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1 The Friendship Paradox

In his 1991 paper in the American Journal of Sociology [1], American sociologist Scott Feld
published his discovery that, on average, your friends are more popular than you are. This
phenomenon turns out to be true for any social network and, in its graph-theoretical formulation,
graph. This so-called Friendship Paradox was also investigated in the 2021 paper by G. Cantwell,
A. Kirkley and M. Newman [2]. In his 2022 Bachelor thesis on the Friendship Paradox [3], P.
MacDonald proposed, as a suggestion for further research, investigating whether the phenomenon
occurs for higher level friendships, such as when looking at the friends of the friends of your
friends. This Bachelor thesis aims to do so.

This first chapter provides an overview of the classical Friendship Paradox as discussed in the
Bachelor thesis of P. MacDonald.

1.1 Introduction

The Friendship Paradox can be understood as follows. We consider a group of n people with
mutual friendships. For each person we can compute the difference between the average number
of friends of the friends of this person and the number of friends of this person. The average of
this difference over all group members turns out to be non-negative. In other words, the average
person in the group is less popular than the friends of this person, which is the statement of
the classical Friendship Paradox. The Friendship Paradox has been applied to reduction of the
spread of viruses [4] and efficient polling methods [5].

1.2 Preliminaries

The formulation and proof of the classical Friendship Paradox requires some mathematical pre-
liminaries. These will be reviewed in this section.

1.2.1 Graphs

In essence, the Friendship Paradox is a graph-theoretical theorem. A graph is given by a set of
vertices V = {1,2,...,n} and a set of edges E C V2. In this bachelor thesis, only undirected
and simple graphs will be considered.

Definition 1.1. A graph G is called undirected if its edges have no orientation, i.e. (i,5) = (j,1)
fori,jeV.

Definition 1.2. An undirected graph G is called simple if it does not contain self-loops or multiple
edges, i.e. (i,1) € E for alli € V and E is not a multiset.

In terms of social networks,
e undirectedness corresponds to the friendships being mutual;

e simplicity corresponds to individuals not being friends with themselves and friendships
being represented by one edge only.

Initially, we will restrict the analysis to connected graphs, i.e. graphs with a path between any
two vertices.



1.2.2 The adjacency matrix

A graph G can be represented by its adjacency matriz A. For a graph with no multiple edges,
hence for simple graphs, A is given by

1 if (i,j) € E,
Aij = .
0 otherwise.

For a vertex i, its degree is its number of neighbours, i.e.
n
di = E AU
j=1

Note that for undirected graphs, the adjacency matrix is symmetric since A;; = Aj; for all
i,7 € V. Also note that for a connected graph, all vertices have degree at least 1.

Example 1.3. The following graph G with n = 6 is undirected, simple and connected.

o 9
@ ©

@ ©

It is represented by the symmetric adjacency matriz

0 01 0 0O
0000 1O
1001 01
A_O()l()ll
010100
0 01 100

1.3 Formulation of the Classical Friendship Paradox
The classical Friendship Paradox can now be formulated.

Consider an undirected, simple and connected graph G. For a vertex i, its friendship bias A; is
defined as

1 n
Ai = E;Awd] — di,

i.e. the difference between the average degree of its neighbours and its own degree. The Friend-
ship Paradox states that the average of the friendship biases is non-negative, and is zero if and
only if all degrees are equal.



Theorem 1.4 [3, Theorem 1]. If G is an undirected, simple and connected graph, then

with equality if and only if all degrees are equal.

Proof. Compute

i=1 j=1

1 n 1 n n
:nz(dZAijdj > Ay

i=1 v =1 j=1

1 & d
-4 (7 1)

i=1 j=1 g

I = dj d
SEEA (44

Il
gl=
=

<.
—
& &

\
&=
~

with equality if and only if all degrees are equal. O

Given that not all individuals have the same number of friends in a social network, this can be
interpreted as saying that on average, your friends are more popular than you.

Example 1.5. For the graph in Evample we have

2
(Ai)ieqr,..ep = (2,1, -1, *g,oa 1)

and, in agreement with the Friendship Paradozx,

=1

A —

S| =

The Friendship Paradox can also be stated in terms of degree expectations as follows.

Theorem 1.6 [3, Theorem 2|. Let G = (V, E) be an undirected, simple and connected graph.
Let U be a uniformly chosen vertex from V, and let e = (U, W) be a uniformly chosen edge from
E. Then E[dy] > E[dg] > 0. The interpretation of this inequality is that the number of friends
of an individual in a randomy chosen friendship is greater than or equal to that of a randomly
chosen individual.

For the proof of Theorem refer to [3, Theorem 2].



1.4 Outlook

The theory in this section will be expanded upon in the following sections. In particular, in
Chapter 2 we will consider the popularity of friends at higher levels than your direct friends,
e.g. the friends of your friends, and deal with graphs with isolated vertices. The Erdés—Rényi
random graph will be introduced in Chapter 3, and for this random graph some expectations
will be computed. Finally, in Chapter 4 we will investigate the consequences of letting the level
of friendship or the amount of individuals in the network tend to infinity.



2 The Higher Level Friendship Paradox

The Friendship Paradox says that, in a social network, the average difference between the average
number of friends of an individual’s friends and the number of friends of that individual is non-
negative. We seek to compare average numbers of friends at higher levels, i.e. friends that are
two or more steps away from the initial individual.

2.1 Motivation

The Friendship Paradox states that on average, your direct friends are more popular than you
are (given not all individuals in your friend group have the same number of friends). This gives
rise to the question how popular the friends of your friends are, or even your friends at higher
levels, and how these popularities compare. For example, are the friends of your friends (your
second-level friends) more or less popular than their friends (your third-level friends)?

2.2 Definitions

In order to extend our analysis to higher levels of friendship we introduce some new quantities.

Let G be an undirected, simple and connected graph. (Later it will be shown that the connect-
edness assumption can be dropped without affecting our analysis.) Fix ¢ € V and let k,l € N.
Then the number of friends of friends of individual ¢ at the k-th level is given by Z?Zl (A%)i;d;,

where A is the k-th power of the adjacency matrix A. Indeed, for an individual j, its degree d;
contributes to this sum if and only if (A¥);; = 1, i.e. if j is k edges away from i, so that j is a
k-th level friend of i.

Now, averaging over the friends of i yields the quantity
1 n
7 > (A9)i;d,
(3 ]:1

as the average number of friends of friends at the k-th level for £ > 1. This can be interpreted as
the relative popularity of the k-th level friends of i. Note that, for k£ > 2, 7 itself may be included
in the k-th level friends.

Thus, we define the average number of friends of friends at the k-th level as
b I (AR)dy i k> 1
e - W
d; if k=0,

with the average over all individuals given by
) ,_ 1 2": )
Xin] = 22X
i=1

In order to compare these averages, or popularities, between levels k& and [, we introduce the

differences . i l
A'E 1) :Xz(‘ )*XE)

for 0 <1 < k, where

kD) L~ kD)
Ap; '_ﬁ;Ai .



If £ > 0, then we write
Agk) — AZ(-k’k_l) (2)

and

Lemma 2.1. Suppose that 0 <1 < k. For every undirected, simple and connected graph G,

k
Agk,z): Z Agm)

m=Il+1
and
(k1) - (m)
A’ = 2 A
m=Il+1
Proof. This follows from the fact that Agk’l) and AES]’Z) are telescoping series. O

2.3 Formulation of the Higher Level Friendship Paradox

Recall the statement of the Friendship Paradox in Theorem |1.4] The Friendship Paradox can
now be expressed as follows.

Theorem 2.2. If G is an undirected, simple and connected graph, then
W _ Ly AW
A[n] “n E;Az' >0,
with equality if and only if all degrees are equal.
It turns out that the Friendship Paradox can also be extended to higher levels as follows.

Theorem 2.3. Let k > 2. If G is an undirected, simple and connected graph, then

and hence



Proof. Since d; > 1 for all 7, we have

AP =X =Y

- ; zn:(Ak)ijdj = > (A N)yd;

v\ j=1 j=1
1 n n n B
= d (A )zlAleJ - Z(Ak l)wdj
v \j=11=1 j=1
1 n n
= DAY [ D Ayd; — dy
=1 j=1
1 n B n
=7 (AF 1Y Ay (d; = 1)
=1 j=1
> 0.

O

For k = 2, this can be interpreted as saying that, on average, the friends of your friends are more
popular than your friends.

2.4 Graphs with isolated vertices

So far we have only considered connected graphs. These graphs have no isolated vertices, corre-
sponding to social networks in which every individual has at least one friend. In real-life networks
and in random graphs, however, these can occur. If 7 is such an isolated vertex then d; = 0, so

that the expression
1 n
7 > (A¥)id;
2 j:1

(where k > 0) makes no sense. To fix this, we define, for k& > 0,

A(k)* o

i =

AP it d; >0,
1 ifd; =0,

where Agk) is as in , and

M P .
Agj]) = S a®r
1=1

With this alteration, the (extended) Friendship Paradox still holds.
Theorem 2.4. Let k > 0. If G is an undirected and simple graph, then

AR =Y al o
i=1



Proof. First suppose that &k = 1. Compute

L1
AE:l]) = E Z [Agl)]]'{di>0} —+ 1{(111:0}
i=1

Im |1 ¢
- =3 Aijd; — d; | 1,501 + Lig,—o0y
n 4 di
=1 j=1
R d;
= > Aij (dz - 1> La;>0p + Liai=0y
i=1 | j=1
=~ > Ay (dj - 1> Ligs01Lga,>01 + ) Ay <d] - 1) L >0y 1,0y + Lya,=0y | »
i=1 | j=1 ' 7=l '

3)
since Tyg,50) + L{q;—0y = 1 for all j.
For the first term in ,

RN d; 1 & dj d;
EZZA” <dj - 1> Lia,>031qa;>0y = o ZZAij (dz + . 2) 1¢4,>0111a;>01

i=1j=1 i=1 j=1
1 d; i
s (V-5 et
i=1 j=1 v
> 0.
For the second term in ,
- Z ZAU i 1) Lig, 503 Lia,=01 = - Z ZAij]l{d7:>0}]l{dj:O} =0,
i=1 j=1 ¢ i=1 j=1

since d; = 0 if and only if A;; = A;; = 0 for all .
For the third term in ,

1 n
- ; Lt4,=0y 2 0.

Hence,

A 2o

i.e. the statement holds for k& = 1.



Now suppose that & > 2. For all ¢,

A" = Agk)]l{di>0} + 1yg,—0}

1 n n B
= d— Z(Ak)wdj — Z(Ak 1)ijdj ]l{di>0} —+ IL{di:O}
i =1 =
dZAk‘ 1llele_1)]l{d>o}+]l{d oy
j=1
=7 Z A1), ZAU D10y (]l{d >0} + I{a,=0}) + L{a,—0}- (4)

For the first term in ,

n

1
T (A" N ZAU 1) 1ga,50yLqa; 50y > 0.

ti=1 j=1
For the second term in ,
1 n 3 n
€ Z (A1) ZAZJ D g >01ba;=0p = = > A>T Aylg S0y ig,—0p =0,
b=1 j=1
since d; = 0 if and only if A;; = A;; =0 for all /.
For the third term in ,

Ita;=0p 2 0.
It follows that Agk)* > 0. Hence,
W _ L At
A = n ; Al 20,
i.e. the statement holds for £ > 2 as well. O

2.5 Chapter conclusion

In this chapter, we introduced some new quantities, then extended the Friendship Paradox to
higher levels of friendship in Theorem[2:3] We have also dealt with isolated vertices and concluded
that the extended Friendship Paradox still holds by Theorem

10



3 The Erd6s—Rényi Random Graph

We now turn our attention to random graph models. Such models can be useful for simulating
real-life networks. In this chapter we investigate the properties of the Erdés—Rényi random
graph.

3.1 Definition

Definition 3.1. An Erdds—Rényi random graph ER,(p) with parameters n € N and p € [0,1]
is an undirected and simple graph generated as follows: for vertex set V.= {1,2,...,n}, include
each possible edge with probability p, independently of the other edges.

It follows that for each vertex i we have
A;; ~ Ber(p) for all j # 1,

where Ber(p) is a Bernoulli random variable with parameter p.

Since there are n — 1 possible edges per vertex, we have

di = ZA” ~ Bm(n — ].,p),

j=1
where Bin(n — 1,p) is a Binomial random variable with parameters n — 1 and p.

It follows that E[d;] = (n — 1)p. This degree expectation diverges as n — oo for p € [0,1], so
that ER,,(p) is dense.

We write

3.2 Isolated vertices

In a realisation of ER,,(p), isolated vertices can occur, especially for low n. Indeed, the probability

for a vertex i to be isolated is

po=(1—-p" "

)

which vanishes as n — oo.

We can introduce sparsity in ER,,(p) by choosing p = ﬁ for some A € (0,00). Then
d; ~ Bin(n — 1,p) — Poisson(X) as n — oo [3, Theorem 3].

Furthermore, we have

A n—1
p0<1n_1) — e asn — oo,

i.e. the probability that isolated vertices occur does not vanish as n — oc.

Note that for this choice of p we have, for all i, E[d;] = (n — 1)p = A. Hence, the degree
A

expectation converges as n — oo, so that ER,, (5) is sparse, i.e. the degrees are typically finite.

11



3.3 Expectations

Since the extended Friendship Paradox in Theorem [2.4] does not give us quantitative estimates

for the Agk)* or AE:]) *, we seek qualitative bounds. Hence, we consider the Erdés-Rényi random

graph with p € [0, 1] and set out to compute E {Agl)*}, E [Al@)*] and their difference. In order

to do so we first introduce some lemmas.

Lemma 3.2.
E [dil{a,>01] = (n = 1)p.
Proof. Compute

E [di]l{di>0}] =E [dl]l{dl>0}] + OpO
=E [dlﬂ{d1>0}] + E [dlﬂ{dlzo}]
=E [d;]
= (n—1)p.

Lemma 3.3.

E [Xgl)]l{d»o}} =[1+ (n—2)p][l — po],
where Xl(l) is as in .

Proof. Compute

E [Xgl)]l{di>0}j| =K Aijdilgg, >0y

s
<
Il
—

&.‘y—n
1=

1 n n
=E EZZAijAjh]l{di>0}
i v j=1h=1
= % S ST ElAyAjld = K.
k=1 " j=1h=1

In this sum we distinguish between the cases h =i and h # i as follows:

o h=y:

n—1 n nei "
k=1 =t k=1 j=1

Jj#i Jj#i
n—1
=5 PER(di|d; = K]
2
k=1
n—1
=>
k=1
=1—po.

12



o h#i:

n—1 n n n—1 n n
%’“ SN E[AyAjld = K] = %’“ S 3 E[A;Auld = k)
k=1 " j=1h=1 k=1 " j=1 h=1
J#i h#i j#i he{ij}
n—1 Di n
=(n-2 pz ; ZE [Ajj|d; = k]
Jsﬁz
n—1
=(n—-2p) p
k=1
= (n —2)p[1 — po]
Addition of these terms yields the expectation. O

Lemma 3.4.

E [XEQ)ﬂ{dpo}} = n*p* — n®pop® — 4np® + Snpop® + 2np — 6pop® + 5p* + 2pop — 4p,

where Xz(2) s as in .

Proof. Compute

E [XEQ)]I{”WO}} =E %Z )ijdil{a,>0)

1 n
=K df Z AilAljdj]l{d1r>0}
i <
| ==t
1 o=~
=E | Y AudiyAjnlaso)
L j=11=1 h=1

%’“ SOSTS EAaAyAjldi = K]

In order to deal with the dependency between edges sharing vertices in {i, j, [, h}, we distinguish
between the cases h =i; h=1,j =i; h=1,7 #4; h ¢ {i,l},7 =4, and h ¢ {i,1},j # i in this
sum as follows:

13



E[(di — Aij)Aijldi = K]

— e

— e
g I ¥k
iy
~
&= —
— — VY
AL I
| <
) =
_f :
= . Yy
F ~—/ 2 & AL
Qo @
=, 1_A pﬂ | %.. pik
—
N A N AL
IR 1 = o
qzﬂ qzﬂ = Il
g = S < | =
~ —— = o -=
, 2, ST 3
<
Il I 1 =
<
=
=
i
= A
3
B
NN
N4 <2

e h=1[j=1

14



n—1 n n n—1 n n
3 %’“ SO E[AuAyAuld; = K = % S S EfAudyld = &)
k=1 = j=11=1 k=1 " j=1 =1
J#i g#i 1g{ij}
n—lpk n
=(n-1p) > E[Auld; = K]
k=1 =1
1¢{i,5}
n—lp
k
=(n—1)p ?E [di — Aijld; = k]
k=1
n—1 n—lpk
=(n—1)p (Zpk - . E[Aijldi = k])
k=1 k=1

nflp
=(n—1)p <1];;E[Aij|di k}). (5)

We compute the second term between brackets separately as follows.

n—1 n—1
> TEE[Ayld =K = Y TP (4 = 11di = )
k=1 k=1
n—11
k=1
nfll
:PZEP(di:k\AU =1)
k=1
n—ll
:pZ%P(Bin(n—Zp):k—l)
k=1
n—1
_ 1 (n —2)! k=1 n—k-1
"D n—Fk—1)
=k (k—1ln—k—1)!
_ 1 = _ (-1 Prgnhl
n—1 kl(n—k—1)!
k=1
1 n—1
= — > P (Bin(n—1,p) = k)
k=1
— 1 (1 ) (6)
= n_1 Po)-

Plugging @ into we get

n—1 n n
Pk M Ad = B = (n— 14
kz::l o > O> E[AuAyAjldi =k = (n—1)p (1 — po))

j=11=1
J#

= (n—2)p+ ppo-

15



n—1 n n n—1 n n
Dk =N Pk
T D ElAadidnldi =k =) 5> > ElAudild =k
k=1 = I=1 h= k=1 = I=1 h=
he{i,l} I#i he{i,l}
n—1 n
= % STE[Au(di — Au)ld; = K]
k=1 lljﬁl
n—1 » n n—1 i n
k
=> > ElkAgld; = k] - ZZ]E[AM(ZZ =k
k=1 = 1=1 k=1 = I=1
l#1 1#1
n—1 n—1
=> ok => p
k=1 k=1
=(m—1)p—(1-po)
=(m—-1)p—1+po
o h¢ {il},j#i:
n—1 n n n n—1 n n n
Pk Pk
— E[A;A1;A;L|d; = k] = — E[A A AL|d; =k
J#i h¢{i,l} g 1¢{i,g} hg{igl}
n—1 i n
=p’(n—2)(n—3)) - > E[Auld; = K]
k=1 = j=1
J#i
n—1
=p*(n —2)(n — 3) Zpk
k=1
=p*(n—2)(n - 3)(1 — po)
Addition of these terms yields the expectation. O
From the above lemmas we conclude the following.
Theorem 3.5.
E [Agl)*] =1—(n—2)ppo — p
Proof. This follows from the fact that
E (A" =B (A0 150 +1- L0y
=E {Xgl)]l{di>0}] —E [di]l{d,->0}] =+ Po-
Using Lemmas [3.9] and [3.2] yields the result. O

Theorem 3.6.

E [Agz)*] = n2p2(1 — po) + Bnp?py — dnp® + np(1 +po) — 6p%po + 5p? — 2p + 2py — 1.

16



Proof. This follows from the fact that
E[A®"] =B [A®10050) +1- L))
=E [Xz(?)]l{d,->0}} —-E [Xgl)]l{dpo}} + po-
Using Lemmas [3.4] and [3.3] yields the result. O
Note that we have lim, g po = 1, i.e. a vertex is isolated almost surely as p | 0, so that, for all ¢,
lim E Al = lim E [alP] =1,

which is as expected since, by definition, Agk)* =1 for i with d; = 0, for all £ > 0.

For the sparse case, in which p = ni 7 with A € (0,00), we find the following results by substitu-
tion.
Corollary 3.7. Ifp= ﬁ with A € (0,00), then
E[AM] 5 1-2e

as n — 0o.
Corollary 3.8. Ifp= ﬁ with A € (0,00), then

E [Az@)*} AL —e M+ AL +e ) +2— 1
asn — oo.

We can also now calculate the difference between AEQ)* and Agl)*.

Corollary 3.9.

E AP = A"] = n2p2(1 - po) + 5np?po — 4np® + np(1 + 2po) — 6pp0 + 5% — 2ppo —
+ 2])0 —2.

Corollary 3.10. Ifp = ﬁ, then

E [AEQ)* - Af.”*} SA1—e M)+ A1 +2e ) 42> =2
as n — oQ.

Note that for p = —2— |

n—1

imE [AP* -~ A" 0 and lim E[AP" - AD"] = o,
A0 A—00

as n — o0.

3.4 Chapter conclusion

In this chapter we discussed the Erdés-Rényi random graph for both the dense and the sparse
case. For both cases the expectations of Al(-l)* and A§2)* were calculated.

17



4 Limit behavior

In this section we investigate the limit behavior of ng) and Agk)*. What happens when k, which
indicates the distance of the friends whose popularity we are interested in, or n, the amount of
individuals in the network, tends to infinity?

4.1 Finite graph, large level

Let G be an undirected, simple and connected graph with n vertices. For a vertex i, we consider

the behavior of B

1
Xz(‘k) 4 Z (Ak)ij d;

lj:l
as k — oo.

Note that for k£ € N, the quantity (Ak)ij denotes the number of k-step paths from 4 to j. Hence,
(Ak)ij x 7 as k — oo,

where 7 is the stationary distribution of the simple random walk on the graph [6, Theorem 4].
Indeed, as k — oo, (Ak )ij is proportional to the probability of the random walk finding itself in

vertex j, irrespective of the initial vertex i.

4.2 Large graph, finite level
By Theorems [3.5| and for p € [0,1] and n € N, we have for ER,,(p) the results

E[AM] = 1= (n—2)pwo -
and

E[AR] =B [AP"] = n2p2(1 = po) + 5np®po — 4np® + np(1+ po) — 6p°po + 5% — 2p+ 2pg — 1.

By Corollaries and for p = ﬁ with A € (0,00), we have for ER,,(p) the results
E[aM] 5 1-ae
and
E [N ”‘} —E {Af)*} DAL —e M F AL +e ) +2 — 1
as n — 00.
We now seek to calculate var Agl)*.

Lemma 4.1.
2
E [(Agl)*> ] = —dpop*n? + 23pep*n — 33pop® — 3popn + 6pop — 3p?n*A + 3p*n?

+18p*nA — 20p*n — 27p* A + 31p* + 2pn — 5p + A + 1,

where
n

1p
A=Y £
2
1

>
Il



Proof. Compute

E [(Agw*ﬂ —E

(A Lai>0y + L, O}ﬂ
=F (A Tyq, >o}) +]l{di—0}]
(!

=E ) ]1{d1;>0}] + po
2
1 n
=E I;Amd]_ i ]l{di>0} + po
1 n n
=E 7 AijAyd; dz*QZAUd +d? | 1qa;>03| +Po
v oj=11=1 Jj=1

We compute the expectations of the terms separately.

For the first term in 7

n n n n

E %ZZAiinldjdl]l{d,;>O} =E [dlgzz ZAZJAzlAJhAlr]]-{d >0}

j=11=1 h=1r=1

In this sum we distinguish between cases as follows:

e l=j4h#ir=i

n—1 n n n—1 n n
PENTS B[4y Aunldi =K =Y 255" ST E(A;Auld = k)
k=1 j=1h=1 k=1 j=1 h=1
h#i g#i hg{ig}
n—1 n
=p(n—2)3 PN E[Ayld; = k]
k=1 j=1
J#i
n—1 D
_ _ Lk
k=1
o l=jh#ir=nh
n—1 i n n n—1 Dk
53 > E[AjAjuldi =k =pn—2)) s
k=1 j=1 I}z;é k=1

19

= p—g Z Z ZE jAa AR AL |d; = K]



o l=jh#ir¢{ih}:

n—1

n n

i
TD\ZS’

1

1 j=1h=1 r=
h#ir {z,h}

e l=j4h=1r=1u

e l=j4h=1r=hMh

e l=jh=ir¢{ih}:

NN EAgAunAnldi=k =Y 2N S ST E[A;ApAld = K

k=1 j=1 h=1 r=1
j#i hg{i,g} ré¢{ij,h}
n— 1p
k:l Jj=1
J#i
n—1
=pn-2)(n-3)Y_
k=1
D n n—1 D
k k
=Y E[Ayld; = k] = o
j=1 k=1
D n n—1 D
k k
5> E[Ajld = k] = o
j=1 k=1

Z ZZE [AijAjr|d; = k] = p—’;z Z E[AijAj|d; = k]

j=1lr=1
r#£i

el #£jh ¢ {i,l},r ¢ {ivj7h}:

S
\

 Pr

2
1

M:

el
Il

1

BN
I

1

3
|

k=1

n
> >
=1
I#j
p

k

2

i h

>

k=1 =1 r=1
Jjgéi ré{i,j}
n—1 D n
k
—pn—2) S P2 S E[A,ld = k]
k=1 j=1
J#i
n—1 D
k
= — 92 —
p(n=2) ) ~
k=1

n

> Z E[Ai; Ay Ajn Al di = k]
h=1
£,

tpr §£{m7h}

n

> Z > E[Aj;AuAjnAnld; = k]

j=1 _I= h=1 r=1
g#i 1g{i,5} he{ig.l} ré{i.d,
1}



with

=)
I
s
s
—
>
<t
,
s
S
=
>
=
£
— S
SPNNES
BURLY
~2 [N
jSHENS
— i
| I
e <
I
=
Il
S
=
<t
B
=
=
_~
-2
S (1S3
Ty
— e
e S
BURLY
k72
Qe

~— i
[
< <

— e
s e
B8
k72
SRS
— —
_,Z I
IS K3
|
==
I
-
=
B
<
=,
=
— e
1%
RS
k72
Qe
— —
| Z I
< =

Pk
k
1

n—1
PIITEDD
1 k=

k

n—1

£l

— —

,Z_,

I ~
|

=(1-po)

SO

—~
o
<
|
Al
=
| I
—
-
,
<
=S
—
o
|
<
S~—
(oY)
2,
|
)
|
-
=
5
<
<=
)
<
=2
<
=
=
=
-
=
—eg
s Z 2
[
L
~
=
S |15
=W
<
— e~
= o
—
e [
'~
= |
SRS
— —
| l
2 )

Y3 > ElAjAaAnld = k]
h=1

-~
Y
-
-~
AN
=
oy
-2
[
L
— e
RS
RSN
2|
Qe
— —
| Il
IS 3
I
=
I
‘s
=
<
S
<q
3
<T
By
=
€3
-~
3
< I
Sk
=
—e
= IF
—
N I
)
L[N
Qe
i i
| Il
IS 3

1

n
il

> > ElAjAaldi = k]
¢l{zzlj}

J

2

=2

— —
_Z,_
IS <
.
[xp]

Pk

=p(n—

|

p

[(1—1?0) -y

p(n—3)

&
1

k=

i l#]ah¢{lal}77’:]

=
Il
)
=
=
<
<=
'~
<
=
<q
>
=
=
=
SN
A
<
—_~—
-
g [
T
— s
N IS
By
L[N
Qe
— —
| Il
IS <~
I
=)
I
)
=
>
<t
<
)
<
=
<
>
=
=
—~—
3
IS I~
=
<
e
<[JIT
—
e I
=
= [
Qe
— —
| Il
g B

21



=h:

o l£j hé¢{il}r

E [AiinlAjhAlh‘di = k]

-~ IS
—e
LIS
AV
<
-~
-2
nz =
e
— e
N S
BUS
~ |
Qe
Al —
[ Il
S <
I
)
I
S
=
=
<t
=
)
<t
=
<t
s
=
=
~
—Z
IS I~
Sl
<
e
SN
i
N I
=
~ |
Qe
— —
| Il
IS 3

=)
.
-2
N
L
1”
AREE
=S
2 |
g%
—
AL
~
Ql/
[xp]
|
E
[
IS8

Lre{ij}:

o« 1#jh

}
ey
e __rU
<
e
4
—
—
SAEE
T
e
TALE
NS
k72
e
— —
, Z I
IS =
Il
)
|
‘o

l,r=1:

o« 1#£j.h

1

> > ElAjAaAjld; = k]
=
J#i l¢{11J}

J

E[AyAgld; = K]

=) .
Il %
< .
= -
= =
< 3
3 <
< s
)
< = —_—
= =R
= —~
SR ALERIAL
D e <
I wy =<
W = _
s 8 Il >
S I s g
=T 2|
< | ISHES |
=
S 3 S oY
Il Il I
)
Il
S

22



o l£jh=ir¢{ij}

n—1 n n—1 n n n
Z o ZZ Z jAuAir|di = k] = % DY D E[AyAaAyld =k
j=11=1 r=1 k=1 j=1 1I=1 r=1
15 ré¢{ij} g 1g{i,g} ré{ingl}
n—1 n n
Pk
= p(n — 3) ) Z Z E [AZ]A’Ll|dZ = k]
k=1 Jj=1 1I=1
J#i 1g{i.g}
n—1 P
k
p(n—3) [(1 —po) — k‘]
k=1

e l#jh=ir=1u

150 ElAyduldi =K =3 7530 30 ElAyAuld =

3
1
AR

n—1

k=1 j=11=1 k=1"" j=1 I=1
I#j g#i l¢{i,j}
n—1
=(1-po) - Y H
k=1
o lF#jh=ir=]j
n—1 D n n n—1 D n n
kg S E[AijAaAyld =k =Y 23S E[AjAyAjld; = k)
k=1" j=11=1 k=1"" j=11i=1
1#j 1#]
ety
=p [(1 —Po) — k]
k=1
For the second term in ,
—23 Aydilias0p| = 2B [ D> AjAjliaso
j=1 j=11=1
:—2zpkz E AZJA]l|d —k]
k=1 j=11=1

In this sum we distinguish the cases [ =i and [ # i as follows:

23



o | #£i:

n—1 n n
=2 "pe Yy Y E[AyAjld =k = —ZZka > E[Aj;Ajld; = k]

k=1 Jj=11=1 k=1 j=1 I=1
1#i J#i léf:{w}

n

:—an— Zka]E AL]‘d —l€

J;ﬁl

n—1

= —2p(n —2) Zpkk
k=1

= —2p(n — 2) Zpkk
= —2p? (n—l)(n—2)
o [ =1

—2ZkaIE [Aijld; = K] = —2ZkaIE [Aij|d; = K]

J#Z
n—1
k=1
n—1
=23 ek
k=0
=-2p(n—1)

For the third term in ,
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Addition of the terms yields the expectation.

Now the variance of Agl)* can be computed.

Theorem 4.2.
AL — 4p2p? — dpop®n? + 21pop3n — 29pop + 2pop — — 3p%n%A
var A; Apip*n — pip*n® — Apip® — Apop®n® + 21pop*n — 29pop® + 2pop — popn — 3p°n

+3p*n? 4+ 18p*nA — 20p*n — 27p% A + 30p? + 2pn — 3p + A,

where

Proof. This follows from the fact that
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Corollary 4.3. If p = ﬁ, then
(oo} oo

. /\k -2 )\k —A

VarAZ(-l) — \? <e_2A — 4™ —3276 +3> —|—)\(2—e_>‘) +Zie

as n — Q.

Note that for p = —2— |

n—1

lim var Az(-l)* =0and lim varA
20 A—00
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4.3 Chapter conclusion

This chapter dealth with the limit behavior of ng) and Agk)*. We considered what happens
in a finite graph with a large level of friendship, and in a large graph with a finite level of

friendship. The variance of Al(-l)* was also calculated, both for the dense and the sparse case of
the Erdés—Rényi random graph.
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5 Conclusion

In Chapter 1, some preliminaries along with the statement and proof of the classical Friendship
Paradox were given. The phenomenon was also illustrated by an example.

Chapter 2 dealt with the extension of the Friendship Paradox to higher levels of friendship.
Relevant quantities were introduced and it was proved that the Friendship Paradox holds for
higher levels as well. Additionally, we considered graphs with isolated vertices by a modification

of the Al(»k). The same results turned out to hold still.

The Erdés-Rényi random graph model was introduced in Chapter 3, along with calculations of
the expectations of Al(-l)* and AEQ)* in such random graphs. These expectations were calculated
both for the dense case and the sparse case.

In Chapter 4 we looked at the limit behavior of ng) and Agk)*. We also calculated the variance
of A,
Looking forward, we propose two avenues for further research:

e The only random graph model we investigated was the Erdés—Rényi random graph model
in Chapter 3. It would be interesting to look at other random graph models, such as the
inhomogeneous Erdés—Rényi random graph model, in which the connection probabilities is
dependent on the pairs of vertices, or the Configuration Model (see [3, §3.1]).

e Which results do we get if k is dependent on n?
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