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Improving the visibility of minorities through
network growth interventions

Leonie Neuhiuser® "™ Fariba Karimi® 23* Jan Bachmann® 24, Markus Strohmaier?>® &

Michael T. Schaub® '™

Improving the position of minority groups in networks through interventions is a challenge of
high theoretical and societal importance. However, a systematic analysis of interventions that
alter the network growth process is still missing. In this work, we propose a model to examine
how network growth interventions impact the position of minority nodes in degree rankings
over time. We distinguish between (i) group size interventions, such as introducing quotas;
and (ii) behavioural interventions, such as varying how groups connect to each other. We find
that even extreme quotas do not increase minority representation in rankings if the actors in
the network do not adopt homophilic behaviour. Thus, interventions need to be coordinated
in order to improve the visibility of minorities. In a real-world case study, we explore which
interventions can reach gender parity in academia. Our work provides a theoretical and
computational framework for investigating the effectiveness of interventions in growing
networks.
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social groups. While there are many different mechanisms

at play, research has shown that the social network
structure plays a vital role in the creation of structural inequalities
and marginalisation'? of social groups, particularly of
minorities®>. We use the notion of minority to refer to a group of
people whose numeric size is smaller than other groups. For
example, the position of group members in a network determines
their access to information!, social capital?, and their position in
algorithmic rankings®°. However, societies and their social net-
works change and evolve over time: as a result of institutional
interventions, societal opportunities, or behavioural change, more
people from disadvantaged backgrounds may enter certain social
settings. For example, in STEM fields (science, technology,
engineering, and mathematics) People of Color or women have
been historically underrepresented®’. To combat those historical
disadvantages, various intervention measures, e.g., scholarship
programs and other support structures’# have been put in place.
Moreover, changes in behaviour can impact how new arriving
individuals connect to the network as social attitudes and level of
mixing between the groups may change over time®.

One form of change that we find in real-world social networks
is that the size of the marginalised group increases over time. For
example, in the academic context, measures such as specific funds
for hiring faculty from marginalised groups or affirmative action
policies” have already been established. Moreover, migration or
political instabilities can lead to an increase of diversity in a
country’s workforce!0. In the business environment, various
countries, for example Israel'! and Norway!2, have enacted laws
that favour the appointment of women in corporate boards of
directors!3. Even though not all of these changes are enacted from
an external party in a controlled manner, we refer to these types
of changes collectively as group size interventions in the following.

However, merely increasing the group sizes of minorities with-
out considering the social network structure and the position of
social groups is insufficient to resolve structural inequalities. From
the network-theoretic prospective, the visibility of minority groups
in a network is dependent on both their relative sizes and the
strength of group mixing biases>!4. Homophily, “similarity breeds
connection” is one of those fundamental tie formation mechanisms
that leads a higher tendency for ingroup mixing and often asso-
ciated closely with attributes such as gender, race, and ethnic
backgrounds!®. This interplay of homophily and group size indi-
cates that size alone does not determine the marginalisation of a
group and increasing the group size of a minority (i.e., increase
participation of a minority) can thus not be the only intervention to
combat inequality. Indeed, recent findings highlight that even if the
group size increases, depending on the homophily, women as a
minority group can remain under-represented in directed citation
networks!®. Beyond group size interventions, it is thus necessary to
investigate how changes in people’s behaviour affect their visibility
in social networks. We call this form of intervention that is derived
from individual’s behaviour and operates through homophily as
behavioural intervention.

Behavioural interventions can be manifested in various ways.
For example, supervisors or top-ranked executives may realise
that diversity and inclusion can increase innovative outcomes and
revenues!” and decide to interact with and hire more people of
diverse backgrounds. Changing the mixing preferences can also
naturally arise when minority sizes change: research has shown
that students of low socioeconomic status start to interact in a
more homophilic way as soon as their numbers increaselS.
Moreover, newcomers may be advised or mentored by individuals
in their own communities through variety of support networks!®.
While addressing the individual’s career development and com-
munity building, such support networks are much less articulate

I I istorical disadvantages can result in the marginalisation of

about removing the barriers to inclusion in the organisation!®.
This underlines that behavioural interventions have to be com-
bined with institutional changes to increase their effectiveness.
From the network-theoretic prospective there is a mathematical
limit in which minorities can enhance their network visibility.
When minorities are numerically small, the majority have the
power and resources to make effective network changes!#. In
other words, behavioural change without institutional enforce-
ment may not be enough to decrease inequality in visibility.

Altogether, the previous examples show that not all types of
interventions are successful, and network interventions in isolation
often cannot combat structural inequalities. Indeed, computational
models and quantitative methods are needed to go beyond only
identifying existing inequalities and evaluate the impact of different
types of interventions in evolving social systems20. However, a
rigorous and quantitative investigation of the interplay between
group size and behavioural interventions on overcoming structural
barriers and marginalisation is still missing.

While there are various dimensions of marginalisation, we focus
on inequality that emerges from and is exacerbated by network
structure in this work. In social networks, centrality measures such
as degree centrality determine the social capital of individuals?! and
the perception of minorities?>23. Individuals in top centrality ranks
are more visible in ranking and recommender algorithms® and they
have better access to resources that are available in social
networks?4. The degree ranking of minority groups in a network is
a function of relative group sizes and the presence or absence of
homophilic behaviour?. This follows the logic that homophily
restricts the minority group’s ability to establish links with a
majority group which then leads to a disadvantage for this group in
degree-based rankings. However, the majority of works on mod-
elling growing social networks assume that people of different
groups maintain their group mixing biases or there is no change in
their proportion over time. Indeed, recent studies have found that
time dependencies in interactions can significantly alter network
results and dynamics, e.g., impact communities in networks2® and
alter diffusion of information®6-28,

Moreover, in large scale-free social networks driven by a pre-
ferential attachment mechanism, early arriving individuals in top
ranks stabilise their position and give little opportunities to others
to reach those ranks?®. In such cases, accumulated early advan-
tages may create structural barriers for minorities to enhance
their social capital. Therefore, it is essential to take into account
group size changes and behavioural changes in the network
growth process to investigate how network positions of groups
are formed and what kinds of interventions can improve the
position of disadvantaged groups in the future. Network inter-
ventions have previously been considered as a process that utilises
social networks to accelerate behaviour change or improve
organisational performance3). For example, when diffusion
between groups is expected to be difficult, bridging individuals or
rewiring the connectivity may be an effective strategy3!-32.

In this work, we examine network growth interventions and
their effects on the ranking visibility of minorities. To this end, we
devise a two-phase network model in which homophily and group
sizes are time-dependant. We explore two kinds of interventions:
(i) group size interventions, which regulate the ratio of incoming
minority and majority nodes and (ii) behavioural interventions,
which vary the homophily of nodes (group mixing) regulating how
minority and majority nodes link to each other. We study the
impact of these interventions on the network position of the
minorities in top degree ranks. Our analysis enables us to evaluate
the effectiveness of those intervention policies that aim to correct or
overcome the structural inequalities in social networks. Finally, we
investigate “what-if” scenarios in the academic setting by exploring
the effectiveness of certain interventions to reach gender parity in
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academia under our model. Our results demonstrate that group
size and behavioural interventions have to be coordinated to be
effective and are highly dependent on the pre-intervention network
conditions they are building on.

Results

Conceptual two-phase network model. We explore the change
of network visibility of a minority group as an effect of growth
interventions in a simple yet systematic way. We construct a two-
phase growth model as an extension of the BA-Homophily?
model which itself is an extension of the well known Barabadsi-
Albert (BA) preferential attachment model33. In the original BA
model®3, new nodes arrive iteratively to the system and connect
to existing nodes with a probability proportional to their degree
(preferential attachment). This creates a “rich get richer” phe-
nomenon because large degree nodes receive more new links. The
BA-Homophily> model extends the BA model, such that each
node is now assigned to one of two differently sized groups. A
node can either belong to the minority group, or the majority
group. For every new node entering the system, the attachment
probability now depends not only on the node’s degree, but also
on the group labels of the respective nodes. The impact of the
group structure is determined by the minority group size min and
a homophily parameter h. The homophily parameter varies
between 0 and 1 and regulates the probability that nodes that
belong to the same group attach. For example, h = 0.1 describes a
very heterophilic setting where nodes of different groups have a
higher probability of connecting, whereas h=0.9 describes a
system with preferred attachment to the same group, ie,
homophily. The case of h=0.5 describes a lack of group

preference and recovers the original Barabasi-Albert model.
Details of the model are described in the Methods section.

Our contribution is to propose a two-phase network growth
model that mimics two important social processes. First, the
formation of structural inequalities that emerge in social networks
due to certain pre-existing societal biases> (homophily and minority
size in the pre-intervention phase). Second, the effect of different
interventions on changing those initial structural inequalities. We do
so by modelling network interventions via time-dependent para-
meters in the network growth process, as shown in Fig. 1.

Changing the model parameters at a certain intervention time
point results in a two-phase process. The network growth in the
pre-intervention phase happens according to initial minority size
(min,) and initial homophily (h,), BA(hy, min;). Throughout
this phase, N; nodes join the network. Starting with the network
that results from this process, the network growth in the second
phase, post-intervention, is determined by BA(h,, min,). During
this phase N, nodes join, resulting in a final network of
N =N, + N, nodes.

Without restricting ourselves, in this paper we consider two
growth phases with the same length for simplicity, i.e., the same
amount of nodes joins in the pre- and post-intervention phase,
(N7 = N,). Further, we focus on growth of the minority in the
second phase, ie. min, 2 min;. The two-phase growth process
then results in a final network with a total minority size of
Ml = (Ming + min,)/2. A network growth intervention is
thus fully defined by the change of model parameters
BAy,(hy, min,) — BA,(h,, min,).

Details related to the properties of the model can be found in
the Methods section. Note that in a real-world context, both
group size and behavioural interventions can be of exogenous or
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Fig. 1 Modelling interventions with a two-phase network growth model. \We consider attributed networks with two groups, a majority (blue nodes) and a
minority (red nodes). The network growth process, BA,(h, min), is driven by preferential attachment, and a tunable homophily (h) and minority group size
(min). Changing the two parameters at a certain intervention time point results in a two-phase process. The network growth in the pre-intervention phase
happens according to BA,(h;, min;). The network growth in the second phase is determined by BA.(h,, min,), where we assume min,>miny. For two growth
phases with equal length, this results in a final network with a total minority size of min;t = (Min, + miny)/2. A network growth intervention is thus fully
defined by BA.(h;, miny) = BA(hy, miny). We can distinguish two different types of interventions. (i) We interpret the change in minority fraction in the
incoming nodes as group size intervention, materialising in a quota for the newly arriving nodes. (ii) The switch in the homophily parameter, which
determines if nodes like to attach to their kind, is interpreted as a behavioural intervention.
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growth time /

Fig. 2 The effects of behavioural and group size interventions on minority representation in rankings. In a, we provide a schematic description of how we
evaluate the effects of network growth interventions on minority representation in rankings. Considering a network growth intervention

BA,(hy, miny) — BA(h,, miny), we compare the minority fraction within the top 100 ranked nodes in the pre-intervention network (dotted line) with the post-
intervention network (solid line). Here, one intervention parameter, h, or min,, is varied on the x-axis. The dashed black line indicates what would be a
proportional representation according to the total minority fraction of the post-intervention network. In b, we evaluate the impact of a behavioural intervention
hy = h,. We fix the total minority fraction of min; = min, = 0.1 and consider three intervention settings: h; = 0.2 (heterophilic pre-intervention network, orange),
h; = 0.5 (homophily-neutral pre-intervention network, grey) and h; = 0.9 (homophilic pre-intervention network, purple). We then vary h, between heterophilic
(h, = 0.1) and homophilic (h, = 0.9) preferences. We generate 10 post-intervention networks for each pre- and post-intervention parameter configuration and
plot the respective means, whereas the error bars represent the standard deviations. For all settings, the minority fraction in the top nodes increases for
heterophilic post-intervention behaviour (i). This effect decreases as a function of h,. In €, we evaluate the impact of group size interventions by fixing the
mixing preferences h; = h, and thus examining BA,(0.1, 0.1) — BA,(0.1, min,) (heterophilic setting), BA,(0.5, 0.1) — BA,(0.5, min,) (neutral setting) and
BAL(0.9, 0.1) — BA,(0.9, min,) (homophilic setting). We then vary the quota between min, = 0.1 and min, = 0.9. This corresponds to increasing the final
minority size from 10% to 50% (min, = 2*minyy — Miny). The simulations reveal opposite effects: In the homophilic setting (purple), the minority
representation grows with the final minority size and quota. On the contrary, in the case of a fixed heterophilic mixing preference (orange), the final minority
representation decreases with rising minority sizes. As a result, the homophilic setting starts to benefit the minority more than the heterophilic setting for high
quotas (ii). In the neutral case (grey), we see no impact of a quota at all. Overall, we see that the impact of interventions depends on an interaction effect of
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homophily and group size in the post-intervention phase.

endogenous nature. They may happen as a result of institutions
establishing policies to protect and encourage groups, due to
external events, or as a result of a natural change of the
population and preference changes of individuals. In this paper
we do not distinguish why the interventions happen, but simply
examine the resulting outcomes.

Minority representation in rankings. To evaluate the impact of
network growth interventions, we consider rankings based on node
degree. It has been shown that especially in homophilic networks
minorities are less represented in the top-ranked nodes>. As shown
in Fig. 2a, we compute the rankings for the pre- and post-
intervention networks in the growth process. To determine the
visibility of the minority group, we examine the minority fraction
in the top 100 nodes. We provide robustness checks, examining the
top k% of nodes in the networks, in Supplementary Fig. 4. We
compare the minority fraction in the top 100 nodes in the pre-
intervention network BAj(h;, min;) (dotted line) to the post-
intervention network (solid line) generated by BA(h,, min,). The
dashed black line in Fig. 2a indicates what would be a proportional
representation according to the total minority fraction in the final
post-intervention network: if the dotted line is below the dashed
line, the minority is under-represented in the pre-intervention
network. The minority remains under-represented in the post-
intervention network for all intervention parameter values for
which the solid curve is below the dashed line. Proportional
representation of the minority group is achieved as soon as the
solid line crosses the dashed line.

We start by examining the effect of group-size and behavioural
interventions separately in Fig. 2b, c. In the pre-intervention
phase, we generate networks with N; = 2500 nodes. We fix an
initial minority size of min; = 0.1 for all settings and create both a
strongly heterophilic network (h; =0.1) and a strongly homo-
philic network (h; =0.9) to compare the influence of the pre-

intervention network structure on the effect of the intervention.
We then systematically vary the homophily parameter (beha-
vioural intervention, left) or the minority size (group size
intervention, right) and continue the growth process until the
size of the network reaches N=N;+ N2=5000 nodes. We
examine the average over 10 post-intervention networks for each
pre- and post-intervention parameter configuration.

Behavioural intervention. To evaluate the impact of behavioural
change on minority representation, we fix the total minority frac-
tion of min; =min,=0.1 and vary h, between heterophilic
(h, =0.1), neutral (h,=0.5) and homophilic (h,=0.9) pre-
ferences. Results are shown in Fig. 2b. Starting from a heterophilic
pre-intervention network (h; = 0.1; orange), the minority is gen-
erally over-represented in top-ranked nodes. This is enlarged with
heterophilic post-intervention values as highlighted in box (i), and
the effect decreases as a function of h,. Changing to homophilic
post-intervention behaviour decreases the minority’s visibility in
comparison to the pre-intervention baseline. This effect is also
observable in the homophilic pre-intervention setting (h; =0.9;
purple). However, in this case, the minority is under-represented in
the pre-intervention rankings. Changing from homophilic to het-
erophilic behaviour greatly benefits the minority, reversing them
from under- to over-representation (see (i)).

Group size intervention. We also examine the individual impact of
group size changes, while keeping the mixing preferences h; = h,
of the two phases fixed, in Fig. 2c. To this end, we raise the quota,
ie, the minority fraction in arriving nodes in the post-
intervention phase, from min, =0.1 to min, =0.9. Starting
from a pre-intervention setting with min; = 0.1 and equal time
windows, this corresponds to an increase in the final minority size
from 10% to 50% (min, = 2*min,,, — min,). The simulations
reveal contrary effects depending on the underlying attachment
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behaviour of the nodes: In the homophilic setting, the minority
representation grows with the final minority size and quota. In
contrast, in the case of a fixed heterophilic mixing preference, the
final minority representation actually decreases when raising the
minority size. As a result, the minority benefits more from
homophilic behaviour for high quotas (ii).

Our results emphasise that the minority does not benefit from
all interventions, and there appears to be an interaction effect of
homophily and group size in the post-intervention phase.
Moreover, the baseline of change is dependent on the pre-
intervention homophily in the system, which is significantly lower
for homophilic settings, meaning that the representation of a
minority in the rankings of an initially homophilic setting is
harder to change. To better evaluate this interdependence of the
group size and behavioural interventions, we examine their joint
effect in the following.

Combined intervention. To investigate the possible interaction of
group-size and behavioural interventions, we vary both the post-
intervention behaviour h, and the quota min, in Fig. 3. When
evaluating which behavioural intervention advances the minority
most in ranking visibility, we observe a qualitative shift with
increasing quota in Fig. 3a. For min, < 0.5, heterophilic behaviour
is more beneficial (i), whereas for min,>0.5 homophilic

behaviour (ii) should be adopted to further the minority’s visi-
bility. This shift can be observed for all three (heterophilic,
neutral and homophilic) pre-intervention settings. In the case of
min, = 0.5, both an increase in heterophilic and homophilic post-
intervention behaviour serve the minority equally, and both are
better than random attachment (h, = 0.5). In this case, random
behaviour without an attachment preference becomes the worst
type of behaviour to advance the minority’s visibility. The results
emphasise that interventions cannot be assessed in isolation.
Behavioural and group-size interventions must be coordinated to
improve the visibility of a minority.

In Fig. 3b, we examine the difference of the minority fraction in
the pre- and post-intervention rankings, as an indication for how
much the intervention increases or decreases the minority
visibility, compared to the pre-intervention status. Red shaded
colours indicate that the minority has decreased their visibility,
and blue shades indicate an improvement. We can see that for
both heterophilic (h; =0.1) and homophilic (h; =0.9) pre-
intervention networks, to achieve an improvement for the
minority visibility there needs to be a shift from heterophilic (i)
to homophilic attachment (ii) for growing quotas, in agreement
with Fig. 3a. Additionally, for homophilic initial settings the
improvement of the minority visibility is stronger, whereas for
heterophilic initial settings the minority loses their initial (over-)

a) ------ hi =01 Py =05 oo hi=09 =—--- proportional representation  —— —F— post-intervention
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Fig. 3 Interaction effect of behavioural and group size interventions. In a, we examine network growth interventions with an initial minority size of
miny; = 0.1 and heterophilic, neutral and homophilic pre-intervention behaviour (horizontal dotted lines). We vary both the post-intervention behaviour h,
and the quota min, to examine the interaction of the two dimensions of interventions. Again we generate 10 post-intervention networks for each pre- and
post-intervention parameter configuration and plot the respective means, whereas the error bars represent the standard deviations. When evaluating
which behavioural intervention advances the minority most in terms of ranking visibility, we observe a qualitative shift with increasing quota. For min, < 0.5,
heterophilic behaviour is more effective (i), for min, > 0.5 homophilic behaviour should be adopted by the minority (ii). This shift occurs in all pre-
intervention settings. In the case of min, = 0.5, both heterophilic and homophilic attachment serve the minority equally, but both are better than random
attachment (h, = 0.5). In b, we plot the difference of the minority fraction in top ranks in the pre and post-intervention. Red shaded colours indicate that
the minority has decreased their representation compared to the pre-intervention network, blue shades indicate an improvement in visibility. For both
heterophilic (h; = 0.1) and homophilic (h; = 0.9) pre-intervention networks, when evaluating which intervention advances the visibility of the minority
most, there is a shift from heterophilic (i) to homophilic attachment (ii) for growing quotas, equivalently to a. Additionally, one can see that for homophilic
initial settings the improvement of the minority visibility is stronger, whereas for heterophilic initial settings the minority loses their initial (over-)
representation for wider parameter ranges. These results show that behavioural and group size changes must be coordinated to achieve a beneficial effect
on the visibility of the minority.
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Fig. 4 Degree distribution and degree growth of BA,(0.8, 0.2) — BA,(0.2, min;). We examine the degree distributions of the minority (red) and the
majority (blue) in the pre- and post-intervention network of an intervention, given by BA,(0.8, 0.2) — BA;(0.2, min,) for min, = 0.2 and min, = 0.8. In a, we
plot the degree distributions of the pre-intervention networks and find that due their homophilic nature the majority nodes dominate the high-degree nodes
(D). In b, we show the degree distribution at the end of the post-intervention phase. To examine the effects more closely, we split up the nodes in two
groups, those that (c¢) arrived after the intervention and (d) prior to the intervention. In ¢, we see that the newly arriving nodes show a degree distribution in
which the minority nodes dominate the high-degree nodes if no quota is applied (min; = min, = 0.2). However, in the case when an 80% quota is applied
(min, = 0.8), the roles of the two groups are interchanged (ii) and the majority, now in the minority in the newly arriving nodes, dominates the high-degree
nodes. In b and d, we see that the intervention only has a weak effect on the degree distribution of the old nodes. This is because the preferential
attachment mechanism in the initial phase leads to ranking stability of the high-degree nodes?®. We can only find a small increase of higher degree
probability for the minority group (iii) in the case of no quota. To analyse the size of the effect on the old nodes in more detail, we look at the degree growth
of the two groups (insets): The minority shows a small increase in growth for the post-intervention phase (v). In contrast, in the case of an 80% quota, the
minority now holds the majority and the heterophilic attachment is not beneficial anymore (iv). We can also see this in the degree growth plot (vi). In
conclusion, our model investigations show that new nodes that arrive after the intervention develop their degree clearly according to the new growth
parameters, whereas the old nodes are affected less due to their degrees' dependency on the first growth phase. Certain parameter combinations can
result in no effect.

representation for wider parameter ranges. This indicates that the In Fig. 4c, we can see that the newly arriving nodes show a
strength of the intervention impact is highly dependent on the degree distribution in which the minority nodes dominate the
homophily in the pre-intervention network. high-degree nodes if no quota is applied (min; = min, =0.2).

This agrees with the classical Barabési-Albert-homophily model?
Impact of network interventions on the degree dynamics of for heterophilic attachment, which is the post-intervention
minority and majority group. We hypothesise that the observed ~ behaviour in this case. However, in the case when an 80% quota
shift in Fig. 3 occurs due to a role change in the post-intervention  is applied, the majority group forms the numerical minority of
phase: If min, > 0.5, the minority becomes the majority in the set ~ the newly arriving nodes in the post-intervention phase. There-
of newly arriving nodes in the post-intervention phase. To fore, the roles of the two groups are interchanged (ii) and the
improve the minority’s visibility as a group, homophilic beha- ~majority, now in the minority in the newly arriving nodes,
viour that originally benefited the (former) majority should be ~dominates the high-degree nodes. This explains the interaction
adopted. We now evaluate further if this role change is indeed the ~effect of homophily and quota parameters in Fig. 3, as the
reason for the observed shift. minority should adopt majority-favouring behaviour (i.e. homo-

We analyse the degree distributions of the pre- and post- philic attachment) as soon as they are the majority of the newly
intervention networks in Fig. 4. As an illustration, we consider the arriving nodes, ie. for min, > 0.5.
example of a behavioural intervention, switching from homophilic to This role change only shows such a strong impact for the degree
heterophilic behaviour BA,(0.8,0.2) — BA,(0.2, min,). A complete ~distributions of the newly arriving nodes. In contrast, in Fig. 4b, d
collection of all cases can be found in Supplementary Figs. 1-3. We ~ We can see that the intervention only has a weak effect on the
examine this behavioural intervention combined with no group size ~ degree distribution of the old nodes and thus also the final network.
intervention (fixing min, = min, = 0.2, top row) and combined with ~ This is because the preferential attachment mechanism in BA(h,,
a quota of min, = 0.8 (bottom row). This quota results in a network ~ min;) leads to ranking stability of the high-degree nodes?” and their
with parity, meaning a final minority size of 50%. position can thus not easily be changed by BA(h,, min,).

In Fig. 4a, we see the degree distributions of the pre- More specifically, we can only find a small increase of higher
intervention networks, which are the same for settings with and ~ degree probability for the minority group (iii) in the case of no
without group intervention as we start the interventions from the —quota, which does not lead to overtaking the dominating position
same pre-intervention network. Due to its homophilic nature, the ~of the majority. To analyse the size of the effect on the old nodes
majority nodes dominate the high-degree nodes (i), in agreement ~ in more detail, we look at the degree growth of the two groups:
with the classical Barabasi-Albert-homophily model. The minority shows a small increase in growth for the post-

In Fig. 4b, we show the degree distribution of the final network intervention phase (v). However, the fact that there is a small
after the post-intervention phase. To examine the effects more increase in high-degree minority nodes in the degree distributions
closely, we can split the nodes up in the group that arrived after is sufficient to affect the minority representation in the degree-
the intervention (Fig. 4c, new nodes) and before to the based rankings for certain intervention combinations as we have
intervention (Fig. 4d, old nodes). observed in the shift in the ranking results in Fig. 3. In contrast, in
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Fig. 5 Distance of post-intervention ranking visibility to proportional representation. \We examine the difference between the minority fraction in the
post-intervention rankings and a proportional representation. A proportional representation would exist if the minority fraction in the top 100 nodes
corresponds to the total size of the group in the network. Red-shaded colours indicate that the minority is under-represented concerning their total size, the
blue-shaded colours indicate over-representation in the top 100 ranked nodes. We can see that for a homophilic pre-intervention setting (h; = 0.9), this
distance to proportional representation is more pronounced for a wide range of intervention parameter combinations of post-intervention group size min,
and attachment behaviour h; (ii) than for an initial heterophilic setting (h; = 0.1), where proportional representation can only not be achieved for very high
quotas resulting in high total minority sizes (i). This underlines the fact that the pre-intervention network highly determines the potential benefit of
forward-looking network growth interventions. If the initial setting is determining a strong underrepresentation of the minority, this can hardly be changed
by adapting the network growth. Moreover, we observe that the distance to proportional representation increases with increasing quota as the quota raises
the final minority size, so also the minority fraction in the proportional representation. However, despite bringing more minority nodes into the system,
these new nodes do not appear in the top degree-ranked nodes due to the structural inequality that results from the pre-intervention network. This
underlines that in the case of very homophilic pre-intervention networks, interventions that change the future growth of a network are not enough to

achieve proportional representation in rankings.

the case of an 80% quota, the minority now holds the majority of
the newly arriving nodes. Therefore, heterophilic attachment is
not beneficial for the minority anymore to receive a lot of new
links and the intervention has no effect at all (iv). We can also see
this in the degree growth plot (vi). More detailed investigations
and analytical results for the degree growth can be found in the
Methods section. Our detailed model investigations show that
new nodes that arrive after the intervention develop their degree
clearly according to the new growth parameters, whereas the old
nodes are affected less due to their degrees’ dependency on the
first growth phase. Certain parameter combinations can result in
no effect. This emphasises the need for careful consideration of
the right combinations of behavioural and group size interven-
tions to impact the minority in the network.

Distance from proportional representation. As a separate
analysis, we examine the difference of the minority fraction in
the post-intervention rankings to a proportional representation
in Fig. 5. A proportional representation would exist if the
minority fraction in the top 100 nodes corresponds to the total
relative size of the group in the network. This fraction is here
given by the final minority fraction ming,. = (min, + min,)/2.
Red-shaded colours indicate that the minority is under-
represented concerning their total relative size, and blue-
shaded colours indicate over-representation in the top 100
ranked nodes. We can see that the possibility of reaching a
proportional representation is highly dependent on the pre-
intervention homophily: In the case of a homophilic pre-
intervention network, the distance to proportional representa-
tion is much higher for a wider range of intervention para-
meters [see (ii)] than for heterophilic pre-intervention graphs
[see (i)]. This highlights again that there is a huge dependency
of the high-degree nodes on the pre-intervention growth pro-
cess. This is a property of scale-free networks arising from
preferential attachment, which exhibit a very stable ranking
order due to stable degree sequences for high-degree nodes?®. It
emphasises that the pre-intervention network highly determines
the potential benefit of forward-looking network growth

interventions. If the initial setting results in a strong structural
disadvantage of the minority (homophilic pre-intervention
setting), this can hardly be changed by small adaptations in
the network growth. These observations suggest, that propor-
tional representations might not be possible to achieve only by
interventions which change the future growth process of the
network, as the interventions are heavily influenced by the
structural inequality already encoded in the pre-intervention
network. Therefore it might be necessary to alter the structure
of the initial network in addition to influencing its future
growth. Moreover, we observe that the distance to proportional
representation increases with increasing quota. The quota
brings more minority nodes into the system but due to the
structural inequality encoded in the pre-intervention network,
these new nodes do not appear in the top degree-ranked nodes
on short time scales.

Network interventions in real collaboration networks. Explor-
ing the impact of network growth interventions in real-world
systems can inform how to improve the visibility of a minority
therein. Here, we consider the example of scientific collaborations
in works published by the American Physical Society (APS), a
setting in which women scientists are historically under-
represented®*. We construct a temporally growing co-
authorship network of one generation by linking authors that
collaborated on a paper published in one of the APS journals
between 1940 and 1970. We consider the attribute gender,
whereas women form the numerical minority. We acknowledge
that the notion of gender is fluid and non-binary, and here we
only consider gender as a binary attribute in terms of social
perception of names34. A full description of the data set and the
used methodologies can be found in the Supplementary Note 1.

In Fig. 6a, we plot the total number of nodes and the total
minority size of the collaboration network in a period of 30 years,
including the degree distributions of minority and majority nodes
every 10 years. We see that there is no strong increase in the
minority size in the real network, and we can simulate possible
interventions with our model.
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Fig. 6 Impact of network growth interventions on the collaboration network. \We examine the potential impact of interventions on the representation of
women (a minority group in physics) in the top 100 degree nodes in a scientific collaboration network based on publications of the American Physical
Society (APS). We aim to evaluate, which combination of interventions would have been effective for this example of a real-world setting. In a, we plot the
total number of nodes and the total minority size of the collaboration network in a period of 30 years, including the degree distributions of minority and
majority nodes every 10 years. We see no significant increase in the minority size in the real network. In b and ¢, we simulate a range of interventions using
the original networks as the starting points of post-intervention growth, which is performed until the synthetic network reaches the size of the real network
after 10 years. We then compare the final ranking of minorities based on the intervention with the one of the real network at that point in time. In b, we fix
the final minority size as in the real networks and only consider behavioural interventions. In ¢, we apply a minority quota such that the final minority size is
raised to 50% each 10 years. In the case without a minority quota in B, we observe that women scientists quickly achieve a better representation for a
heterophilic behavioural intervention (h, = 0.2). In contrast, in ¢ we observe a significant positive effect of behavioural intervention. With a group size
quota, homophilic behaviour improves the visibility of the minorities most (h, = 0.8). This agrees with the results on synthetic networks. However, we see
that for the first network in 1940, all types of behaviour lead to an improvement simply by installing a quota (i). This is because the 1940 network has not
established the scale-free property sufficiently yet, which one can observe in the degree distribution of the 1940 network in a. The high degree nodes are
not as stable yet and the newly arriving group of minority nodes thus still have a chance of becoming part of that group from early on. This indicates that
the point of time of installing a quota has a significant impact on its potential benefit, especially if the preferential attachment mechanism has not
established yet. This effect is irrelevant for pure behaviour interventions, as displayed in b. Our results show that only specific combinations of behavioural

and group size interventions can increase the minority’s visibility in real-world networks and specifically for quotas, early timing is essential.

More specifically, group size interventions (i.e. more women
joining the academic job market) and behavioural interventions
(i.e. more or less diverse collaborations) can occur in the future.
For example, policymakers might resort to affirmative action and
enforce a quota in the hiring processes of universities or the
minority group themselves might grow naturally due to a rising
number of female university graduates in Physics. Also, policy-
makers or administrators could further support behavioural
change by tuning the mixing of scientific groups, e.g., when
composing teams or at scientific events, such as conferences or
schools. Our model allows us to study the representational impact
of both behavioural and group-size interventions and their
interplay in a systematic way.

To this end, we simulate a range of hypothetical interventions
using the original networks as the starting points of a post-
intervention growth process BAj(h,, min,), which is performed

until the synthetic network reaches the size of the real network
after 10 years. We then compare the final minority representation
in the network where we applied an intervention with the one of
the real network at that time point.

In Fig. 6b, we first consider pure behavioural interventions by
fixing the final relative minority size to the one in the real network.
In alignment with the results of the synthetic simulations in Fig. 3,
we find that the minority can improve their representation only if
the behavioural intervention is heterophilic. In this case, the
minority receives more links due to their group size, as all of nodes
of the larger majority group have a preference of attaching to the
minority nodes. In other words, the groups must collaborate, in a
heterophilic way (h, = 0.2) with each other to improve women’s
visibility in the top-ranked nodes. In the case of homophilic
(h, =0.8) or random behavioural interventions (h, = 0.5), their
ranking representation is decreased.
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However, when enforcing a final total minority size of 50%
after each 10 years, i.e. equal representation in the system, Fig. 6¢
shows the expected switch of beneficial behavioural intervention
that we already observed in Fig. 3: as soon as women are in the
majority of newly arriving nodes, homophilic behavioural
interventions become more beneficial (h, = 0.8). In contrast to
the case of no quota in Fig. 6b, women now benefit from inter-
gender collaboration as they function as the majority among the
newly arriving scientists.

Additionally, we observe an timing effect of the quota in Fig. 6:
in the early stages of the pre-intervention growth process, a quota
is highly beneficial in all cases of behavioural interventions (i).
This is because the 1940 network is not sufficiently scale-free yet,
which means that the preferential attachment mechanism has not
yet established super-stable high-degree nodes. Therefore,
increasing the minority size early on can still very efficiently
impact the ranking representation of the minority, as the newly
arriving minority nodes can still compete with the high-degree
majority nodes that arrived in the pre-intervention phase. This
underlines the importance of establishing group-size interven-
tions as early as possible in the growth process of the network.

Discussion

Our findings demonstrate that the outcome of group-size and beha-
vioural interventions cannot be evaluated separately, but are inter-
dependent. More specifically, our results show that it is not enough to
increase the size of a minority group to increase the minority’s visi-
bility, but there has to be an additional consideration of behavioural
aspects which influence the network structure. Without a behavioural
adaptation, it can become virtually impossible to reach proportional
representations in rankings, despite extreme quotas. This underlines
the necessity of behavioural interventions such as increasing net-
working in minority groups if they are large enough to accumulate a
cumulative advantage in a growing social network. On the other hand,
if quotas are not sufficiently large, heterophilic mixing should be
encouraged, because the minority will not increase their visibility
without connecting to the majority group. Our analytical derivations
enable us to explicitly find the intervention combinations which have
sufficient impact on the growth of the high-degree nodes, and thus on
the minority representation in the rankings. Additionally, there is a
high dependency of the interventions on the initial conditions of the
network: If the initial configuration is strongly homophilic, even a very
strong group size intervention cannot improve the minorities’ repre-
sentation to a level which is proportional to their total size due to the
ranking stability of the high degree nodes?®. Minorities are then locked
into their initial network position due to historical and cumulative
structural inequality.

It is important to emphasise that we use the notion of minority
to refer to a group of people who share a similar attribute (e.g.,
gender, race, ethnicity) and whose numeric size is smaller than
other groups. This imbalance in population size often, but not
always, results in inequalities and marginalisation. Margin-
alisation is defined as “to relegate to an unimportant or powerless
position within a society or group". The terms marginalised and
minority groups are often used as equivalents, but as we have
shown earlier, a majority group can be marginalised (heterophilic
setting) or advantaged (homophilic setting) in terms of their
network position. Therefore, marginalisation of a group does not
necessarily correlate with the group size. In our setting, margin-
alisation measured by ranking position is the implication of a
joint effect of homophily and group size. We are aware that this is
only one aspect of measuring marginalisation and future work
could address other ways to examine inequality in terms of other
network measures, impact on algorithmic decision making, and
policy decisions to only name a few.

Moreover, here we are discussing groups concerning certain
binary labels such as gender or race. However, this does not imply
that the attributes we are considering are themselves binary. As
an illustration, consider minority and majority groups concerning
gender. We acknowledge that the notion of gender is fluid and
non-binary, but in many social contexts such as STEM academia,
the group of people identifying with non-binary, trans and female
gender is smaller than the group of cis men and would therefore
form a minority group in our model. In future work, one can
extend the binary attribute setting to continuous and categorical
variables and also look at higher-dimensional attributes to con-
sider the effect of interventions concerning different attribute
combinations. In addition, it should be noted that it is important
to carefully define the exact concepts that we are capturing with
the respective node attributes. In the case of the APS dataset we
infer the authors’ gender from names using an algorithm that
combines inference by name with facial detection based on
Google image search results3?, following Kong et al.34. Here, the
notion of “gender” refers neither to the sex of the authors nor to
the gender that the author self-identifies as. By the word
“woman”, we mean an author whose name has a high probability
of being assigned to a female at birth or being identified as a
woman due to facial characteristics. Given this limitation, we can
safely argue that these methodologies are following social con-
structs and what people perceive as gender in society and we thus
only consider gender as a binary attribute in terms of social
perception of names.34.

Additionally, it is important to note that in our work we
sometimes simulate extreme parameter ranges (i.e. minorities
connect only with minorities which may be unrealistic in a practical
setting). We do not suggest these extremes as the policy interven-
tion to take. However, they can show that even unrealistically
extreme scenarios, e.g., very high quotas would not be enough to
fulfil improvements to the intended outcome if they do not align
with behaviour. The main point of these simulations is thus to
show the qualitative interaction effect of behavioural and group size
interventions. This should encourage policymakers to think more
than one-dimensional when considering measures that combat
structural inequality. It is not meant to derive exact parameter
choices for policies, which would not be practical in an application
in any case as even very specific policies are often influenced by the
adaptation of the individuals (when trying to enhance certain
behaviour) or institutions (in the case of quotas). Moreover, we
measure the impact of interventions on the visibility of the min-
ority here, but inequality has more facets than just that. For
example, support networks despite of not having a big effect on
institutional inequality, could provide significant support in the
individual career development and community building of their
members!®. These aspects of behavioural interventions are very
necessary to consider and it is important to emphasise that our
work provides a rigorous analysis of why these interventions can
sometimes not improve other aspects of inequality and how they
thus should be extended, not replaced, by other measures. The
proposed two-phase network model, despite being able to capture
realistic ranking of groups, do not capture all types of micro-level
social mechanisms such as triadic closure or higher-order inter-
actions. However, we believe that distilling the concept of homo-
phily in such a simple model enables us to understand the isolated
mechanism of homophily and group size on representation more
clearly and are still representative of typical social networks.

Overall, our analysis enables us to evaluate the effectiveness of
possible interventions that aim to change structural inequalities in
social networks. We find that even extreme group size interven-
tions do not have a strong effect on the position of minorities in
rankings if certain behavioural interventions do not manifest at
the same time. For example, minority representation in rankings

COMMUNICATIONS PHYSICS| (2023)6:108 | https://doi.org/10.1038/s42005-023-01218-9 | www.nature.com/commsphys 9


www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01218-9

is not increased by quotas if the network does not additionally
adopt an appropriate behaviour. Moreover, the effectiveness of
the interventions is highly dependent on the initial conditions in
social networks. This emphasises that network-based inequalities
are hard to combat only by enforcing quota-based methods
without structural considerations. Our work lays a theoretical
foundation for a generation of studies aiming to explore the
effectiveness of network interventions computationally and have
applications in informing policies in society and algorithms.

Methods
Network model with time dependant minority size and homophily. We build
our model based on the BA-Homophily? attributed network model which is an
extension of the preferential attachment model (Barabési-Albert®®) including a tunable
homophily parameter that regulates the mixing probability between two groups a and b.
We consider two groups that differ in their size, a minority and a majority group, and
define the fraction of the minority as f, = min. We thus have that the relative majority
group size is given by f, = 1 — min. We define a homophily parameter & which
modulates the probability that two nodes of the same group attach to each other and
not to the respective other group. In general, the homophily values might be different
for the majority and minority groups, but we are considering symmetric homophily
here for sake of simplicity (h,, = hy, = h). The inter-group mixing probabilities is the
complementary probability: h,, = hy, = 1 — h. With these two parameters, the growth
process is defined by BAy,(h, min) where the probability of an arrival node j to connect
to an existing node i, IT;, is given by:

ks

I, =
ik,

where k; is the degree of node i and h;; is the homophily between nodes i and ;.

We extend this model by considering time-dependent group sizes min(t) and
homophily parameters h(%). In a growth period [0, N], in which a total number of N
nodes join the network uniformly, one in each time step, the network growth is
then given by BA,(min(t), h(t)). The parameters can change either continuously or
discretely. In this work, we consider one change at a discrete time event, the
intervention time point T. We thus have for t € [0, N]

t<T
t>T

BA(miny, hy)

BA,,(min(t), h(t)) = {BA (min,, h,)
h 2512

This creates a two-phase process with a pre- and post-intervention phase. The
time point T clearly determines that N; = T nodes join the network in the pre-
intervention phase, given by BA,(miny, h;). Starting with the network at the time of
intervention resulting from this process, the other N, = N — T nodes in the second
phase attach according to BAy(min,, h,). A network growth intervention is thus fully
defined by BAy(hy, min;) — BAy(hy, min,). In this work, we consider the two phases
to have the same length for simplicity. We therefore have that T= N, = N, = N/2.In
the new, two-phase model the probability of an arrival node j to connect to an existing
node i now depends additionally on the time point of arrival of the nodes.

(hy)jiki
L — S t<T
(1) = (), s T
Zy(hy)ky -

However, note that the node degrees k; of a node i which already arrived in the
pre-intervention phase have first developed according to the first-phase growth law.
As the attachment probability for ¢ > T is dependent on k;, we thus have a
dependency of the second on the first phase. This will show in the degree growth of
the two phases, which we will analyse in the next section.

Degree dynamics of the groups in the two-phase model. The degree growth of
the two-phase network model can be distinguished into the degree-growth in the pre-
and in the post-intervention. The degree growth of the minority (or majority) in the
first phase is given by the growth process described in the original model® and is a

function of group size min;, homophily /;, and preferential attachment. However, the
post-intervention phase results in a degree-growth which additionally depends on the
pre-intervention phase, as the high-degree nodes developed in that phase impact the
second phase growth due to the preferential attachment mechanism.

Pre-intervention phase degree growth. As the growth in the pre-intervention phase
is determined purely by BA,(miny, h,), we can follow the analytical derivations in3
to obtain an analytical solution for the degree growth. Let K,(t) and K,(t) be the
sum of the degrees of nodes for t < T from group a and b respectively. Since the
overall growth of the network follows a preferential attachment process, we have:

K, (O + K,(t) = K(t) = 2mt

where m is the number of new links added to the network at each time step t. We
have already defined the relative fraction of group size for each group in the first

phase as f} = min, and f; = 1 — min,. The evolution of K, and Kj, is given by:

K, . K, (1) . (A=h)K,(0)
a = m(mml (1 + hlka(t)i(l—hljkhm) +(1- ml”])hIKb(t)Jr(ll—hl)K”(t))

K, _ . K1) . (=h)K, ()
= m((l mml)(l +7h,Kz,(t)J:(1b—h,)Ku(1)> + ’"’"1‘h,Ku<r)+<11—h.>K,,<r))

Now, we want to examine the degree of a single node, defined by k, and k,, for the
two groups, respectively. Let us define Y.(£) and Y}(¢) as the average degree of a
node a and b at time ¢ in the pre-intervention phase, so for t< T:

Y1) = K, (8) + (1 — h)K,(t) = mt(h,C+ (1 — hy)(2 — C))

and
Yi(t) = (1 — hy)K,(t) + Ky (1) = mt((1 — hy))C + hy (2 — O))

where C denotes the average degree growth rate of group a in the first phase, ie.,

dg“ = Cm, and is calculated as follows:

C . (1+ h,C (1—h)C
= min — .

"CTRC+A-h)2-0) h2—-0+1—h)C
The equation for C can be numerically solved and has three real solutions, but only
one in the interval [0, 2] and thus valid in this case, because the average growth rate
cannot be negative or bigger than 2 in each time step.

For the minority group a, we have for t < T:

dk, ( . hik (1- hl)ku>
—4 =m| min, —_—

1 .
it Yllaa+(1 — min,) i

> + (1 — min))

_&( min, h, (1 = miny)(1 — hy) )
Tt \hWC+A-h)R2-0C (1-h)C+h2-0)
,k_aﬁl

B} denotes the growth exponent of the pre-intervention phase for group a. We can
thus write:

k() o tPi for t<T.

Similarly, for group b we derive the growth exponent B} as:

% =m ((1 - minl)% + min, a=hk, 7Y}:l)kb>
k; (1 — min)h, min(l — hy)
T ((1 —h)C+h(2-C) hC+(QQ—-h)2- C))
kg
=B
and thus:
ky(t) o P

As the growth exponents for the two groups 8, and f;, depend on the pre-
intervention parameters (B} := p,(min,, h,) and B} := B, (min,, h,)), let us
generally refer to these degree growth as k.(t) := k,(t)(min,, h,) and

ky (1) := ky(£)(min hy).

We are now able to investigate the degree growth of each group in the pre-
intervention phase as a function of homophily and group size at time ¢ which is
expressed in k}(¢) o« 5 and k}(t) o< thi.

Note that there is an inverse relation between the exponent of the degree growth
and the exponent of the degree distribution (p(k) «x k?), as follows> :

(1)

Thus, by estimating the degree growth rate, we can derive the exponent of the
degree distribution of the groups and vice versa.

Post-intervention phase degree growth. In the post-intervention phase, we have to
distinguish between two groups of nodes, as shown in Fig. 4: the group of “old"
nodes, which arrived at time point ¢t < T, before the intervention, and the group of
“new" node which arrive in the post-intervention phase at ¢t > T. The degree growth
of the group of new nodes is purely determined by the new, post-intervention
growth model BA(min,, h,). The degree growth of these nodes is then given by
ka(miny, hy) and ky(min,, hy) equivalently to the derivations for the pre-
intervention phase, only with the changed homophily value /1, and minority group
size min,. In Fig. 4, we can see that the new nodes show a degree distribution
purely determined by the new growth BA(min,, h,).

In contrast, the degree-growth of the old nodes switches: in the first phase the
growth is given by k,(miny, h;) and ky(miny, h;). Afterwards, in the post-
intervention phase it is determined by a mixture model combining BA,(min,, h;)
and BA,(min,, h,). This is because the attachment of a node j arriving in the post-
intervention phase (> T) to an existing node i is dependent on the node degree k;
of node i and the total degree of all other nodes in the system, which in the case of
old nodes have been determined by the first growth phase.

10 COMMUNICATIONS PHYSICS | (2023)6:108 | https://doi.org/10.1038/s42005-023-01218-9 | www.nature.com/commsphys


www.nature.com/commsphys

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/542005-023-01218-9 ARTICLE

—— minority (analytics) —==- majority (analytics) @® minority (simulation) @® majority (simulation)
h2=0.2 h2=0.5 h2=0.8
30 i ] i ; i ~
a b C

) : ) : ) :

N i i i
o ] i
g S S
N X X X
R ] 4

S 1 1

1 1

1 1

L T T T 1 T T T L T T T 1 T T T
t t
30 1 H pe . 1 1
-

d) ! e e) ! f) !

© 1 1 1

o 20 - ! ] 1 | !
g S S
o~ X X X
§ 10 - - -

1 1 1

1 1 1

01 L : L 1 L

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
t t t

Fig. 7 Degree growth of BA,(0.8, 0.2) — BA.(h,, miny). We examine the degree growth of an average minority and majority node from the set of very
early arriving nodes from the homophilic pre-intervention phase. We compare our analytical results with the degree growth in simulations, in which we
take the mean over 20 networks for each pre- and post-intervention parameter configuration, which generally show a good agreement. Our results show
that the interventions generally only show a small effect on the degree growth of the old nodes in the second phase. However, this effect is impactful for
the rankings as we have seen in Fig. 3. Moreover, we find that the interaction effect of behavioural and group size intervention parameters creates
symmetries in the degree growth: in panel a, we see that in the case of a behavioural intervention from homophilic to heterophilic behaviour but with no
group size intervention (BA;(0.8,0.2) — BA,(0.2, 0.2)), the degree growth of minority nodes in the post-intervention phase is increased. This effect does
not occur for a neutral post-intervention behaviour in panel b or for no behavioural change in panel c. Interestingly, applying both behavioural and group
size interventions at the same time, as done in panel d, can lead to the effects on the degree growth of the high-degree nodes as not intervening at all, as in
panel ¢. We observe similar symmetries for panels e and b and for panels f and a. These results emphasise the importance of considering the interaction
effects of different interventions, as certain combinations can result in similar or no impact on the immediate degree growth of the nodes with a high
degree. Moreover, our analytical derivations enable us to explicitly find the intervention combinations which have sufficient impact on the growth of the
high-degree nodes, and thus on the minority representation in the rankings.

As the early arriving nodes from the first phase will likely be the high-degree nodes  Similarly, for group b we now have
that also dominate the top ranks in the degree rankings, it is important to examine the

impact of the intervention on their degree growth in more detail. Let us start with the dk, _yk, (1= hyk, .
group of old minority nodes, group a. If a new node attaches to the system after the T ((1 —a) <(1 — miny) vy + min, T) + Otﬁb>
intervention time point T, it attaches to an old node according to k. () with b “

probability & and to a new node according to probability 1 — a. Following this logic, = ky ((1 — ) ((1 — miny)h, + min,(1 — hz)) + oc/)’llj)

we can approximate the degree growth of the old nodes as a linear combination of ¢

first and second phase degree growth, weighted by « and 1 — «. Additionally, as the _ Ky pod

early arriving nodes from the first phase all have high degrees in the second phase due tt

to their early arrival, they will approximately all receive an equal amount of new edges

from nodes from the second growth phase, only due to the preferential attachment  and thus the old group of majority nodes switches their degree growth according to
mechanism. Therefore, we can approximate the average degree growth of this

subgroup of old nodes for the minority and majority group respectively as d“;t“ =m, k.(f) A fort> T

so we have that K,(t) = Kj(f) = mt. Thus we obtain “ o

Now let us determine an approximation for the weighting parameter a: If a node joins
2 2 right at the beginning of the post-intervention phase, so at time point T, it has a

Yalt) = Ko@) + (1= )y (1) = mt = Yy (1) p;gobability P :gll.O togattach t(})) a pre—interventioi phase node. If itpattaches at the end
of the post-intervention growth phase, it has a probability of p = (N — T)/N, (p = 0.5
in our case, as the two growth phases have the same length). Therefore, on average a
node of the second phase connects to a pre-intervention node with probability
p=1(1.0+0.5)/2=10.75 and to a post-intervention node with probability
1 — p=0.25. Therefore we have that & = 0.75 in our simulations.

(1- hz)ka) ta ﬁl> By closer examination of the post-intervention growth parameters ﬁzld and ﬁzld
2 a

We now can write the degree growth of the old nodes in the post-intervention phase
approximately as

dk h,k
Ty ((1 —a) (min2 % + (1 — min,)

dt Y2 we see that the degree growth of the old nodes in the post-intervention phase is
k simply given by the fraction of new edges that the two groups receive respectively.
=-2((1 — a)(minyh, + (1 — miny)(1 — h,)) + aﬁi) Accordingly, it becomes irrelevant to consider the effect of preferential attachment
in the second phase, as the old nodes from both minority and majority groups have
:k_u g such a high degree that this effect is negligible in comparison. This results in
tre notable symmetries in the degree growth process: If we compare two network

growth interventions BA,(min,, h;) — BA,(min}, h;) and

and thus the old group of minority nodes switches their degree growth according to BA,(miny, h;) — BA,(min3, h3), the post-intervention degree growth of the old
nodes is the same if it holds that both

k(B o 5 fort>T. minbhl + (1 = mind)(1 — hl) = min2h% + (1 — min2)(1 — H2)
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and
(1 — mind)hy + mini(1 — h) = (1 — min2)h% + min2(1 — h2).

We observe these symmetries in Fig. 7 (for a homophilic pre-intervention
setting) and the SI (for the other cases). We compare our analytical derivations
with the degree growth in simulations, taking the average over 20 networks for each
pre- and post-intervention parameter configuration, and we generally have a good
agreement of the analytical and numerical results. In Fig. 7a, we see that in the case
of a behavioural intervention from homophilic to heterophilic behaviour but with
no group size intervention (BA;(0.8,0.2) — BA;(0.2,0.2), the degree growth of
minority nodes in the post-intervention phase is increased. Even if the effects are
small, they are sufficient to affect the minority representation in the degree-based
rankings for these specific intervention combinations, as we have observed in
Fig. 3. This increase does not occur for a neutral post-intervention behaviour in
Fig. 7b or for no behavioural change in Fig. 7c. Interestingly, applying both
behavioural and group size interventions at the same time, as done in Fig. 7d, can
lead to the effects on the degree growth of the high-degree nodes as not intervening
at all, as in Fig. 7c. We observe similar symmetries for Fig. 7e and b and for Fig. 7f
and a. We observe the same symmetry pattern for all pre-intervention settings in
Supplementary Figs. 5-7. These results emphasise the importance of considering
the interaction effects of different interventions, as certain combinations can result
in similar or no impact on the immediate degree growth of the nodes with a high
degree. They give an explanation for the observation that only certain
combinations of behavioural and group size interventions show a positive effect on
the representation of minorities in the top ranks of a network in Fig. 3. Our
analytical derivations enable us to explicitly find the intervention combinations
which have sufficient impact on the growth of the high-degree nodes, and thus on
the minority representation in the rankings.

Data availability

The data are available from the corresponding authors on reasonable request.

Code availability
The code used is publicly available at https://git.rwth-aachen.de/netsci/publication-2022-
improving-the-visibility-of-minorities-through-network-growth-interventions.
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