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Abstract—The development of modern communication tech-
nologies fosters human networks (HUNETs)—an information
dissemination platform comprised of human-carried wireless-
enabled devices. These networks are promising applications of
delay tolerant networks (DTNs). However, existing DTN routing
protocols do not address unique problems in HUNETSs and
are unable to utilize the benefits of human mobility. In this
paper, we present a publish/subscribe system for HUNETSs. In
our system, brokers are responsible for collecting subscriptions
and dispatching messages, which provide better flexibility and
scalability. The core component of our system is a socially-aware
broker allocation algorithm called, social election. Social election
trades off between the efficiency and overhead, by dynamically
controlling the number of brokers in the network. A replication
scheme and a buffer management method based on utility are
also proposed to facilitate efficient message forwarding. We
demonstrate, through simulations, that our system performs well
in realistic networks under extensive conditions.

Index Terms—delay tolerant network, publish/subscribe sys-
tem, content-based addressing.

I. INTRODUCTION

The development of modern communication technologies
fosters a new information dissemination platform formed by
human-carried wireless-enabled devices. These devices are
powered by battery, therefore have only limited communica-
tion capability. A good example is the pocket network [1].
These kind of networks are modeled as mobile delay tol-
erant networks (DTNs), and we call them human networks
(HUNETs). HUNETSs are promising in ubiquitous comput-
ing. Just like DTNs, HUNETSs are occasionally-connected,
and suffer from constant network partitioning as the result
of high mobility and short radio ranges. Providing efficient
communication in HUNETS is a grand challenge. Unicast and
multicast routing protocols for DTNs were researched in the
past. However, few of them address or utilize the unique
problems or properties of HUNETs. We summarize two of
the most important questions as follows:

o Distributed content addressing: Communications in
HUNETS are closely coupled with human interests. Peo-
ple, therefore, users in the network are communicating
information that they share common interests in. Mes-
sages in HUNETSs express user interests, which cannot
be handled efficiently in the traditional routing protocols
because they do not have the required constructs. Fur-
thermore, HUNETSs do not have end-to-end connectivity,

which makes addressing an expensive operation. Users
are unable to readily find the IDs of their intended
destinations in the first place.

e Social network characteristics: The user mobility in
HUNETS is essentially human mobility. One of the most
important properties of human mobility is the community
structure, which means people move in certain tracks
and form closely related groups. This is substantially
different from the purely random mobility model assumed
in the previous routing protocols. We demonstrate in
this paper that utilizing the social structures of HUNETSs
provides satisfactory performance with less overhead and
complexity than the traditional routing protocols.

In this paper, we explore the use of the pub/sub system
for efficient communication in HUNETS. In a pub/sub system,
users are agnostic of each other. The information generated by
the information producers, or publishers, is injected into the
network, and forwarded by brokers, which are nodes respon-
sible for collecting subscriptions and dispatching messages to
interested users. The information consumers, or subscribers,
register their interests to brokers, which are called, subscrip-
tions. Messages are no longer routed based on their record
destination. They are dispatched by brokers according to the
matching between subscriptions and message content. Because
it decouples the communication protocol and network struc-
ture, the pub/sub paradigm has inherent anonymity, scalability,
and flexibility [2]. Thanks to these superiorities over traditional
solutions, pub/sub has been identified as a promising solution
to the information dissemination in HUNETSs [3].

Pub/sub systems for fixed networks [4] have been re-
searched and developed for many years. These works laid a
solid foundation for our work. There are also many pub/sub
systems for wireless ad-hoc networks [2], [5], [6], [7]. These
works mainly focus on mechanisms to compensate the impact
induced by network dynamics. They do not address the non-
existence of end-to-end connectivity in HUNETSs. Addition-
ally, they do not consider the human mobility of HUNETS
either. They are unable to utilize the dynamic community
structure in human behaviors to improve performance.

In this paper, we present a new pub/sub system for
HUNETS, which explicitly addresses the above questions in
its design. The core component of our system is a simple and
effective algorithm for allocating brokers in HUNETSs called,
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social election. According to the social structure of HUNETS,
we try to find the nodes that have a larger movement area to
become brokers, which is measured by the popularity of the
nodes. Social election uses local contact history to determine
each node’s role, and to control the number of brokers in the
network. Social election takes advantage of the unique social
structure of HUNETS. The forwarding structure formed by so-
cial election provides efficient message dispatching capability.
Additionally, social election is able to control the overhead
in message forwarding by adjusting the number of brokers,
which is not well addressed in existing protocols.

Our contributions in this paper are as follows:

o We explore the use of the pub/sub system for efficient
communication in HUNETs. We analyze its advantages
over traditional approaches in flexibility and scalability.

« We propose social election, a dynamic broker allocation
algorithm, which can dynamically control the number
of brokers in the network. Coupling with utility-based
replication and buffer management schemes, our system
performs better than the traditional routing protocols.

o« We conduct simulations to verify the performance of
the proposed system. We use a realistic human mobility
model in assessment, which substantiates the advantages
of the socially-aware design of our system.

The rest of this paper is organized as follows: section II
presents related work. Section III discusses network model.
The design of our system is in Section I'V. Section V analyzes
simulation results. Section VI concludes this paper.

II. RELATED WORK

We refer to [2], [7] for a general survey on pub/sub systems
in mobile environments. Generally speaking, the pub/sub
system can be centralized or distributed. Many distributed
pub/sub systems have been proposed [5], [6], [7]. However,
these protocols assume end-to-end connectivity, which are
impractical for HUNETSs. Resource discovery and content
dissemination for mobile ad-hoc networks [4], [5] resemble
our problem here. However, these works focus on efficient
notification and querying to save precious bandwidth, and they
do not consider the connectivity problem and human mobility
model in DTNs either.

DTN routing protocols [8], [9], [10] can be used as a
building block in HUNET communications. The problem is
that the sources and the information holders do not know
each other. In the Internet, the Domain Name Service (DNS)
provides such an identification service, but in DTN, users are
disconnected from the infrastructure and other users. A ubig-
uitous naming service is hard to implement, or is too costly
for practical use. Current DTN routing protocols focus on
unicast, however, communications in HUNETS usually exhibit
a many-to-many traffic pattern. This makes traditional routing
protocols unfavorable in HUNETS. Content based addressing,
and the corresponding routing model, are discussed in [11].
Content/resource discovery shares commons with the pub/sub
system. A socially-aware routing method is proposed in [3].

Reference [12] studies efficient ranking and searching algo-
rithms for mobile networks. TACO-DTN [13] is a preliminary
work on buffer management for the content dissemination of
DTNs. Because the infrastructure and artificial user movement
are unavailable in HUNETS, it is impractical in HUNETS.
DRIP [6] uses geometric separation to select brokers, which
is restricted because it requires location information.

III. NETWORK MODEL AND PRELIMINARIES

We discuss the network model and preliminaries on the
content based addressing used in this paper.

A. Network models and assumptions

HUNETS consist of dozens to hundreds of wireless devices
carried by humans. The reason why HUNETS are considered
DTNs is that these devices have short communication ranges,
which is a result of their restricted energy supply and hardware
capability. The networks are therefore, partitioned, or the end-
to-end communication is impractical. Typical scenarios in-
clude conferences, exhibitions, and campuses where attendees
use smart phones or netbooks.

We assume that all the users are cooperative. Their devices
are operated to meet the network-wide goals. Each node, or
device carried by a person, has a fixed amount of memory
for temporarily holding messages, which is called, a buffer.
We assume that the buffer sizes of all the nodes in the
network are the same. Nodes are able to exchange messages
only when located in each other’s communication range. The
communication ranges of all the nodes are identical.

A pub/sub system has event providers, or publishers. Pub-
lishers generate messages that some users are interested in.
Users who are interest in the messages of certain content are
consumers, or subscribers. Brokers are responsible for col-
lecting messages and subscriptions, and dispatching messages
to interested subscribers. A node, equivalently a user, can
simultaneously be a publisher, subscriber, and broker, which
depends on the network environments.

The methods how messages are delivered from publishers
to subscribers can be divided into PUSH or PULL. Infor-
mally speaking, they are different in which part initiates
the transmission of the messages. Messages are injected into
the network by publishers in PUSH, whereas messages are
requested by the subscribers in PULL. We refer to [14] for a
more comprehensive discussion. Our system is a PULL system
with some adaption for supporting mobility.

B. content-based addressing

In this section, we describe the content-based addressing
method used in this paper. We do not present the details
about how to implement it, but depict how it works and
interacts with other modules. Messages are identified and
routed using content-based addressing and routing. The reason
is that the messages in HUNETs are delivered according
to users’ interests, which can be perfectly represented and
manipulated in content-based addressing. On the contrary,
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traditional techniques are impractical in such cases due to the
lack of expressiveness.

The most important function is to identify the content of the
messages. This function is able to match between messages’
contents and subscriptions. Because the same message is of
different values to users with varied interests, the degree a
subscription and a message match each other is measured by
a score; the higher the score, the better the matching. Message
delivery has a delay. In order to incorporate it into the system,
we associate the matching scores and the delay with a utility.
The utility is calculated in each forwarding of the messages
and is used in making replication decisions. Details will be
presented in the next section.

IV. THE DESIGN OF THE SYSTEM

Traditional pub/sub systems for mobile wireless networks
assume end-to-end connectivity. They impose a well-formed
structure for delivering messages. The association between
users and brokers is rigidly enforced. However, this is im-
practical in HUNETS because of the lack of end-to-end con-
nectivity and high mobility.

We employ a different approach in our system. A swarm of
brokers travel around and collect messages and subscriptions,
and no direct association between users and brokers is main-
tained. Our system has three orthogonal components: broker
allocation, message replication, and buffer management. We
use a novel process called, social election to allocate brokers.
Messages are published to brokers without any restrictions.
The messages are then propagated among brokers in order
to reach the interested subscribers. Replication and buffer
management are performed at brokers.

A. The dynamic Broker Allocation Algorithm

The broker allocation algorithm is executed at each node.
Its pseudo code is depicted in Algorithm 1. Each node has a
threshold of broker numbers for determining the role of the
nodes met in the future. The threshold has a lower bound and

Algorithm 1 Dynamic broker allocation

When meets a new node nodeyew
N+«—the number of brokers met in the current time window
if N < lower_bound then
if nodeneqw is a broker then
Do nothing
else
Designate nodenew to a broker
end if
else
if nodencw is a broker then
7 «— the popularity difference
(8 « the popularity threshold
if v < [ then
Designate nodenew as a normal user
end if
else
Do nothing
end if

end if

an upper bound. For a given node (broker or normal user),
when the number of brokers met in the current time window
drops below the low bound, it designates the normal user it
meets next time as a broker until the number of brokers it met
satisfies the lower bound.

On the other hand, if the number of brokers met in the
current time window surpasses the upper bound, the user tries
to reduce the number of brokers by designating the brokers
met in the future as normal users. This is achieved by social
election. Social election assumes that nodes are likely to
behave regularly in HUNETSs. That is, a node that travels a
wide range of network areas usually works in this way. This
is represented as a node’s popularity, which is measured as the
number of different nodes it met in the current time window.
The popularity of a set of nodes is the union of the popularity
of each node in the set. Social election works as follows:
suppose a node met « brokers in the current time window,
and a > upper_bound, then the next broker will be designated
to a normal user if the difference between its popularity and
the popularity of the brokers met before in the current time
window is less than (. 3 is called, popularity threshold.

The outcome of this algorithm is a swarm of brokers formed
by popular nodes. The number of brokers is controlled, so
that we are able to trade-off between efficiency and overhead.
Because of the human mobility in HUNETS, those nodes that
have a larger activity area, and thus have a higher popu-
larity, will more likely become brokers. As long as brokers
are selected, their statuses tend to be stable because of the
community structure of HUNETSs.

The algorithm has three parameters: time window size
Ty, thresholds {lower_bound, upper_bound}, and popularity
threshold 3. The lower bound and the upper bound reduce
the bouncing of the number of brokers, and provide more
flexibility. A lower [ value means the algorithm is more
sensitive to nodes’ popularity; whereas a higher (3 value means
the brokers’ quantity is more important in the allocation. All
decisions are made based on local information. This algorithm
allows nodes to set parameters that suit their own needs,
therefore, it is flexible and extensible.

1) Switching probability: In our system, each node only
needs its contact history in a fixed time window to determine
its, or its future neighbors’, status. We let each node switch ac-
cording to a probability to avoid the fluctuation. The switching
probability influences the dynamic of the number of brokers in
the network. We currently set the value to 0.5. Our simulation
results show that this probability has no noticeable impact on
performance as long as the number of brokers is the same.
A possible extension to Algorithm 1 is to use the ratio of
brokers to all nodes met in the time window as a threshold for
determining the role of neighbors. However, it lacks scalability.
When networks are too sparse, or too dense, too few or too
many brokers may be produced, which in turn, hampers the
effectiveness, or incurs unnecessary overhead. Non-uniform
speed distribution also introduces similar problems.

2) Designation and initiation: There is a subtle issue in
determining when and who can switch to a broker or normal
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user. A normal node may switch to a broker itself when the
number of brokers met in the time window drops below the
lower bound. Or it can designate one of its encountered normal
users as a broker. The later one is a rational choice as it con-
forms to the intuition that it needs more brokers for its efficient
communication. However, consider a situation where a node
moves like a ferry between two densely deployed clusters.
Because there are enough brokers in each cluster, the ferries
may not be selected as brokers, so that the communication
between clusters is hindered. But, they meet less brokers when
they move into the void area, which signals a sparse node
distribution. The ferries should switch to brokers in this case.

B. Replication and buffer management

Because brokers have no knowledge about the publishers
and subscribers, replication is driven by the presence of
the messages and subscriptions. That is, matched messages
and subscriptions are mutually attracted. Replication helps
messages reach the source of the matched subscriptions. In
order to control the overhead, i.e. the copies among brokers of
the same message, a mixed PUSH/PULL scheme is employed.
A user publishes messages and registers subscriptions to the
brokers. A publisher can only forward one copy of the message
to the first broker it meets. Brokers then interchange stored
messages and subscriptions. Brokers are allowed to replicate
multiple copies of the messages. We present two replication
schemes in the following sections, which are based utility.

Subscriptions are periodically registered by the subscribers
to the brokers. The time stamp of the subscriptions stored
in any broker is refreshed when a fresher subscription is
registered, no matter if it is from a normal user or another
broker. When brokers switch to normal users, they replicate the
messages they stored to other brokers they meet the next time.
All subscriptions, other than their own, should be discarded,
as normal users do not take part in message replication and
forwarding.

1) Utility ranking: We use a utility based method to de-
termine the priority of the messages in replication. The utility
of a message is calculated in Eq. 1. It decreases with the
age of the messages, which means the messages delivered
with less delay are preferred. Because the delays are unknown
before reaching the destinations, it is obtained by adding up
the age of the message, and the age of the subscriptions, in
the next-hop forwarder. The rationale of the addition is that
messages traverse the reverse path of the subscriptions; the
delay is therefore, the lifetime of the subscriptions.

tchi
r7 — matching score 0
message age

matching score
= 2)

message lifetime + subscription lifetime

2) Naive replication: Naive replication ranks the messages
according to their utilities. The utility of a message in each
forwarding is calculated using Eq. 1. As noted above, the
message age is obtained by adding the message lifetime and

the subscription lifetime, in the next-hop node. Then, highly-
ranked messages are forwarded firstly until all the messages
are transmitted, or the buffer in the next-hop node is depleted.
This operation also applies to the process where messages are
forwarded from normal users to brokers.

3) Delegation based replication: Delegation forwarding is
a simple strategy in DTN routing [15] in order to reduce
messages’ copy numbers. We incorporate it into our replication
scheme. In delegation based replication, the utility of each
message in each forwarding is computed as in Eq. 1. In the
next forwarding, the utility of a message should be larger than
that of the previous one. This strategy reduces the overhead,
and maintains the performance. Replication is similar to for-
warding replication in DTN routing. Indeed, their disparity
is that replication in a pub/sub system is only performed on
brokers.

4) Buffer management: Messages are ranked in the buffer
using Eq. 1. When the buffer is exhausted, lowest ranked mes-
sages are discarded. Matching scores are calculated against all
the subscriptions stored in the nodes. And the message age is
predicted by adding the message lifetime and the subscriptions
lifetime. Some messages may not match any subscriptions.
In this case, they are ranked according to lifetime. Fresher
messages will be kept, older ones discarded. This is also used
in replication when the same situation occurs, where fresher
messages will be replicated.

V. PERFORMANCE EVALUATION
A. Simulation Settings

Simulations are run in a discrete event simulator written
in C++. We conduct two sets of simulations. One uses the
standard random way point (RWP) mobility model. The other
uses a specific human mobility model called, SLAW [16].
For the ease of simulation, binary matching is used. That is,
each message corresponds to exactly one type of subscription,
which gives a matching score 1; otherwise, gives 0. 100
nodes are uniformly placed in a 1,000x1,000m planar area.
All nodes have a transmission range of 50m. The maximum
speed varies from [5 — 50]m/s. Each simulation runs for
3000 seconds. We randomly generate 5 types of messages,
5 publishers, and 10 subscribers for each type of message.
The publishers generate 1 message per second. We assume
that 50 messages can be transmitted within 1 second through
wireless channels. Transmission errors are not considered.
Each node has a buffer that can hold up to 100 messages.
The popularity threshold is set as the mean popularity value
of all the previous-encountered brokers.

To the best of our knowledge, there is no similar system
proposed recently. For comparison, we designed a random
allocation algorithm. This algorithm lets each node switch to
a broker with a fixed probability. We first obtain the average
number of brokers in the network using our system. Then, we
set the probability in such a way, that the number of brokers
in the networks using random algorithm is the same to that of
the social election method. Brokers serve in a cyclic manner.
After each cycle, each node will use the above mechanism to
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determine its role again. We call it, Random. The two protocols
have similar numeric values in delay. Due to lack of space,
we do not present the detailed results.

B. Throughput

An important performance metric of the pub/sub system is
the matched throughput, which is measured by the utility of
the messages being delivered to the interested users. Because
we use binary matching, the results can be expressed as the
volume of messages have been delivered. We compare the
results of our system and the random algorithm introduced
above. The parameters of this set of simulations are a lower
bound of 3, an upper bound of 3, and the time window size is
100 seconds. The maximum moving speed is varied to validate
the performance under different settings.

Fig. 1(a) and 1(b) give the overall matched throughput of
our system and the random algorithm in the standard RWP
model. We give the results with moving speeds varying from
5 to 50m/s. The throughput increases with the moving speed
because a higher moving speed increases the contact rate. It
can be concluded that our system’s performance is better than
the random algorithm.

Fig. 1(c) and Fig. 1(d) show the performances of our
system and the Random using the SLAW model, with the
same parameters as above. The performance advantage of
our system is larger in the SLAW mobility model. We see
similar performance curves as in Fig. 1(a) and 1(b). The
performance improvement is larger in less dynamic mobility
environments, which results in an increase in availability of
contact opportunities in the network. We would like to point
out that for other parameter settings, the comparisons of the
performance curves of our system and Random are similar.

o . L L L L L L L L
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 0o 10 20 3 40 S0 6 70 8 90
Sorted ID Sorted ID

(c) duty time (d) average duty time
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C. Overhead

In this section, we present the overhead of our system
measured in the number of brokers and their duty time. We
do not present the results of the random algorithm, for it is
designed to exhibit similar properties. Although the number
of brokers is not a precise numeric value of the overhead
of the system, it represents the overall trends. Because the
numeric overhead depends on the traffic pattern and load,
it may be misleading in some cases. Fig. 2(a) presents the
number of brokers changing with different moving speeds. The
parameters are a lower bound of 3 and an upper bound of 3.

Fig. 2(b) gives the number of brokers versus different
threshold values. The maximum moving speed for this set
of results is 10m/s. The window sizes vary from 100 to
500 seconds. As depicted in Fig. 2(a), the number of brokers
decreases with the increase of the moving speed. This follows
the intuition that a higher speed increases the contact rate
between nodes, thus, fewer brokers are needed to satisfy
the threshold criteria. In Fig. 2(b), larger threshold values
generate more brokers. If delegation based replication is used,
subscriptions and messages are only spread among a fraction
of all brokers; so the actual number of brokers that take part
in the serving is even less.

We present the results of duty time for each node in Fig. 2(c)
and Fig. 2(d). The parameters are a threshold 3, a time window
of 100 seconds, and a maximum moving speed of 10m/s. The
values are sorted in ascending order in the Fig. 2(c). The red
line is the average duty time for each node. 80 out of 100 nodes
serve as brokers for less than 1500 seconds, which is half of
the overall simulation time (3000 s). We define duty cycle as
the time duration, in which some nodes continuously serve as
brokers. We compile the above results to show the average
duty cycle with sorted ID in Fig. 2(d). The majority of the
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nodes have a relatively smaller duty cycle. This alleviates the
overhead imposed on each node, and reduces the probability
of exhaustion of the brokers’ buffer.

D. Microscopic Behaviors

This subsection presents the microscopic behaviors of the
system in terms of the number of brokers over time. The
mobility model used is SLAW. This set of results is necessary
to assess the stability of the system because, although the
overall number of brokers is stable, the frequent changing
of nodes’ statuses may incur additional operations, and may
render unpredictable behavior of the system. Fig. 3 presents
the number of brokers over time, with a lower bound of 1,
upper bounds from 9 to 1, and a window size of 500 seconds.
The black line represents the number of brokers in the network
in each second. The red line is the average number of brokers
after 500 seconds.

We see in these three figures that the trajectory is smoother
with a larger bound difference. We conclude that the fluctu-
ation and the average number of brokers depend on the dif-
ference between the lower bound and the upper bound. There
is a convergence time for the system to become stable. The
convergence is fast, and is proportional to the time window
size. By adjusting the threshold based on the known history,
i.e. proportionally changing the thresholds based on the length
of time in which the system has started working, we can reduce
the steep changing curve. Note that this optimization has no
influence on the protocol performance in the long term because
the behavior after the initial convergence time is all the same.

VI. CONCLUSION AND FUTURE WORK

In this paper, we considered the efficient communica-
tion problem in HUNETSs, which is formed by wireless-
communication-enabled devices carried by humans. We ex-
plored the use of the pub/sub system in such networks. A
new pub/sub system is presented. Content-based addressing is
used. A socially-aware broker allocation algorithm is proposed
to trade-off between efficiency and overhead. Utility-based
replication schemes and buffer management are also used
to facilitate efficient message forwarding. Simulation results
show that our system performs well in terms of throughput
and overhead under extensive conditions.

Personal digital devices are becoming more and more preva-
lent. At the same time, HUNETSs are promising to become
an efficient information dissemination and content distribution
platform. In our future work, we will continue to explore the
use of the pub/sub system and socially-aware algorithms in

HUNETSs. Many interesting applications can be deployed in
HUNETSs. We will identify them and develop the correspond-
ing protocols, algorithms, and prototype systems.
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