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Abstract

We extend the work of Antunovié, Mossel and Rédcz on competing types in
preferential attachment models to include cases where the types have different
fitnesses, which may be either multiplicative or additive. We show that,
depending on the values of the parameters of the models, there are different
possible limiting behaviours depending on the zeros of a certain function. In
particular we show the existence of choices of the parameters where one type is
favoured both by having higher fitness and by the type attachment mechanism,
but the other type has a positive probability of dominating the network in the

limit.

1. Introduction

In [I], Antunovié, Mossel and Récz consider preferential attachment graphs with a number of competing
types, with new vertices being assigned to the types in a way which depends on the types of their
neighbours. They show that, depending on the mechanism for assigning the types to the new vertices,
various limiting behaviours for the types of vertices are possible, including situations where one type

ends up dominating but also including situations where the types co-exist. For many choices of type
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2 Jonathan Jordan

assignment mechanism, more than one limiting behaviour is possible. In this paper, we concentrate on

the case where there are two types, which is also mainly the case in [I].

The aim of this paper is to extend the class of attachment models studied by [I], and to investigate
the effects of different types of attachment model on the competition between the types. In particular
we consider attachment models where the two types are treated differently, so that one type may be
favoured, being seen as having higher fitness. These models are based on the preferential attachment
with multiplicative fitness model, introduced by Bianconi and Barabdsi [6], and the additive fitness
model, introduced by Ergiin and Rodgers [10]. This can be thought of as extending the framework of [1]
to include cases where one of the types has some intrinsic advantage over the other in terms of attracting

new connections.

Similarly to [I], we use stochastic approximation methods, both one and two dimensional, to show that
there are a number of possible limits, which are stable zeros of a particular function on [0,1] which
depends on the choice of parameters and the nature of the fitness mechanism. In particular, we show
that, in both the multiplicative and additive fitness models, there are choices of the parameter values
where one type has higher fitness and is also favoured by the type assignment mechanism, but there is
positive probability of the other type dominating the network in the limit. There are also cases with a
symmetric type assignment mechanism where a less fit type is able to maintain a positive proportion of
the vertices with probability 1. Typically there are threshold values for the ratio of the fitnesses between

the types beyond which this behaviour cannot occur and the fitter type dominates almost surely.

In Section [2| we review [I] and the results of that paper. In Section [3| we extend the results on the affine
preferential attachment model, which is covered briefly in [I]; we show that the results proved in [I] fully
extend to this model. In Section [d] we consider the model with multiplicative fitness, and in Section
we consider the model with additive fitness, which can be seen as a generalisation of affine preferential
attachment where the additive constants are different for the two types. In each of Sections [4| and
we give some examples of choices of the parameters, the possible behaviours, and how phase transitions
occur as the fitness values change. Finally, in Section [6] we discuss some further topics related to the
model, including the extension to more than two colours and the link to multiple drawing Pélya urns;
urns of this type have been considered by a number of recent papers including Lasmar, Mailler and Selmi

[15] and Gao and Mahmoud [I1] and have a natural connection to preferential attachment.
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2. The Antunovié¢, Mossel and Racz model and their results

The model in [I] is a standard Barabési-Albert model as introduced in [2], with a new vertex connecting
to m existing vertices, chosen with probability proportional to their degree, with each of the m vertices
for a given new vertex chosen independently as in the variant of preferential attachment in [I3] or the

“independent model” of [4].

More precisely, we start with a graph G, where each vertex is of one of two colours, described as red
and blue; for a given vertex v we set T, = 1 if v is red and T, = 2 if v is blue. Throughout this paper we

assume that Gg contains at least one vertex of each type. At each time step we form a new graph G,, 41

from G, by adding a single vertex and edges connecting the new vertex to m vertices Wl("+1), cee 751”+1)

with the Wi(nﬂ) independent of each other, conditional on G,,, and distributed so that for each vertex v
of G,

degg, (v)
> uevi(a,) dega, (u)

Here F,, is the o-algebra generated by the graphs Gy, ..., G, and the types of their vertices.

P(W," ) = o|F,) =

The model includes parameters py € [0,1] for each k € 0,1,...,m, and the new vertex v,41 chooses its

colour by becoming red with probability

(T, = U AW 1< i < m}) = pic,
where K,y is the number of the vertices T/Vl(nﬂ)7 e W,STnH) which are red; otherwise the new vertex

will be blue. Hence the variation in behaviour is obtained by different choices of the m and the pi. An
obvious example is to let py, = k/m, which in [I] is called the linear model and which corresponds to the

new vertex picking its colour by adopting the colour of one of its neighbours chosen at random.

In [1] it is shown that, in the linear model, the proportion of red vertices converges, and that the limiting
distribution has full support and no atoms. The proof uses the fact that, if X,, and Y,, are the total

degrees of all red and blue vertices respectively, and x,, = X,,/(X,, + Y3,), then (z,)nen is a martingale.

In the non-linear models the authors of [I] define the polynomial

Pe =33 (1) (me ). o
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and they use a stochastic approximation approach to show that the proportion of red vertices converges
almost surely to a stable zero or touchpoint of P(z), and that any such stable zero in [0, 1] has positive
probability of being the limit, as does any touchpoint in (0,1). (Note that in the linear case P(z) = 0
for all z.) Here a stable zero of P(z) is a value p such that P(p) = 0 and there exists ¢ > 0 such that
P(z) >0for z € (p—¢,p)NJ[0,1] and P(z) < 0 for z € (p,p+ €) N[0, 1], while a touchpoint is a value p
such that P(p) = 0 and there exists € > 0 such that either P(z) > 0 for all z € ((p —€,p+¢€) \ {p}) or
P(z) <Oforall z€ ((p—e,p+e)\ {p}). Various examples are shown, including one where one of the
two colours will have a proportion tending to 1 as n — 0o, and one where there are a number of possible

limits, each of which involves co-existence of the two types but with different limiting proportions.

3. Affine preferential attachment

In this section we consider the same type selection process as in [I], but on the affine preferential
attachment model, introduced by Dorogovtsev, Mendes and Samukhin [9] and later studied rigorously in
various papers including [8] [13]. In this model, instead of existing vertices being chosen with probability
proportional to their degrees we now have

degg (v) +a
Puevia,(degg, (u) +a)’

IP’(WZ-("H) =v|F,) =

for some o > —m, with the model otherwise being identical to that in Section[2} This model is considered
briefly in Section 4 of [I], where, using a two-dimensional stochastic approximation process, it is stated
that the same results apply if @ > 0 but it is suggested that there may be other possibilities if o < O.
Below, using a slightly different method which only requires a one-dimensional stochastic approximation

process, we show that the same results as in [I] apply for all a.

As in [I], let A, (resp. B,) be the number of red (resp. blue) vertices in G,,, and let X,, (resp. Y,,) be
their total degree. We now define

B X, +aAd,
X, +ad,+Y,+aB,’

an

which is the probability that a particular edge from the new vertex connects to a red vertex, and note
that X,, + @A, +Y, +aB, = (2m+a)n+ ¢, where ¢ is a constant depending on the initial graph. Below,

we work with g,, which defines a Markov process; note that almost sure convergence of ¢, to a limit as



Preferential attachment with types of different fitnesses 5

n — oo also implies almost sure convergence of the conditional probability that a new vertex is red, and

hence of the proportion of red vertices and that as long as lim,, . g, is a zero of P, these limits

Ay
> Ap+Bp?

will be the same as for ¢,.

3.1. The linear case

Theorem 3.1. In the linear model, with pr = k/m, we have that g, converges almost surely as n — oo

to a limit q, which is a random variable with a distribution with full support on [0,1] and with no atoms.

Proof. In the linear model, the probability that the new vertex in G,41 is red is g, and each of its m

neighbours is red with probability ¢,, so E(A,41|Fn) = An + ¢n and E(X,,11|F,) = X, + 2mg,,. Hence

E(Qn+1 |~7:n)

1
X 2 A
(2m+a)(n+1)+c( n ot 2mgn + (A +qn))

= RS C(((?m +a)n+c)g, + (2m+ a)gn)

= {n,

so that (gn) is a [0, 1]-valued martingale, and hence it converges a.s. to some limit q.

To show that the distribution of ¢ has full support on [0, 1] and that it has no atoms, we follow the proof
of Theorem 1.1 in Section 2.2 of [I]. Firstly, we can bound

Xn+1 —+ OlAn+1 — Xn — OéAn> < 1
@2m+a)(n+1)+c ~ (n+1)%’

(Gnt1—an)* = <

from where the proof of full support in (0, 1) follows exactly as in [I]. To show that there are no atoms
in (0,1), if ¢, is in a neighbourhood of a point r € (0, 1) we can bound Var(g,y1|Fn) > ﬁ for some
constant b, from which again we can use the same argument as in [I] to show P(g, — ) = 0. To show
that there are no atoms at 0 or 1, the proof is again the same as in [I] except that the comparison is to

a Pélya urn with 2m + « balls added at each step.

3.2. The non-linear case

The following result shows that the limiting behaviour of ¢, in the affine non-linear model satisfies the

same results as those found in [I] for standard preferential attachment.
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Theorem 3.2. In the non-linear model, q, almost surely converges to a limit, which is a stable zero or
touchpoint of the polynomial P defined in , and all stable zeros of P in [0,1] and all touchpoints in

(0,1) have positive probability of being the limit.

Proof. The probability that the new vertex is red is

Zpk( )qn (1= ¢2)" " = 2P(gn) + qn,
k=0

and the probability that each neighbour of the new vertex is red is ¢,.

So
_ m k m—k
E(An 1| F) = Ay + Zpk( k)qn(l )
k=0
and
m _
E(Xn+1|fn) = Xn + mgn + mzpk<k)Q§(l - qn)m k'
k=0

Combining these,

1

E(gn i1l Fn) = 2m+a)in+1)+c

)

(2m + Q)n + c)gn + m+0zz ()qnl—qn) "+ mg,

from which we obtain

E(qns1|Fn) —an = (2m+z+a T im( > — )m’“—qn]
~ e 3 (- ) (st a0
- 2T p,)

2m+a)(n+1)+c

Hence (g, )nen satisfies the stochastic approximation

2(m+ «)

= P
Gn+1 = Gn + (2m+a)(n+1)+0)( (Qn)+§n+1)7
where &,11 is defined as W(qnﬂ — E(gn+1|Fn)) and therefore satisfies E(&,+1|F,) = 0. As
lgn+1 — E(gnt1|Fn)| < %, we have that |£,41] < 2m + «, which is enough to tell us, using

Corollary 2.7 of Pemantle [16], that g,, converges to the zero set of P, and, using Theorem 2.8 of [16], that
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all stable zeros of P have positive probability of being the limit. That this also applies to touchpoints

follows from Theorem 2.5 in [I].

If an unstable zero r € (0,1) then Lemma 2.7 of [I] applies with X,, replaced by X,, + a4,, and with
k1 and ks not necessarily integers, and hence the argument that r is a limit with probability zero is an
application of Theorem 2.9 of [I6] which is essentially identical to the proof of Theorem 1.4 of [I] in this
context. For unstable zeros of P at 0 or 1, again the proof of Theorem 1.4 in [I] works, except that the

Pélya urn used for comparison adds 2m + « balls at each step.

4. Multiplicative fitness

We now move to considering extensions of the model of [I] where the types interact differently with the
preferential attachment mechanism. We first consider a multiplicative fitness model, which is inspired by
that introduced by Bianconi and Barabdsi [6] and studied in more detail by Borgs et al [7], and which

has different fitnesses for the two types.

Specifically, we assume that red vertices have fitness 1 and blue vertices have fitness ¢ for some ¢ which
we assume to be greater than 1, so that red vertices are chosen with probability proportional to their
degree and blue vertices are chosen with probability proportional to their degree times ¢. We also allow
a constant a > —m to be added to the degrees, as in Section |3} Formally, the model is the same as that
described in Section [2] except that we now have

(degg, (v) + )¢ !
Puevia,(degg, (v) +a)pTt"

POV = ol F) =

The model differs from the models of [6l [7] in that the assignment of types to vertices is now based on

the types of their neighbours rather than independent as in those papers.

Let
X, +ad, o X, +ad,

:Xn+Yn+a(An+Bn) 2m+a)n+c’

LTn
where we define ¢ so that Xy + Yy + a(Ap + Bp) = ¢. Define

PM(x):22(212)}3(1:—1—(;5?1—@)+<x+¢f1—ac)_x>’ @
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with P as defined previously, and note that P is a rational function with numerator having degree at
most m + 1, and that it cannot be identically zero for any choice of the py and « if ¢ > 1. In the special

case of the linear model we have
1-— 1-—
)
P ()
Lemma 4.1. The sequence (Zn)nen follows a one-dimensional stochastic approximation process associ-

ated to a flow given by PM.

Tn

P Hence we can

Proof. Conditional on F,,, the probability that a single vertex chosen is red is

write

k m—k
mxnf—%yn + (m + a) Zk:o (Zl)pk (:cnf-gyn> (wndfgyn> o (2m + a)zn
2m+a)in+1)+c¢

(2m + @) 2+ (m+ ) (2P (572557 ) ) — (2m + a)a

2m+a)(n+1)+c
1
(n+1) +c/(2m+a)PM(

E(£n+1|fn) —Tp =

xn)a

and so (2, )nen satisfies the stochastic approximation

1
(n+1)+¢/(2m+a)

Tn+l = Tn + (PM(xn) + fn+1)u

where &1 is defined as ((n+1)+¢/(2m+a))(zp+1 —E(zn41|Fn)) and therefore satisfies E(&,11]F,) = 0.

Theorem 4.1. As n — oo, x, converges almost surely to a zero of the function PM defined in .
Furthermore, any stable zero of PM in [0,1] and any touchpoint in (0,1) has positive probability of being

the limit, and any unstable zero in [0,1] has probability zero of being the limit.

Proof. That the process almost surely converges to a zero of PM follows from Corollary 2.7 of Pemantle
[16], that any stable zero of P has positive probability of being the limit follows from Theorem 2.8 of
[16], and as before Theorem 2.5 of [I] implies that this also applies to touchpoints. That unstable zeros
in (0,1) are limits with probability zero follows from Theorem 2.9 of [I6], again using a modification of

Lemma 2.7 of [I] for the noise condition.

To show that unstable zeros at the endpoint 1 are limits with probability zero, we adapt the argument

for the equivalent part of the proof of Theorem 1.4 in [I]. This argument shows that, for some sufficiently
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small € > 0, as long as the process (x,) remains in (1 — ¢, 1] the values X,, can be coupled to a Pdlya
urn process (Xn) which adds 2m + a balls at each step in such a way that X,, <icx X, in the increasing
convex order; that is to say that E(1(X,,)) < E(y(X,)) for all increasing convex functions for which the

expectations exist.

To adapt the argument we need to show that, conditional on =, = Z,, = r, X411 <icx Xn+1; once we do
this we can apply the same induction argument as in [I]. To show that, Lemma 2.9 of [I] shows that it
is enough to show that

E(Xn+1|mn = 7') < ]E(XnJrl‘fn = T)a (3)

where Z,, denotes the proportion of red balls in the Pélya urn, and that the distribution functions F' and
G of X, 41 and X, respectively, both conditioned on z,, = Z, = r, satisfy the property that if t; < ¢,
and G(t1) < F(t1) then G(t2) < F(t2). That holds follows from the fact that, as we are assuming
1 is an unstable zero of PM, PM(z) < 0 for x € (1 —¢,1) for some ¢, and the property involving the
distribution functions then follows, as in [1], from the increments of the urn process, X, 11 — X,,, being

concentrated on {0,2m + a} while X,,;1 — X, is supported on the interval [0, 2m + «].

An analogous argument shows that unstable zeros at the endpoint 1 are limits with probability zero.

This allows us to conclude that in the linear model the type with the higher fitness dominates.

Corollary 4.1. In the linear model with ¢ > 1 the proportion of blue vertices converges to 1 almost

surely.

Proof. Because = + ¢(1 — ) > 1 for z < 1, we have that PM(z) < 0 for 0 < z < 1, and so 0 is the

only stable zero of PM. Hence, by Theorem x, — 0 almost surely, giving the result.

4.1. Discussion and examples

In these examples we concentrate on cases where pg = 0 and p,,, = 1; if pg > 0 then dominance by blue
vertices is impossible, and similarly if p,, < 1 dominance by red vertices is impossible. We also assume
¢ > 1, meaning that blue vertices have higher fitness. We first consider the case when o = 0, and then

consider the effect of varying «.
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4.1.1. The case o = 0 If pg = 0 and p,, = 1 then both 0 and 1 are zeros of PM. It is not hard to show that
0 is a stable zero, indicating positive probability of blue dominance, if ¢ > %m (p1 — %) +1= %(mpl +1),
and an unstable zero if ¢ < %(mpl +1);if ¢ = %(mpl +1) the stability depends on the other pj. Similarly

1 is a stable zero, indicating positive probability of red dominance, if ¢ < and an unstable

-2
m(l—pm—1)+1°

zero if ¢ > again if we have equality the stability depends on the other pi. Note that if

2 .
m(1—pm—1)+1’

¢ > 2 then ¢ > m always holds, so red dominance cannot have positive probability in that

case.

When m = 2 the fixed point at 0 is stable if p; < ¢ — %, which is always true if ¢ > %, and the fixed

point at 1 is stable if p; > % — %, which requires ¢ < 2. Hence if ¢ > 2 blue vertices dominate almost

surely, whatever the value of p;, while if % < ¢ < 2, then there is always a positive probability of blue
domination, while red domination happens with positive probability if p; > % — é Ifl<o< %, then red
domination happens with positive probability if p; > % — % and blue domination happens with positive
probability if p; < ¢ — % One of these criteria is always satisfied, as % — % < ¢p— % in this range. As the

numerator of PM is a cubic with roots at 0 and 1, at least one of which is stable, there can be no other

stable fixed point in (0,1), so with probability 1 one of the types dominates in the limit.

When m = 3, we consider some examples of how the behaviour varies with ¢ for different choices of p;

and po.

1.m=3,pys=0,pp = ps = %,pg = 1. In this case there is almost sure co-existence in the case
where the two types have the same fitness, ¢ = 1. If ¢ < 5/4, the zeros of PM at 0 and 1 are both
unstable, with a stable zero in (0, 1), so this remains true, but with the limiting proportion of red
decreasing with ¢. For ¢ > 5/4, the zero of PM at 0 becomes stable, and there is no stable zero in
(0,1), so blue dominance occurs almost surely. See the left plot in Figure [l for plots of P either
side of the phase transition at ¢ = 5/4.

2. m=3,pyo=0,p1 = %,pg = %,pg = 1. In this case, if the types have the same fitness then almost
surely one of the two types dominates, with both having positive probability of doing so. If ¢ < 8/7,
then both 0 and 1 are stable zeros of PM and other zeros are unstable, so this remains the case.
If ¢ > 8/7 then the zero at 1 becomes unstable, and the other zeros are outside (0,1), so blue

dominance occurs with probability 1.



Preferential attachment with types of different fitnesses 11
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FI1GURE 1: Plots of PM for m = 3. Left plot: po = 0,p1 = p2 = %,pg = 1, upper curve ¢ = 7/6, lower curve
¢ = 4/3. Middle plot: po = 0,p1 = p2 = p3 = 1, top curve ¢ = 13/7, middle curve ¢ = 15/7, bottom curve
¢ = 17/7. Right plot: po = p1 = 0,p2 = 9/10,p3 = 1, upper curve ¢ = 7/6, lower curve ¢ = 5/3. Plots created
using Maple.

3. m =3, pg =0,p1 =ps =p3 = 1. In this case the type assignment mechanism has a bias towards
red, as the new vertex will be red if it connects to any red vertices. There are two phase transitions
in ¢. For ¢ < 2 the zero of PM at 1 remains stable and that at 0 remains unstable, indicating
that the bias in type assignment mechanism dominates the fitness effect so that red dominance still

3+v2
2

occurs almost surely. For 2 < ¢ < the zero at 1 becomes unstable and that at 0 becomes

stable, but there is also a stable zero in (0, 1), so that both blue dominance and co-existence have

positive probability. For ¢ > 3+2‘/§, the only stable zero of PM is at 0, so the fitness effect now
dominates and blue dominance occurs almost surely. See the middle plot in Figure [If for plots of

PM for values of ¢ above, below and between the two phase transitions.

4. m=3,po=p1 =0,p2 =9/10,p3 = 1. Here there is a slight bias in the type assignment mechanism
towards blue. However, for ¢ < 20/13, both the zeros of PM at 0 and 1 remain stable. Hence, in
this case we see that there is positive probability of the less fit type dominating, even though there
is a bias in the type assignment mechanism against it as well as the fitness effect. For ¢ > 20/13
the only stable zero of PM in [0,1] is at 0, so blue dominance occurs almost surely. See the right
plot in Figure [1] for plots of PM either side of the phase transition at ¢ = 20/13. We investigate
this example further by simulation in Section [6.3}

4.1.2. The effect of varying a In Section [3| we showed that varying a does not change the results of [I]

in the model without fitness. By considering the form of P™, we can see that this is not the case in the
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multiplicative fitness model; indeed as @ — —m with ¢ and the py, fixed we get PM (z) — m —r =

(1-¢)z(1-a)
a+o(1—z)

po = 0 and p,, = 1, we get that if o is small enough PM is negative on (0,1) and so blue dominance

which is negative for all z € (0,1) for ¢ > 1. Hence, for any choice of ¢ > 1 and the py with

occurs almost surely.

5. Additive fitness

We now extend the model of Section [3| by allowing the two types to have different values of a, which
can be seen as corresponding to different fitnesses of the two types: if as > a7, blue vertices are “fitter”
as they are more likely to be chosen than red vertices of the same degree. This model thus resembles
the additive fitness model of Ergiin and Rodgers [I0], whose degree distribution is analysed in detail by
Bhamidi [5], except that, as in the multiplicative model of Section [4] the fitnesses of the new vertices
correspond to their types, and hence are influenced by the types of their neighbours, rather than being

independent random variables as in the model of [10].

The model is as described in Section [2] except that now

degg, (v) + ar,

PV = o) Fy) = 7
>Yuev(a,(degg, (u) + ar,)

In this section, we assume o1 # aq and, to avoid degeneracies, we assume ag, as > —m. Without loss of

generality we assume as > a1, so that blue vertices are fitter than red.

The probability of a new edge at time n + 1 connecting to an existing red vertex is now

_ Xn+ a1 A,
B Xn + alAn + Yn + a2Bn.

an

X,+ai1 A _
Sat2isn and y, =

Tn
Tntyn "

YotasB,
n

Define z,, = , so that ¢, = We consider the bivariate process

(('rnayn))neN-
Define
PA(z) = (a1 —a2)z(1 — 2) + [2(m + a1) + 2(a2 — a1)z] P(2).

Note that P4 is a polynomial, and that it is not identically zero unless oy = ap. Our aim is to prove the

following theorem.
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Theorem 5.1. Assume that we have 0 < p < 1 for 0 < k < m. Then, almost surely, (n,yn) — (x,y)

-
T4y

as n — oo, where (x,y) is a (possibly random limit) such that P4 ( ) = 0. Furthermore, any zero q

of P4 which is stable in the sense that (P?) (q) < 0 has positive probability of having T =4
To move towards proving Theorem [5.1) we first consider the state space of (z,,y,); we first note that,
for all n > 0,

2m+ a1 < x, + Yp < 2m + ao. (4)

We then observe that as
Y, + aeB, =2mn — X,, + as(n — A,),

we have
An
yn:2m+a2—xn—(a2—a1)—n . (5)

Furthermore, as each vertex has degree at least m, we have

1
A, < —X,, (6)
which implies
1
A, (1 + %) < —(Xn+a1dy),
m m
and hence
ﬂ < Zn
n - m+taoa

Combining this with gives

An analogous argument gives

mn§2m+al_yn (m+a1)-

m + ao
The state space is then the parallelogram, which we call D, given by , @ and .

We note that (6) is tight if p; € (0,1) for all i € {0,1,...,m}. If py = 0 and p,, = 1, as we usually

assume, then @ can be improved to

1
Ap < ——Xp,
m—+1

as now any red vertex must have at least one red neighbour, and this is tight if the other p; € (0,1).

Hence and are modified to

9)

1
Y > 2m+ o — 1, <m++042)

m+1+041
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and

(10)

1
xn<2m+a1_yn(m++a1>

m—+ 2+ oo
Define Dy to be the parallelogram given by 7 @ and ; in this case the state space can be thought

of as Dy rather than D.

Now define

Fl(xvy)

e (S0 () (555) (7)) -

= (2m+ aq) +2(m+ a1)P
rTy

(53) -
Bley) = m:vi/r?J+(m+a2)< l_pk< )(Hy) <ff-yky>m_k>_y

amrar (25) o

and furthermore define F : D — R? by F(z,y) = (Fi(z,y), Fx(z,y)).

and

Yy
= (2
( m+oz2)x+y

Lemma 5.1. We have that ((zy, Yn))nen follows a bivariate stochastic approzimation process associated

to the flow defined by F.

Proof. We have

m m
E()(n-i-l + O411471-5—1|]:n) - Xn + alAn + mdan + (m + al) Zpk<k>q7]§(1 - qn)m_ka
k=0

giving

1 S my m—k
BwnlF) = xn+n+1<mqn+<m+a1>;pk(k)qn<1—qn> —xn>

1
= x,+ ) (2m+ a1)gn +2(m + a1)P(gn) — x4)

1
= n 7F nyIn )y
$+n_|_1 1(Tn, Yn)

and similarly we get

E(yn+1|]:n) =Yn+ F2(:L'n7yn)

n+1
Thus

(xn-i-lvyn—&-l) = (xmyn) + (F(xmyn) + (£n+1777n+1))7

n+1
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where &, 11 = (n4+1)(Zng1—E(2p 1] Fn)) and 0,11 = (n4+1) (Yng1—E(Ynt1Fn)), so that E((§ng1, Mnt1)|Fn) =
(0,0).

We now analyse this stochastic approximation to prove Theorem

Proof of Theorem[5.1. We construct a Lyapunov function for the flow defined by F as follows. Let
((z(t),y(t)))ser+ be a trajectory of the flow, and define ¢(t) = z(t)

z(t)+y(t)
Note that
i (t) = y(t)Fl(l'(t)’y(t)) - :I(t)FQ(:L‘(t)’y(t)) _ PA( ( ))
" (=) +y(@))” z(t) +y(t)’
and define L (z) = — fl PA(u) du. Then

Shaa) = @) +y(0) " (P )’ <o,

with equality only when P4 (q(t)) = 0. Let S; = inf(, ,)ep(z+y) !, so that Ll( () < -5 (PA(q(t)))2.

Define

T
Tty

Uz, y) = 2m+ oq)(2m + a2) + 2m(o — az)P ( ) —(2m+ ag)x — (2m + aq)y,

so that

;lt(@m + az)z(t) + (2m + an)y(t)) = £(z(1), (1)),

and define La(z,y) = ({(z,y))?.
Then < Lo (x(t), y(t)) is
24(a(0),(0) (Fi (0. 9(0) (2m(en — )

#2000 (Fate0.0(0) (~2mten - a0
= 20(z(t),y(t)) (—(2m + a1)(2m + a2) + 2m(az — a1)P(q(t)) + (2m + a2)z + (2m + a1)y)

amé(e(o) ) 1 — a2) P a(0) (P s = )+ Pla(o) P R R a2l
= =2 (Bl o)) - 228 P al0) 9OV P )

As we assume oy < ao, define

T 1
Sy = sup magalP’( );
(z,y)ED ( ) rT+y) r+y
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then
d

2 L2 (@), y(1) < =2 ((0x(t), (1)) — 2550 (t), y(£)) P4 (a(t))) -

Define

S3 x
L($,y):L2($7y)+2571L1 T4y ;

so that we have
d

dt

L((t),y(1) < ~2 ((x(t), y(t) + S2PA(g(1)))” < 0

with equality in the right inequality only when £(z(t),y(t)) = 0 and P%(q(t)) = 0. Hence L is a

Lyapunov function for F' with stationary points (x,%) given by ¢(z,y) = 0 and P4 (ﬁ) = 0; therefore

our stochastic approximation process will converge to one of these by Proposition 2.18 of Pemantle [L6].

If (z,y) is a stationary point of L such that ¢ = ﬁy is a stable zero of P4 in the sense that P4(q) =0
and (P4)(q) < 0, then (z,y) is a local minimum of L. Hence it is a limit of the process with positive

probability, by Theorem 2.16 of Pemantle [16].

Non-convergence to unstable points with xg”Ty € (0,1) follows from the general non-convergence result
Theorem 9.1 in Benaim [3]. Condition (iii) of that result, which requires a constant b such that
E(((&141, 1) - v) T |Fn) > b within a neighbourhood of the unstable point for any unit vector v, follows

from our assumption that 0 < pr < 1 for 0 < k < m.

To show that g, converges to 1 with probability zero if PA4(1) = 0 and (P#)(1) > 0, we use a similar
argument to the previous coupling to a Pélya urn in Section[d] For some sufficiently small €, we compare
the process when ¢, € (1 — ¢,1] to an urn process which, given X,, red balls and Y;, blue balls, adds
2m + a red balls with probability % and adds 2m + as blue balls with probability ﬂ)’(Yij—Yn

The previous argument then works as long as, for some 3, we can show that

XnJrl | Xn )
— — — — =7
Xn+1 + Yn+1 Xn + Yn

W%HVHSE<

Xa__ 5 1 with probability zero. To do this, we let 3 = 2mta2

when ¢, = 7 with r € (1—¢,1) , and that i mtas

and count the number of times we have added red balls and blue balls respectively as X,, = X,, /(2m+a)

and Y, = Y,,/(2m + o). Then, as
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the process (Xn, }A/n)neN follows a standard Pdlya urn. This ensures that P <Xjf:3—, — 1) =0 and that

Xn Xn
IE( = = — = r) =r,
Xn+1 +Yn+1 Xn +Yn

which gives us what we need as F4(r) < 0 by assumption.

As with the multiplicative fitness model, in the linear model we get almost sure dominance by the fitter

type.

Corollary 5.1. In the linear model with g > « the proportion of blue vertices converges to 1 almost

surely.

Proof. Here PA(z) = (a1 — ap)z(1 — 2), which is negative on (0,1) if ap > 1, and has a stable zero

at 0 and an unstable one at 1. Hence the result follows from Theorem [5.1]

5.1. Discussion and examples

As in Section [ in these examples we concentrate on cases where pg = 0 and p,,, = 1; if py > 0 then

dominance by blue vertices is impossible, and similarly if p,,, < 1 dominance by red vertices is impossible.

First, we consider the general case where m = 2. There are always two stationary points at (4 + «1,0)

and (0,4 4+ a2), corresponding to dominance of the two types. There is also a stationary point with

x  _ 200p)—opt4p;—2
Tty (az—01)(1-2p1)

is stable if a1 — as + (p1 — 3)(2a1 +4) < 0, that is if

where this is within (0, 1), but this is never stable. The stationary point (0,4 + as)

If as > 2(ay + 1), this always holds for all values of p;. The stationary point (4 + «4,0) is stable if
s — a1 — (p1 — 3) (200 +4) <0, that is if

> 1+OZQ—C¥1
P T Sy 4

Hence there is a range where % + g;;f_‘i <p < % + gfl;‘_‘i where both stationary points are stable, and

hence limits with positive probability; outside this range there is only one stable fixed point. Co-existence

is not stable for m = 2 if pg = 0 and p, = 1, unless a; = as.
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When m = 3, we give a couple of examples of how the values of a; and «asy affect the behaviour for some

specific values of the pg. As elsewhere, we assume as > aj.

1.m=3,p9o=0,p1 =p2 = %,p;g = 1. Here there are zeros of P at 0 and 1. Both are unstable
if ag < %(al + 1), and in this case there is a single stable zero in (0, 1), indicating almost sure
co-existence. If ap > 2(ay + 1) then the zero at 0 is stable, and this is the only stable zero in [0, 1],
indicating almost sure blue dominance. So as in the multiplicative fitness case we see a condition on

the relationship between the fitnesses determining whether we get co-existence or blue dominance.

2. m=3,py=p1 =0,ps =9/10,p3 = 1. Again, there are zeros of P4 at 0 and 1. Both are stable

3042721
10

if a3 > , while if oy < 222521 the zero at 0 is the only stable zero in [0,1]. So in the latter
case blue dominance happens almost surely, whereas in the latter case (for example if a; = 0 and
ag = 1) we see that both types have a positive probability of dominance although the blue type is

fitter and is also slightly favoured by the type assignment mechanism.

6. Further discussion

6.1. More than two types

A natural extension to the models considered in this paper is to consider them with more than two types
of vertex. Antunovi¢, Mossel and Récz discuss this extension for their model in Section 3 of [I], where
they show that in the linear model their results can be easily extended to any number of types but that
in non-linear models the stochastic approximation involves a multi-dimensional function about which it
is hard to state general results. This is reinforced by Haslegrave and Jordan in [I2], where an example of
the original model of [I] with three types is discussed and shown to have cycling behaviour in the limit,

with no convergence to a fixed point.

In our setting with the types having different fitnesses, the linear model can be handled in a similar
way to that in [I]. If all types but the fittest have the same fitness, then they can be combined into a
single type, and Corollary (for multiplicative fitness) or Corollary (for additive fitness) can then

be applied to show that we get almost sure dominance by the fittest type. In the more general case where



Preferential attachment with types of different fitnesses 19

the fitnesses may all be different, we can similarly couple the linear model to a two-type model where all
types except the fittest are given the fitness of the second largest type; this coupling can only decrease

the proportion of the total degree associated to the fittest type, so we can apply the same results.

For non-linear models, having more than two types would involve the generalisation of the functions
PM and P4 to multi-dimensional ones, which can have a variety of forms according to the choice of the
parameters. As a result, the situation is similar to the one in [I] in that it is hard to state general results,
and we might expect examples along the lines of that in [I2], where the associated differential equations

do not converge to a fixed point.

6.2. Pdlya urns with fitness and multiple draws

There is a natural connection between preferential attachment schemes and urn processes. In the case of
our model and the model of [I], the connection is to generalisations of Pdlya urn schemes with multiple
draws, about which there are a number of recent papers. Kuba and Mahmoud [I4] consider a two-colour
urn where, at each step, m balls are drawn from the urn and the numbers of balls of each colour added to
the urn depend (in a deterministic way) on the numbers of balls of each colour drawn. They concentrate
on a special case which produces a martingale, reminiscent of the linear model in [I], and prove a central
limit theorem in this setting. Lasmar, Mailler and Selmi [I5] use stochastic approximation to extend the
results to more general cases; as in [I] and this paper the limiting behaviour is associated to the limiting
behaviour of a certain differential equation. Gao and Mahmoud [I1] extend the model to allow for a

random replacement matrix, and also use stochastic approximation to prove convergence results.

The clearest link to these papers is with the multiplicative model when o = 0. In this case the total
degrees of the two colours, (X,,Y,), can be seen as following an urn scheme of this type where the
two colours have different fitnesses or, in urn terminology, activities. This means that the blue balls
have weight ¢ and the red balls weight 1, and balls are drawn with probability proportional to their
weights. Drawing m balls then corresponds to drawing m random edge ends with the same weights,
which corresponds to our multiplicative fitness model. The urn model corresponding to our model then
has a random replacement matrix with a particular distribution, where all the balls added are of the
same colour, corresponding to the colour of the new vertex in the graph model. Our results in Theorem

can thus be seen as an extension of the results of [I1] [14] [T5] to the setting with fitnesses and this
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specific choice of replacement matrix.

6.3. Distribution of the limit

In cases where the function PM or P“ has more than one stable zero, the results in Theorems [4.1]and
tell us that each stable zero is a limit with positive probability but do not tell us the actual probabilities
that the different zeros are limits. Finding the actual distribution of the limit in cases like this is a hard

problem in general, and we expect that the distribution will usually depend on the initial graph.

We investigate this problem for Example [4] from Section by simulation. Here m = 3, pg = p1 = 0,
p2 = 9/10 and p3 = 1, giving a small bias towards blue in the type assignment mechanism, and we saw
that for ¢ < 20/13 both convergence to 0 (blue domination) and convergence to 1 (red domination) have
positive probability. For each of a range of values of ¢ in [1,20/13), we ran 10000 simulations with 100000
vertices and counted the number which appeared to be converging to 1; simulations were estimated to be
converging to 1 if 2100000 > 1/2 and, to exclude cases of very slow convergence to 0, 100000 > Z9o000- The
results (shown as numbers of simulations out of 10000) are in Table |1} It can be seen that convergence
to 1 is extremely rare for values of ¢ closer to 20/13, suggesting a continuous phase transition, but is

reasonably common for values of ¢ a little larger than 1.

1) 1.00 1.05 110 1.15 1.20 1.256 130 135 140 145 1.50
Red domination | 3465 2425 1577 965 521 236 85 33 4 0 0

TABLE 1: Numbers of simulations, out of 10000, appearing to show red domination for Section Example
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