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Abstract—Information contagions is one of the key applica-
tions in opportunistic mobile social networks (OMSNSs). Most of
the recent work only considers the simple contagions, in which
the “infected” node will infect each of its opinion-free neighbors
through simple contact. However, when the behaviors, beliefs, or
preferences spread through the social contact, the willingnes®t
participate may require independent affirmation or reinforcement
from multiple sources. In this paper, we first review two complex
contagions schemes proposed recentlying lattice-based complex
contagions (RLCC) and grid-based complex contagions (GCC)

Fig. 1. An illustration of ana-complex contagions in a social network.

approaches. However, these two approaches do not considereth
hierarchical structure in social network. Then, we present thre
novel hierarchical complex contagions modelstree-based complex
contagions (TCC), which is a binary tree model; clique-based
complex contagions (CCC), in which there is a k-clique and other
nodes connect to every node in thé-clique, and hypercube-based
complex contagions (HCC), which is a balanced hypercube model.
Extensive analysis and simulations are conducted in comparison
to these approaches. CCC has the smallest delivery delay when
there is only one message, while HCC has the best performance

N7 is the initial activated node, it only takessteps to active
all other nodes. In the first stepN>, N3, and Ng can receive
the information fromN;. Then, in the second stegy, and
Ny can be activated byVs. In a 2-complex contagions, if
the initial activated nodes ar®¥; and N,, it needs4 steps to
spread the information to all other nodég; has two activated
neighborsN; and N». Hence, after the first stey; becomes
active. In the second stepjs; can be activated byv; and Ns.
In the third step, the information can be spreadMg by N3

and Ng. Finally, N3 and N5 can disseminate the information
to Ny. In a 3-complex contagions with the initial activated
nodes:Ny, No, and N3, it is impossible to activate any other
node. Therefore, information diffusion in complex contatg,
which requires independent affirmation from multiple sesic
is more challenging than simple contagions.

when the number of messages increases.
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I. INTRODUCTION
L. . . . . Recently, the researchers proposed two complex conta-
Most social information, collective behaviors, and dissas y Prop P

spread through social contacts. In an opportunistic mobil%Ions models in social networksing lattice-based complex

- . ontagions(RLCC) [4] and grid-based complex contagions
Wi each other when they are in each ofhers communicatio{CCC) 8l In 4], Centola and Macy show the analytc and
Y e : : - “simulation results based on the Watts and Strogatz’s small
range. Due to the uncertainty and intermittent connegtivit

. S o world model [6], which is a ring lattice-based approach. In
of OMSNSs, the technologies applied in traditional Interoet : ! :
wireless networks are not suitable for OMSNSs. this model, complex contagions spread using mostly the loca

links (or strong ties), and are going to be significantly stow
Information dissemination is one of the key applicationsin many settings, which requires a substantially large remb
in OMSNSs. However, most of the recent work [1-3] only of random ties to even create one single ‘bridge’ to diffuse t
considers simple contagions in OMSNs, which means thatontagion. In [5], Ghasemiesfeh, Ebrahimi, and Gao analyze
the disease infection or information propagation only nexgu  the complex contagions problem in the Kleinberg's small
one “activated” source to infect the opinion-free neigtshor world model, which is a grid-based approach. The complex
However, in the real world, spreading of beliefs or behavior contagions’ speed depends heavily on the way long-rangs lin
is slower, the willingness to participate may require irelep (or weak ties) distributed in a network. However, the random
dent affirmation or reinforcement from multiple sourcesr Fo generated long-range links may not be efficient in helping
example, when a new product is released, you may need ®womplex contagions in both approaches.
get information from different sources (e.qg., friends gidiors,
reviewers, etc) to convince yourself to purchase it. Thoresf
a new conceptcomplex contagion§4], is introduced. In the
spread of complex contagions, preferences, behaviors, a
beliefs spread via social contact with multiple adopters.

The aforementioned models do not follow the hierarchical
property of social network [7, 8]. Therefore, in this paper,
e first introduce atree-based complex contagiorf$3CC)
model, which is one of the most intuitive representations of
the hierarchical structure. In TCC, we convert the OMSN into

Figure 1 illustrates the concept of complex contagions ina complete binary tree, in which the children nodes under
a simple OMSN. Fig. 1 shows anrrcontagion network, where the same parent connect with each other, and the children
a is the number of activated nodes required to trigger thenodes also connect with the cousin nodes of their parentsnode
adoption. Whena = 1, it is a simple contagions. If node However, TCC has the bottleneck problem, which may prevent



the complex contagions. Then, we propose another hiecaichi
structure:clique-based complex contagio€CC). In CCC,
there is ak-clique in the center; other nodes connect to
every node in thisk-clique, which forms a star structure.
The CCC structure can accelerate the complex contagions’
speed. However, it increases the number of links dramétical
Finally, we introduce a load-balanced structuhgpercube-
based complex contagior($1CC). In HCC, we convert the
OMSN into anm-dimensional balanced hypercube, in which
each node has a backup (matching) node that shares the safig 2. An illustration of ring lattice-based complex coritags (RLCC) in
set of neighboring nodes. HCC is a bipartite graph, which/Vatts and Strogatz's small world model.

guarantees the fault tolerance. Thus, there is no bottkenegf the 2-complex contagions speed in these social network
problem in HCC. models. Then, they generalize these resultsaicomplex

The major contributions of our work are as follows: (1) contagions.
We point out the limitations of ring lattice-based and grid-
based complex contagions approaches. (2) We present three I1l. PRELIMINARIES
efficient hierarchical complex contagions schemes: tased,
clique-based, and hypercube-based. The tree-based approa#. Simple Contagions vs Complex Contagions
uses a complete binary tree structure. Clique-based cample
contagions scheme utilizes the centeclique and forms a
star structure. Finally, hypercube-based complex cootegis
based on the balanced hypercube structure. (3) We analy.
characteristics of these complex contagions schemes ibh@um
of links, diameter, node degree, and bisection width. (4) W
evaluate the proposed schemes in synthetic social netwo
models. We compare the performance in both one informatio
2-complex contagions and multiple information 2-complex
contagions. (5) Analysis and simulation results show that The problem is that, while all contagions have a minimum
CCC has the smallest delivery time when there is only singlghreshold of one, the range of nonzero thresholds can be
message, and HCC has the best performance when the numigifite large. For communicable diseases and informatiom, th

The similarity among different kinds of contagions invites
generalization of the small world principle from the spredd
%formation and disease to the spread of collective behsvio
and beliefs. For the information and disease spreading, it
equires only one influenced source, which likes epidemics.
owever, the requirement for behaviors, beliefs, and pref-
grences spreading is more complex, which is more costly,
controversial, or risky for the individuals to participate

of messages increases. threshold is always exactly one. These are examples of aimpl
contagions, in which contact with a single source is sufficie
[I. RELATED WORK for the target to become informed or infected. While infor-

- . . mation and disease are archetypes of simple contagiong som
Opportunistic mobile social network, a new type of DTN, co|jective behaviors can also spread through simple contac
becomes more and more interesting, due to the widespreqgoever, many collective behaviors involve complex conta-
use of smart phones. Researchers study OMSNs from a socCiglyns that require social affirmation or reinforcement from
networking point of view [3, 9]. There has been some workmytiple sources. For complex contagions to spread, meltip
on data dissemination in OMSNs [1, 2]. In [1], Ning et al. orces of activation are required, since contact with glein
proposed a credit-based incentive-aware data dissemmnati 5ctive neighbor is not enough to trigger adoption. A cordagi
scheme in DTN. Their scheme effectively tracks the value ofg complex if its transmission requires an individual to dav

a message, which highly depends on its probability of beingsntact with two or more sources of activation. Depending on

delivered by an intermediate node. Gao and Cao proposeghy contagious the disease, infection may require multiple

a user-centric data dissemination in [2]. Their approack wagyposures to carriers, but it does not require exposure to
based on a social centrality metric, which considers thébkoc multiple carriers.

contact patterns and interests of mobile users simultashgou

and thus ensures effective relay selection. These appmeach

studied the simple contagions problem. In this paper, weystu B. Watts and Strogatz’s Small World Model and Ring Lattice-
the complex contagions to spread behaviors and beliefs.  based Complex Contagions

Recently, complex contagions models have been studied The classic formalization of the small world model comes
for the spread of ideas across a social network. The researéfom Watts and Strogatz [6], in which nodes are placed on a
of complex contagions can provide crucial insights intoi@oc ring lattice, and nodes within ring distang2eare connected by
influence and behavior-adoption cascades on networks],In [4alocal link (or strong tig. Thelong-range linkg(or weak tie$
Centola and Macy study the complex contagions based oare the links randomly rewired in this ring lattice. The aurth
Watts and Strogatz’s small world model [6]. The authors poin demonstrate that the rate of propagation on a clusterecnletw
out that the weak ties are effective for simple contagions, b can be dramatically increased by randomly rewiring a fevaloc
they will prevent the complex contagions. In [5], the aughor links (within a cluster), and making them into bridges betwe
analyze the complex contagions’ diffusion speed in three soclusters that reduce the mean distance between arbitrarily
cial network models: Newman-Watts model [10], Kleinberg's chosen nodes in the network. They used a ring lattice to
small world model [11], and Kleinberg’s hierarchical netwo demonstrate the small world effect for a simple contagien, a
model [12]. The authors show the upper and lower boundshown in Fig. 2.



In [4], Centola and Macy remarked that the strength of
weak ties is not always so significant in helping diffusions.
Specifically, it does not help with the diffusion of complex
contagions. Information or diseases are simple contagions
They could be spread through a single contact. Hence, a
single long-range link can help affect remote regions, Wwhic
greatly speeds up the diffusion. In some other cases, howeve
diffusion requires multiple confirmations, or multiple ¢aats
with affected nodes, to accumulate sufficient in influence._. , _ _ : , ,
Complex contagions appear due to strategic complemqmtaritF'g'3' An illustration of grid-based complex contagions (@an Kleinberg’s

credibility, legitimacy, and emotional exchange, as eixad smallworld model.
by Centoia and Maéy [4]. While long-range Iiﬁks can Carryplex contagions based on the Kleinberg's small world model

information across long social distances, they are notfas-ef we dri]SCUSS_} alt:)_oveé V\IlhiChdiS i?\d?i.x \/ﬁt g:'r? V\t’)ith "andeSﬁ; ¢

tive in spreading complex contagions, simply due to the fck &S SNOWN In FIg. 3. In order {o eliminate the boundary €etiect,
multiple, collective contacts. Thus, fast diffusion of qoiex ~ 1€ authors wrap up the grid into a torus. They consider two
contagion requires not only long bridges, but also “wide&sn types of edges in this network. The local links are the edges

which may or may not exist. Therefore, complex contagiondhat connect two nodes on the grid with Manhattan distance
spread using mostly the local connections, and are going t8" Smaller. In addition, each node generateandom outgoing
be significantly slower in many settings. Analytic resulisla edges that_ are consujered as Ipng-range links. The pritpabil
simulation results have been shown based on the Watts arﬁﬂat node; chooses;j as a neighbor through a long-range
Strogatz’s small world model [6]. The authors introduce al"K follows harmonic distribution, which is proportionab
critical width (1¥.) of bridges, which is the minimum number 1/ |%|", wherea > 0 is a parameter and;| is the Manhattan
of nonredundant ties required for a contagion to propagate tdistance between nodesand j. The authors claim that if
an unactivated neighborhood. For simple contagid¥is— 1, a =2, the complex contagions Spre?‘?‘ speedlidog™’n)
regardless of network topology. On a ring lattice, for mially ~ @nd2(logn/log logn) with high probability. For0 < a 5 2,
complex contagionsa( = 2), W, = 3. The critical width ~ the complex contagions’ spread speedJig =4~ /log’n)
also determines the minimum number of links that need t@nd(X(logn/log logn) with high probability.

be rewired to create a shortcut across the ring. Essentially, it was shown that when the contagion is merely

While a single random tie is sufficient to promote the minimally complex, i.e., requiring two active neighborske
Spread of Simp|e Contagions, Comp|ex Contagions requin@ mo affected instead of one, it would require a substantiah‘gda
rewiring in order to benefit from randomization. The numbler o humber of random long-range outgoing edges to even create
links that need to be randomly rewired increases exporlgntia 0ne single ‘bridge’ to diffuse the contagion. Thereforettie
with the number required to form a bridge, and the number of5CC, the additional long-range links may not be significant i
ties needed to form a bridge, in turn, increases exponsntial helping diffusion of complex contagions.
with the required number of activated neighbors [4]. Even fo
this minimally complex contagion on this very small ring {fwi IV. M OTIVATION
only 16 nodes), as shown in Fig. 2, the probability that three
random links will form a bridge is close to zero. Therefore,w  As discussed in Sections IlI-B and IlI-C, long-range links
believe that the ring lattice model is not efficient for compl are not effective in complex contagions. Following arguteen
contagions. In this paper, we propose three novel efficien@riginally proposed by Mark Granovetter’s seminal 1973ggap

complex contagions approaches. The details will be diszuss The Strength of Weak Tiethe majority of influence in novel
later. information contagions is generated by weak ties [13]. How-

ever, in the complex contagions scenario, weak ties (or-long
range links) can impede diffusion. Most of the weak ties are
local bridges, which means there is no adjacent node betweer
two neighbors on the weak tie. Since the complex contagions
Kleinberg claims that Watts and Strogatz’s small world need more than one activated neighbor to trigger the aduoptio
model lacks the essential navigability property in [11]theiut  the long-range links will prevent the behaviors, beliefsd a
global knowledge of the network, none of the short pathgpresences propagation.
can be computed efficiently. He shows that navigability can We desi imple simulati i h -
be obtained by adjusting the amount of randomness to the & design a simple simulation to Illustrate the participant

. . . . : f the long-range links in complex contagions in three real
underlying metric. Precisely, he introduces an grid-b h © : -
model,y ing which a constgnt number of ran%om gj?j‘i*tionaltracesz Infocom 06 conference trace [14], MIT reality m@in

long ties will be given to each node with the harmonic campus trace [15], and Intel lab trace [16]. Here, we apply a

distribution. In this model, the local knowledge at each enod simple epidemic forwarding approach. We change the number

is the underlying metric of the grid (which can be viewed asC! required activated neighbors)(to see the percentage of

the geographic locations of the nodes) and the positions®n t involved forw?hrding hlong-_rarfge rl}i_nl;s. As shown Iin Fig.t 4,
grid of its long-range neighbors. Note that a global knogked we can see that whea = 1, which means Simple conta-

e : ions, most of the contagions are through long-range links.
WouLd be.éhe set of positions of all the long-range nelghbor#his confirms the Conclus?ons from Gran?)vetterg’]s pargi'ehe
on the grid.

Strength of Weak TieflL3]. However, when the number of
In [5], Ghasemiesfeh et al. study the spread speed of conrequired activated neighbors increases, the percentagieeof

C. Kleinberg’s Small World Model and Grid-based Complex
Contagions
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Fig. 4. An illustration of the percentage of the involvedderange links in (@) TCC1 (b) TCC 2
complex contagions in real traces. Fig. 5. An illustration of tree-based complex contagions CJC
forwardings through long-range links decreases dranitica
Whena is 4, only 10% of the forwarding ties involved in the
epidemic process are long-range links, in Fig. 4.

Long-range links are not effective in complex contagions,
sometimes they may even impede diffusion. From the simple
simulation in Fig. 4, there are not many long-range links
involved in complex contagions. Therefore, in order to gesi
efficient complex contagions schemes in OMSNs, we only
consider the local links and propose tree-based, cligsedha
and hypercube-based complex contagions approaches in thg 6. An illustration of clique-based complex contagioGCC).
following sections. At the same time, the proposed model:?,]eW product, they will invite some people to try the new

follow the hierarchical property of social networks, while . ; ;
. ) product, and complex contagions to other people. It is ak®io
RLCC and GCC do not have the hierarchical property. that choosing the individuals from the popular community ca
increase the spreading speed.

V. TREE-BASED COMPLEX CONTAGIONS(TCC) ) . .
In this section, we propose a clique-based complex conta-

Complex contagions is a complex broadcasting procesgjions (CCC) scheme, which is also a hierarchical architectu
In network science, tree-based structure is one of the mosiere, we consider the set of the popular people aschque.
intuitive representations to study the broadcast prockss. Other individuals connect to all nodes in thisclique, which
a number of settings, nodes represent objects that can Bgrms a star structure. As shown in Fig. 6, the center & a
classified according to a hierarchy or taxonomy; nodes arglique. For a2-complex contagions, any two initial activated
more likely to form links if they belong to the same small sub-nodes can spread the behaviors or beliefs to all nodes in the

tree in the hierarchy, indicating they are more closelyteela network. If the initial activated nodes are in the cliqueg th
Here, we introduce a tree-based complex contagions (TQC) faspread speed will increase dramatically.

beliefs or behaviors spreading.

As shown in Fig. 5, it is a binary tree structure. In TCC, the VII.  H YPERCUBEBASED COMPLEX CONTAGIONS (HCC)
children nodes under the same parent connect with each other
and the children nodes also connect with the cousin nodes @f,
their parent nodes. Therefore, the initial active nodes lwan
any two linked nodes in this binary tree.

In the social network, many pairs of nodes have multiple
mmon friends. For 2-complex contagions, it requires 2
sources of activation to trigger adoption. Therefore, i€ th
pair of nodes are activated, eventually, their common ésen

In a tree-based 2-complex contagions, if the initial actida Wil be activated. In this section, we leverage the matching
nodes have at least one common neighbor, then in our propos&@ir property of the balanced hypercube to achieve efficient
TCC model, the whole network will be activated. In TCC, complex contagions.
thg spread speed is the .height of the Free,_which can achieve aAp ,,-dimensional hypercube is a graph havitigy nodes.
efficient complex contagions. The major difference be_tween,—Wo nodes are joined by an edge if their addresses, as binan
TCC and the previous approaches — RLCC and GCC is thajntegers, differ in exactly one bit position. Balanced hypebe
in TCC, without the random generated long-range links, th§s 4 special hypercube, which has been studied in compute!

complex behaviors or beliefs can also be spread in a shod,ctem [171. Balanced hvpercube is a load-balanced araph
time to the whole network. The disadvantage of TCC is thegy 171 P graph.

bottleneck problem. If the high level ‘parent’ nodes are not Definition 1: An m-dimensional balanced hypercube con-
activated, their children nodes cannot be activated. sists 0f2*™ nodes(ag, a1, ..., ai—1, @i, @it 1, -, Gm—1), Where
ap and a; € {0,1,2,3} (1 < ¢ < m — 1). Every
VI. CLIQUE-BASED COMPLEX CONTAGIONS (CCC) node(ag, a1, ..., ai—1, @i, Ait1, .., am—1) CONNects the follow-
ing 2m nodes:
In social networks, there is a small amount of individuals,
who are more popular than other people. According to prefer- 1) ((ao + 1)mod 4, ..., a;-1, @i, @it .., m—1),
ence attachment algorithm [7] and rich club phenomenon [8], ((ap —1)mod 4,...,a;—1,a;, i1, ..., am—1), and
we realize that there exists a popular individual community 2)  ((ao + L)mod 4, ..., (a; + (—=1)*)mod 4, ..., am—1),
in the social networks. When a company plans to release a ((ao — 1)mod 4, ..., (a; + (=1)*)mod 4, ..., am—1).



For h = 2, there arer nodes in the binary tree. The root
node has only connections (e.gly; has 2 links: {V;, N,) and
(N1, N3) in Fig. 5(a)). Each node in the second level Ba®n-
nections (e.g./No has 6 links: (Vo, Ny), (N2, N3), (Na, Ny),
(N2, N5), (N2, Ng), and (N2, N7) in Fig. 5(a)), while each
node in the bottom level has only connections. Therefore,
the total number of links i1 x 2 +2 x 6 +4 x 3)/2 = 13.

For h > 3, there are2"*! — 1 nodes in the binary tree.
The root node has onlg connections. Each node in second
level has6 connections, while each node in bottom level
Fig. 7. An illustration of hypercube-based complex contagi¢HCC). has only3 connections. Each node between the second level

F|g 7 is an examp|e of a 2-dimensional balanced hyperand bottom level ha§ connections (e.g.N4 has 7 links:
cube. In a balanced hypercube, every node has another nots, Na), (N4,]_V3),_(N4,N5), (Na, Ng), (Na, No), (Na, N1o),
matching it, i.e., these two nodes have the same adjaceasnod@nd (Va, N11) in Fig. 5(a)). Therefore, the total number of
As shown in Fig. 7, nodeg0,0) and (2,0) are a pair of links'is

matching nodes, which have the same adjacent nddes), (1 x 2+2x6+22x7+..+2" " 1x742"x3) /2 (1)
3,0), (1,1), and(3,1). _ _
(3,0). (1, 1) 3:1) =Tx (1+2+2%+...42"72) 42" 713

An m-dimensional balanced hypercube has a matching —10x2" 17 — 10x2/0%n-1_7

pair property Property ): In an m-dimensional balanced
hypercube, nodes can be part|t/|oned into a set of matching For CCC, the number of links depends on the size of the
pairsv = (ao, a1, ..., am—1) andv’ = (ap +2,a1, ..., am—1). k-cliqgue. We can get the number of links as the equation:
Therefore, in order to active all nodes, it only needs one

. . o . (k) xktkx(n=1) _ (9, _ | — 1) x k. The first term is th
matching pair of nodes to be the initial activated nodes. 2 . (2n . ) X 5. Ihe firstierm 1s the
gp total number of links for outside clique nodes, and the sdcon

Another important property of balanced hypercuBeop-  term is the total number of links for the nodes in thelique.
erty 2 is: An m-dimensional balanced hypercube &
nodes, each of which h&sn adjacent nodes. Since, each node.
has2m adjacent nodes, HCC is a fault-tolerant approach. HCC&
also does not have the bottleneck problem.

According to the definition of the balanced hypercube (Def-
ition 1), for HCC, it is anm-dimensional balanced hypercube
ith 22 nodes. Each node has: number of links. Therefore,
the total number of links in HCC is x 2*™ = 2 x log,n.

VIII. A NALYSIS B. Diameter

In this section, we will compare RLCC, GCC, TCC, CCC, The diameter of a network is the longest of all the
and HCC from different network characteristics: number ofcalculated shortest paths in a network. In other words, once

links, diameter, node degree, and bisection width. the shortest path length from every node to all other nodes
is calculated, the diameter is the longest of all the catedla
A. Number of Links path lengths. The diameter is representative of the linizar s

of a network, which is an important measure of communica-
The number of links in the network measure the connectiviion delay. Normally, the shorter the diameter, the lowes th
ity of the network. Normally, for a network model, the number communication delay.

of links is the fewer the better. The RLCC and GCC are based on the small world model,
For RLCC, it is a2-dimensional ring lattice structure. The in which, the diameter of the network is around 6 [18]. Six
number of links depends on the number of neighbors evergegrees of separation means that everyone is six or fewss ste
node is connected tdx). In Fig. 2, K is equal to4. The total away from any other person in the world, so that any two
number of links in RLCC iS”Q—K, wheren is the total number people can be connected in a maximum of six steps.

of individuals in the network. The diameter of the binary tre€ is the largest of the

For GCC, it is an extension df-dimensional mesh with following quantities: the diameter of’s left subtree; the
wrap structure. Each node haslocal connected neighbors, diameter ofl”s right subtree; the longest path between leaves
e.g., in Fig. 3,N; has 8 local links taN,, N3, Ny, N5, Ng, that goes through the root @f (this can be computed from
N-, Ng, and Ny, and 2 randomly selected long-range links, the heights of the subtrees 9.

e.g., in Fig. 3,N; has 2 random long-range links t¥. Theorem 1: In TCC. the diameterD of our proposed
Therefore, the total number of links in GCCiis. binary tree is as follows: I ur prop

For TCC, it is an extension of a binary tree. Here, we 0, h=0
assume the height of the binary treehisFor the number of D= 1, h=1 )
links, we have the following conclusion: 2(h — 1), otherwise

For h = 0, there is only one node. So, there is no link. wherer is the height of the binary tree.

Forh = 1, there are three nodes, which are fully connected. Proof: As we can see from Fig. 5, when= 0, there is
Therefore, the total number of links i only one node; therefore the diameterOisWhenh = 1, it



is a three-node fully connected graph, which has diameter E}\_El_
When the height is larger thah according to our proposed

binary tree structure, the leaf nodes can connect theirsiodu éﬁ :Z& 1&
nodes through their ‘parents’, which do not need to go thihoug (

Bl
oa oa oA
aba'va
o

the root. Therefore, the diameterdgh — 1) in this situation.

jciR s
i et el

] I I& I&
Since, there arg"t! —1 nodes in a binary tree with height (5 (% éj (&
h, we have e IS =i
0 n=1 (a) GCC 1 (b) GCC 2
D= 1’ : 3 3 Fig. 8. Comparison o2-Complex Contagions Spreading Speed: the number
- ) n= . @) in the node is the activated step. 0 means the initial activatele, while 1
2(logy(n+1) —2), otherwise means the node activated in step 1.

(IV4, N5) in Fig. 5(a)), and two links to its elder generation
(e.g., for nodeN,: (Ny, No) and (Vy4, N3) in Fig. 5()). =

In CCC, we can see clearly from Fig. 6, the distance In CCC, the degree of the nodes which are outsideithe

between two nodes insider the clique is 1. The distanceIi ue is k. However. the dearee of the nodes which belon
between two nodes outside the clique is 2. The distance frofi 3 . =Ver, 9 : 9
the k-clique is n — 1. Therefore, CCC is not a load

one node inside the clique to another node outside the cliqu lance architecture. In HCC. the dearee of anv node in an
is 1. Therefore, the diameter of CCC is 2. . X ' ' €9 y
m-dimensional balanced hypercube is equalio.

wheren is the number of nodes.

Theorem 2: In HCC, The diameteD of m-dimensional

balanced hypercubes is as follows: D. Bisection Width
2m, m is even orm = 1 Definition 2: Bisection widthis the minimum number of
D= { om —1, m is odd other thar. (4)  arcs that must be removed to partition the network into two
equal halves.
The details of the proof can be found in [17]. The bal-  In other words, bisection width is the minimum number of
anced hypercube has a smaller diameter than the traditionabmmunication links that can be removed to break it into two
hypercube whem: (m > 1) is odd. equally-sized disconnected networks. Normally, the lisac

. . . width is the larger the better.
In RLCC and GCC, weak ties play an important role in

reducing the network diameter. Our proposed TCC, CCC, and For RLCC, the bisection width is according to the number

HCC remove the long-range links, since the long-range link®f neighbors ). The bisection width of RLCC follows the

prevent the complex contagions. For fair comparison, ifghe following theorem:

are only local links in the small world models, in RLCC, the  Theorem 4: The bisection width of RLCC with neigh-

diameter of the ring lattice ia/2, which is much larger than s is smaller than or equal K.

the diameters in TCC and HCC in large scale OMSNSs. Since, . I _ be | A

the diameter ob-di ional mesh with Nl Proof: For complex contagionsk must be larger than
@ diameter o-dimensional mesh with wrap 1| *3 J 1 Fork = 2, RLCC will be a simplel-dimensional ring.

GCC, the diameter of the grid is,/n| — 1 [11]. Therefore, in order to partition this ring, it only needs tedk
2 links. In this situation, the bisection width & When K is
C. Node Degree equal to3, RLCC will be a2-dimensional ring. The bisection

. ) width is 4, which needs to break the links in 2 dimensions.
The degree of a node in a network is the number ofyhen i is 4, there are two more links which cross the 2
connections or edges the node has to other nodes. dimensions, which must be broken in order to split into two

In RLCC, the average degree is equal to a predefine&awes- The bisection. width. i6 in this situation. WherK i_s
parameter, which determines the number of neighbors everyl@rger thant, the additional links to connect the 2-dimensional
node is connected to. In Fig. 2, the node degree is GCC, noqles in long o_l|stance also negd to break. Thus, in .order to
the average node degreelis (or 9), which is the summation split the graph into two halves, it needs to.bree.tk all .I|nks on
of its 8 nearest neighbors with Manhattan distagae smaller ~ the boundary, which ig K. Therefore, The bisection width of
and2 different long-range linked nodes (or 2 long-range links RLCC with K" neighbors is smaller than or equal2é’. =
connected to the same node, as shown in Fig 3). For GCC, in order to partition the network into two equal

. ; halves, we need to remowgn links. Therefore, the bisection
equgll(?g?m 3: The node degree of TCC is smaller than Orwidth_ in GCC is/n [11]. For TCC, we only need to break
the binary tree into its left subtree and right subtree tda Hp
Proof: In TCC, the degree for the top root & For the  graph into two halves. From Fig. 5, we can see clearly that we
bottom leaves, the node degree3jswhich is one link to their only need to break the intermediate links to partition treetr
‘brother’, one link to their ‘parent’, and another link toetih  structure. Therefore, the bisection widthlisor n < 3 or 5 for
‘uncle’. For the remaining nodes, the node degreg, iwhich n > 3. For CCC, the bisection width is according to the size
is the summation of the links té of its next generation (e.g., of the clique ). The bisection width iSk(n — k + 1)) /2,
for node Ny: (N4, Ng), (N4, Ng), (N4, N1g), and (N4, N11) in which splits thek-clique into halves, and other nodes also
Fig. 5(a)), one link to its same generation (e.g., for ndde  into halves.
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Proof: For HCC, according to the matching pair property (@ One Information () Two Information

(Property 1), the nodes in the balanced hypercube can be
partitioned into a set of matching pairs. Thus, in order to
split the structure into two halves, we need to break the
links between the matching pairs, which ar¢2 links [17].
Therefore, the bisection width for HCC is/2. [ |

500k -

800.0k [

]
g

300k - 600.0k

f=—RLC(|

I —e—GCC |
——TCC
—v—CCC

200.0k [ Hee | 1

200k |- 400.0k

Delivery time (Sec)
Delivery time (Sec)

100k

E. Discussion 0

20 40 60 80 100 20 40 60 80 100
Percentage of activated nodes (%) Percentage of activated nodes (%)

(c) Four Information (d) Sixteen Information
ig. 9. Comparison of the delivery time for complex contagions.

We conclude our analysis results in Table |. Compared
with RLCC, our proposed TCC reduces the diameter; at
the same time, it does not increase the node degree an
bisection width. In other words, it increases the sprea@dpe in Section V. (4) CCC: in the simulation, we create3a
for complex contagions, while it guarantees the structore tclique based star structure. (5) HCC: the balanced hypercub
be congestion-free. CCC has a higher bisection width andeneration rule follows the Definition 1.
lower diameter compared with RLCC and GCC. However, it
increases the number of links and node degree dramatically,, . . . . X )
which means it is not suitable for sparse networks. HCC is 4/hile the probability of choosing the links is equal. Since,
more balanced model, which has a higher bisection width an/¢ compare the 2-complex contagions, there are two initial
smaller diameter, while the number of links and node degre&ctivated nodes, which have at least one common neighbor.

are not big. HCC is also a congestion-free model, which is  The simulation is compared in the following categories: (1)
fault tolerant and load balancing. One message 2-complex contagidhsre is only one message,

To evaluate the efficiency of the complex contagions, wevhich needs two activated nodes to trigger the adoption,
need to calculate the spreading speed. Here, we compare tfaréading by the initial activated nodes. {@jltiple messages
9-complex contagions spreading speed in different models ig-coOmplex contagionshere are multiple messages spreadings
a 16 nodes network (in the TCC model, there is only 15at the same time by different |n|t_|al pairs of actl\_/ated rede
nodes). From Figs. 2, 5, 7, and 8, we can see that RLCC iDue to the limited contact duration and bandwidth, at each
the most inefficient model. Even for a small network, RLCC contact, we assume that only one message can be sprea
needs 7 steps to activate all nodes. For GCC and TCC, th&/hen one node keeps more than one message, it randoml
initial activated nodes are very important, especiallyT@C. ~ Chooses one message from its buffer to propagate. In our
Figs. 5(a) and 5(b) indicate that if we choose higher leveSimulation, we will compare the spreading speed in differen

nodes as the initial activated nodes, the spreading speed $29es: 20%, 40%, 60%, 80%, and 100% nodes activated. W
much faster. HCC is a load balance model. If we choose a pagénerate a 1,024-node network with 1,048,576 contacts. The

of matching nodes as the initial activated nodes, the sjmgad contact nodes are uniformly selected from the pairs of tinke

speed can be controlled, and is very fast. For CCC, the spredpdes in these models.
speed is the fastest among all approaches. If the initialediet

nodes belongs to thie-clique, they only need 1 step to spread A. Simulation Results
the information to all other nodes. At the same time, CCC is
also suitable for-complex contagions, while the number of
required activated neighbors)(is larger thar.

The contact table is generated with one contact per second

(1) One message 2-complex contagions: in Fig. 9(a), we
compare the delivery time for one message 2-complex con-
tagions in these five schemes. We can see that it takes the
longest time to active the nodes in RLCC, especially at the
final stage from 80% activated nodes to 100% activated nodes
In this section, we compare the performance of our proSince the three random rewired weak ties may not form a
posed three complex contagions models (TCC, CCC, anibroad’ bridge, the complex contagions cannot propogate to
HCC) with two state-of-the-art models (RLCC and GCC). long distance neighbors in this situation. CCC creates many
L . . . more links; therefore, it has the best performance in terms

(1) RLCC: for RLCC, it is a ring lattice structure, while of delivery time. GCC and HCC have apsimilar performance,

each gotqle has netarestt nlelghbg_rst. It has dthree L@nﬁomwhile GCC has shorter latency to finish the whole complex
rewired ties connecting to long distance nodes, which argqnesions nrocess than HCC.

the weak ties, as shown in Fig. 2. (2) GCC: the grid-base
complex contagions model follows the rules we presented in (2) Multiple messages 2-complex contagions: in Figs. 9(b),
Section IlI-C. In our simulation, we set to 2. (3) TCC: we  9(c) and 9(d), we conduct three comparisons for multiple
create a complex binary tree with extra links, as discussethessages 2-complex contagions: two, four, sixteen message

IX. SIMULATION



require independent affirmation or reinforcement from iplgt
sources, which called complex contagions.

In this paper, we study the complex contagions problem in
OMSNSs. We propose three novel hierarchical complex conta-
gions schemes: tree-based, clique-based, and hypereasied-b
complex contagions. The tree-based scheme is a complete
binary tree model. The clique-based scheme is a star steuctu

with a k-clique in the center. The hypercube-based scheme is

2 “ 8 16 based on a balanced hypercube model. We compare the chara
‘ _ Numbers of messages teristics of these five models in formal analysis and siniorat

Fig. 10. Comparison of delivery ratios of different numbersrassages. The results show that CCC has the best performance in term:

respectively. Since the spreading speed of CCC highlysrelieof delivery time when there is only one message. When the
on the k-clique, when the number of spreading message§umber of messages increases, HCC has the smallest deliver
increases, the performance of CCC decreases. Therefore, ifflelay among these five models. In this paper, we consider
tially, there are many traffics on thé-clique, which will  the 2-complex contagions in undirected social networks. In
increase the complex contagions time. We find that HCC hate future work, we will extend our research incomplex
the shortest delivery time, especially when the amount ofontagions in directed networks.
messages increases. In HCC, every pair of matching nodes has
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