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Dynamics of Degree Distributions of Social Networks

Isabel Fernandez,! Kevin M. Passino,! and Jorge Finke?2

Abstract— Social network models aim to capture the complex
structure of social connections. They are a framework for the
design of control algorithms that take into account relation-
ships, interactions, and communications between social actors.
Based on three formation mechanisms - random attachment,
triad formation, and network response - our work characterizes
the dynamics of the degree distributions of social networks. In
particular, we show that the complementary cumulative in- and
out-degree distributions of highly clustered, reciprocal networks
can be approximated by infinite dimensional time-varying
linear systems. Furthermore, we determine the invariance of
both limit distributions and the stability properties of the
average degree.

I. INTRODUCTION

Research on social networks has focused on characterizing
structural properties such as degree distributions and commu-
nity structures [1]-[4]. More recent approaches have tried to
close the gap between network analysis and control theory
by introducing dynamic models that describe the evolution of
social connections [5], [6]. However, less attention has been
paid to understanding the dynamics of two key properties
that define a large number of social networks: clustering and
reciprocity.

The two properties can be explained based on triad forma-
tion and network response mechanisms. Characterizing the
impact of clustering and reciprocity on the degree distribu-
tions of networks is a first step for the design of control
algorithms that leverage the structure of a social network. It
is an open challenge to develop models that are rich enough
to characterize social structures, but simple enough to be
formally analyzed [6].

Our work is closely related to the network models intro-
duced in [7]-[10], which propose various mechanisms for
how nodes establish links. In particular, the authors of [7],
[8] study the asymptotic behavior of the degree distributions
of highly clustered networks with no reciprocity. The work
in [9], [10] considers the effect of reciprocity on the limit
distributions of the in- and out-degrees, the local and global
clustering coefficients, and the local and global reciprocity
coefficients. The authors of [10] also identify conditions
under which the dynamics of the global reciprocity and the
global clustering coefficients are asymptotically stable.

Here, we use three simple mechanisms to capture the
formation of highly clustered, reciprocal networks [9], [10].
These mechanisms are: random attachment, which describes
how a new incoming node connects to a network; triad
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formation, which characterizes how the new node establishes
transitive relationships; and network response, which repre-
sents how the network reacts to node attachments.

Unlike the work in [10], the focus of this paper is on
defining conditions under which the dynamics of the degree
distributions can be approximated as an infinite dimensional
time-varying linear system. In particular, we characterize
how triad formation and network response impact the dy-
namics of both degree distributions. Finally, we characterize
the dynamics of the average degree distribution and derive
sufficient conditions that guarantee its stability.

II. THE MODEL

Consider a sequence G = {G(0),G(1),...}, where each
directed graph G(t) = (H(t),.A(t)) describes a network at
time index ¢t > 0. Let Ny be the number of nodes in the
initial network, H(t) = {1,..., Ny + t} the set of nodes,
and A(t) = {(4,7) : 4,5 € H(t)} the set of directed edges.
The pair (j,4) € A(t) indicates that there exists an edge
from node j to node ¢ at time ¢, and Q;(t) = {j € H(¢) :
(7,4) € A(t)} represents the set of incoming neighbors of
node 4. Let k;(t) = |Q;(t)| represent the in-degree of node
i. Similarly, Q;(t) = {j € H(t) : (i,5) € A(t)} represents
the set of outgoing neighbors of node i and k;(t) = |Q;(t)|
its out-degree. Consider the following mechanisms for the
evolution of the network at time ¢.

M1 Random attachment: A new node attached to the net-
work and links to m > 1 different nodes, selected
uniformly at random over H (¢t — 1).
Triad formation: For every link established during
random attachment, the new node may establish an
additional link. Specifically, if node j7 ¢ H(t — 1)
connects to some node j' € H (¢ — 1), it connects to an
outgoing neighbor of node j' with probability 7; > 0
(selected again uniformly at random over Q;/ (¢ — 1)).
M3 Network response: There are two ways the network
responds to the attachment of a new node. The first
approach is based on reciprocity: Each of the m ran-
domly selected nodes establishes a reciprocal link with
probability m,. > 0. The second approach is random,
with no preference for establishing reciprocal links: A
set of n > 0 randomly selected nodes of H(t — 1)
connect to the new node.

Note that mechanism M1implies that #(¢) = {1, ..., No+
t}. Mechanism M2 enables transitive relationships. The first
approach of mechanism M3 tends to form reciprocal links.
An edge (4,7) is called a reciprocal link involving nodes i
and j if (4,5) € A(t) and (4,7) € A(t). The pair of edges
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(i,7) and (j, 1) is called a reciprocal cycle and represents the
lowest-order cycle in a directed network.

To ensure that the formation mechanisms are properly
defined, we require the following assumptions.

Al Configuration of the initial network: The network G(0)
is weakly connected and has more than 2m nodes (i.e.,
No > 2m), each with at least m outgoing and n
incoming neighbors.

A2 Persistency of the mechanisms: Mechanisms M1-M3 are
triggered every time index ¢ > 0.

The two assumptions guarantee that mechanisms M1-M3
create on average m + mmy + mm, + n new edges every
time ¢t > 0.

III. DYNAMICS, INVARIANCE, AND STABILITY OF THE
AVERAGE DEGREE

Let u(t) represent the average in-degree of the network
at time ¢. Since every node is connected at least to another
node, p(t) > 1 for all ¢. Let py represent the average in-
degree at time t = 0, i.e., g = ZE*(;HO) The following
theorem defines the average in-degree of the network as a
recurrence function.

Theorem 1 (Dynamics of the average in-degree):
Suppose that assumptions A1-A2 hold. For ¢ > 1, the
average in-degree of the network is given by

No+t—1Dut—1)+m(l+ns+m)+n
i) & ult = 1) +m( 4w tn
No+t

Proof: When a node attaches to the network, mecha-
nisms M1-M3 establish on average m + mmy + mm, +n
new edges. Since the total number of nodes at time ¢ — 1 is
Ny +t — 1, the total in-degree at time ¢ > 1 is

> ki(t) = (No+t—Dp(t—1) +m+mms +mm. +n
iEH(t)

So the average in-degree of a randomly selected node is

) = (No+t—1plt—1)+m+mry+mmr +n
H = No+t

|
To characterize p(t) as a non-recursive function, consider
the following corollary.
Corollary 1 (Average in-degree): Suppose that assump-
tions A1-A2 hold. The solution to eq. (1) is given by

_ poNo +t(m(1 + 7 4 7,) +n)

t 2

p(t) No 1 2)

Proof: Using mathematical induction, the proof is im-
mediate from eq. (1). |

Remark 1: Using similar arguments as in Theorem 1 and
Corollary 1, it can be shown that eq.(1) and eq. (2) also
characterize the out-degree of the network as a recursive
and non-recursive functions. Note that as time approaches
infinity, the limit of the average in-degree equals

w= tli)m pt)=ml+mr+m)+n
(oo}
We now show that p* is invariant.

Lemma 1 (Invariance of the average in-degree):
Suppose that assumptions Al1-A2 hold. The average
in-degree p* is invariant.
Proof: Assume that p(t) = p* for an arbitrary ¢. Using
eq. (1), we know that at ¢t + 1

No+t)u*+m(l+7e+7m)+n
No+t+1

_ (No+t)(m(A+7s+m,)+n)+m(l+7s+7,.)+n
= No+i+1

=m(l+ms+7m)+n

Since p(t + 1) = p(t) = p* for an arbitrary value of t, we
conclude that p* is invariant. [ ]
The following theorem defines the stability of the average
in-degree.

Theorem 2 (Asymptotic stability of the average in-degree):
Suppose that assumptions Al-A2 hold. The average in-
degree p* has a region of asymptotic stability equal to
RZI-

Proof: Consider the candidate Lyapunov function

V(u(t)) = [u(t) — p*| 3)

The following condition is sufficient to guarantee the stability
of p*. Using eq. (3), we know that for an arbitrary ¢

V(pt+1)) = V(u(t) = u(t+1) = [ = [p(t) — p7|

_ |poNo+(t+1)s | _ |poNotts _
- No+t+1 No+t

_ | No(ro—s)| | No(po—s) <0

- No+t+1 No+t

where s = m(l + 74 + 7)) + n. So V is a strictly
decreasing function over time. Thus, the average in-degree
is asymptotically stable for all g > 1. [ ]

IV. DYNAMICS, CONVERGENCE, AND INVARIANCE OF
THE IN-DEGREE DISTRIBUTION

Let Py (t) = P[k;(t) < k] be the probability of randomly
selecting a node with in-degree less than or equal to k.
That is Pp(t) = Z?:o p;(t) where p;(t) is the probabil-
ity of selecting a node with in-degree j at time t. The
complementary cumulative in-degree distribution is given
by F(t) = [Fo(t) Fi(t) Fi(t) |7 where
Fy(t) =1 — Pg(t). Note that

p(t) = Fi(t)
=0

The following theorem presents sufficient conditions to
model the dynamics of the complementary cumulative in-
degree distribution as a linear system.

Theorem 3 (Dynamics of the in-degree distribution):
Suppose that assumptions A1-A2 hold. The complementary
cumulative in-degree distribution is a time-varying infinite
dimensional linear system of the form

F(t)=A@)F(t—1)+ B(¥) 4)
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where

1 fO<k=j5<n
Uk ifn<k=j5+1
Agi(t) = " ,
N(,it ifn<k=j
0 otherwise

represents the element of the kth row and the jth column,
with

k?‘(‘f
ve=m|1+
m(l+7mf+m)+n

wk=N0+t—1—m<1+m

kiﬂ'f )
Ql+4+nmp+m)+n

and

1 > m . )
By — i-n (] _ . m—(i—n)
b No—i—t—lizk;q(z’—n)ﬂr (1=m)

represents the element of the kth row of B(t).

Proof: We know that all mechanisms affect the in-
degree distribution. We first analyze the effect of mechanisms
M1 and M2 which establish new incoming edges to existing
nodes. In particular, we know that these mechanisms increase
F}(t) when new edges are established to nodes that have in-
degree k. Consider the effect of mechanism M1. We know
that random attachment increases Fj(t) by

mpe(t — 1) = m (Fe_1(t — 1) — Fi(t — 1))

Now, consider the effect of mechanism M2. We know that
triad formation increases the number of nodes with in-degree
greater than k by
T
m (Fea(t = 1) = Fi(t = 1)) km(l +7mr+m)+n

where mpp(t — 1)k = m (Fr—1(t — 1) — Fr(t — 1)) k is
the probability that the new node selects, during random
attachment, an incoming neighbor of node ¢ with in-degree
k. The term m represents the probability of
choosing node ¢ from the out-going neighbors of node j,
thereby forming a triad.

Next, consider the effect of mechanism M3 which estab-
lishes new incoming edges to the new nodes. It is clear
that n < k;i(t;i—n,) < n 4+ m where ¢;_y, is the time in
which node ¢ > N attaches to the network. In particular,
the probability that the in-degree of the new node at time ¢
equals k is given by

m —n m—(k—n

Note that b # 0 only for n < k < n + m. Letting 8, =
> o241 bi represent the probability that the new node has in-
degree greater than k, we know that 5, = 0 for all k > n+m.

Since Fi(t) is the probability of finding a node with in-
degree greater than k, and Ny + ¢ indicates the number of
nodes in the network at time ¢, the product (N + t)Fy(t)
denotes the number of nodes with in-degree greater than k.

Thus, at time ¢, we have that for &k > mm, +n
(No+t)EFp(t) = (No+t — 1) EFp(t — 1) + B

+m (Fpi(t = 1) = Fi(t = 1)) (1 + km)
o)

Since mechanism M3 affects only the in-degree of the new
nodes, according to assumption Al, we know that there
are no nodes with in-degree less than n. Thus, eq. (5) is
satisfied for all & > n, and Fi(¢t) = 1 for all & < n.
The dynamics of F'(¢) can be represented as a time-varying
infinite dimensional linear system defined by eq. (4). [ ]

The following theorem presents sufficient conditions that
guarantee the existence of the limit of Fy(¢) as t — oo for
all £ > 0..

Theorem 4 (The limit of the in-degree distribution):
Suppose that assumptions A1-A2 hold. The limit of Fj(t)
as ¢ tends to infinity exists for all k.

Proof: Using induction on k, we want to show that
as time goes to infinity, the limit of the complementary
cumulative in-degree distribution exists. First, note that
limy o Fi(t) = 1 for all k& < n. Moreover, according to
eq. (4) for nodes with in-degree n, we know that F,,(¢) can
be written as

Un Wn, Bn

Fo(t) = —2— 4
10 No+t Nog+t No+t
with initial condition F,(0) = fo € [0, 1]. In particular,

(vn (fo=1)+Ffo—Bn)T (No+ )T (No+t—vy,)
_Un + Bn + . F(]\[IJO+t+1)F(?V0*Un) )

F,(t—1)+

B, (t) =
() 1+,
where I'(-) represent the gamma function. Hence,
. Un + /BTL
lim F,(t) = ———
A 0=,

Since B < 00, limy_, oo F,(t) is well-defined. Now, consider

the case for n+ 1. It can be shown that lim;_, oo % =1
for all k. Thus, using eq. (4), we know
anrl wnJrl ﬁn+1
Foii(t) ~ —/——F,(t Foiq1(t
fat) = FELEL )+ M Fa () +
1
~ —— (U1 B () + B
1+vn+1( +1E0(t) + Bat1)

and as ¢ goes to infinity lim;_, o Fi(t —1) = limy—, o0 Fi(t),
)

Bn-‘rl

. Un+1 .
lim F,yi(t) = lim F,(t) + ———
i, B 1) O

t _1+7}n+1t—>00

Because we know that lim;_, . F},(¢) exists, we can guaran-
tee that lim; o Fi11(t) also exists. Now, assume that the
limit of F}(t) exists for an arbitraty k. We want to show that
the limit exists for k + 1. Again, using eq. (4) we know that

Vk+1 W1 Br+1
F; t) ~ ———Fi.(t F t
k+1(t) No 17 "()+N0+t k+1()+N0+t
1
~ ——— (V1 Fr(t) +
TForm (Vk+1F%(t) + Brt1)
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we know that lim;_, oo Fj(t — 1) = limy—, o0 Fy (), so

B

v
k41 lim Fy(t) + 1+ ors

A P (8) = 377 = lim

Since the limit of Fy(t) exists, we know that the limit of
Fj11(¢) also exists. Therefore, lim;_,, F(t) exists for all
k. |

Remark 2: Note that F° = limy_, Fj(t) satisfies
Fge =1 forall k< n and

k .
F?:(El—l:vi) 1+v Zﬁk 7 H

I=k—

Vi+1
14

for all £ > n.
Now, let F'(t)be the in-degree distribution of the network
and define

Fin 1= {F S [0, 1]00 =1k <nAF, > F[H_le > n}
Moreover, let
Fi = {F € 0,1 : F, = F° Vk}

represent a particular subset of F;,, defined by the in-degree
limit distribution. We will show that if F'(¢t) € F, for some
t >0, then F(t') € Fj, forall ' >t (ie., the set F}, is
invariant).

Lemma 2 (Invariance of the in-degree distribution):
Suppose that assumptions Al-A2 hold. The set F; is
invariant.

Proof: Assume that F(t) € F}. In other words,
Fi(t) = Fg° for all k > 0. We want to show that F,(t+1) =
Fi(t) for all k > 0. First, for all k& < n, we know that
Fi(t+1) = Fi(t) = 1. Using eq. (4), since F(t) € F},, w
know that for k = n

— __wn _Un __Bn
Fa(t+1) = No+t+1Fn(t) T Mottt Fna(t ) T Mottt

_ Wy, UntPOn Uy

= No+tttl 1rv. T Noriri T No+t+1

Un + Bn

1+wv,

Hence, F,,(t + 1) = F,(t). Now, using egs. (4) and (6) for
a fixed k, since F'(t) € F},, we know that

wm?

Fr(t+1) = 5557 Fe() + 5o B () + N0+t+1

_ Wi v Fe2 1 +Bk Brt1
— No+t+1 14wy + No +t+1Fk 1T No+t+1
_uRFR2 + B

1+ v

which implies that Fy(t + 1) = Fy(¢). This holds for any k,
so the set F is invariant. ]

V. DYNAMICS, CONVERGENCE, AND INVARIANCE OF THE
OUT-DEGREE DISTRIBUTION
Let Py(t) = Pk;(t) < k] be the probability of randomly
selecting a node with out-degree less than or equal to k.
In other words, Py (t) = Z;”:O p;(t), where p;(t) represents
the probability distribution function of the out-degree at time
t. The complementary cumulative out-degree distribution is
i 7 7 7 p T
given by F(t) = [Fy(t) Fi(t) Bt - ]

where Fy(t) = 1 — Py(t). The following theorem presents
sufficient conditions that guarantee that the dynamics of F(t)
represent a linear system.

Theorem 5 (Dynamics of the out-degree distribution):
Suppose that assumptions A1-A2 hold. The complementary
cumulative out-degree distribution can be written as a
time-varying infinite dimensional linear system of the form

F(t) = AQ)F(t — 1) + B(t) (7)
where
1 fO<k=j<m
kg t) = No+t—1—(mm,.4+n) . .
0 otherwise

represents the element of the kth row and the jth column,
and

~ 1 s m .
B, = i—m 2m—1
b N0+t—1i:zk;rl (z m>7rf (1 =)

represents the element of the kth row of B(t).

Proof: Note that the out-degree of a randomly selected
node at time index ¢ is affected by the way the network
responds to the attachment of new nodes, (mechanism M3).
More specifically, F}, (t) increases when existing nodes with
out-degree k establish new edges to the new node. According
to mechanism M1 and assumption A2, when node j ¢ H(t—
1) attaches to the network at time ¢ = ¢, the probability that
it connects to node i € H(t — 1) with k; = k and that node
1 establishes a reciprocal edge is

map(t — 1) = mm, (F,H(t 1) = Byt — 1))

In other words, random response increases Fk(t) when the
new node connects to node ¢ € H(t — 1) with out-degree
k; = k and node i establishes a reciprocal link. The random
approach of mechanism M3 increases the number of nodes
with out-degree k by

np(t — 1) =n (F,H(t 1) = Bt — 1))

which represents the probability that a node with out-
degree k establishes an edge to the new node.

Next, consider the effect of mechanisms M1-M2 on Fj,(t)
(i.e., on the out-degree of new nodes). In particular, we know
that F},(t) increases due to mechanism M1 or M2 when the
new node has out-degree greater than k. Note that m <
I%i(ti, Ny) < 2m where t;_p, is the time in which node
1 > Ny attached to the network. The probability that the
out-degree of the new node at time ¢ equals k is given by

7 m k—m 2m—k
bk—(km)ﬂ'f (1—7Tf) i

A In particularZ f)k # 0 only for m < k < 2m. Since
Br = Y s= 41 i is the probability that the new node has out-
degree greater than k, we know that S, = 0 for all £ > 2m.
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Since Fj(t) is the probability of selecting a node with out-
degree greater than k£ and Ny + t indicates the number of
existing nodes at time ¢, the product (Ny +t)F},(t) indicates
the number of nodes with out-degree greater than k at time
t. So, we have

(No + t)Fy(t) = (No +t — D) Ey(t — 1) + B

+ (mm, +n) (Fk,l(t —1) — Fy(t — 1)) ®)

According to assumption Al and the fact that mechanisms
M1-M2 only affect the out-degree of newly added nodes,
we know that there are no nodes with out-degree less than
m. So, eq. (8) is satisfied for all & > m, and Fk(t) =1
for all k < m. The dynamics of F'(t) can be written as a
time-varying infinite dimensional linear system of the form
F(t)y=A(t)F(t — 1) + B(t) as in eq. (7). [

The following theorem presents sufficient conditions that
guarantee that as time goes to infinity, the limit of F(t)
exists.

Theorem 6 (The limit of the out-degree distribution):
Suppose that assumptions A1-A2 hold. The limit of the
complementary cumulative out-degree distribution exists.

Proof: Using induction on k, we want to show that
limy_s o0 Fk(t) exists for all k. According to assumption Al,
there are no nodes with out-degree less than m. This implies
that limy_, oo F(t) =1 for all k& < m. Now, we show that
the limit exists for £ = m. Using eq. (7), we know that

F,(t) =

vt No+t—1—(mm,+n) f B
m]\Trro-s-tn + = Noflm = Fm(t - 1) + Noljrt
with initial condition F},(0) = f, €
can be shown that
. 1
F,(t) =———

m(t) 1+mm.+n

+ ((mTfr"r")(fo—1)+f0—BnL)F(No+1)F(No+t—m7Tr—"))
F(N0+t+1)F(N[)7m‘IT7.7’ﬂ)

[0, 1]. In particular, it

(e 40+ B

where T'() represents the gamma function. So

mm, + 1+ Bm

lim F,(t) = T m——

Since Bm < 00, lim;_y 0 Fm(t) is well-defined. Next, we
will analyze the limit when & = m + 1. In particular, it

Fo(t) .
FelioD) — 1 for all k. Using

can be shown that for lim;_,
eq. (7), we know that
P (1) = "5 B(0) £ i 20555 B (1)

~ (mﬂ'r + n)FTYL (t) + BTYL-I—l
o 14+mm,. +n

and as t goes to infinity lim;_, o B, (t—1) = limy_ o Fk(t).

. A mm, +n . ~ Bm+1
lim Fi1(t) = ———— lim F,,(¢t) + —-2
A e O = e A PO s

Since lim;_, oo Fy, (t) exists, we know that limy o0 Frrpq1(t)
exists as WCHA. Now, assume that for an arbitrary value of k,
the limit of Fy(t) exists. We will show that the limit exists

for k£ + 1. Using eq. (7), we know that

- tn f No+t—1—(mm.+n) £ B
Frga(t) ~ mIetn [y (1) 4 Nottmtmmetn) o (1) 4 Qe
_ (mm 4+ n)Fy(t) + Brnn

l1+mm.-+n

We also know that lim;_, . F}, (t—1) =limy_ 00 Fk(t) and

Bk-+1
1+mm.+n
9

M i Ey(t) +

lim Fjq(t) = —————
tgrolo k+1() 1+mm, +ntooco

Since the limit of F}(t) exists, the limit of F}, 1 (t) exists as
well. So limy_, o Fj (t) exists for all k.

Remark 3: Note that F,;X’ = limy_o Fi (t) satisfies
Fo =1 for all k < m and

~ k—m A j—1
Foo _ mm,+n +Zk*m ﬁk—j mm,+n
k= \1+mm,.~+n 7=0 14+mmn,.4+n \ 1+mmn,.+n

for all £ > m.

[ |

Next, define
Fout i= {F € [0,1]%: By = ¥k < m (10)
and £y, > Fyp1Vk > m} (11)

Moreover, let

= {F € [0,1]°: = Fr Vk}
represent a particular subset of Fo,; defined by the out-
degree limit distribution. We will show that if F'(t) € F

¢ out
for some ¢t > 0, then F'(t') € F,, forall ¢ >t (i.e., the set
JF* . is invariant).

out

Lemma 3 (Invariance of the out-degree distribution):
Suppose that assumptions A1-A2 hold. The set FJ,
invariant

Proof: Assume that F(t) € F7,,. In other words, F}, =

Fy(00) for all k& > 0. We want to show that for any t,
F(t +1) = F(t). Using eq. (7), we know that for all k <
m, Fy(t +1) = Fy(t) = 1. Similarly, using eq. (7), since
E(t) € F*,;, we know that for k = m

. 18

F77L(t+ 1) _ No+t—(mm,+n) Fm(t) + mm.+n + Noﬁm

No+t+1 No+t+1 +t+1
_ No+t—(mm-+n) mr,.+n+Bm + mm,+n + Bm
- No+t+1 14+mm,.+n No+t+1 No+t+1
_ mm +n+ Bm
1+mnm.+n

So Fy(t+ 1) = F,,,(t). Next, using eqgs. (7) and (9) for
any k, and since F'(t) € FJ,,, we know that

out’

Fk+1(t—|— 1) = Mﬁk+l(t) 4 matn Fk,(t)

No+t+1 No+t+1
Bk+1
+ No+t+1
_ No+t—(mm,.+n) (mm,.+n)Fy (£)+Bri1
- No+t+1 1+mm,.+n
mr.+n i Bk+1
+ N0+t+1Fk(t) + No+t+1
_ (mm, +n)Fr(t) + Brsa
1+mm,.+n
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which implies that Fj;(t + 1) = Fj,1(t). This holds for

any k, so the set F,, is invariant. ]

VI. SIMULATIONS

To gain further insight into the network model, let
No = 10, m = 3, 7y = 06, n = 1, and m, =
0.4. Figure 1 illustrates the dynamics of the complemen-
tary cumulative degree distributions for nodes with degree
k = 0,...,11 for a random initial network satisfying
assumptions A1-A2. The top plot indicates the in-degree
distribution; the bottom plot the out-degree distribution. The
solid lines represent the theoretical value based on eqs. (4)
and (7), and the dots indicate the average of 150 simulation
runs for £ = 10000. Since there are no nodes with in-degree
lower than n = 1, note that the solid lines in Figure 1(a) are
horizontal lines with a value of one for £ = 0. Similarly, for
nodes with out-degree lower than k < m = 3, the theoretical
value is a horizontal line with a value of one for £ =0, 1, 2.
Note that for a small ¢, the theoretical predictions of the in-
degree of nodes with small degrees are a better fit to the
simulations.
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Fig. 1. Evolution of the complementary cumulative degree distributions;
(a) in-degree distribution based on eq (4); (b) out-degree distribution based
on eq (7).

Figure 2 shows the evolution of the average degree dis-
tribution. The solid line represents the theoretical prediction
based on eq. (2) and the dashed line represents its limit value
as t — oo. The dots represent the average degree for 100
simulation runs.

VII. CONCLUSIONS AND FUTURE WORK

This paper explains how the mechanisms of random
attachment, triad formation, and network response impact

()

1 10 100 1000 104
t

Fig. 2. Evolution of the average degree of the network.

the dynamics of the in- and out-degree distributions of
growing networks. In particular, we characterize the dy-
namics and convergence of the average degree and shows
that it is asymptotically stable. Additionally, we use infinite
dimensional time-varying linear systems to characterize the
evolution of the two degree distributions. Finally, we show
that the dynamics of the distributions reach unique invariant
sets. Evaluating whether these sets are stable is an important
direction for future research.
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