv € E implies f(u) # f(v) (imagine that C is
considered a set of colours, and we ask for ways to colour the vertices so that
adjacent vertices have different colours).

(1) Prove that G has a 1-colouring if and only if £ =0
(2) Prove that G has a 2-colouring if and only if G is bipartite.
(3) Show that the number of k-colourings of
(a) the complete graph K, is (Z)
(b) the path graph P, is k(k — 1)"~1.
(¢) the circuit graph C,, is
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Solution.
(1) If E = 0, G obviously has a 1-colouring since f(u) # f(v) for uv € F is
trivially fulfilled. Assume G has a l-colouring. Then f(v) = ¢ for every
v € V. Further, we have that for wv € E, f(u) # f(v). Since f(v) = f(u)
for every u,v € V, E = ().
Assume G has a 2-colouring. Since f(u) # f(v) for uv € E, we can use the
colouring to divide the vertices into sets S and T, where each edge has one
vertex in S and one in T'. Assume that G is bipartite. Then we have S and
T such that each edge has one vertex in S and one vertex in T'. If we let
f(v) =cforve S and f(v) =d for v e T. Then f is a 2-colouring of G.
(a) Since every vertex is adjacent to every other vertex, we must have

(2)

3)

N
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Hint: Use the inclusion-exclusion principle on the set of colour func-
tions f : V. — C and, for each edge uv, the subset E,, of functions

where f(u) = f(v).

different colours on each vertex. For the first vertex there are k possi-
bilities, k — 1 for the next and k& — (n — 1) for the last. This gives

possibilities.

For the first vertex there are k possibilities. The next vertex is adjacent
to the first, so there are k — 1 possibilities. The third is adjacent to
the second, but not to the first, so there are k — 1 possibilities. The
same happens for the rest of the vertices, so there are k(k — 1)"~!
possibilities.

We follow the hint and let E,, be the set of functions f : V — C
such that f(u) = f(v). We want to find the number of functions such
that f(u) # f(v) for uv € E, i.e. the number of functions that do not
belong to any of the F,,. To make write the sum easier, we write F;.
The total number of k-colourings is £™ and by the inclusion-exclusion
principle we get

' =>"N(E)+ > N(EE) -+ (-1)"N(E;...E,).
i=1 1<i<j<n

We investigate the term Y ., N(E;). For each edge, if the endpoints

should have the same colour, there are k possibilities. The rest of

the n — 2 vertices can also have each of the k colour, thus there are
k- k(=2 = E("=1 colourings. This gives that

> N(E;) =nk™Y.
i=1

Let us now investigate the terms >, ., ., N(E;Ej). If the two edges
share a vertex, then three vertices must have the same colour, k possi-
bilities, and the remaining (n—3) can have each of the k colours. Thus,
k- k(=3 = k("=2) colourings for edges that share a vertex. If the two
edges do not share a vertex, then we have k possibilities for the end-
points of the first edge, k possibilities for the endpoints of the second
edge and k possibilities for the remaining n — 4 vertices. This gives
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k-k-E0=% = k(=2) colourings. In either case we get k("2 possibili-
ties. There are (g) pairs of edges, so Zl§i<j§n N(E;E;) = (g)k(”*z).

The same happens for 3 edges etc. up to n—1 edges. For N(E; ... E,)
we get k possibilities. This gives the sum

N=k"+ Tf(q)i <7;) K (—1)"k
n—1 -
D Sl ) L

Problem 6.4. A cut edge k of a graph G = (V| E) is an edge such that the graph
(V, E — k) has more components than G.

(1) Which of the graphs K,,, C, and P,, and the Peterson graph have a cut
edge?

(2) If k is the edge between the vertices u and v, show that k is a cut edge if
and only if there is no path connecting u and v which does not contain k.

(3) Show that k is a cut edge if and only if it is not contained in a circuit.

Solution.

(1)

e K has no edges, so it has no cut edges. K> has one edge, which is a
cut edge. K, for n > 3 has no cut edges since every vertex has degree
n— 1.

e Removing one edge from C), will turn the graph into a path, which is
connected, so C,, has no cut edges.

e P; has no edges, so it has no cut edges. For K, for n > 2 every edge
is a cut edge.

e In the Petersen graph, every vertex has degree 3, therefore it has no
cut edges.

(2) Assume k is a cut edge. Assume for contradiction that there is a path
connecting v and v which does not contain k. However, since k is a cut
edge, removing k will disconnect the graph. Since k was an edge between
u and v, u and v must be in different components after removing k. This
contradicts the fact that there is a path connecting u and v not containing
k. For the opposite direction, assume that there is no path connecting
and v that does not contain k£ and remove k. Then there is no path between
u and v, so u and v are in different components. This shows that k is a cut
edge.

(3) Assume k is a cut edge. Assume for contradiction that & is contained in a
circuit. Since k is in a circuit, removing k will still connect the endpoints of
k. This contradicts the fact that & is a cut edge. For the opposite direction,
assume that k is not in a circuit. Since k is not in a circuit, removing k will
disconnect the endpoints of k, making the graph disconnected. Thus, k is
a cut edge.
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Problem 6.5. Let G be a graph, and let v be a vertex. Let G — v be the graph
obtained by deleting v and all edges incident to v. We say v is a cut vertex if
G — v has more connected components than G.

Assume now that G is connected, that v is a cut vertex, and that u # v is some
other vertex.

(1) Prove that there exists a vertex w such that every path from u to w passes
through v.
(2) Prove that for this w we have

d(u,w) = d(v,w) + d(v,u).

(3) Prove that d(v,u) < D(G).
(4) Prove that G has at least two vertices which are not cut.

Solution.

(1) Assume G is connected, v is a cut vertex and that u # v is some other
vertex. Assume for contradiction that for every vertex w, there exists a path
from u to w that do not pass through v. Let w be in another component
than v in G — v. Since G is connected, there exists a path from u to w
in G. Since v is a cut vertex and u and w are in different components in
G — v, every path from u to w in G must pass through v.

(2) Let d(u,w) denote the shortest path from w to w. Since every path from
u to w passes through v, any shortest path must also pass through v. We
decompose d(u,w) into d(v, w) + d(v, u), where d(v,w) is the shortest path
from v to w and d(v,u) is the shortest path from v to u. If they were not
a shortest paths, d(u,v) would not be a shortest path either. This shows
that d(u,w) = d(v,w) + d(v,u).

(3) Recall that D(G) = maxy vev d(u,v). We assumed u # v and that w is in
another component than w, thus w # v and d(v,w) > 0. This gives

d(u, w) = d(v,w) + d(v,u) > d(v,u).

Since d(v,u) < d(u,w), we have d(v,u) < D(G).

(4) Let P be a longest path in G with endpoints v and v. We want to show
that w and v are not cut vertices. Assume for contradiction that v is a
cut vertex. Then u # v is some other vertex. We have shown in (3) that
d(u,v) < D(G). This is a contradiction since we assumed u and v was the
endpoints of a longest path in G. The argument is similar for u.

Problem 6.6. Assume a graph G has the property that every pair of edges are
incident. Prove that then either

(1) There exists a vertex v so that every edge is incident to v, or
(2) There exist vertices u, v, w so that edges of G are uv, vw, uw.

Solution. If G fulfil (1) we obviously have that every pair of edges are incident
(since they all are incident to v). Assume that G do not fulfil (1). We want to
show that then G fulfil (2). Let e; and ey be two edges and such that u, v are the
endpoints of e; and u,w are the endpoints of e;. Since G do not fulfil (1) there
must exists an edge ez which is not incident to u, but incident to both e; and es.
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Thus, e3 has endpoints v, w. Any fourth edge must be incident to ey, ez, ez, but
this is not possible.

Problem 6.7.

(1)
(2)
3)

(4)

()

Show that a 3-regular graph has an even number of vertices.

Construct a 3-regular graph with 4 vertices.

Use Problem 6.6 to show that a 3-regular graph has a pair of non-incident
edges.

Let G be a 3-regular graph, and let e, f be non-incident edges of GG. Con-
struct a new 3-regular graph from G by adding 2 vertices, deleting edges
e, f, and adding 5 new edges.

Prove by induction that for every even n, there exists a connected 3-regular
graph with n vertices.

Solution.

(1)

(4)

Recall Theorem 6.1 in Aigner, we says that

> d(u) =2|E],

ueV

where d(u) is the degree of a vertex u. We observer that the right side
of the equation is always even. For a 3-regular graph, d(u) = 3 for all w.
Thus, to get an even number on the left side of the equation, the number
of vertices must be even.

The graph:

Assume for contradiction that every pair of edges in a 3-regular graph G
are incident. Then G fulfil either (1) or (2) from Problem 6.6. If we are in
case 1, then there exists a vertex v such that all edges are incident to v.
Since G is 3-regular, there can only be three edges incident to v. But this
is not a 3-regular graph, since the vertices which is the other endpoints of
the three edges have degree 1. If we are in case 2, G is a triangle graph
which is 2-regular, not 3-regular, so we have a contradiction.

We let G be the 3-regular graph with 4 vertices.
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(5) We have shown that there exists a 3-regular graph for n = 4. Assume that
there exists a 3-regular graph for an even k. We want to prove that there
exists a 3-regular graph with k + 2 vertices. The step from k to k + 2 is
described in (4).

WEEK OF 3 MARCH - TREES

Warm-ups. The Priifer code of a spanning tree of K, is the sequence produced
in the proof of Theorem 7.4.

(1) Draw the spanning tree of K7 of the Priifer code (1,1,3,2,6).

(2) Find the Prifer code of the path P, labelled sequentially with 1,2,...,n.

(3) How many edges must be removed from the hypercube graph to obtain a
spanning tree?

(4) What trees do the breadth-first and depth-first searches return on K,,?

(5) What are the bases of the matroid of the circuit graph C,?

Solution.
(1) We follow the steps given in the proof of Theorem 7.4:

2 1 5
6

7

(2) The edges of P, are (1,2),(2,3)...(n—1,n) and the leaves are the vertices
1 and n. The smallest leaf is 1 with neighbour 2, so the first number in the
Priifer code is 2. Now, we remove 1, so the smallest leaf is 2 with neighbour
3. The next number in the Priifer code is therefore 3. We continue in this
way until we remove vertex n — 2. Then the remaining vertices are n — 1
and n, so the Priifer code becomes (2,3,...,n — 1).

(3) The hypercube @,, has 2™ vertices, so there is 2™ — 1 edges in a spanning
tree. The number of edges in Q,, is n2"~! (page 121 in Aigner). Thus, we
must remove n2" 1 — (2" —1) = 2" !(n —2) +1 edges to obtain a spanning
tree.

e Let v be the start vertex. Since every vertex in K,, is a neighbour
of v, we add the edges (vj) for all j € V/v. The breath-first search
therefore returns a star graph.

e Since there are edges between every pair of vertices the depth-first
search returns a path graph.

(5) The bases of the matroid of the circiut graph C,, are the spanning trees.
The spanning trees of C), are all the path we get by deleting one edge of
Ch.

Problem 7.1. Let dy,...,d, be natural numbers with d; > 1 and

n

Zdi:2n—2

i=1
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Show that the number of spanning trees of K,, with vertex ¢ having degree d; is
equal to

(n —2)!
(di — D). (dy — 1)

Solution. We show this by computing the number of Priifer codes we can obtain
by the given degrees. The Priifer code has length n — 2 and 7 appears d; — 1 times.
Let N be the number of Priifer codes. Then

N <Z—21> (n—2d;(di—1)) (n—2—d§?11(di—1))

(n—2)! (n—2—(dy —1))!

(di=Din—=2—(d = 1)) (d2 = D(n—2—(di = 1) = (d2 —2))! "~
(n—2)!

(=Dl — D). (dy — 1)

Problem 7.2. Perform the depth-first search and breadth-first search algorithms
on the hypercube graph Qs from starting vertex (0,0,0) and describe the resulting
trees.

Solution. The breadth-first search:

(0,0,0)

(1,0,0)

(0,1,1)

(1,1,1)

The depth-first search:
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(0,0,0)
(0,0,1)

(0,1,1)

(0,1,0)

(1,1,0)

(1,0,0)

(1,0,1)
(1,1,1)

Problem 7.3. Label the vertices of K,, with 1,...,n and consider the weight func-
tion given by w(ij) = i + j. Construct a minimal spanning tree T' for this weight
function. Is this tree unique? What is w(T)?

Solution. The edge of minimal weight is (12), so this is our first edge. Now, the
next edge of minimal weight is (13). We continue in this way and choose the edges
(12),(13),(14),...(1,n). This creates a star shaped spanning tree where all edges
are incident to the first vertex 1. We have used all the edges that are incident to 1.
Choosing another edge would give a higher weight, so the spanning tree is unique.

w(@ =3+ =""F 11y Lt )

=2

1. WEEK OF 10 MARCH — MATCHINGS, EULERIAN AND HAMILTONIAN CIRCUITS

Warm ups.

(1) Can you remove 3 edges from Ky 4 so that there is no longer a matching
with | M| =47

(2) For what values of n is K,, Eulerian?

(3) For what values of n and m is K, ,,, Eulerian?

Solution.

(1) We use Theorem 8.3, which says that for a bipartite graph G = (S+ T, E),
m(G) = |S] if and only if |A| < |N(A)| for all A C S, where N(A) = {v €
T :uv € E for some u € A}. In Ky 4, every vertex in S is connected to
every vertex in T. Therefore, N(A) = 4|A| for every A C S. Removing
3 edges will at most reduce N(A) by 3. Thus N(A) = 4|A| — 3, which
is greater than or equal to |A| since we can have |A| = 1,2,3,4. This
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show that we cannot remove 3 edges from K4 4 so that there is no longer a
matching with | M| = 4.

(2) We use Theorem 8.19, which says that a graph G # () is Eulerian if and
only if G is is connected and all vertices has even degree. In K, every
vertex has degree n — 1, so K, is Eulerian iff n — 1 is even, that is when n
is odd.

(3) In K,, ,,, the first set of vertices has degree m and the second set has degree
n. Since all vertices should have even degree, both m and n must be even.

Problem 8.1. Suppose a bipartite graph is k-regular for £ > 1. Show that |S| =
|T| and that G contains a matching with |M| = |S| = |T).

Solution. First, we show that |S| = |T|. Let E denote the set of edges. Since the
graph is k-regular, |E| = k|S| and |E| = k|T|. Thus, |E| = k|S| = k|T| and get
that |S| = |T|. Now, we show that G contains a matching with |M| = |S| = |T.
We use Theorem 8.3. Let A be any subset of S and let E(A, N(A)) be the set of
edges between A and N(A). Since G is k-regular, E(A, N(A)) = k|A|. Further, we
have that E(A, N(A)) < k|N(A)|, since there can be more edges from N(A) than
does incident to vertices in A. Therefore, k|A| = E(A, N(A)) < k|N(A)|, which
gives |A] < |N(4)].

Problem 8.2. Use Algorithm 8.12 from the book to find a perfect matching of K5 5
of minimal weight if the weight function on the edges is encoded by the matrix:

8§ 7 5 11 4
9 7 6 11 3
12 9 4 8 2
1 2 3 5 6
11 4 2 8 2

Solution.
(1) Initialization:
(1) p1 = minj(wy;) = 4, po = minj(wz;) = 3, p3 = min;(wsz;) = 2,
pa = min;(wyg;) = 1, ps = min;(ws;) = 2, so (w;;) becomes:

4 3 1 70
6 4 3 8 0
10 7 2 6 O
0 1 2 4 5
9 2 0 6 0

—~

q1 = ming(wj;) = 0, g2 = min

in; (wjs) 1, g3 = min;(wj3) = 0, ¢4 =
min; (w},) = 4, ¢ = min; (w}s) = 0,

so (w;;) becomes:

4 21 3 0
6 3 3 4 0
10 6 2 2 O
0 0 2 0 5
9 1 0 2 0
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(2)

3)
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A minimal zero-covering in (w;;) is the fourth row and the third
and fifth column. Since the covering contains fewer than 5 rows and
columns, we go to step (3).

We have that the smallest uncovered entry w is 1, so we subtract 1
from all uncovered entries and add 1 to all doubly covered entries.
Then (w;;) becomes:

311 2 0
5 2 3 3 0
9 5 2 10
0 0 3 06
§ 001 0

A minimal zero-covering is the fourth and fifth row and the fifth col-
umn. Since the covering contains fewer than 5 rows and columns, we
continue on step (3). We have that the smallest uncovered entry @ is
1, so we subtract 1 from all uncovered entries and add 1 to all doubly
covered entries. Then (w;;) becomes:

o O 0 = 1N
SO = O
SO WrRNO
_— O O N =
g O O O

Now, we have to use 5 rows and columns to find a minimal zero-
covering, so we go to step (4).

o= O OO
OO O O
_ o O o O
OO = OO
oo o~ O

We get the matching

U — —
Il
N = 00 W =

~ o~ o~~~
ot N e o =
W =R ol

WEEK OF 17 MARCH — MORE ON MATCHINGS AND THE TRAVELLING SALESMAN

PROBLEM

Problem 9.1.

(1) For what values of n is the hypercube graph @,, Eulerian?
(2) For n > 2, describe a Hamiltonian circuit in the hypercube graph Q,,.
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Solution.

(1) We have from Theorem 8.19 that @, is Eulerian if and only if the vertices
have even degree. Every vertex in @, as degree n, thus @, is Eulerian iff
n is even.

(2) We prove this by induction. Q4 is a Hambiltonial circuit. Assume there
exists a Hamiltonian circuit C), in @,,. We find a Hamiltonian circuit C,, 41
in @41 in the following way. Do C,,, but omit the last step, in the part of
@41 where the first coordinate is 0 such that the final step is a neighbour
of (0,...,0). Then, change the first coordinate to 1, and do the circuit C,,
in opposite direction so that we end up in (1,0,...,0). The last step is
(1,0,...,0) to (0,...,0).

Problem 9.2. Give an example of a bipartite graph G and a matching M with
|M| < m(G) such that there is no matching M’ with M C M'.

Solution. Let S = {ug,u1,us, uz} and T = {vg, v1,v9,v3} with edges F

ug, Vo)
u1,v1

(

( )
(uz,v2)
( )
( )

<

e o o o
<

<

Uz, U3

® (uz, V2

Then G(S+T, E) is an example of such a graph (why?) (choose (ug,vo),(u1, v1),(uz2,v2)).

Problem 9.3. Consider K,, with vertices 1,...,n and the weight function where,
for ¢ < j, we have

iy J—i ifj<i+n/2
w(if) = 4" RS :
i+n—j ifj>i+n/2
Convince yourself that placing vertices 1,...,n evenly on a circle of circumference

n, then w(ij) is the arc length distance between ¢ and j. Find an optimal travelling
salesman tour on K, with this weight function.

Solution. We look at Kg as an example to convince ourselves.
1

at
w
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We compute some of the weights.
w(l2) =1since2<1+3=4
w(13) =2 since 3<1+3=4
w(23) =1since3<2+3=5
w(26) =2 since 6 >2+3=5

We see that w(ij) is equal to the arch length in clockwise direction if j < in/2 and
equal to the arch length in counter-clockwise direction if j > i + n/2.

Now, we find an optimal travelling salesman tour on K, with this weight func-
tion. We use the circle to visualize the tour and see that the tour with less weight
is just going around the circle in either clockwise or counter-clockwise direction. In
such a tour we use only one arc (with weight 1) for every new vertex. Any other
tour must use more than one arch and therefore give a greater weight.

Problem 9.4. Let G = (V,E) be a connected graph. We use notation as in
Theorem 8.27.

(1) Prove that if C' > 0 is such that w(k) > C for every k € E, then
w(Cust) < 2w(Copt) — 2C.

(2) Give an example of a graph G and constant C' for which
w(Cust) = 2w(Copr) — 2C.

(3) (A little harder) Let

D = max, i
maxyey <uén]\}r(1v)w(uv)>

and show that we always have

w(C’MST) S 2U}(Copt) —2D.

Solution.
(1) We try to mimic the proof of Theorem 8.27 a). Since C,p,¢ minus an edge
k is a tree, we have that w(T') < w(Cyp) for the tree constructed in phase
1 of MST. Since w(k) > C, we have that w(T') + C < w(Copt). Therefore,
w(Tp) < 2(w(Copt) — C) = 2w(Cypt) — 2C. The inequality w(Crsr) <
w(Tp) follows from the proof. This gives

w(C’MST) S w(TD) S QM(COpt) —2C.

(2) First, we explain what the number D is. Let v € V be given. Then consider
u € N(v) and compute the weights w(uv). Let D, denote the minimal of
these weight, that is, the minimal weight of an edge incident to v. Do this
for all v € V' and choose the largest D,. This is the number D.

We claim that the edge ep (or one of the edges) corresponding to D, is
not in the minimal spanning tree constructed in phase 1 of the minimum
spanning tree algorithm. The minimal spanning tree is constructed using
the greedy algorithm. We choose an edge of minimal weight (this is not
eq). Then, we choose another edge of minimal weight incident to the first
edge. If FE,; is incident to the first edge, it will not be minimal, since it is
maximal among the minimal. We follow this procedure and observe that
we will not choose E;.
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Since we have constructed a spanning tree without Ey4, we can use the
same approach as in (1) to prove the inequality.

WEEK OF 24 MARCH — MODULAR ARITHMETIC AND FINITE FIELDS

Warm ups.

(1) Determine the remainders when 3!5 and 15%3 are divided by 13.
(2) Is the polynomial 2% + x + 1 irreducible over Zy? What about over Z3?
(3) If f(x) is a degree 5 irreducible polynomial over Z,, how many elements

are in the field Z,[z]/(f(z))?

(4) Show that the polynomial 2% + x + 2 is irreducible over Zz. What is the
product [z][z? + 2] in Z3[z]/(z? + = + 2) (i.e. represent the product by a
polynomial of degree at most one)? What is the multiplicative inverse of
z+1in Zs[x)/(x? + z +2)?

Solution.
(1) We use that 33 = 1 (mod 13). Thus, 3! = (3%)° =1 (mod 13). Further,
we use that 15 = 13 4+ 2, and we get that
1553 = 2% (mod 13)
= 212053 (mod 13)
= (2H%0.23 (mod 13)
=3%.(=5) (mod 13)
= (3%)%.32.(-5) (mod 13)
(=4)(=5) (mod 13)
=7 (mod 13)

(2) We check if the polynomial p has any roots in Zy and Zs.
(0)=0*4+0+1=1 (mod?2)
(1)=124+1+1=3=1 (mod 2)
(0)=0*4+0+1=1 (mod 3)
(1)=124+1+1=3=0 (mod 3)
p(2)=224+2+1=1+2+1 (mod3)=1 (mod 3)

p
p
p
p

We see that p(1) =0 (mod 3), thus the polynomial is irreducible over Zs,
but not over Z,.

(3) The solution to this exercise is described on page 263 in the book. Since
the elements in Z,[x]/(f(z)) are the remainders of division by f(x), that is
every element of the form ag + a1z + as2? + azx® + asx? for a; € Zs, there
are p° elements in Zy[z]/(f(z)).

(4) We compute the values of the polynomial p over Zs:

p(0) =2 (mod 3)
p(1)=1'+14+2=1 (mod 3)
p(2)222+2+251+1 (mod 3) =2 (mod 3)
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Since p(i) Z 0 (mod 3), for every i € Z3, p is irreducible over Zz. We have
that
2 _ .3
z(xz® +2) =z + 2.
We find [23 + 22] in Z3[z]/{x? + 2 + 2) by finding the rest after division.

3 4 2z 2t tr4+2=0-1
—(2® + 2% 4 22)

71-2
—(=2® —2—2)

T+ 2

Thus, 22 + 22 = (z — 1)(2? + 2 +2) + (v + 2), so [2® + 2] = [x + 2].
The multiplicative inverse of (z + 1) in Zs[x]/(z? + x + 2) is a linear
polynomial ax + b such that that

(z+1D(ax+b) =1 (mod z? +x +2).
We must find a K € Zg, k # 0 such that
(z+1D(az+b) —1=az’+ (a+b)x+b—1=K(2*+2+2)

Thus,
a=K
(a+b)=K
b—1=2K

If K =1, then b—1 = 2K does not have a solution in Z3. If K = 2, we get
b= 0. Thus, 2z is the inverse of (z + 1) in Zs[z]/(z? + x + 2).
Problem 10.1. Solve the set of equations
r+2y=4
dr+3y =4
in Z7 and Zs. It will be useful to first know the multiplicative inverses of 2 and 3

in both fields.

Solution. We follow the hint and find the multiplicative inverses of 2 and 3 in both
fields.

2-4=8=1 (mod7)
3-5=15=1 (mod7)

2:3=6=1 (mod b5),

thus 4 is the inverse of 2 and 5 the inverse of 3 in Z7, and 2 and 3 are inverses in
Zs.
We solve the set of equations in Z7. We put x = 4 — 2y into the second equation
and get
44—-2y)+3y—4=0 (mod 7)
5y =5 (mod 7)
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y=3-5 (mod?7)
y=1 (modT7)
Further, we have t =4 —2-1 (mod 7) =2 mod 7.

We solve the set of equations in Zs by multiplying the first equation by 3 and
the second equation by 2. We get

3r+y=2 (mod5)
3x4+y=3 (mod5)
We see that this set of equations has no solution.

Problem 10.2. Let p be a prime number.
(1) Prove that for 1 <i <p— 1, we have

(f) =0 (mod p)

(2) Use the binomial theorem to prove that for all ,b € Z, we have

(C) (a+b)P =a” +b” (mod p).
(3) One form of Fermat’s little theorem says that for all @ € Z, we have a? = a
(mod p). Give a proof of this statement using induction and Equation (C).
Solution.

(1)

<p> o, (mod p)

i il(p—i)!  Tdl(p—i)!
Since p is prime and 1 < ¢ < p—1, non of the factors in i!(p — 7)! will divide
p.

(2)
(a+0b)P = g: (Z) a"pPk = (g) abP + (g) aPbP~P  (mod p).

0
Thus,

(a+bP =d”+b (mod p).
(3) The theorem holds for a = 0, indeed 0P = 0 (mod p). Assume a > 0 and
that a” = a (mod p). We want to prove that (a +1)» =a+ 1 (mod p).
(a+1)P=a?+ 17 (mod p)
=d’+1 (mod p)
=a+1 (mod p),

where we used the induction hypothesis in the last step.
Assume now that a < 0 and that a? = a (mod p). Then

(a—1)P=ad”+ (-1 (mod p)
=d’ -1 (mod p)
=a—1 (mod p),

and the theorem is proven. Observe that this also holds for p = 2. Indeed,
(—1)2 = —1 (mod 2), since —1 = (—1) -2 + 1.
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Problem 10.3. Decompose z* + 1 € Z3[z] into irreducible factors.

Solution. First, we check if p(z) = x%+1 has aroot in Zz. We see that p(0), p(1),p(2) #
0 (mod 3). Thus, p(z) does not have any root in Zs, so there are no linear factors
in the decomposition. Thus, we have to find polynomials ag + a1z + asz? and
by + by + bex? such that

(ap + arz + 2?)(bg + byx + 2%) = 2t + 1
We write out the equation.
ag + bo + (a1 + arbo)z + (ag + arby + bo)z® + (a1 + b))z + 2t =2t +1
Thus
ag+by=1
apb1 +a1bg =0
ag + arby +bg =0

a1 +b; =0
We use a; = —b; and ag + by = 1 and get
ag+byg=1
agby + (=b1)bg = b1(ag —bo) =0
(=b1)b1+1=0
a1 +b;=0

The two last equations are fulfilled only if a; = 1,b; = 2 (or the opposite). The
two first equations are fulfilled if ag = by = 2. This gives the decomposition

24+z+2H)24+22+2%) =241

Problem 10.4. Let p > 2 be a prime. We say an element a of a field F' is a square
if there is some b € F such that b? = a.
(1) Prove that for a,b € Z,, we have a®> = b? if and only if a = b og a = —b.
(2) Prove that the set of squares in Z,, has (p — 1)/2 elements.
(3) Prove that the polynomial 22 — a € Z,[z] is irreducible if and only if a is
not a square in Z,.
(4) Prove that for a € Z, \ {0}, we have a = a~! if and only if a = 1 or
a=p-—1.
(5) Use the previous point to prove Wilson’s theorem:
(p—1)!I=-1 (mod p).
Hint: Show that all factors 2,3...,p—2 cancel out pairwise in the field Z,,.
(6) Let n > 1. Prove that if a,b € GF(2") are such that a® = b%, then a = b.
(7) Prove that every element in GF(2") is a square.
Solution.

(1) The first direction is clear. For the other direction, assume a,b € Z, such
that a® = b2. Thus,

a’>—bv*=(a—0b)(a+b)=0 (mod p)

Since p is prime, this holds only if a —b =0 (mod p) or a+b =0 (mod p),
thus either a = b (mod p) or a = —b (mod p).
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(1)
(2)
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We use the previous exercise. Since a? = b? if and only if a = b or a = —b,
every square can be obtained by taking the square of two different (but
inverse) elements. If two elements are not inverses, we get different squares.
Thus, we get ”2;1 squares (we subtract 1 since we have assumed a # 0).
Assume p(z) = 2% — a € Zy[z] is irreducible. Since the polynomial has
degree 2, this means that p has no roots in Z,[z]. Thus, there does not
exists a b € Z,, such that b2 = a. This is the same as saying that a is not a
square in Z,,.

For the other direction, assume that a is not a square. Thus, there does
not exists a b € Z, such that b? = a. This shows that 22 — a cannot have
a root in Z,, thus p is irreducible in Z,[x].

Recall that @' is an element such that a-a™' =1. Ifa=1,then 1-1=1,
thusa=a"t. Ifa=p—1,then (p—1)-(p—1) =p?>+1=1 (mod p), thus
a=a"t

For the other direction, assume a = a~'. We multiply by a on both
sides, and get that a® — 1 = 0 (mod p). Thus, a> = 1 (mod p). We have
that a =1 or a = —1 (by (1)). In Z, we have that p — 1= —1 (mod p).
We follow the hint and show that all factors 2, 3. .., p—2 cancel out pairwise
in the field Z,. That is, we will argue that the factors are pairwise inverses
of each other and that we therefore get that 2-3...(p —2) = 1(P=3)/2
(mod p) = 1 (mod p). Indeed, from (4), we have that a = a1 iff a = 1
ora=p—1. Thus, for a € {2,3,...,p — 2}, a # a~'. Since inverses are
unique modulo, the elements are pairwise inverses of each other. This gives

p-D!'=2-3...(p-2)-p—1)=1-(p—1) (modp)
=-1 (mod p).

First, we prove that for every a € GF(2"), a = —a. Indeed, as we saw in
Warm ups (3), the field Z,[x]/(f(z)) consists of p™ elements, where n is the
degree of f(x). Since there exists precisely one finite field GF'(q) for each
g = p™ up to isomorphism. Thus, G(2") is isomorphic to Zs[x]/(f(x)) for
an f of degree n. The elements in Zs[x]/(f(x)) are on the form ag + a1z
for a; € Zs. We have that a; = —a; for a; € Zy. This gives that

ap + a1z = —ag — a1z = —(ao + ay),
thus a = —a for a € GF(2"). Assume now that a® = b?. Thus,
a? —b*=(a+0b)(a—b)=0.

This gives that either a = b or a = —b, but since b = —b, we have that
a=b.

By the previous result, squaring each of the 2™ elements in GF(2") gives 2"
different squares, every element in 2™ must be a square (by the pigeonhole
principle.)

WEEK OF 31 MARCH — LATIN SQUARES AND DESIGNS

ups.

How many mutually orthogonal Latin squares are there of order 5?7 Find a
pair of them.

Why is there at least one pair of orthogonal Latin squares of order 127
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(3) Write down the blocks By,...,B7; C {1,...,7} for the 2-design from the
Fano plane.

(4) How many lines and points are in a finite projective plane of order 3?7 How
many points are on each line?

Solution.

(1) See pages 266-277 in the book.

(2) This follows from Corollary 12.5 on page 268 in the book. Since 12 = 0
(mod 4), N(12) > 2.

(3)

By ={1,2,4}
By ={1,5,6}
Bs ={1,3,7}
B, ={2,6,7}
Bs ={2,3,5}
Bs = {3,4,6}
B; ={4,5,7}

(4) From Theorem 12.11, we get that there are n?4+n+1 vertices and k = n+1
vertices on each edge, where n is the order of the projective plane. For
n =3, we get 32 + 3 4 1 = 13 vertices and 3 + 1 = 4 vertices on each edge.

Problem 11.1. Let Ly, Lo : {1,...,n} x {1,...,n} — {1,...,n} be orthogonal
Latin squares, and let 7 be a permutation of {1,...,n}.
(1) Let Li(i,5) = L1(n(3),) and L4(i,5) = La(w(i), 7). Show that L} and L}
are Latin squares and that they are orthogonal to one another.
(2) Let LY (4,7) = m(La(i,7)). Show that L is a Latin square and that L, and
LY are orthogonal to one another.

Solution.

(1) Let k = {1,2}. We have to show that if L} (i,5) = L (¢, 5), then ¢ = ¢’ and
if L) (i,5) = L} (i, '), then j' = j. Assume L} (4,7) = L|.(', j). Thus,

Lk(’fr(z)v.]) = Lk(ﬂ(zl)aj)

Since Ly, are Latin squares, 7(i) = 7(i’). Since 7 is a permutation, i = 7’.
Assume L} (4,75) = L. (4,j"). Thus,

Lk(ﬂ(z)a]) = Lk(ﬂ(z)vjl)
Since Ly are Latin squares, j = j'.

Now, we show that L} and L) are orthogonal to one another. Let
(a1,a2) € {1,...,n}. Assume that we have two pairs (i,5) and (¢, j)
such that

Li(i,j) = Li(n(i),§) = a1 Ly(i,j) = La(7(4), j) = az

Ly(,j") = La(n (i), ") = ar  Ly(7',j') = La(n(i'),J') = a2



SOLUTIONS TO SOME OF THE PROBLEMS IN MAT3250 SPRING 2025 43

Since L; and Lo are orthogonal, we have that 7(i) = w(i') and j = j'.
Thus, i =4’ and j = j’, so L} and L), are also orthogonal to one another.
(2) Assume L (i,7) = LY (', 7). Thus,

m(La(i, ) = m(La(i', )

Since 7 is a permutation, we have that Ls(i,j) = L2(¢/, j), and since Lg is
a Latin square, i = #’. The same holds for the analogues case.

Now, we show that L) and L; are orthogonal to one another. Let
(a1,a2) € {1,...,n}. Assume that we have two pairs (¢,5) and (¢,j’)
such that

Li(i,j) = a1 Ly(i,5) = m(L2(i,5)) = az
Li(i,j) =a1 Ly, 5") = n(La(i,5') = az

Since 7 is a permutation, Lo(%,j) = Lo(i’,j') = b. Since L; and Ly are orthogonal,
i =1 and j = j' (we use the definition of orthogonality on the pair (a1,b)). Thus,
Ly and L} are orthogonal.

Problem 11.2. Construct a pair of orthogonal Latin squares of order 12.

Solution. We follow the construction given in the proof of Theorem 12.4 in the book.
First, we find two orthogonal Latin squares L1, Ly of order 3 and two orthogonal
Latin squares L}, LY of order 4 by following the algorithm described on page 266.
We have for example:

0[1]2 0[1]2
Li=[1[2]0| IL,=[2]0]1
01 120
0[1]2]3 0[1]2][3

, 11032 , 312170
Li=mmsTor1] ™2=[110(32
3[2[1]0 2301

We set A ={0,1,2} and B = {0,1,2,3} and C = A x B. This means that an
element ¢ € C is on the form (a,b), where a € A and B € B. Thus,

C = {(0,0),(0,1),(0,2),(0,3),

We see that C' has 12 elements. We will use these elements instead of the numbers
{0,...,11}. The orthogonal Latin squares of order 12 will be L] and L3, where

Li((i,1), (3,5")) = (Ln (i, ), Lh (@', 57)),
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=

where 4,j € A and ¢/, j' € B. Firs
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We have found the first (the (0,0)th) row of the first Latin square of order 12:

(0,0)

(2,3)

(2,2)

(2,1

(2,0)

(1,3)

(1,2)

(L, 1)

(1,0)

(0,3)

(0,2)

0,1)

We compute the next row:
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11111111111
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P e I S e e N S

A~ N N N/~~~ /o~~~

N N N Y N N Y Y Y —
~— O~ N N N~ N Y ' ~—
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Li((0,1),(2,3)) = (L1(0,2), L1(1,3)) = (2,2)

We continue in this way for the remaining rows, and for the Latin square L3.

Problem 11.3. Let G = (V,E) be a graph. Show that E are the blocks of a
1-design on V with (v, k, ) = (|[V|,2,A) if and only if G is A-regular.

Solution. Let G = (V, E) be a graph and assume that E are the blocks of a 1-design
on V with (v, k,A) = (|V[,2,A). This means that for every block e € E, there are
2 elements from V', that is there are 2 vertices for every edge. Further, every 1-set,
that is every vertex, is contained in exactly A sets from FE, that is A edges. This is
the definition of a A-regular graph.

For the other direction. Assume that G = (V| E) is a A-regular graph. Use the
definition of a A-regular graph to explain that E are the blocks of a 1-desgin on V'
with (v,k, ) = (|V],2,\)

Problem 11.4. Consider the set of squares on a chessboard S = {1,...,8} x
{1,...,8}. Say that squares are related if they lie in the same row or the same
column. Is there a permutation 7 : S — S with the property that for every pair of
related squares s, sz, we have that m(s1) and 7(s) are not related? Hint: Write
(i, 7) = (m1(4, ), m2(%,5)). What can you say about m and 7o ?

Solution. We write the conditions on 7 in terms of m and me. A point (4,7) is
related to (i,k) and (k,j) for k € {1,...,8}. Thus, we must have that

m1(4,7) # mi(i, k) for k # j

m1(4,5) # m1(k,7), for k #i
mo(i, ) # mao(i, k), for k # j
mo(i, j) # ma(k,j), for k #1i

s
s

Thus, 7 and w2 must be Latin squares. Since 7 is a permutation, we also get that
for (a1,az2) € S, if 7(i,5) = (a1,a2) and 7 (i',j') = (a1,as2), then i =4’ and j = j'.
This condition means that m; and 72 must be orthogonal. We have reformulated the
problem to the following: Does there exists two mutually orthogonal Latin squares
of order 8. The answer is yes (see the book), so there exists a 7 : S — S with the
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property that for every pair of related squares s1, s2, we have that 7(s1) and 7(s2)
are not related.

Problem 11.5. Let D(v,k, \) be a 2-design with b blocks By,..., B, on {1,...,v}
and M = (m;;) the v x b matrix given by m;; = 1 if i € B; and m,; = 0 if i ¢ B;.
The goal of this problem is to show that if k¥ < v, then v <.

Let A=MMT.

(1)
(2)
3)

(4)
()

Show that A;; = A for ¢ # j.

Show that A; = A(v—1)/(k—1

Let ?,7 € R" be such that 5 = A7. Let z = > i i x;. Prove that
yi = Mz + Z;Jfarl) for all 4.

Prove that if k < v, then 7 =0& 7 =0.

Assume k < v. Justify each the (in-)equalities

v=rk(A) <rk(M) <b
to conclude that v < b.

Solution.

(1)

3)

(4)

Let i # j. Then A;; = Z?:l m;, - mj;. The product my - mj; is 1if ¢ € By
and j € B and zero if either ¢ ¢ B; or j ¢ B;. Since D is a 2-design the
pair (4,7) is in A blocks. Thus, there are A Is such that m; - m;; = 1, so
Aij = Z?:l m;p - mjl = )\

We have that A;; = Z;’:l m?l. Thus, Aj;; is equal to the number of times
my; is equal to 1, which is the number of blocks B; such that ¢ € B;. For
every pair (4,4') for 1 < i’ < v, i # i, there are A blocks B; such that
(i,7") € By, which gives A(v — 1) blocks. But since there are k — 1 other
elements than 7 in each B;, we have to divide by k£ — 1. Thus, the number
of blocks B; such that i € By is A(v —1)/(k — 1).

v v 1 v
Yi = ;Aij.ﬂj = )\ml‘z + Z /\l‘j

j=1.j#i

v—1
—)\(k_ll‘i+(—$i)+l‘)
v—k

Let k < v. Assume @ = 0, thus Y0 z; = 31 0 = 0. Thus, y; =
A(2=£0+0) =0, and ¥ =0.
Assume ¥ = 0. Thus, y; = 0 for every i. Thus,

)\(Hxi—l—m)zo
%xiJrz:O
v—k
kilxi——x
k-1
Tr; = — X
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Since k < v, the fraction ha positive sign, thus z; is equal to a negative
fraction of x for every . This holds only if each z; = 0. Thus, 7 =0.
(5) Let k < v. First, we prove that v = rk(4). Since & = 0 if and only if
7 =0, ker(4) = 0 and thus, rk(A4) = dim A = v.
Further, we prove that rk(A) < rk(M). We use that if A is an n x k-
matrix and B a k x n-matrix, rk(AB) < min(rk(A),rk(B)). Thus,

tk(A) = rk(MM") < tk(M),
since tk(M) = rk(MT).
The last inequality follows since M is a v x b-matrix and thus, rk(M) < b.
WEEK OF 7 APRIL — FINITE PROJECTIVE PLANES

Problem 12.1. Let
S ={s1,...80}

and let
B={B;...,By}

where the B; are distinct subsets of S. The incidence matrix of (S, B) is the
(v x b)-matrix M such that

liijEBk
mi . =
7\ oifs; ¢ By

(1) Write down the 7 x 7 incidence matrix for the Fano plane.
(2) Let (S, B) be a finite projective plane of order n, with incidence matrix M.
(a) Show that dot product of two distinct column vectors of M is 1, and
that the dot product of two distinct row vectors of M is 1.
(b) Show that

MTM =MMT =nl + A,

where [ is the identity matrix and A is the matrix with entries only

ones.
Solution.
(1) We let
By ={1,2,4}, By =1{1,5,6}, Bs={1,3,7},
B, ={2,6,7}, Bs=1{2,3,5}, Bs={3,4,6},
B7:{45577}
Thus,
1 1.1 0 0 0 O
1 001 1 00
0010110
M=1]1 0 0 0 0 1 1
01 0 01 01
01 01010
001 1001
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(a) Let R, and R, be two distinct rows in M. Then Ry, Ry, = Y[, MyiMy;.

The product my;m.; is 1 if and only if s,, s, € B;. In a projective
plane, each 2-subset is contained in exactly 1 set from B (pkt (i) in
Definition 12.10), thus there exists one ¢ such that m,;m,; = 1. Oth-
ETWISe, My Myy; = 0.
Let now C, and C,, be two distinct columns in M. Then C,C, =
Zle MiuMiw. The product my,mg, is 1 if and only if s; € By, By,.
By pkt. (ii) in Definition there exists only one ¢ such that s; € B,,, By,.
Thus, C,, - C, = Zle M Mgy -

(b) Let B = MTM and let i # j. We have that b;; is the dot product of
the ith and jth columns i M. Thus b;; = 1. Further, b;; = Y.,_, mj,.
Since there are n + 1 points on each line in a profjective plane of order
n, there are n [s such that m%i = 1. Thus b;; = Zle mlzz =n-+1.
We therefore get that B is a matrix with n 4+ 1 on the diagonal and 1
elsewhere and we see that B can be decomposed a nl + A. The same
argument holds for MM7T.

Problem 12.2. Let (S, B) be a finite projective plane of order n, i.e. where S is
the set of points and B C 29 is the set of lines. We construct a new pair (S’, B') as

follows.

Let S’ = B. For every x € S, define [, C S’ by

lo={leB|zel}

and let B’ be the set of all [,,. Prove that (S’,B’) is a projective plane.

Solution. We prove that (S, B’) satisfies the definition of a projective plane (Defi-
nition 12.10).

(i)

(i)

(iii)

Let u # v € S’. We need to prove that there exists precisely one line [, € B/
such that {u,v} € l,. Thus, we must have x € S such that z € u,v. Since
u,v € 8" = B and (S, B) is a projective plane, we know that there exists
only one s € S such that s € uNwv. Thus, there exists only one I, such that
U, v € ly.

Let I, # 1, € B’. We need to prove that there exists exactly one point
u € 8" such that u € I, Nl,. Such an u is satisfies that € v and y € u for
z,y € S. Since (5, B) is a projective plane, there exists only one such w.
Follow the same procedure as in (i) and (ii).

Problem 12.3. Let (S, B) be the projective plane of order 5 constructed from the

_>
field of five elements Zs. For a vector (x,y,2) € Z3\ {0}, we let [z :y: 2] € S be
the subspace spanned by (z,y, 2), that is

[x:y: 2] =Zs(z,y,2) = {(ax,ay,az) | a € Zs}.

How many points are contained in a line in the projective plane?

Let I be the line containing points [2: 3 : 1] and [1 : 2 : 3]. List the points
of [ in the form [z : y : z].

Let W = {(x,y,2) € Z} | x+y+2 = 0} C Z2, and let I’ be the corresponding
line in the projective plane. List the points I’ in the forms [z : y : z].

Find IN1'.
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Solution.

(1) In the projective space of order 5, 5+ 1 = 6 points are contained in a line.
(2) The other 4 points on the line containing [2:3: 1] and [1: 2 : 3] are

2:3:1]4+[1:2:3]=[3:0:4]
2:3:1]+2[1:2:3]=[4:2:2]=[2:1:1]
[2 3:1]4+3[1:2:3]=1[0:4:01=[0:1:0]
[2:3:1]+4[1:2:3]=[1:1:3]

(3) We have that [1:2:2] €’ and [0:1:4] €. Thus, the other 4 are

[1:2:2]4+[0:1:4]=[1:3:1]
[1:2:2]4+2[0:1:4]=1[1:4:0]
[1:2:2]4+3[0:1:4]=[1:0:4]
[1:2:2]4+40:1:4]=[1:1:3]

(4) We see that [1:1: 3] is a point of both [ and I’

Problem 12.4. (Inspired by the card game SET). Let n > 1, and let S = Z%.
Define a SET in S to be a B = {vy,vs,v3} C S with the v; all distinct, such that
v1 +v9 +v3 = 0. Let B,, be the set of all SETs.

(1) Prove that (S, B) forms a Steiner system, and determine |B|.
(2) A cap set is a subset T C S, such that T' contains no SET. Find the
maximal possible size of a cap set when n = 1 and when n = 2.

Solution.

(1) We have to prove that (S, B) a Steiner system S;(v, k), where v = |S| = 3"
and k = |B| = 3. We have to prove that each 2-subset is contained in
exactly one set from B. This means that given vy, v, v is uniquely defined.
Since v1 + vo + v3 = 0, v3 = —(v1 + v2).

The size of B is the number of ways to make unordered 3-tuples (vy, v, v3).
Since w3 is determined by vy and vs, we only need to choose them, thus
3™ (3™ —1) possibilities. Since the 3-tuple is unordered, we divide by 3! = 6.
Thus,

Bl = 23" (3"~ 1),
)

e When n =1, S = {0, 1,2}, thus the cap sets are the subset with two
elements. The maximal possible size of a cap set is therefore 2.

e Whenn =2, S = {(0,0),(0,1),(1,0)(1,1),(2,0),(0,2),(2,2),(2,1),(1,2)}.
An example of a cap set is T = {(0,0),(0,1),(1,0)(1,1)}. We claim
that the maximal possible size of a cap set is four. Indeed, since T
is a cap set for v,y € T, —(x +y) ¢ T. There are (3) = 6 ways to
choose z,y and there 5 elements in S\ 7. We claim that there exists
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only 1 z € S\ T such that —(z +y) = z and — (2’ + y') = 2z where
x#y#a #y €T. Assume for contradiction that

r+y=—z

x'+y':—z
and

z+x =72

y+y =-z
Thus,

/

r+y+a +y =—-22=-27,

so z = z'. Thus,

r+y=-—z
z+a = —z
which implies that x + z = —y = —2’. But we assumed that y # 2/, so we

have a contradiction.

Problem 12.5. Let A ={0,1}.

(1) Determine which of the codes C' = {0,10,11}, D = {1,10,11} and F =
{0,01,11} are prefix codes.

(2) Let X = {«, 8,7}, and suppose we encode messages written in the alphabet
X using the above codes. Determine for which of the alphabets C, D and
FE a message can always be decoded uniquely.

Solution.

(1) C is a prefix code since 10 and 11 does not have 0 as prefix. D is not a
prefix code since 10 and 11 as 1, another word in the code, as prefix. FE is
not a prefix code since 01 has 0, another word in the code, as prefix.

(2) A prefix code can always be decoded uniquely, thus C' can be decoded
uniquely. The code E can also be decoded uniquely if the encoding is done
backwards, since the code is a ”"backward prefix code”.

Problem 12.6. Let A ={0,1} and let C C A* be a code. The length sequence
of C' is the lengths of the code words in C listed in ascending order, i.e. the code
{0,1,100,0100} has length sequence 1,1, 3, 4.

(1) Prove that there is no prefix code C' with length sequence
1,2,2,2.
(2) Prove that for n > 3, there is no prefix code C' with length sequence

1,2,...,.n—1,n,n,n.
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Solution.

(1) There are fours words of length 2 in the alphabet {0, 1}, 00,01, 10, 11. Since
the length sequence of C has first element 1, the first word in the code is
either 0 or 1. Assume the word is 0 Then, the words of length 2 cannot
start with 0, so there are two remaining words. This shows that the length
sequence cannot be 1,2,2,2.

(2) The same argument holds in this case. For each n, there are only two
possibilities that don’t have any of the words as prefix. Thus, the length
sequence cannot be 1,2,...,n—1,n,n,n.

WEEK OF 21 APRIL — HAMMING DISTANCE AND ERROR CORRECTING CODES

Warm-ups.

(1) What is the Hamming distance between 0010 and 01007

(2) What is the maximal Hamming distance between two code words in {0,1}"?

(3) For which t is the code {0000,0011, 1100} t-error detecting? For which ¢ is
it t-error correcting?

(4) What is the Hamming bound for the size of a code C C {0,1,2}* with
d(C) > 37

Solution.
(1) A(0010,0100) = 2.
(2) The maximal Hamming distance between two code words in {0,1}" is n,
that is when every letter is different in the two codes.
(3) A code C' is t-error detecting if for all z € C, By(z) N C = {x}, which is
the same as for all x #y € C, A(x,y) >t + 1. We see that

A(0000,0011) =2
A(0000,1100) = 2
A(0011,1100) = 4,
thus A(z,y) > 2 for all x # y € C. Therefore, the code is 1-error detecting.
Let d(C) = mingzyec Az, y). A code C is t-error correcting if d(C) >
2t + 1. In our case A(C) = 2, thus there are no positive ¢ which fulfill
2t +1 < d(C)=2. So C is not an error correcting code.
(4) We have that ¢ = 3,n =4, t = 1. Thus,
31 34 3

AT ey OerrOe 1+s

Problem 13.1.

(1) Let A = {0,1},n > 0. Elements of A™ are identified with the vertices of
the hypercube graph @,,. Show that for words wy,ws € A", the Hamming
distance A(wy,ws) equals the path-length distance d(wy,ws) in Qp.

(2) Let A ={0,1,...k},n > 0. Show that there is a graph G with vertex set
A™ such that for wy,ws € A™, we have A(wy,ws2) = dg(wy,ws). Draw this
graph when k£ =n = 2.
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Solution.

(1) First we show that d(wi,ws) < A(wi,ws2) and then that d(wy,ws) >
A(w1 5 ’wg).

Assume that A(wy,ws) = k. This means that wy and ws differ in exactly
k positions. We can go from w; to wy in the hypercube by changing one
bit in wy in every step. This will make a path of length &, thus d(w,ws) <
A(wy, ws).

On the other hand, let [ be a path from w; to ws in the hypercube. In
each step of the path we change one position of w;, since vertices in @,
are incident only if they differ in one position. Since we have to change at
least k positions to go from w; to we, we have d(wq,ws) > A(wi, ws). This
shows that d(wq, we) = A(wy, ws).

(2) We define the edge set E(G) such that there is an edge between two elements
wi,wy € A if wy and wsy differ in exactly one position. The proof that
A(wy,ws) = dg(wy,ws) is similar to point (1).

The graph when k =n =2 ((o=0,i =1,t = 2)):

Problem 13.2. Let A= {0,1},n > 1.
(1) Recall the binary checksum code C' C A™, consisting of all words with
an even number of 1s.
(a) Prove that if n =1, then C' is 1-perfect.
(b) Prove that if n > 2, then C is not ¢-perfect for any t.
(2) Recall the double repetition code C C A3", consisting of all length n
words repeated twice, that is

C = {www|lw € A™}.

(a) Prove that if n =1, then C is 1-perfect.
(b) Prove that if n > 2, then C is not ¢-perfect for any t.

Solution.

(1) (a) Let n =1, thus C C A! = {0,1}. The claim that C' = {0}. Indeed, 0
consists of zero 1s, thus an even number of 1s, and 1 consists of one 1,
thus an odd number of 1s. Now, we compute the Hamming bound of
C to check that C is 1-perfect. We have that ¢ =2, n=1,t = 1.

2! 2
G)e-10+({)Ee-1)t 1+1
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Since |C| = 1, we have that |C| is equal to the Hamming bound, thus
C'is 1-perfect. The condition that d(C) > 2t + 1 does not apply in this
case since d(C') is not defined (or is defined to be 00).

Let n > 2. First, we compute the Hamming bound

27l _ 2'”
t i t n\ °
Yico (-1 i ()
Next, we compute |C|. The number of words of length n with an even
number of 1s is the same as the number of words of length n with an

odd number of 1s. Thus, |C| = 42" = 2"~1. Now, we need to show
that

27’L
t )
>ico ()
but this is the same as showing that

()

=0

Cf =27 £

Ift = 1, we have ZE:O (?) = 1+n which is not equal to 2 since we have

assumed n >. If ¢ > 1, the sum consist of more positive summands,
thus the sum is bigger. This shows that

;(T;) £ 9.

for t > 1.
Let n = 1. Then C = {000,111}, thus |C] = 2. We compute the
Hamming bound. We have that ¢ =2,n =3,f = 1.

23 8
Ge-n0+ @) eEe-n 1+3

Let n > 2. First, we compute d(C).

2.

d(wiwiw, wewews) = d(wy, we) + d(wi, ws) + d(wy, ws)

= 3d(w1, we)

=3-1

=3.
Thus, d(C) =3 > 2t + 1, so t < 1. This means that we only have to
check that C' is not 1-perfect. Next, we find |C|. Since there are 2"

elements in A", there are also 2" elements in C, thus |C| = 2". Now,
we compute the Hamming bound.

(2n)3n 8n2

(e =10+ () -1t~ 143 1)

M =

This expression is not equal to 2", thus |C| # M.
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WEEK OF 28 APRIL — LINEAR CODES (AND A LITTLE MORE ON GENERAL

CODES)

Warm-ups.

(1)

Consider the code
C = {0000,0101,1010,1111} € GF(2)*.

Explain why C'is linear, and write down a generator matrix G and a parity
matrix H for it.

(2) Can a code C C {0,1}" with |C| = 9 be linear, where {0,1} = GF(2)?
Solution.
(1) C is a linear code if it is a subspace of GF(2)*. Thus, we must have

0000 C C and C must be closed under vector addition. We check the last
property.

0101 + 1010 = 1111

0101 + 1111 = 1010

1010 + 1111 = 0101

This shows that C' is closed under vector addition.
Since 0101 and 1010 are linearly independent and generate C, they form

a basis for C'. Thus,
101 0
G= (O 1 0 1) '

The parity matrix H is such that Hec = 0 for ¢ € C. It is enough to
check this on the basis. Thus, we must have

10

hi1 hiz hig hia |0 1| _ (0 O
hai  has hegs hos) |1 0] \O O

0 1
0 0
0 0

<h11 +hiz hig+ h14>
hai + haz  hoo + hog

Thus,
hii = his
hiz = his
ho1 = has
haa = has

We see that these equations are fulfilled if we set H = G. Thus

1010
H_<o101>'

We claim that a linear code C' C GF(2)" has 2* code words, for k € N.
Indeed, let ¢1,..., g% be the basis of C. Since C should be closed under
vector addition, the words in C' is on the form

a191 + agg92 + -+ - + aggr,
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where a; € GF(2). Since each a; can be either 0 or 1, there are 2% such
words. Thus, |C| = 2*. Since 9 is not a power of 2, there are no code such
code C with |C] =9.

Problem 14.1.

(1) Show that if C C {0,1}® is a 2-error correcting linear code, then |C| < 4.
(2) Describe a linear code C' with |C| = 4 which is 2-error correcting.

Solution.

(1) We use the Hamming bound to find that |C] < 6. Since C should be linear,
we use that |C| must be a power of 2 as we showed in warm-ups (2). Thus,
|C] < 4.

(2) Since |C] = 4 = 22 the basis of C' must consist of two code words.
Since C' should be 2-error correcting, d > 2-2+ 1 = 5. We claim that
g1 =1(1,1,1,1,1,0,0,0) and go = (0,0,0,1,1,1,1,1) generates such a code.
Indeed, then C' = {00000000,11111000,00011111,11100111}, where the
generators have weight 5 and the last word has weight 6. Thus, d = 5.

Problem 14.2. Let A = GF(11), and consider the linear code C' C A'! determined
by the parity checksum matrix

376 18 9 45 210
5 4 3 2 7 6 5 4 3 2 1)°

A Norwegian personal identity number is a string of 11 digits ajas,...a11 which
must satisfy (a1,...,a11) € C.

(1) Find the dimension of C, the cardinality |C|, and d(C'). Determine for what
t the code C'is t-error correcting and t-error detecting.

(2) Find two elements @, T € C such that A(, ?) =d(C).

Solution.

(1) We have that G is an n x k matrix and H is an (n — k) X n matrix. Since
H is an 2 x 11 matrix, we get that n = 11,k = 9. Thus, C has 9 basis
elements and therefore dimension 9.

The number of elements in C' is the number of vectors we can make from
combining the 9 basis vectors with coefficients from A. Thus, |C] = 117.

To find d(C) we use Theorem 13.5 which says that d(C) > d if and
only if every d — 1 columns in H are linearly independent. Since the 4th
and the 10th column are equal, we don’t have that every 2 columns are
linearly dependent. Since every column in H are not a scalar multiple of
one another, we have that every d — 1 = 1 column(s) in H are linearly
independent, but not 2, thus d(C') > 2 and d(C) < 3. Thus, d(C) = 2.
Since d(C') = 2, C' is not error correcting, but l-error detecting.

(2) We use that the 4th and the 10th column in H are the same, thus if
@ =(0,0,0,1,0,0,0,0,0,—1,0) then Hd = 0. Since —1 = 10 (mod 11),
@ = (0,0,0,1,0,0,0,0,0,10,0). Since @ has weight 2, we choose 7 =
(0,0,0,0,0,0,0,0,0,0,0) and get A(@, b) = 2.
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Problem 14.3. Let (S, B) be a t-design with S = {1,...,v},|B| =k for all B € B,
and A = 1. Define a code

C={cp|BeB}c{01},

where cp is the vector of zeros and ones with the ith coordinate equal to 1 if i € B
and 0 otherwise.

(1) What is |C]?

(2) Show that for By, Bs € B,

A(cp,,cB,) = |B1\ Ba| + B2 \ Bi]
(3) Show that d(C) > 2(k —t+1).

Solution.

(1) Since C consists of one element for each element B € B, |C| = |B| = k.

(2) The distance between c¢p, and cp, is the number of positions where they
differ. They differ in the ith position if ¢ € By and i ¢ Bs or ¢ ¢ By and
i € By. The number of such is is |B; \ Be| + | B2 \ Bil.

(3) We have that d(C) = min., ¢, A(CB,,CB,) = Mingy ey, |B1\Ba|+|Ba\
Bl|. Further, we have that |Bl \BQ| + ‘BQ \Bl| = |B1|+ |Bg| _2|Bl ﬂBQI =
2(k — |B1 N Ba|). We claim that |B; N Bz| < t — 1. Indeed, since (S, B)
is a t-design with A = 1, a t-subset is contained in exactly one B. Thus,
|B1 N By| <t —1. This shows that

d(C)= min A(cp,,cp,) = min 2(k—|B1NBy|) >2(k—t+1)

CBq #CBQ CBq #CBQ

Problem 14.4. Prove that the Hamming distance satisfies the triangle inequality,
namely

Al(a,c) < Aa,b) + A(b,c)

for all a,b,c € A™.

Solution. Assume ¢ such that a; = ¢;. Then this position does not contribute to
A(a,c). If also b; = a; = ¢;, then the ith position does not contribute to A(a,b)
and A(b, ¢) neither. If b; # a;, this position contributes to both A(a,b) and A(b, ¢).
Thus in either case, the left side is less than or equal to the right side.

Assume 4 such that a; # ¢;. Then the i¢th position contributes with 1 to A(a, c).
Then b; # a; and/or b; # ¢;. Thus the ith position contributes to the right side
with either 1 or 2. We can’t have that b; = a; and b; = ¢; since a; # ¢;. We have
analysed each case and shown that the left side s greater than or equal to the right
side.

Problem 14.5. Consider the vectors ¢ = (0,1,1,2) and ¢ = (1,0,1,1) in GF(3).
The linear code C' C GF(3)* generated by ¢ and ¢’ consists of all linear combinations
over GF(3) of ¢ and ¢'.

(1) Write down the list of code words in C' and verify that d(C) = 3.
(2) Show that C is 1-perfect.
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Solution.

(1) The code words in C'is the elements ajc+ asc’ where a,as € GF(3). This
gives the following code words

0-(0,1,1,2) +0-(1,0,1,1) = (0,0,0,0)
1-(0,1,1,2) 40 (1,0,1,1) = (0,1,1,2)
1-(0,1,1,2) +1-(1,0,1,1) = (1,1,2,0)
1-(0,1,1,2) +2-(1,0,1,1) = (2,1,0,1)
2.(0,1,1,2) +0-(1,0,1,1) = (0,2,2,1)
2.(0,1,1,2) +1-(1,0,1,1) = (1,2,0,2)
2.(0,1,1,2) +2-(1,0,1,1) = (2,2,1,0)
0-(0,1,1,2) +1-(1,0,1,1) = (1,0,1,1)
0-(0,1,1,2) +2-(1,0,1,1) = (2,0,2,2)

We verify that d(C) = 3 by checking the distances between pairs of the
words.
(2) We check that

n

Ol = e =

O @@=+ -1t 1+nlg—1)

We have that |C] =9, ¢ = 3, n =4 and get
qn _ 34 _f

I+n(g—1) 1+43-1) 9

—9=1C].

WEEK OF 5 MAY — MORE LINEAR CODES AND CYCLIC CODES

Warm ups.

(1) Write down the polynomial for the code word (1,2,0,1,2) € GF(3).

(2) Is the binary code {0000, 1100,0110,0011} cyclic?

(3) What is the dimension of the cyclic code C with generating polynomial
g(x) =2 —17

(4) Is there a cyclic code C' C GF(3)® with generating polynomial g(x) = z+1?

Solution.
(1) We write (1,2,0,1,2) = (a4, as, az, a1, ap), thus

4
:Zaixi =2t 422+ +2
=0

(2) No. Let ¢ = (1100). Then ¢ = (1001) ¢ C.

(3) We have that dim C' = n—deg(g(z)). By Theorem 13.10, g(x) should divide
2™ — 1. Since g(z) = z — 1, this is fulfilled for any n. Thus, dimC =n —1,
for C € K™.

(4) We use Theorem 13.10, and have to check if g(x) divides z° — 1. Since
(1) =1 =-2=1 (mod 3), g(z) does not divide 5 — 1, so there isn’t a
cyclic code C' C GF(3)°.
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Problem 15.1. Consider the linear code C C GF(3)° given by the check matrix

H =

O O =
O = O
—= O N
_= N O

0
0
1

(1) Find a generating matrix of C.

(2) Show that C' is 1-error correcting.

(3) Suppose the message 21012 was received over a channel with at most one
error. Find the syndrome and correct the error.

Solution.

(1) Since H is a 3 x 5 matrix, GT is a 5 x 2 matrix, thus C has two generators.
We need two linearly independent vectors c1, co such that Hey = Heg = 0.
Two such vectors are ¢; = (11111) and (12120), thus

11 1 1 1
¢= (1 2 1 2 0) '
(2) For C to be l-error correcting, we must have d(C)2-1+ 1 = 3. We use
Theorem 13.5 to check that d(C) > 3. The theorem says that d(C) > 3
if and only if every 2 columns in H are linearly independent. Since none

of the columns in H are a multiple of one of the other columns, every 2
columns in H are linearly independent.

2
1 0 2 00 1 2
01 0 20 0]=1|0
0 01 11 1 0
2

Thus, the syndrome is (2,0,0). Since (2,0,0) is a multiple of the first
column in H, the error occurred in the first position. Thus, the correct
message is

(21012) — (20000) = (01012).

Problem 15.2. Show that in a linear code C' over GF(2), either all codewords
have even weight or half have even weight and half odd weight.

Solution. Let u,v € C. If both u and v has even length or both has odd length,
then u + v has even length, and if one of v and v has even length and one has odd
length, then u+ v has odd length (convince yourself by computing some examples).
Assume that at least one code word has odd weight, say uw € C. Let F,, : C' = C
be a map such that v — u 4 v. Thus, if v has even weight, u + v has odd weight,
and if v has odd weight, v + v has even weight. We claim that F, is a bijection.
To show that F, is injective, we see that if u + vy = u 4 vs, then v1 = vy. To show
that F, is surjective, let w € C. Then F,(u —w) = u+ (u — w) = w, thus F, is
surjective. Since F), is a bijection and maps a code word of odd weight to a code
word of even weight, and a code word of even weight to a code word of odd weight,
there must be the same number of code words of even weight and of odd weight.
If there is no code word with odd weight, then all code words has even weight.
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Problem 15.3. Let C C GF(2)7 be the cyclic code generated by g(z) = 23 +2241.

(1) Find a generating matrix and the parity check matrix of C.
(2) Is the word ¢ = (1,1,1,0,1,0,1) in C?
(3) Find the syndrome of ¢ with respect to the parity check matrix.

Solution.

(1) We follow the description on page 295 and get

1101 0 00
G:0110100
0011010
0001101

We use the factorization of 7 — 1 in Example 13.11, and get that

7 —1 (z+1)(2® +z+1)(2® +22+1)
3+ 22 +1 w3422 +1
=@+ 1)@ +z+1)
=zt +ad et 41
Thus,
0010111
H=({0 1 0 1 1 10
101 11 0
(2) We check if He = 0:
1
1
001 0111 1 1
01 01110 0l=10
101 1100 1 1
0
1

(3) The syndrome of ¢ is (101).
Problem 15.4. Show that the dual code of a cyclic code is cyclic.

Solution. Recall that
Ct={ac K" : a-c=0forall ceC}.

We have to show that if C is cyclic, then for any ¢/ = (¢, _;,...,ch) € C*, also
(chgy--yChych_1) € CH. Let ¢ € C be such that c...c’ = 0, that is

¢ =(Cno1y--y00) (ChhqyeveyC)) =Cpy - Coqy 4+ +co-cy=0.
Let ¢1 = (¢ny, - - -5 Co, Cny ). Since C'is cyclic, ¢; € C. We claim that

C1- (C;L—Qv cee 7067 C/n—l) =0
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which shows that (c/,_,...,ch,c,_;) € C*+ and C* is cyclic. Indeed,
/ ! / / / /
(Cn—2y. s €0y Cne1)  (Chpgy ey CosCrq) = Cn—a " Cp_og+ - +cCo-Cch+Cno1-¢p_1
=c-c

Problem 15.5. Let C; and Cs be two cyclic codes over GF(q) with generator
polynomials gy (z) and g2(x), respectively. Show that Cy; C Cy if and only if go(x)
divides ¢ (x).

Solution. Assume that go(x) divides g1 (), that is g1 () = m(z)g2(x) for a polyno-
mial m(z). Let ¢; € C;. Then there exists p(z) such that ¢; (z)p(x) = ¢1(z). Using
that go(z) divides g1 (x) we have that ¢;(x) = m(z)p(x)g2(z), thus ¢; € Cs.

For the other direction we prove that if g»(x) does not divide g1 (), then Cy € Cb.
Let g1 € C1 be the element in Cy corresponding to g1 (). Since go(x) does not divide
gl(x), g1 ¢ CQ. r]:‘hllS7 Cl g C2.

We can also prove the last direction with a direct proof. Assume C7 C C5 and
let g1 € Cy as above. Then also g1 € Cy by assumption. Since g; € C1, ga2(x)
divides ¢ (x).

Problem 15.6. Let f(x),g(z) be polynomials over GF(q) of degree less than n,
and let ?, 7 € GF(q)" be the associated code words. Prove that if

n—1

fl@gx)= > aa' ¢ eGF(g)

1=—n+1
then

?'7260

Solution. Let 7 = (fa—t1s fa—2.- -, f1, fo) and G = (gn—1,9n—2,---, 91, 90)- Then

T = farGnor + faczguoz + -+ frg1 + fogo
We want to show that this is equal to cg. We write out f(z~1)g(z).

flaNg@) = (fo+ frz™ 4+ facrz” ") (go + gra+ -+ gnoaz™ )
We have that cq is the constant part of f(z7!)g(x). Since 2% - 27% = 2% =1, we

get that
co = fogo + i1+ + fa—29n—2+ fr-19n-1-

Probke)m 15.7. Let K = GF(q), and say that a vector @ € K™ is normalized if
a # 0 and the first non-zero component of @ is 1, i.e. we have

7: (0,...,0,1,ai+1,...,am).

(1) Prove that if @ # T and both @ and b are normalized, then @ and Z)
are linearly independent.

(2) Find the number of normalized vectors in K™.

(3) Let H be a matrix whose columns are all the normalized vectors of K™.
Explain why the code C with parity check matrix H is a Hamming code.
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Solution.

(1) Let i, be such that @ has the first non-zero component in the ith position
and b has the first non-zero component in the jth position. Assume 1< J.
Then b has a zero in the ith position. Since d has 1 and b has 0 in the
ith position, they cannot be linearly independent. Assume now that i = j.
Then both @ and b has a 1 in the ith position. Thus a and b is linearly
dependent only if they are equal, but we assumed @ =+ b so they are not
linearly dependent.

(2) If the first non-zero element is in the ith position, there are ¢ possibilities
for the remaining entries. Since 1 < ¢ < m, we have that the number of
normalized vectors in K, is >, ¢™*. We compute the sum

m ) m—1 )
qu—z — Z qz —
=1 =0

where we have used the formula for the sum of a geometric series.

(3) A Hamming code is a 1-perfect code. First, we need to show that d(C) >
2.1+ 1 = 3. From Theorem 13.5, we have that d(C) > 3 if and only if
every pair of columns in H are linearly independent. We showed in (1) that

this is the case. Further, we have to show that |C| is equal to the Hamming

g —1
qg—1

m—i

bound. Since H is an m x , matrix, the number of generators in C'

q7n_1
q—1

of each code word in C' is

— m. The number of elements in C' is then qqq;l ~™. The length
m_1

are

q 1
The Hamming bound is
a1 a1
q - 1 q q—1 "”—17m
g —1 - =q 91 = |C‘

1+q1(Q*1) qm

WEEK OF 12 MAY — CRYPTOGRAPHY

Warm ups.

(1) Show that 2 is a primitive root (mod 5).
(2) Compute 2% (mod 5) using Fermat’s little theorem.
(3) Compute 37 (mod 11) and 3% (mod 11) using the successive square method.

Solution.
(1) We have that

2! =2 (mod 5)
22 =4 (mod 5)
23=1 (mod 5)
22 =3 (mod 5)

Since all above is incongruent modulo 5, 2 is a primitive root (mod 5).
(2) From Fermat’s little theorem we have that 25~ = 2% =1 (mod 5). Thus,

2103 — 24~25+3 — 24'25 . 23 = 125 . 23 (mOd 5)

=3 (mod 5).
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(3) We follow the steps in the method.
o (1) 7=20+21 422
(2)
32 =3 =3
32 =32=9
32 =3'=81=4 (mod 11)

(3) 3:9:4=1-9 (mod 11) =9 (mod p).
o (1) 8=23
(2) 32 =34.34=81-81=4-4 (mod 11) =5 (mod 11).
(3) In this case the last step is the same as step 2 since 8 is a power

of 2, thus 3% =5 (mod 5).

Problem 16.1. Solve the discrete logarithm problem
3=7" (mod 11)
for x € {0,1,...,10}.

Solution.
7°=1 (mod 11)
7'=7 (mod 11)
7?=49=5 (mod 11)
7=5.7 (mod11)=2 (mod 11)
7"=5.5 (mod11)=3 (mod 11)

Since 7* = 3 (mod 11), = = 4. Since the discrete logarithm problem is defined for
primitive root, the problem has only one solution. Thus, z = 4 is the only solution.

Problem 16.2. Let a be a primitive root (mod p), let b = a* (mod p), and let
d=gcdk,p—1.
(1) With m > 0, show that ™ =1 (mod p) if and only if p — 1 divides m.
(2) Show that b7 =1 (mod p).
(3) Show that b is a primitive root (mod p) if and only if d = 1.
(4) Find the number of primitive roots (mod 13).

Solution.

(1) The case m = 0 is straightforward. Assume m > 0. For the first direction,
assume that ¢ = 1 (mod p). By the division algorithm, we can write
m=n(p—1)+r, where 0 <r <p—2. We get

a™ = g"POF — (D" = 1" (mod p) = a”  (mod p),

where we have used Fermat’s little theorem. Since ™ = 1 by assumption,
a” =1 (mod p), thus r = 0. This shows that p — 1 divides m.
For the other direction, assume that p — 1 divides m. Thus,

a” =a"PD = ¢V =17 (mod p) =1 (mod p).
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(2) Let & =1. We use (1) and get
b = b = D =1 (mod p).

(3) Assume first that b is a primitive root (mod p). Thus, the order of b is
p — 1. This means that b” = (a*)" = a*" =1 (mod p) if and only if p — 1
divides n. We have shown that b*a = 1 (mod p). Thus, p—1 divides %.
This gives that d = 1.

For the other direction, assume d = 1. This means that ged(k,p—1) = 1.
Further, we have that b” = a*™ = 1 (mod p) if and only if p— 1 divides kn,
since a is a primitive root. Since d = 1, p — 1 have to divide n. This gives
that b =1 (mod p) if and only if p — 1 divides n, thus b is a primitive root
of p.

(4) First we find one primitive root and then we use the results in this problem
to find the remaining. We check if 2 is a primitive root of 13.

2'=2 (mod13) 2°=4 (mod13) 2°=8 (mod13) 2*=3 (mod 13)

2°=6 (mod13) 2°=12 (mod13) 2"=11 (mod13) 2°=9 (mod 13)
2°=5 (mod13) 2'9=10 (mod13) 2" =7 (mod13) 22=11 (mod 13)

Since all the powers are incongruent, 2 is a primitive root of 13. We let a = 2
in the results in the problem. Thus every b = a*, where ged(k,p—1) = lisa
primitive root. In this case, p—1 = 12, and ged(k,12) = 1 for k € {5,7,11}.
The remaining primitive roots are

2°=6 (mod13) 2"=11 (mod13) 2" =7 (mod 13).
Problem 16.3. In a Diffie-Hellman key exchange, Alice and Bob share the public

key p=11 and a = 2.

(1) Alice sends A = 10 to Bob and Bob sends B = 6 to Alice. What is their
shared secret key K?
(2) The ElGamal protocol encrypts a text T to a cipher

C=KT (mod p).
Using the ElGamal protocol with their public keys and shared secret, Bob
sends the number C' = 6 to Alice. What was the original number 77

Solution.

(1) First, we need to find Alice’s and Bob’s private keys x and y. Alice sends
Bob A = a® (mod p) and Bob sends Alice B = a¥ (mod p). Thus

A=10=2% (mod 11)

B=6=2Y (mod 11)
We use the table in the book (or the lecture notes) to see that z = 5
and y = 9. The secret key k fulfil K = B* = AY. So, Alice computes
B5 = 6% = —1 (mod 11) = 10 (mod 11) and Bob computes A% = 10° =

(10%)*10 = (—1)*- 10 (mod 11) = 10 (mod 11). Thus k = 10.
(2) We have to solve the equation
6 =107 (mod 11)

6107 =T (mod 11).
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Thus, we have to find 107! (mod 11). We have that
10-107' =1 (mod 11)
(-1)-107*=1 (mod 11)
107 = -1 (mod 11)
Thus, T =6-10"" (mod 11) = —6 (mod 11) =5 (mod 11).
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