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When forwarding in opportunistic networks, the higher contact probability that the 

destination node has, the more likely it is to forward a message to the destination. More-
over, the higher the betweenness centrality that a node has, the more likely it is to act as a 
bridge node toward the destination in the network. Each of these two metrics is exploited 
in existing forwarding schemes. Nevertheless, these schemes suffer from high network 
traffic and fail to balance network traffic and transmission delay while maintaining a 
lower hop count. To resolve these problems, we propose a novel forwarding scheme that 
considers refined contact probability and betweenness centrality. In the proposed scheme, 
nodes with higher probabilities of contact with other nodes tend to gather together, while 
nodes with higher betweenness centralities compensate for intermittent connection dis-
ruptions among nodes in the network. Experimental results show that the proposed 
scheme outperforms most known forwarding schemes in balancing network traffic and 
transmission delay.  
 
Keywords: opportunistic network, OPPNET, forwarding, probability, centrality, between- 
ness 
 
 

1. INTRODUCTION 
 
Recent advances in wireless communication technologies have enabled opportunis-

tic networks [1] (OPPNETs)  also known as pocket switched networks [2] to rapidly 
emerge. Owing to the popularity of mobile devices, OPPNETs have been widely studied 
and have various applications, such as the Sami Network Connectivity Project [3], Ze-
braNet [4], Shared Wireless Info-Station [5], and others. OPPNETs have inherited the 
characteristics of both mobile ad hoc networks (MANETs) and delay-tolerant networks 
(DTNs), thereby adding the social properties of mobile nodes communicating with each 
other within short communication ranges in sparse environments. The OPPNETs suffer 
from intermittent connection disruptions and long delays due to low node density, short 
communication ranges, and node mobility.  

In particular, because there may be no stable route between the source and destina-
tions [1], conventional forwarding schemes used for MANETs are not applicable; thus 
forwarding is a challenging problem for OPPNETs. Hence, nodes communicate with 
multiple hops in a store, carry, and forward manner in OPPNETs. When a node cannot 
find any nodes within its communication range, it should take any contact opportunity 
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with other nodes to forward the messages [6]. Therefore, it is crucial to find suitable 
nodes that can play the role of stepping stones in forwarding a message to the destination.  

Clearly, the higher the contact probability that a node has with respect to the desti-
nation, the more likely it is to forward a message to the destination. Moreover, the higher 
the betweenness centrality that a node has, the more likely it is to act as a bridge node 
toward the destination in the network. Contact probability and betweenness centrality are 
exploited in existing forwarding schemes, such as ProPhet [21] and SimBet [16]. ProPhet 
uses “delivery predictability” to describe the contact probability of how frequently a node 
meets other nodes, whereas SimBet combines social similarity and betweenness centrali-
ty for forwarding. However, they suffer from higher network traffic and fail to balance 
network traffic and transmission delay while maintaining a lower hop count. 

Limited resources such as bandwidth, power consumption, channel utilization, and 
network size exist; therefore, the nodes suffer from some communication difficulties. 
Hence, network problems such as bottlenecks, slow communication, and noise problems 
may occur as network traffic increases. Even though applications in OPPNETs should be 
relatively delay-tolerant, it is nevertheless important to minimize the delay whenever 
possible. Finally, because hop count can be used to limit the resource utilization of nodes, 
it can be additionally regarded as an important metric for the performance measure.  

To resolve the above problems, we propose an effective forwarding scheme that 
considers refined contact probability and betweenness centrality (RCPB) and integrates 
them with social information obtained from the home-cell community-based mobility 
model (HCMM) [7]. We refine contact probability by considering the frequency, longev-
ity, and regularity of node contacts [24]. This is because the more frequently they en-
counter each other, as well as the longer and more regularly they meet, the higher the 
contact probability will be that they attain.  

In the RCPB model, nodes with higher probabilities of contact with other nodes tend 
to gather together, while nodes with higher betweenness centralities compensate for the 
intermittent connection disruptions among the nodes in the network. RCPB appropriately 
integrates both metrics to successfully reduce network traffic while maintaining accepta-
ble transmission delays and lower hop counts.  

The main contributions of the paper are summarized below.  

(1) We propose a novel forwarding scheme that integrates both the refined contact prob-
ability, considering the frequency, longevity, and regularity of node contacts, and 
betweenness centrality 

(2) We use the network simulator NS-2 v2.35 [29] for simulations on the HCMM. The 
simulation results show that the proposed scheme outperforms most forwarding 
schemes, including Epidemic, Wait, SimBet, and ProPhet, as well as pure centrality- 
based schemes that use degree, betweenness, and closeness centralities.  

The remainder of this paper is organized as follows. In Section 2, we discuss related 
work. After describing the system model and assumptions in Section 3, we introduce the 
proposed scheme in Section 4. The simulation environment and results are shown in Sec-
tion 5. Finally, our conclusions and suggestions for future work are provided in Section 6. 
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2. RELATED WORK 

Conventional routing schemes for MANETs include Dynamic Source Routing, the 
Ad Hoc On-Demand Distance Vector, Split Multipath Routing, the Shortest Multipath 
Source, and AntHocNet [8]. A double-layered peer-to-peer system using clustering was 
also introduced for routing performance [9]. However, none of these schemes can be 
directly useful for OPPNETs, regardless of improved performances, because there may 
be no stable route between the source and destination in OPPNETs.  

In OPPNETs, forwarding/routing schemes can be categorized in two groups: zero 
knowledge schemes and non-zero knowledge schemes. Zero knowledge schemes do not 
exploit social information. On the other hand, non-zero knowledge schemes employ so-
cial information about node behaviors or social relationships for forwarding decisions in 
OPPNETs.  

In zero knowledge schemes, CSROR [10] finds the optimum values of the bandwid- 
th, battery power, and threat level to implement route discovery. Epidemic [11] distrib-
utes messages to each of them when each node meets other nodes, creating replicas of the 
messages. In Spray-and-Wait [12], a node “sprays a number of copies into” some nodes 
in the network and then “waits” until one of these nodes meets the destination. Ticket- 
based broadcasting [13] exploits the number of tickets associated with each packet and 
determines a packet’s priority. Homing spread [14] creates extra delivery overhead for 
mobile nodes because it spreads messages to the detected communities via the relay 
nodes. HFS [15] floods messages only to nodes in hotspots where nodes often meet each 
other.  

Non-zero knowledge schemes can be further categorized into three schemes: cen-
trality/similarity-based, social context-based, and probability-based. The centrality/simi- 
larity-based schemes include SimBet [16], Bubble Rap [17], and SANE [18]. In SimBet, 
when each node meets other nodes, it provides a message to the other nodes with be-
tweenness centrality and similarity utility values until the destination node is encountered. 
In Bubble Rap, a message is sent to the destination node or its community by both global 
and local centralities. Note that SANE utilizes both user interests and their similarity.  

The social context-based schemes include Label [19] and HiBop [20]. Label selects 
some nodes to directly forward messages to the destination or to the next-hop node be-
longing to the same label as that of the destination. HiBop requires personal information, 
such as residence, employer, and hobbies, as well as the system information.  

Finally, the probability-based schemes include ProPhet [21], PeopleRank [22], and 
MobySpace [23]. ProPhet estimates the delivery predictability for forwarding decision, 
P(a, b), which indicates how likely node b is to receive a message from node a during the 
warm-up period. PeopleRank adopts Google’s PageRank algorithm for forwarding deci-
sions. MobySpace exploits the knowledge about a node’s interest and mobility infor-
mation, such as the coordinates and locations. 

Most non-zero knowledge schemes require global information for forwarding deci-
sions. Therefore, these schemes take advantage of real datasets for their simulations. 
These datasets can be preprocessed in advance because they contain information on mo-
bility, contact trace, and social interaction graphs. Unfortunately, such preprocessing on 
real datasets results in the loss of generality. 
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3. SIMPLIFIED OPPNET MODEL 

3.1 Network Graph 
 

We model an OPPNET as an undirected graph, G = <V, E>. Vertex set V and edge 
set E consist of all nodes and all links between nodes, respectively. The weight of an 
edge indicates a utility value in the proposed scheme.  

 
3.2 Network Model 
 

Each node in our OPPNET has a unique identifier. The nodes are denoted by N = 
{N1, N2, N3, …, Nm}, where m is the number of nodes in the network. The set of encoun-
tered nodes of node Ni is denoted by Si. For simplicity, we do not consider resources such 
as buffer, bandwidth, and power. In addition, because the focus of this paper is not on 
reduction of computational costs, we do not consider it. 
 
3.3 Mobility Model 
 

We use HCMM as the node mobility model in this paper. It is a widely used model 
for the spatial and temporal properties of human mobility in social information. HCMM 
more practically reflects human behaviors. Each node selects the destination using the 
social weights of the nodes; therefore, a strong social weight implies a high probability to 
travel to a specific community. The distance between a pair of communities additionally 
affects the probability to visit. Accordingly, each node belongs to a community. The 
community within which a node is initially located is called the node’s home community. 
Each node frequently visits its home community and infrequently visits other communi-
ties. We assume that each node knows whether other nodes belong to its home commu-
nity. Nodes lack global information except for node identifiers. In addition, each node 
has a label [19] that indicates its home community index, denoted by H = {H1, H2, H3, …, 
Hr}, where r is the number of communities. Each node is aware of its own speed and 
current location. A node can periodically measure its location. To determine its speed 
and location, each node is assumed to have positioning system equipment. 

4. PROPOSED SCHEME 

4.1 Overview 
 

The proposed scheme obeys the rules of typical message forwarding: each node 
forwards a message to the destination via relay nodes. Unlike forwarding in MANETs, 
nodes do not maintain a routing table for forwarding because there may be no stable 
route between the source and destinations. Thus, it is important to select proper relay 
nodes for successful delivery of the message within a reasonable delay. We exploit con-
tact probability to the destination and betweenness centrality for forwarding. During the 
warm-up period, each node updates and exchanges its contact probability and between-
ness centrality upon contact with one another node. After that, each node issues a mes-
sage. The network has no infrastructure for global information; therefore, it might be 



 

 

diffic
other
exch
each
only
node
tinat
and w
dicat
tralit
netw
hanc
calcu
desc

 

 

4.2 C

tion.
forw
ity o
quen
We i
nenti

wher
coun
conta

REFIN

cult for a nod
r nodes in ran

hanges its info
h node it enco
y if that node 
e does. Messa
tion. Fig. 1 sho
white nodes i
ting that they 
ties compensa

work by comb
ces the perform
ulating the con
ribed below. 

Contact Prob
 
Contact prob
 A node with

ward a messag
of nodes’ con
ncy, duration, 
incorporate th
ial inter-conta

( , ) 1 exP i j  

re P(i, j) indic
nts of Ni and 
act time betw

NED CONTACT P

de to know the
nge, which d

ormation, inclu
ounters. The so

has a higher
age forwarding
ows an overvi
in a large circ
tend to gathe

ate for the int
bining contac
mance in term
ntact probabil
 

bability 

bability is an i
h a high conta
e to the destin

ntacts [24] to 
and regularit

hese metrics u
act time.   

1

1

( ,
xp(

( ,
ij

ij

c

c

u i j

I i j





cates the conta
Nj, U(i, j) is 

ween Ni and N

PROBABILITY AN

e contact prob
ynamically ch
uding contact 
ource node fo

r competency 
g is terminate
iew of RCPB.
le have highe

er together. In 
termittent con
ct probabilitie
ms of both del
lity and betwe

Fig. 1. Overvi

important fact
act probability
nation. We co
refine contac

ty with which
using the follo

)
),

)

j

j
 

act probability
the contact d
Nj. Note that 

ND BETWEENNE

babilities and 
hange. Accor
probability an

orwards the m
for deliverin

ed when the m
. Note that sm
er contact prob
n RCPB, node
nnection disru
es with betwe
livery ratio an
eenness centra

iew of RCPB.

tor for forwar
y with respec

onsider the fre
ct probability;
h each node m
owing equatio

y of Ni and Nj

duration of Ni

the total con

SS CENTRALITY

betweenness 
rdingly, each 
nd betweenne

message to an 
ng the messag
message is del

mall white circl
babilities for a
s with higher 

uptions among
eenness centra
nd network tra
ality of a node

rding a messa
ct to the destin
quency, longe
; these metric

meets other no
on, for which 

j, Cij represent
and Nj, and I

ntact count is

Y 

centralities o
node updates

ess centrality, 
encountered n

ge than the so
livered to the 
les indicate no
a certain node
betweenness 

g the nodes in
alities, which
affic. A metho
e for forwardin

 

age to the des
nation is likel
evity, and regu
cs present the 
odes, respectiv
we assume e

ts the total con
I(i, j) is the in
how many o

221

of the 
s and 
with 
node 

ource 
des-

odes, 
e, in-
cen-

n the 
h en-
od of 
ng is 

stina-
ly to 

gular-
e fre-
vely. 

expo-

(1) 

ntact 
inter- 
other 



SUN-KYUM KIM AND SUNG-BONG YANG 

 

222

 

nodes each node meets, the contact duration is the time period when two nodes meet, and 
the inter-contact time is the time gap between when two node contact and when the same 
two nodes contact again [1]. In Eq. (1), the contact probability of two nodes is estimated 
under the assumption of exponential inter-contact time [12]. Note that the calculation of 
P(i, j) itself does not rely on the assumption of exponential inter-contact times. Using a 
particular estimation that is more realistic for a network should result in better forward-
ing performance [25].   

The sums of both the contact duration and inter-contact time between Ni and Nj is 
divided by the total contact counts (Cij) to obtain the average value. Note that P(i, j) in-
creases as the average contact duration increases, whereas P(i, j) increases as the average 
inter-contact time decreases. The average values of both contact duration and inter-con- 
tact time in Eq. (1) capture regularity.   

If a lengthy period has elapsed since Ni and Nj have encountered each other, their 
contact probability must be modified with aging factor  in terms of time t as  

1

1

( , )
( , ) 1 exp( ) ,

( , )
ij

ij

c t

c

U i j
P i j

I i j


 
    
  




  (2) 

where t is the time that has elapsed since their last encounter. In addition, the contact 
probability must incorporate the transitivity property; that is, when Ni meets Nj after Nj 
encounters Nk, Ni updates P(i, k) according to P(i, j) and P(j, k) as 

P(i, k) = 1  (1  P(i, j))  (1  P(i, k)). (3) 

Note that Ni does not update P(i, k) if Ni had previously encountered Nk because P(i, 
k) was already updated at that time. We can now use contact probability P(i, j), along 
with betweenness centrality, for forwarding messages. 

 
4.3 Centrality 
 

Centrality has structural importance in social network analysis. There are several 
ways to measure it; we use the most popular metrics, such as degree, betweenness, and 
closeness centralities [26-28].  

Degree centrality indicates the number of nodes (i.e., ties) connected to a node. As a 
node’s degree centrality increases, so does its chance of contacting other nodes in a net-
work. The degree centrality of Ni is calculated as  

1
( , ),

m

i j
Degree l i j


   (4) 

where l(i, j) = 1 if a link exists between Ni and Nj, and m is the number of nodes. In this 
paper, the degree centrality of Ni is denoted by |Si|, which means the number of nodes Ni 
encountered. 

Closeness centrality denotes how close a node is to all other reachable nodes in the 
network. It can be regarded as a measure of the time it will take information to spread 
from a given node to each of the other nodes in the network. The closeness centrality of 
Ni is calculated as 



 

 

wher
ness 
topo
dista
meet
coun

to al
hanc
calcu

wher
ber o
node
meas

wher
if the
B(1)
N4, a
must
of no
all 1
of th
 

 
  

 
 
 
 
 

 

leadi
of th
twee

REFIN

iCloseness 


re d(i, j) is th
centrality in a
logy. Instead

ance with x-y
t one another
ntered nodes. 

Finally, betw
ll others that p
ce interactions
ulated as 

1
( )

m

j
B i


  

re gjk is the to
of those geod
e is also diffi
sure it with th

A2[1  A],

re A is the adj
ere is not. Fig
 for N1, assum

and N1 had ea
t be a path. Th
odes since the
’s, gives the n

he entries give

A =  

Since the ma
ing diagonal. 
he entries; B(1
enness centrali

NED CONTACT P

1

1
,

( , )
m

j

m

d i j





 

e geodesic di
an OPPNET b
, we enable n

y coordinates 
r, they update

weenness centr
pass through a
s between the

1

1

( )
,

j ik

k

jk

g i

g


  

otal number of
esic paths tha
cult on accou

he equation us

jacency matrix
g. 2 shows an
ming that N1 h
rlier encounte
he number of 
ese will be ge
number of geo
es the ego betw

           

Fig. 2. Calc

atrix is symm
Consequently
1) is 1/2 + 1/
ity as well as 

PROBABILITY AN

stance betwee
because nodes
nodes to calc
obtained from
 their coordin

rality indicates
a node. A nod
e nodes that it

f geodesic pat
at include Ni. 
unt of the lack
ed in the ego b

x of Ni. Aij = 
n example of t
has encountere
ered N4 and N5

paths of lengt
odesics. It fol

odesics of leng
weenness (this

        A2

culation of the b

metric we nee
y, the ego betw
1 + 1/1 + 1/1
contact proba

ND BETWEENNE

en Ni and Nj. 
s require comp
culate closene
m their positio
nates, both th

s the number 
de with a high
t links [28]. B

ths between N
Determining 
k of a global
betweenness [

1 if there is co
the calculation
ed N2, while N
5. When i  j, 
th 2 is needed
llows that A2[
gth 2 joining i
s has to be hal

[1  A] = 

betweenness ce

ed only consi
weenness is sim
 = 3.5 as sho

ability for forw

SS CENTRALITY

It is difficult 
plete knowled
ess centrality 
oning system

heir own and 

of shortest pa
h betweenness 
Betweenness c

Nj and Nk, and
the betweenn

l network top
[29]:  

ontact betwee
n of the betw
N3 had encoun
since the wal

d to count for n
1  A]i,j, wher
i to j. The sum
lved if it is a g

entrality of N1.

ider the zero 
mply the sum

own in [29]. R
warding. 

Y 

to measure cl
dge of the netw
by the Euclid
s. Whenever 
those of their

aths from all n
centrality can

centrality for N

d gik(i) is the n
ess centrality 
ology. Hence

n Ni and Nj, a
weenness centr

ntered N1, N2,
lk is of length 
non-adjacent p
re 1 is a matri

m of the recipr
graph). 

entries above
m of the recipro
RCPB exploits

223

(5) 

lose-
work 
idean 
they 

r en-

nodes 
n en-
Ni is 

(6) 

num-
of a 

e, we 

(7) 

and 0 
rality 
, and 

h 2, it 
pairs 

rix of 
rocal 

e the 
ocals 
s be-



SUN-KYUM KIM AND SUNG-BONG YANG 

 

224

 

4.4 Integration of Contact Probability and Betweenness Centrality  
 

We now integrate the contact probability and betweenness centrality to determine a 
value for forwarding. Let us assume that Nd is the destination, Ni holds the message to Nd, 
and Ni just encounters Nj. Because P(i, j) is the probability that Ni will meet Nj, and B(i) 
indicates how structurally central Ni is in the network topology, we define Fi(d) of Ni as  

Fj(d) = P(i, d)  B(i), (8) 

In Eq. (8), the contact probability is multiplied by the betweenness centrality be-
cause the contact probability varies from 0 to 1.0 and the betweenness centrality is non- 
negative. Whenever Ni meets Nj, Ni calculates Fi(d) and sends the message to Nj when 
Fj(d) is larger than Fi(d). Hence, a node forwards the message to other nodes that are 
likely to be close to the destination. 
 
4.5 Forwarding in RCPB  
 

Each node Ni maintains the information entry < IDi, B(i), Ai, Fi, Pi, Ii, Ui > to update 
the contact probability and betweenness centrality, where IDi is the ID of Ni, Ai is the 
adjacency matrix of Ni, Fi = {Fi(1), Fi(2), …, Fi(m), F2(i), F3(i), … Fm(i)}, Pi ={P(i, 1), 
P(i, 2), …, P(i, m), P(2, i), P(3, i), … P(m, i), Ii = {I(i, 1), I(i, 2), I(i, 3), … I(i, m)}, and 
Ui = {U(i, 1), U(i, 2), U(i, 3), …, U(i, m)}. When Ni meets Nj, Fi(j) is calculated with B(i) 
and P(i, j). Ni additionally computes Fj(i) at the same time to reduce extra communica-
tion between them. 

The RCPB forwarding algorithm is outlined in Algorithm 1. Assume that Ni has a 
message destined for Nd. When Ni encounters Nj, Ni exchanges Ai, Fi, and Pi with Nj. Ni 
then updates contact probability P(i, j) with I(i, j) and U(i, j). Additionally, Ni updates 
each P(i, k) for k  i  j in Pi using Eq. (3) with Pj; moreover, it updates betweenness 
centrality B(i) by combining Ai with Aj using Eq. (7). Next, Ni computes Fi(d) and Fj(d) 
using Eq. (8). Finally, Ni compares Fi(d) with Fj(d). If Fj(d) is greater than Fi(d), Ni for-
wards the message to Nj. 

 

Algorithm 1: Pseudo code for RCPB forwarding 

01: //After discovery of encountered node Nj 
02: RCPB_Forwarding {  
03: Exchange_information (Ni, Nj); //Exchange Ai, Fi, and Pi with those of Nj 

04: Update_ContactProbability(Pi); //Update the contact probabilities  
05: Update_Betweenness(B(i)); //Update the betweenness centrality of Ni by combining Ai 

with Aj  
06: Calculation_FValue(Fi(d), Fj(d));// Calculate Fi(d) and Fj(d)  
07: If Nj = Nd 
Forward the message to Nj; 
08: Else If Fi(d) < Fj(d)  
09: Forward the message to Nj;} 
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respectively. The number of communities was four among nine grids, and each commu-
nity had ten or more nodes. The number of nodes was set to 40, 50, 60, and 70. The 
communication range varied from 10 to 50m. Because HCMM does not include contact 
information, a warm-up period was required to obtain and update the contact information, 
including contact probability and centrality, to simulate the forwarding schemes. The 
warm-up period was 1,000s. The velocity of the node range varied from 1 to 9m/s, which 
was appropriate for either people or vehicles. In our simulator, each node issued one 
message with randomly selected destinations. After a source node sent the message to the 
other nodes, it did not delete the message. Aging factor  was set to 0.98. The total simu-
lation time was 8,000s. We ran each scheme 20 times to determine the average results. 
Table 1 summarizes the parameters used in our simulation. Our simulation environments 
followed [15]. 

 

Table 1. Parameters for the simulation. 
Parameter Value (Default) 
Network area 450450m2 
Community size 150150m2 
Number of grids 9 
Number of communities 4 
Number of nodes 40, 50, 60, 70, (40) 
Communication range 10, 20, 30, 40, 50, (10)m 
Velocity of nodes 1~9m/s 
Aging factor  0.98 
Warm-up period 1,000s 
Simulation time 8,000s 

 

We evaluated the proposed scheme with the following performance metrics: 
 

1) Delivery ratio: The ratio of the number of delivered messages to the total number of 
messages issued. 

2) Network tra ffic: The total number of messages sent and received. 
3) Delay: The time required for a message to travel from the source to the destination. 
4) Hop count: The average number of hops required for a message to travel from the 

source to the destination. 
 

We simulated and compared RCPB with various forwarding schemes such as Epi-
demic, Wait, ProPhet, SimBet, and pure centrality-based schemes. All the schemes, ex-
cept Wait, achieved a 1.0 delivery ratio. 
 
5.3 Simulation Results 
 
5.3.1 Effect of the simulation time 
 

Figs. 4 (a) and (b) show the delivery ratios and network traffic, respectively, as the 
simulation time reached 8,000s. The results are shown after 1,000s, including the warm- 
up period. The number of nodes and the communication range were set to 40 and 10m, 
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contact probabilities to other nodes tend to gather together. This scheme additionally en-
ables nodes with higher betweenness centrality to compensate for the intermittent disrup-
tions of connections among nodes in the network. RCPB thus distributes messages to a 
proper number of nodes that have recently been closer to the destination and are structur-
ally important connections with other nodes for forwarding. Consequently, RCPB reduc-
es network traffic and lowers hop count while maintaining an acceptable transmission 
delay. Hence, RCPB is a well-balanced forwarding scheme for OPPNETs. In the future, 
we will consider more elaborated integration and other metrics for network analysis in 
forwarding, such as selfishness and similarity. 

ACKNOWLEDGEMENT 

This research was supported by the Basic Science Research Program through the 
National Research Foundation of Korea (NRF) funded by the Ministry of Education, 
Science and Technology (2013R1A1A2011114). 

REFERENCES 

1. M. Conti, S. Giordano, M. May, and A. Passarella, “From opportunistic networks to 
op portunistic computing networks,” IEEE Computer, Vol. 43, 2010, pp. 42-50. 

2. P. Hui, A. Chaintreau, J. Scott, R. Gass, J. Crowcroft, and C. Diot, “Pocket switched 
networks and human mobility in conference environments,” in Proceedings of ACM 
SIGCOMM Workshop, 2005, pp. 244-251.   

3. A. Lindgren and A. Doria, “Experiences from deploying a reallife dtn system,” in 
Proceedings of IEEE Consumer Communications and Networking Conference, 2007, 
pp. 217-221. 

4. P. Juang, H. Oki, Y. Wang, M. Maronosi, L. Peh, and D. Rubenstein, “Energy-effi- 
cient computing for wildlife tracking: design tradeoffs and early experiences with 
zebraNet,” in Proceedings of Architectural Support for Programming Languages 
and Operating Systems, 2002, pp. 96-107. 

5. T. Small and Z. J. Haas, “The shared wireless infostation model: a new ad hoc net-
working paradigm (or where there is a whale, there is a way),” in Proceedings of 
MobiHoc, 2003, pp. 234-244. 

6. M. Conti and M. Kumar, “Opportunities in opportunistic computing,” IEEE Commu-
nications Magazine, Vol. 48, 2010, pp. 126-139. 

7. D. Karamshuk, C. Boldrini, M. Conti, and A. Passarella, “Human mobility models 
for opportunistic networks,” IEEE Communications Magazine, Vol. 49, 2011, pp. 
157-165. 

8. H. Zafar, N. Alhamahmy, D. Harle, and I. Andonovic, “Survey of reactive and hybrid 
routing protocols for mobile ad hoc networks,” Communication Networks and In-
formation Security, Vol. 3, 2011, pp. 193-202. 

9. K. J. Lee, J. H. Choi, and S. B. Yang, “Fuzzy inference-based super peer selection for 
a practical double-layered mobile peer-to-peer system,” Ad Hoc and Sensor Wireless 
Networks, Vol. 21, 2014, pp. 327-351. 

10. S. Khan and J. Loo, “Cross layer secure and resource-aware on-demand routing pro-



REFINED CONTACT PROBABILITY AND BETWEENNESS CENTRALITY 

 

 

231

 

tocol for hybrid wireless mesh networks,” Wireless Personal Communications, Vol. 
62, 2012, pp. 201-214. 

11. A. Vahdat and D. Becker, “Epidemic routing for partially-connected ad hoc net-
works,” Technical Report CS-200006, Department of Computer Science, Duke Uni-
versity, 2000. 

12. T. Spyropoulos, K. Psounis, and C. Raghavendra, “Efficient routing in intermittently 
connected mobile networks: The multiple-copy case,” IEEE Transactions on Net-
working, Vol. 16, 2008. pp. 77-90. 

13. Y. Wang and J. Wu, “Ticket-based multiple packet broadcasting in delay tolerant 
networks,” Ad Hoc and Sensor Wireless Networks, Vol. 19, 2013, pp. 171-188.  

14. J. Wu, M. Xiao, and L. Huang, “Homing spread: Community home-based multi-copy 
routing in opportunistic networks,” in Proceedings of INFOCOM, 2013, pp. 138-146. 

15. S. K. Kim, J. H. Choi, and S. B. Yang, “Hotspot: Location-based forwarding scheme 
in an opportunistic network,” Ad Hoc and Sensor Wireless Networks, Vol. 26, 2015, 
pp. 151-170. 

16. E. M. Daly and M. Haahr, “Social network analysis for routing in disconnected de-
lay-toler ant MANETs,” in Proceedings of ACM MobiHoc, 2007, pp. 32-40. 

17. P. Hui, J. Crowcroft, and E. Yoneki, “Bubble rap: social-based forwarding in delay 
tolerant networks,” IEEE Transactions on Mobile Computing, Vol. 10, 2010, pp. 
1576-1589. 

18. A. Mei, G. Morabitto, P. Santi, and J. Stefa, “Social-aware stateless routing in pocket 
switched networks,” IEEE Transactions on Parallel and Distributed Systems, 2014, 
pp. 252-261. 

19. P. Hui and J. Crowcroft, “How small labels create big improvements,” in Proceed-
ings of IEEE Workshop Intermittently Connected Mobile Ad Hoc Networks, 2007, pp. 
244-251. 

20. C. Boldrini, M. Conti, and A. Passarella, “Exploiting users’ social relations to for-
ward data in opportunistic networks: the HiBOp solution,” Pervasive and Mobile 
Computing, Vol. 4, 2008, pp. 633-657. 

21. A. Lindgren, A. Doria, and O. Schelen, “Probabilistic routing in intermittently con- 
nected networks,” ACM SIGMOBILE Mobile Computing and Communications Re-
view, Vol. 7, 2004, pp. 239-254. 

22. A. Mtibaa, M. May, C. Diot, and M. Ammar, “PeopleRank: social opportunistic for-
warding,” in Proceedings of IEEE INFOCOM, 2010, pp. 1-5. 

23. J. Leguay, T. Friedman, and V. Conan, “Evaluating MobySpace based routing strate-
gies in delay tolerant networks,” Wireless Communications and Mobile Computing, 
Vol. 7, 2007, pp. 1171-1182. 

24. E. Bulut and B. K. Szymanski, “Exploiting friendship relations for efficient routing in 
opportunistic networks,” IEEE Transactions on Parallel and Distributed Systems, 
Vol. 23, 2012, pp. 2254-2265. 

25. C. Liu and J. Wu, “An optimal probabilistic forwarding protocol in delay tolerant net- 
works,” in Proceedings of International Conference on MobiHoc, 2009, pp. 105-114. 

26. L. C. Freeman, “A set of measures of centrality based on betweenness, sociometry,” 
Vol. 40, 1997, pp. 5-41. 

27. L. C. Freeman, “Centrality in social networks conceptual clarification,” Social Net-
works, Vol. 1, 1979, pp. 215-239. 



 

232

28. M
S

29. M
2

30. N
31. A

p
o

M. E. J. New
Social Networ
M. Everett and
2005, pp. 31-3
Network simu
A. Mtibaa, M
portunistic fo
of Computer a
 
 

 
 

 
 

SUN-

wman, “A mea
rks, Vol. 27, 2
d S. P. Borgat
38. 

ulator-2, http://
. May, and M
rwarding,” in
and Telecomm

Sun
Science f
spectively
stitute of
interests 
and socia

 
 
 

Sun
partment 
1986 and
Universit
rithms, m

 
 
 
 

KYUM KIM AND

asure of betw
2005, pp. 39-5
tti, “Ego netw

/www.isi.edu/
M. Ammar, “O

Proceedings 
munication Sys

-Kyum Kim
from Yonsei 
y. He is curre
f civil enginee
include mobi

al network ana

g-Bong Yang
of Computer

d 1992, respe
ty since 1994

mobile comput

D SUNG-BONG Y

weenness centr
54. 

work betweenn

/nsnam/ns/, 20
On the relevan

of IEEE Mod
stems, 2010, p

received his
University in

ently a Postdo
ering and bui
ile social netw
alysis. 

g received his
r Science at t
ctively. He h

4. His research
ting, and socia

YANG 

rality based on

ness,” Social N

011. 
nce of social i
deling, Analys
pp. 141-150.

 M.S. and Ph
n Korea in 20
octoral Resear
lding technol
works, delay 

s M.S. and Ph
the University
has been a Pr
h interests in
al network ana

n random wa

Networks, Vol

information to
sis and Simula

h.D. in Comp
012 and 2016
rcher at Korea
ogy. His rese
tolerant netw

h.D. from the 
y of Oklahom
ofessor at Yo
clude graph a
alysis. 

alks,” 

l. 27, 

o op-
ation 

puter 
6, re-
a in-

earch 
works 

e De-
ma in 
onsei 
algo-



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


