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Abstract—The advent of social media have allowed us to build
massive networks of weak ties: acquaintances and nonintimate
ties we use all the time to spread information and thoughts.
Conversely, strong ties are the people we really trust, people
whose social circles tightly overlap with our own and, often, they
are also the people most like us. Unfortunately, the majority of
social media do not incorporate explicitly tie strength information
in the creation and management of relationships, and treat
all users the same: friend or stranger, with little or nothing
in between. In the current work, we address the challenging
issue of detecting on online social networks the strong and
intimate ties from the huge mass of such mere social contacts. In
order to do so, we propose a novel multidimensional definition
of tie strength which exploits the existence of multiple online
social links between two individuals. We test our definition on a
multidimensional network constructed over users in Foursquare,
Twitter and Facebook, analyzing the structural role of strong and
weak links, and the correlations with the most common similarity
measures.

Index Terms—Multidimensional Social Networks; Link Min-
ing; Tie Strength

I. INTRODUCTION

In the last few years, the advent of social networking sites
has completely redefined the way we conceive our social
relationships, creating the sensation of having broken the
constraints of time and geography that limited people’s social
world. In these virtual environments establishing new friend-
ships is immediate and effortless, so it is reasonable to think
that the number of our social bonds could approach to infinite,
removing the social boundaries of our modern, technological
era. However, what social networks have allowed us to do
is to build massive networks of weak ties: acquaintances
and nonintimate ties we use all the time to reach out to
persons, business requests, speaking engagements, or ideas
and advice. Despite such enormous quantity of acquaintances,
recent works have revealed two major aspects of both online
and real social networks:

i) people still have the same circle of intimacy as ever [1],
(21, 3],
ii) the formation of friendships is strongly influenced by the
geographic distance, breaking down the illusion of living
in a “global village” [8], [9].
People tend to interact intensely with a small subset of
individuals, carrying out a social grooming in order to maintain

and nurture strong, intense ties. Strong ties are the people
we really trust, people whose social circles tightly overlap
with our own and, often, they are also the people most like
us. Although such trusted friendships are not so important
in the spreading of information [4], new ideas [10], or in
finding a job [11], they can affect emotional and economic
support [12], [13] and often join together to lead organizations
through times of crisis [14]. Unfortunately, the majority of
social media do not incorporate tie strength in the creation
and management of relationships, and treat all users the same:
friend or stranger, with little or nothing in between. A first
attempt to take into consideration the social role of a friendship
was done by Facebook and Google+ by the introduction of
the “circles”. Users can use circles as a way to organize their
contacts in a sort of address book, creating different groups for
relatives, work colleagues, close friends and so on. However,
such conceptual organization of contacts does not provide
quantitive information about the real strength of the ties, but
only the nature of relationships between users and the context
in which they take place. For example, the presence of a user
in the circle of work colleagues does not necessarily imply
the existence of a strong tie, and does not provide any explicit
quantification of the importance of the relationship.

In the current work, we address the following issue: how
to define a tie strength measure that is capable to discriminate
between intimate ties and mere online social contacts?

Actually, it does not exist a formal, unique and shared
definition of tie strength, and literature has often provided
very personal interpretations of Granovetter’s intuition: “the
strength of a tie is a (probably linear) combination of the
amount of time, the emotional intensity, the intimacy (mutual
confiding) and the reciprocal service which characterize the
tie” [5]. The most frequently used measurements of tie strength
in social networks are based on the number of conversations
between users [1], or, in the mobile phone context, on the
duration of calls [4]. However, in our opinion these common
approaches suffer two major shortcomings. Firstly, the number
and intensity of conversations strongly depends from user to
user, making it difficult to understand which of these conver-
sations are dedicated to intimate relationships. Secondly, they
do not take into account that strong ties must be powered by a
form of social grooming, that is mainly based on geographical
proximity and face-to-face contacts.



Fig. 1. A schematization of our 4-dimensional social network
| Network | Nodes | Edges | Weighted |
Foursquare 5783 42691 No
GeoFoursquare 4901 17987 Yes
Facebook 2081 5618 No

Twitter 3745 31638 No
Complete Network 7500 97934 -
TABLE I

BASIC STATISTICS OF THE FOUR DIMENSIONS AND THE WHOLE
MULTIDIMENSIONAL NETWORK.

In order to overcome such shortcomings and extend current
techniques, we propose a new definition for the strength
of a tie, which exploits the existence of multiple online
social links between two individuals. Indeed, while weak ties
often rely on a few commonly available media [15], strong
ties tend to diversify communicating through many different
channels [16]. Moreover, the patterns of homophily tend to
get stronger as more types of relationships exist between two
people, indicating that homophily on each type of relation
cumulates to generate greater homophily for multidimensional
than monodimensional ties [7]. To model this behavior, we
introduce a strength function and test its meaningfulness on a
4-dimensional social network.

II. RELATED WORK

The concept of tie strength was introduced by Mark Gra-
novetter in his seminal paper “The Strength of Weak Ties” [5].
He proposed four main factors shaping the strength of a tie:
amount of time, intimacy, intensity and reciprocal services.
Subsequent research expanded the list adding demographic
and socio-economic status [17], emotional support [18] and
network topology [19]. In [20], authors used survey data
from three metropolitan areas to discover the predictors of
tie strength. Onnela et al. [4] utilized the duration of calls as a
measure for tie strength, and observed that social networks
are robust to the removal of the strong ties but fall apart
after a phase transition if the weak ties are removed. Gilbert
and Karahlios [21] presented a predictive model that maps
social media data to tie strength, reaching the 85% accuracy

in distinguishing between strong and weak ties.

Multidimensional network analysis is a relatively recent
field. The authors in [22] analyzed the degree distributions
of the various dimensions, highlighting the need for analytical
tools for the multidimensional study of hubs. A framework for
the analysis of multidimensional networks is introduced in [6],
defining a large set of measures capturing the interplay of the
dimensions both at the global and at the local level. Rossetti
et al [23] addressed the link prediction problem in the context
of multidimensional networks.

III. MULTIDIMENSIONAL TIE STRENGTH

On the vast online world, two individuals can interact and
share interests through several social networking platforms.
They can be coworkers on LinkedIn, friends on Facebook or
Google+, followers/following on Twitter, they can frequent the
same venues on Foursquare, or all of these things together.
To express this kind of information, as done by the authors of
[6], we choose as model the one offered by multidimensional
networks.

Definition 1 (Multidimensional Network). A multidimen-
sional network is a network in which two nodes can be
connected, at the same time, by multiple edges that belong
to different dimensions.

We model such structure with an edge-labeled undirected
multigraph denoted by a tuple G = (V, E, L) where: V is
a set of nodes; L is a set of labels; F is a set of labeled
edges, i.e. a set of triples (u, v, d) where u,v € V are nodes
and d € L is a label. Henceforth, we use the term dimension
to indicate label.

Since strong ties tend to diversify communicating through
many different channels [16], it makes sense to define a tie
strength measure that exploits the multidimensional nature of
online interactions. In order to do this, we extend traditional
approaches adding three other features.

The first one takes into account the intensity of interaction
and the similarity of the nodes in a single dimension:

Definition 2 (Node interaction and similarity).

T g(u) NTg(v)]
min(|Ta(u)|, |Ta(v)])

where wy: V x V x L — NT is a weight function
representing the intensity of the interaction between the nodes
in the dimension d, and I'y is the set of neighbors of a node.
In order to capture whether they belong to the same circle
of friendships, and whether such circle is prominent for one
of them, the intensity of interactions is influenced by the
percentage of common neighbors with respect to the more
selective node (the one with less friends). The idea is that,
on each dimension, the strength of a tie is defined by the
frequency of the interaction among the users, weighted by the
value of “friendship selectiveness” of the more selective user
(i.e. the probability that the community shared by the two users
is the main one for the user with the smaller set of friends).

ey

ha(u,v) = wg(u, v)



Fig. 2. A Venn diagram showing how the edges of the four dimensions
overlap in the multidimensional network (FB = Facebook, 4sq = Foursquare,
Tw = Twitter, and Geo4sq = inferred co-occurrence network).

The second feature regards the relevance of a dimension for
the connectivity of a user: the removal of the links belonging
to a dimension should not affect significantly the capacity to
reach his real strong connections.

Definition 3 (Connection Redundancy).
walu,v) = (1 — DR(u,d)){1 — DR(v, d)) (2)

The dimension relevance D R [6] is the fraction of neighbors
that become directly unreachable from a node if all the edges
in a specified dimension were removed. We give an higher
score to the edges that appear in several dimensions, so we
are interested in the complement of those values. If the two
nodes are linked in more than one dimension, the score is
raised until a maximum of 1.

We merge these aspects taking into account the multidimen-
sionality of a tie: a greater number of connections on different
dimensions is reflected in a greater chance of having a strong
tie [7]:

Definition 4 (Multidimensional Tie Strength). Ler u,v € V
be two nodes and L the set of dimension of a multidimensional
network G = (V, E, L). The strength function str : V xV —
R between two users u,v is defined as:

str(u,v) = Z hau, v)(1 + @a(u, v)) 3)

decD

The measure proposed, given its formulation, could be used
to estimate the strength of ties even in monodimensional
networks: in that scenario the ¢4 function assume a value
equal to zero and the overall sum became the value of hg.
This scoring function is our final measure of tie strength.

IV. EXPERIMENTS

We constructed a multidimensional network G = (V, E, L)
by collecting friendships existing between the same 7500

Fig. 3. A global visualization of the network N. The colors of the edges in
a color gradient from blue to red indicate the strength of ties, from strong to
weak respectively.

Fig. 4. A portion of the network /N. The colors of the edges in a color
gradient from blue to red indicate the strength of ties, from strong to weak
respectively.

individuals' in three online social networks (Foursquare, Twit-
ter and Facebook). Moreover, we inferred a co-occurrence

'All considered users are geographically located in the city of Osaka
(Japan).
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Fig. 5. The stability of the networks to strong link removal. The curves
correspond to removing first the high-strength links, moving toward the
weaker ones. (It is interesting to notice that the Facebook network, being
smaller and more sparse, tends to collapse quickly).

network linking two users if they made a Foursquare checkin
in the same venue within a time interval of 15 minutes, during
a time span of one month. The number of co-occurrences
between two individuals was taken as the weight for the
corresponding edge. Figure 1 presents a schematic example
of our 4-dimensional network, whereas Table I summarizes
some characteristics of the multidimensional network and of
its dimensions.

In order to test the meaningfulness of our definition and
analyze the structural role of strong and weak links, we
calculated the strength measure on GG and, using the scores
obtained, inferred a weighted network N = (V, Ey), col-
lapsing all the edge between two nodes into one. Figure 3
shows a global visualization of N, from which three main
clusters clearly emerge, with the one on the left representing
people communicating in many different social networking
platforms. Furthermore, our measure seems to be consistent
with the “strength of weak ties” hypothesis [5], with strong
ties connecting local communities, and weak ones acting as
bridge between them (Figure 4). To test more rigorously this
aspect, we studied the resilience of N and the individual
networks to the removal of either strong and weak links. Since
weak ties act as bridges between different communities, we
expect that their removal made the network structure fall apart
quickly [4]. Indeed, the deletion of strong ties do not infect
considerably the connectivity of the networks, with the 70% of
the nodes still reachable in /N removing almost all the strong
arcs (Figure 5). Conversely, the removal of weak ties rapidly
“destroys” the networks, splitting them into several small
connected components (Figure 6). Our definition is therefore
capable to discriminate between intimate circles and the edges
acting as bridges between them.

Figure 2 shows a Venn diagram representing the number of
ties belonging to each possible intersection of the dimensions.
It clearly shows that there are only 48 bonds appertaining to
all the 4 dimensions. Such links represent a sort of “super
strong” ties, i.e. those having a high probability of being real
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Fig. 6. The stability of the networks to weak link removal. The curves
correspond to removing first the low-strength links, moving toward the
stronger ones.

and intimate friendships.

With the purpose of investigate if the proposed measure
assigns a strength value correctly, we analyzed how its score
correlates with three well-known network measure: Jaccard,
Adamic-Adar and Edge Betweenness.

A. Strength vs. Jaccard

Comparing the values assigned by our measure with the
corresponding Jaccard coefficient, we want to verify the ex-
istence of a correlation between the strength of a tie and the
similarity of the individuals involved. We plot the tie strength
against the Jaccard coefficient, both for the network N and
the single dimensions. As shown in Figure 7, weak ties tend
to have a small Jaccard coefficient, whereas those with higher
strength seem more similar. However, there are cases in which
an high similarity does not reflect in higher strength. This is
because the Jaccard coefficient is defined as the ratio between
the common neighbors and all the friends of the two users,
whereas we choose to give more credit to the most selective
user moving from a symmetric to a non-symmetric measure
(equation 1). Our choice tends to penalize similar nodes (with
respect to the Jaccard’s measure) if they show a significant
variance in the cardinality of the sets of non shared neighbors.

B. Strength vs. Adamic Adar

As done with the Jaccard coefficient, we compare our
measure with Adamic-Adar. This measure considers how the
mutual neighbors of two nodes are selective in establishing
connections: the more selective the friendships are, the more
likely the two individuals belong to the same friendship com-
munity. As we can see in Figure 8, it seems that the strength
increases together with the Adamic score in Facebook, Twitter
and the network N. It does not happen with Foursquare,
presumably because of the peculiar typology of the service that
it offers. Anyway, the trend shown by the figure suggests the
following conclusion: two nodes belonging to selective circles
of friendships have a greater chance to establish a strong bond.
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C. Strength vs. Edge Betweenness

The edge betweenness is a measure of edge’s centrality,
equal to the number of shortest paths that pass through that
edge. An edge with an high betweenness is likely a bridge
between two different communities and, by definition, a weak
link. We compare our strength function against this score
computed over the single dimensions only. The computation
of this measure on the network /N is meaningless because, in
such network, an edge could establish paths that are not real.
As expected, Figure 9 shows that when the edge betweenness
increases, the value of strength seems to decrease.

V. CONCLUSION

In this work we have introduced a measure of tie strength
for multidimensional networks. Supported by a validation on
a 4-dimensional social network, we found that the strength of
a tie is strictly related to the number of interactions among the
individuals involved. Moreover, it is also related to the number
of different contexts in which those connections take place. In
the future, we plan to investigate how the information provided
by the tie strength can be exploited to tackle well-known
problems such as link prediction and community discovery.
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Fig. 9. Relation between Edge Betweenness coefficient and strength values.
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