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Abstract—The publish/subscribe paradigm provides
content-oriented data dissemination, where communication
channels between content providers and content consumers
are set up on the basis of interest matches between content
provided by the publishers and content requested by the
the subscribers. In this paper, we present a distributed
active matchmaker architecture for publish/subscribe
paradigm, where “active matchmakers”, consisting of end
hosts and interior active routers or application level relay
nodes, intercept and perform matches between publication
announcements and subscription requests, and trigger
establishing content based data forwarding controls. We
explore two common signaling approaches, the broadcast
subscription approach and the broadcast publication
approach, and introduce another link-marking approach of
accomplishing the functionality of active matchmakers. We
develop a simple and fully distributed active matchmaker
signaling protocol (AMSP) that dynamically adapts to
applications’ publishing and subscribing behaviors and
adjusts link-marking configurations so as to optimize the
control overhead of conducting “matchmaking” among
publishers and subscribers. We compare the performance
of the three signaling approaches using simulations. Our
simulation results show that AMSP significantly reduces
system control message overhead in comparison to the
existing broadcast publication or broadcast subscrip-
tion approaches under various network and application
configurations.

I. INTRODUCTION

The publish/subscribe (pub/sub) paradigm provides
content-oriented data dissemination, where communica-
tion channels between content providers and content con-
sumers are set up on the basis of interest matches be-
tween content being provided and requested. In such a
paradigm, publishers (i.e., content providers) announce
the data specifications, such as data topics or other con-
tent attributes, before data flow actually begins. Sim-

ilarly, subscribers (i.e., content consumers) reveal their
interests so as to be able to receive data in which they
have declared an interest. An active matchmaker system
consisting of a set of distributed “mediators”, can then
sit along the data dissemination paths between the pub-
lishers and subscribers, intercepting both publication an-
nouncements and subscription requests so as to facilitate
communication channel setup and scoped content delivery
(for example, by setting up data filters [15], [11]). Such
an architecture is very useful in building large scale pub-
lish/subscribe applications such as distributed simulations
[15] and large scale event notification systems [3], [4].

Due to their inherent reliance on group communication,
most pub/sub systems [15], [12], [2], [13] are built on top
of IP multicast or overlay multicast [8]. The active match-
maker system can therefore reside in end hosts and ac-
tive routers or intermediate relay nodes, matching publica-
tion and subscription messages and triggering the setup of
communication channels. To accomplish the functional-
ity of content matches, two different types of mechanisms
have been explored and applied in various pub/sub appli-
cations. In the first approach (which we will refer to as the
“broadcast subscription” approach), subscription requests
from content consumers are broadcast to all the publish-
ers and registered at all the nodes along the paths. Data
from the publishers are then forwarded toward interested
receiver(s) only when they match some of the subscription
requests. In the second approach (which we will refer to
as the “broadcast publication” approach), publication an-
nouncements from content publishers are broadcast to all
subscribers. The subscribers then forward their subscrip-
tion requests only toward the publisher(s) who can pro-
vide the content of their interest. These matched subscrip-
tion messages set up the data channels for content-based
data dissemination. Recent work [6], however, suggests
a third approach, in which publications and subscriptions
meet in the middle of the network, and matches are de-
tected where they meet. In that paper, the authors for-



malized an optimization problem for determining the op-
timal “meeting points” for the publication and subscrip-
tion messages in order to minimize the amount of state
stored in the network. Polynomial time algorithms were
presented to solve the problem for both shared-tree based
multicast and per-source-tree based multicast.

In this paper, we further investigate this third approach
in which “matchmaking” between publication announce-
ments and subscription requests are conducted not only at
the edge but also in the middle of the network. We intro-
duce the idea of a distributed active matchmaker system
and describe its functionalities and its components. Fur-
thermore, we present a simple link-marking scheme that
forms the foundation of such an active matchmaker sys-
tem. By assigning each link in the multicast network an
attribute of p-link or s-link, and allowing only publication
messages go through p-links and subscription messages
go through s-links, the message overhead required for
matching publications and subscriptions is significantly
reduced. With guidance from the theoretical results from
[6], we develop a distributed algorithm to accomplish op-
timized link-markings. Given that determining the opti-
mal link-markings for per-source multicast trees can be
complicated and requires global information, our scheme
is fully distributed and works properly regardless of the
underlying multicast structure, at the cost of achieving
sub-optimal configurations in some cases. Moreover, we
design an active matchmaker signaling protocol (AMSP),
which integrates our link-marking algorithm. Through a
simple signaling process, AMSP dynamically adapts to
the publishing and subscribing behaviors of applications
and adjusts link-marking configurations accordingly so as
to optimize the control overhead of conducting matches
among publication announcements and subscription re-
quests. To evaluate the performance of our design, we
implement the active matchmaker signaling protocol as
well as the broadcast publication and the broadcast sub-
scription approach in a simulation. Our simulation results
demonstrate that the active matchmaker signaling proto-
col significantly reduces the control message overhead
in pub/sub infrastructures in comparison to the existing
broadcast publication/subscription approaches under var-
ious network and application configurations.

The remainder of this paper is organized as follows.
In Section II, we present an active matchmaker network
architecture for pub/sub applications, and describe the
functionality of the active matchmaker component and
its interactions with other components in the architecture.
In Section III, we provide an overview of the three ap-
proaches, broadcast publication, broadcast subscription
and link-marking approach in designing a matchmaker

signaling protocol. We present in detail our design of
the active matchmaker signaling protocol in Section IV.
We compare the performance of the three signaling ap-
proaches using simulations. Our simulation settings and
simulation results are presented in Section V. Finally, in
Section VI, we conclude our work and describe related
future research.

II. A PUBLISH/SUBSCRIBE NETWORK

ARCHITECTURE

As mentioned in the Introduction, most pub/sub sys-
tems are built on top of IP multicast or overlay multi-
cast. Therefore, the end hosts, where the applications are
running, together with the active routers or intermediate
relay nodes along the multicast data dissemination paths
can form a pub/sub infrastructure, where the participating
active nodes cooperate with each other to exchange pub-
lication/subscription information, and to disseminate ap-
plication data on the basis of their matched interests. We
illustrate such a pub/sub network infrastructure in Figure
1.

Ordinary Router :

Active Node : 

Active Router or 
Relay Node

End Host

Fig. 1. A publish/subscribe network infrastructure

In Figure 1, the white circles represent ordinary routers,
and the gray circles and gray squares represent the active
nodes which can be active interior nodes (gray circles) or
end hosts (gray squares). We note that the active interior
nodes may be active routers in an active network [15] or
relay nodes in an application overlay network [8]. In ei-
ther case we will refer to these interior nodes as active
routers, reflecting their functionality. In addition, in Fig-
ure 1, the solid lines indicate the multicast data dissem-
ination paths, and the dashed lines indicate the signaling
channels between the active nodes.

In a pub/sub network as shown in Figure 1, publish-
ers and subscribers are applications sitting on the end
hosts, where publishers announce the content specifica-
tions, such as data topics or some other content attributes,
and subscribers reveal their subscription requests through
the signaling channels. Together with the end hosts, ac-
tive routers thereafter perform content matching based on
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publication/subscription messages, and correspondingly
set up content-oriented data forwarding channels. Data
contents from publishers are then disseminated through
the data forwarding channels toward the interested sub-
scribers.

APPLICATION
 publication/   
 subscription

application
data

Data Forwarding
Control Module

Active 
Matchmaker

ATDP

Control Channel
Data Channel

matched

content

Fig. 2. The functionality components of an active node in pub/sub
networks

Without loss of generality, we can further divide each
active node in a pub/sub network into three components,
according to their functionality: the application module,
the active matchmaker module and the data forwarding
control module, as illustrated by Figure 2. The applica-
tion module is responsible for generating the publication
announcements for publishers or subscription requests for
subscribers and propagating these messages to the ac-
tive matchmaker module through signaling channels. It
also provides and/or consumes data contents that are sent
through the data forwarding channels.

The active matchmaker component is responsible for
distributing publication announcements and subscription
requests and conducting content matches between them.
Once a match is detected, it propagates such information
to all active nodes along the multicast path from the re-
lated publishers to the subscribers. These nodes then set
up their data forwarding channel accordingly. Since the
design of an active matchmaker system and its signaling
protocol is the primary focus of this paper, we will further
discuss different approaches of realizing such an active
matchmaker system in Section III.

Finally, the data forwarding control module utilizes
underlying multicast infrastructures (IP multicast or ap-
plication level multicast) to disseminate application data.
The end hosts running the same application join one mul-
ticast group, and the underlying multicast topology can
be either a single shared tree (e.g., CBT [1]) or per-source
(publisher) trees (e.g., PIM-SM version 2 [5]). With infor-
mation provided by the active matchmaker system, other
than simply forwarding data, more controls are applied
in the data forwarding module to further scope the con-
tent delivery to only interested receivers. This is usually

accomplished through content based routing [13] or data
filtering [11], [15].

Thus, in a pub/sub network as shown in Figure 1, the
active matchmakers sitting at each active node cooper-
ate with each other and form a signaling overlay, through
which publication announcements and subscription re-
quests, as well as other control signaling messages, are
propagated. Since the functionality of the active match-
maker system rely heavily on signaling processes, some
signaling aspects such as detection of neighboring active
nodes, reliable message transmission, should all be con-
sidered. An active topology discovery protocol (ATDP)
[14] is designed to facilitate such signaling process in
a multicast network. ATDP uses light-weighted source
path messages (SPM) to track changes in the underly-
ing multicast topology, and dynamically organizes ac-
tive nodes into the signaling overlay where, for each per-
source based multicast tree, reliable bidirectional connec-
tions between each active node and its parents and chil-
dren are maintained. As a building block, ATDP can be
easily incorporated into the active matchmaker system.

Having set aside concerns about the dynamic chang-
ing routing topology and the reliability of signaling trans-
mission, in this paper, we concentrate on the mechanisms
of how an active matchmaker utilizes signaling messages
to accomplish interest matches among the publication an-
nouncements and subscription requests, and triggers set-
ting up the data forwarding channels in pub/sub infrastruc-
tures. In the next section, we discuss different approaches
of accomplishing interest matches.

III. THREE PUBLICATION/SUBSCRIPTION

MATCHMAKING APPROACHES

As we illustrated in previous section, an active match-
maker component is responsible for matching interests
between publication announcements and subscription re-
quests, and setting up data forwarding channels among
active nodes in a pub/sub infrastructure. In the following
subsections, we explore three different approaches that
can be used to accomplish these functionality.

A. Broadcast Subscription and Broadcast Publication
Approaches

Previous studies [4], [9], [10] take for granted that ei-
ther publication announcements or subscription requests
should be broadcast to set up the data channels in a
pub/sub infrastructure. In the existing broadcast sub-
scription signaling approach, the subscription requests
from all subscribers are propagated to all publishers
throughout the multicast tree. For the purpose of data dis-
semination, the descriptors of interested contents that are
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contained in these subscription messages are then stored
at the data forwarding control modules at each active node
regardless of whether there exists a publisher that can sat-
isfy the requests. Unnecessary workload is thus brought
into the data channel. By introducing the matchmaker
functionality in broadcast subscription approach, content
matches are executed at the publishers’ end to match the
publication announcements signaled from the application
modules (publishers) and the subscription messages. The
matched content is sent by publishers toward downstream
active nodes and subscribers within the multicast tree. Ac-
tive nodes along the multicast data dissemination paths
can thus only store the matched content descriptors in the
data forwarding control module, consequently reduce the
resource consumption.

In another existing approach, broadcast publication
approach, publication announcements from content pro-
ducers are broadcast to all subscribers. The content
matches are performed at the subscribers’ end between
the publication messages received and the subscription
requests from the applications (subscribers). If matched
interests are detected, signaling messages indicating the
matched contents are generated and sent to the related
publishers, meanwhile, being stored at the active nodes
to set up the data forwarding controls along the way.

A: publishes 2 regions (PCDs)

D: subscribes 
    3 regions (SCDs)C: subscribes 

    1 region (SCD)

(b)

matched 
pub/sub 
regions 
(MCDs) 

B

DC

A

(a)

Fig. 3. An example of content descriptors (CDs) as geometric regions
in a two-dimensional virtual world

An example may be helpful to better understand these
two approaches. Consider a distributed simulation of a 2-
dimensional virtual world [15]. A simulation unit (e.g.,
an entity in the simulation) located at a point in the world
may only be interested in the events that occur within a
certain distance from it. Thus the geometric description
of this area is included in its subscription requests. Simi-
larly a unit’s publication on some geometric area indicates
that its taking actions (i.e. pending publishing data) are
regarding to this area. Figure 3 shows an example illus-

trating such a scenario. Figure 3(a) is a simple multicast
topology with one publisher ( � ) and two subscribers ( �
and � ). Figure 3(b) illustrates the 2-dimensional virtual
world showing the regions within which � is generating
data and the regions that � and � are subscribing to. Note
that one publisher can announce multiple regions, and one
subscriber can also subscribe to multiple regions. This is
due to the fact that multiple simulation units can be sim-
ulated on the same host. In this paper, we refer to the
descriptive information on predefined variables/categories
(e.g., the geometric regions) that determines the bound-
aries of published/subscribed contents as a piece of con-
tent descriptor (CD). Furthermore, we use PCD to indi-
cate the publication content descriptor and SCD to indi-
cate the subscription content descriptor.

B

DC

A

B

DC

A

(a) Broadcast 
subscription

(b) Broadcast 
publication

Fig. 4. Examples of broadcast publications and broadcast subscrip-
tions approaches

We now use Figure 4 to illustrate the two broadcast
approaches for the distributed simulation application de-
scribed in Figure 3. The small rectangles in Figure 4 rep-
resent the CDs that � publishes or � and � subscribe to.
Figure 4(a) indicates the broadcast subscription approach,
in which content matchings are conducted at publisher � .
Figure 4(b) indicates the broadcast publication approach,
in which content matchings are performed by subscribers

� and � . As a CD describes only certain attributes (e.g.,
the boundaries of a region in the virtual world simula-
tion) of the published/subscribed contents, the size of each
CD is approximately constant within one system. Conse-
quently, the number of CDs being propagated and stored
throughout the system is a good measure of the control
overhead of a matchmaker system. In fact, we notice that,
in the example that we just described, the broadcast sub-
scription approach introduces more CDs to be propagated
and maintained in the multicast tree than the broadcast
publication approach.
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B. An Active Matchmaker Approach Using Link Marking
Scheme

A recent study [6] recommends that the publication
announcements and the subscription requests should be
allowed to meet in the middle of the network. Per-
form matches at their “meeting points” can reduce the
amount of content state being maintained and propagated
in the system. To accomplish this scheme, a link-marking
method is used, where each directed link within the mul-
ticast tree is marked as either publish link (p-link) or sub-
scribe link (s-link). All publish messages are required to
be propagated over p-links, and all subscribe messages
are required to be propagated over s-links. For each pub-
lish/subscribe message propagated over a link, the pub-
lication announcement/subscription request contained in
the message is stored at the receiving node (active router
or end host). Having ensured this, content matching be-
tween publication announcements and subscription re-
quests can be performed not only at the end hosts but
also at the active routers, where p-links meet s-links, and
broadcast publication/subscription is avoid.

B

DC

A
p-link

p-link
s-link

   (a) optimal solution for 
minimizing the number of CDs

B

DC

A
s-link

p-linkp-link

(b) NOT VALID !

Fig. 5. Examples of using link-marking schemes

Figure 5(a) shows a link-marking configuration, for the
scenario described in Figure 3, where links ��� and � �
are marked as p-links and � � is marked as an s-link. We
observe that, this link-marking configuration results in a
reduction of the total number of CDs. In fact, in terms of
minimizing the content state, the link-marking configura-
tion shown in Figure 5(a) is the optimal solution.

We observe that not all link-marking configurations are
valid. To ensure that the system works correctly, the
publish messages should be able to meet subscribe mes-
sages at some node along the data dissemination path from
any publisher to any subscriber. This node can thereafter
conduct matches between pub/sub messages and trigger
the establishment of the data dissemination path for the
matched contents. In terms of valid link-markings, this re-
quires that, there exist a switch-over node whose upstream
links are all marked as p-link and whose downstream links
are all marked as s-link, along any data dissemination path

between a publisher and a subscriber. Figure 5(b) shows
an example, where the link-marking configuration is in-
valid.

Using the link-marking algorithm, in this paper, we
design an active matchmaker signaling approach, where
each active matchmaker in a pub/sub network is responsi-
ble for marking related links as p-links or s-links, prop-
agating the PCDs and SCDs correspondingly, and per-
forming content matching as needed. Furthermore, the
“active matchmakers”, those nodes to which publication
announcements and subscription requests merge, signal
the matched content descriptors (MCDs), which indicate
an overlap between related PCDs and SCDs, upstream to-
ward publishers and downstream toward subscribers.

We would like to base our design on the theoretical re-
sults of [6], in which, the authors formalized the optimiza-
tion problem to determine the optimal link marking con-
figuration to minimize the total content state being propa-
gated and maintained in the system, and proposed polyno-
mial time algorithms to solve the problem for shared-tree
based multicast structure and per-source-tree based multi-
cast structure separately. However, the Min-Cost Match-
maker algorithm, proposed in [6], for per-source based
multicast topology requires more than local information to
conduct the optimal link-markings. Deploying this algo-
rithm into a distributed signaling protocol for per-source
based multicast trees requires complicated control proce-
dures. We desire distributed mechanisms in our design.

In addition, till now, we have not distinguished two
types of costs associated with the matchmaking signal-
ing protocols: the storage overhead corresponding to the
number of content descriptors being maintained in the net-
work, and the control message overhead corresponding to
the signaling rate (in messages per second) of signaling
messages transmitted to perform matches between pub-
lishers and subscribers. Consider a publisher publishing
a certain number of PCDs, maintaining these content de-
scriptors at the active matchmaker system on it introduces
storage overhead that is proportional to the number of
PCDs that the publisher publishes. If message overhead is
considered, not only the total number of PCDs but also the
frequency with which these PCDs are updated should be
considered. We may choose either metric of cost, the total
number of CDs or the aggregated frequency, to address
different optimization problems. In this paper, we focus
on the problem of minimizing control message overhead.

In the next section, we propose our design of the active
matchmaker signaling protocol in detail.
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Control Channel
Data Channel

Adjacent
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Fig. 6. Architecture of active matchmaker signaling protocol (AMSP) module

IV. ACTIVE MATCHMAKER SIGNALING PROTOCOL

DESIGN

In this section, we design an active matchmaker signal-
ing protocol (AMSP) based on the link-marking scheme.

The control message overhead of a pub/sub system is,
in fact, the aggregated number of control messages propa-
gated over each link of a multicast network. For each link,
there is a publish cost associated with sending PCDs, and
a subscribe cost associated with sending SCDs. Thus, the
task of the link-marking algorithm is to let each link know
the potential publish cost and subscribe cost associated
with it, so that link marking can be conducted locally for
each link by choosing the marking with smaller cost.

Being aware of this, we design AMSP to be consisting
of three sub-components, as shown in Figure 6.

1. AMSP estimates the PCD/SCD update fre-
quency based on the publication announce-
ments/subscription requests signaled by the applica-
tions (publishers/subscribers), and disseminates the
estimated content update frequencies to AMSP(s)
sitting at an adjacent active node. In addition, based
on the PCD/SCD update frequencies, each AMSP
evaluates the publish/subscribe costs associated with
each link connecting to it.

2. Based on the publish/subscribe cost, AMSP use a
link marking algorithm to assign p-link or s-link at-
tribute for each connected link.

3. When link-markings are assigned, AMSP propagates
the publish announcements (PCDs) and the subscribe
requests (SCDs), performs matches between PCDs
and SCDs, and signals the MCDs correspondingly.

In the following three subsections, we examine each of
these three parts of AMSP in detail.

A. Estimating and Disseminating CD Update Frequency

Let ��� denote the publish content update frequency,
the number of PCDs updated per unit time (e.g., minute)
at publisher � , and ��� the subscribe content update fre-
quency, the number of SCDs being updated per unit
time (e.g., minute) at subscriber � . Note, each end host
(publisher/subscriber) may have multiple objects publish-
ing/subscribing contents, and the content update frequen-
cies of different objects may differ. Therefore, ��� and ���
are determined by the content update rates of all objects
at publisher/subscriber � respectively. In addition, when
a new object joins or an old object leaves, it is counted as
one CD update.

To capture the dynamics of the application, ��� and
� � are periodically updated at the AMSP component of
each publisher or subscriber. The update period is � . To
avoid synchronization between different publishers and
subscribers, a small random value is added to � . At the end
of each interval, we use exponential smoothing to com-
pute the average frequencies as follows,

�
	����
�������� �
	��
�� ��� No. of PCD updates
interval length

(1)

��	����
�������� ��	��
�� ��� No. of SCD updates
interval length

(2)

where, � is the smoothing parameter.
If the new estimate is significantly different from the

previous announced value, the AMSP at the end host
announces this new estimate to the active nodes within
the same multicast network through a signaling message,
COST ANNOUNCE, which has the following format:
 COST_ANNOUNCE(<sdr rcvr>,
originator, psFlag, value)

Table I describes each of the message parameters.
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Parameter Description

sdr active node sending the message

rcvr active node receiving the message

originator publisher/subscriber, � , initiates the message

psFlag 1 (
���

update), 0 ( � �
update)

value new value of
���

or � �
TABLE I

PARAMETER DESCRIPTIONS OF COST ANNOUNCE MESSAGE

On receiving a COST ANNOUNCE message from
the application module or from an adjacent AMSP,
indicating a new ��� or ��� , AMSP propagates this
COST ANNOUNCE message to the adjacent up-
stream/downstream active node(s) along the multicast
data dissemination paths.

At each active node, AMSP maintains a table of con-
tent update frequencies, ��� and ��� , for end host � , which
is used to compute the publish and subscribe costs for re-
lated links. When a COST ANNOUNCE message is re-
ceived, AMSP updates the corresponding table entry to
the new value of � � or � � contained in the message, and
computes the publish and subscribe costs for each link re-
lated to end host � .

We define �
� ���	 to be the publish cost of link 
 and �

���
�	
to be the subscribe cost of link 
 . They are given as

�
� ���	 ���������� ��� (3)

�
�����	 � �������� � � (4)

where � 	 denotes the set of publishers that disseminate
data through link 
 , and � 	 denotes the set of subscribers
that receive data sent through link 
 . �

� ���	 and �
�����	 are

estimates of the update frequencies of PCDs and SCDs
that either are or could be propagated over link 
 .

The values of �
� ���	 and �

�����	 are used by the link-
marking algorithm as we describe in the next subsection.

B. Link Marking Algorithm

Recall that in the signaling overlay, each link connect-
ing two active nodes is bi-directional. We define the node
sitting at the upstream end of the data flow as the upstream
node of that link, and the node sitting at the downstream
end of the data flow as the downstream node of that link.
The upstream-downstream relationship of the two nodes
can be reversed for different multicast sources. To ensure
the link-marking scheme works, the marking attribute of
a link should be maintained at both ends of the link.

It was proved in [6] that, setting the marking attribute
of each link 
 to correspond with the smallest of �

� ���	 and

�
�����	 ensures a valid overall link-marking configuration

and achieves the global optimal marking in terms of the
total cost in the shared multicast tree. However, this is not
true for per-source multicast networks, where assigning
the attribute to each link locally based on its publish cost
and subscribe cost may result in an invalid link-marking
configuration. The algorithm to find the optimal valid
link-markings for per-source based multicast tree is com-
plicated and difficult to implement in a distributed manner.

Because of these complications, we place emphases
on obtaining a valid link-marking configuration and not
on obtaining the optimal marking when designing a dis-
tributed link-marking algorithm. We correspondingly pro-
pose a distributed top-down marking scheme that can be
used in both per-source tree based multicast and shared
tree based multicast networks.

In the top-down marking algorithm, the marking at-
tribute for each link is independently determined only by
the AMSP at the upstream node of a link. For each node,
we define a link 
 as an upstream link of link � when data
received from 
 is disseminated over � within some mul-
ticast tree(s). For instance, in the multicast tree shown in
Figure 3(a), link ��� is an upstream link of link � � and
link � � .

The top-down link marking algorithm is given in Fig-
ure 7. According to this algorithm, a link is forced to be
an s-link if any of its upstream links is marked as s-link.
Otherwise, the link-marking decision is made by compar-
ing the publish cost and the subscribe cost of this link.
Furthermore, to avoid frequently changing link-marking
attributes, a hysteresis threshold, � , is introduced in the
algorithm. The link-marking algorithm is executed every
time the publish cost �

� ���	 or the subscribe cost �
�����	 is

changed for link 
 .
for an outgoing link � :

1. if (any upstream link of link � is s-link)
2. label link � as an s-link;
3. else �
4. if( � �"!$#&%')( �*!,+-%'/.1032 )
5. label link � as p-link;

6. if ( �4� !5+6%' ( � !$#7%' .8092 )
7. label link � as s-link;
8. :

Fig. 7. Top-down marking algorithm

When a link-marking is changed, the upstream node of
link 
 notifies the downstream node of link 
 about this
change. Two signaling messages, CHANGE MARKING
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message and CHANGE MARKING REPLY message,
are designed for this purpose. They have the following
formats
 CHANGE_MARKING( <sdr rcvr>,
newMarking, [pcdList]), CHANGE_MARKING_REPLY( <sdr rcvr>,
newMarking, [scdList]).

Table II describes the meaning of the parameters in these
two signaling messages. We will describe the usage of
pcdList and scdList in the next subsection.

Parameter Description

sdr active node sending the message

rcvr active node receiving the message

newMarking new marking of a link

pcdList list of PCDs of a link

scdList list of SCDs of a link

TABLE II
PARAMETER DESCRIPTIONS OF CHANGE MARKING AND

CHANGE MARKING REPLY MESSAGES

The CHANGE MARKING message is used by
the upstream node of a link to announce the change
of link-marking attribute to the downstream node.
The CHANGE MARKING REPLY is used by
the downstream node of a link to acknowledge a
CHANGE MARKING message sent by the upstream
node.

The distributed link-marking algorithm proposed in
Figure 7 yields the optimal solution for the Min-Cost
Matchmaker problem of shared multicast tree. It does not
ensure the optimal solution for per-source based multicast
trees. However, we will observe in Section V that this
algorithm can still substantially reduce the control mes-
sage overhead in comparison to the broadcast publication
or broadcast subscription approaches.

C. Propagating Content Descriptors Using Link-
Markings

AMSP forwards content descriptors based on the link-
marking of each link. PCDs are forwarded only through p-
links and SCDs are forwarded only through s-links. A sig-
naling message, CD UPDATE, is therefore used to propa-
gate the content descriptors over the corresponding links.
The format of CD UPDATE message is
 CD_UPDATE (<sdr rcvr>, originator,
psmCDFlag, [cdList]),

Table III describes the meaning of the parameters in this
message.

Parameter Description

sdr active node sending the message

rcvr active node receiving the message

originator publisher, and/or subscriber

psmFlag 1 (PCD), 0 (SCD), 2 (MCD)

cdList list of CDs sent by originator

TABLE III
PARAMETER DESCRIPTIONS OF CD UPDATE MESSAGE

In our design of AMSP, the PCDs/SCDs are main-
tained at the downstream/upstream node of a link respec-
tively. When the link-marking changes, the correspond-
ing PCDs/SCDs is propagated to the correct end-node of
a link. Therefore, when the upstream node of 
 changes
the marking attribute of 
 from s-link to p-link, it also
gathers all PCDs related to 
 , and sends the pcdList to
the downstream node of 
 with the CHANGE MARKING
message. Similarly, when the downstream node of link 

receives a CHANGE MARKING message informing that
the attribute of link 
 is changed to s-link, the down-
stream node of 
 gathers all SCDs related to 
 , and
sends the scdList to the upstream node of 
 with the
CHANGE MARKING REPLY message.

Having gathered all needed PCDs/SCDs information,
the active matchmakers, sitting on the “meeting points”
of p-links and s-links, conduct content matchings between
PCDs and SCDs. If matched content is detected, the
CD UPDATE message is used to signal the MCDs to the
data forwarding control component and to upstream and
downstream active nodes along the multicast data dissem-
ination paths. Note, since each MCD associates with one
publisher and one subscriber, when a CD UPDATE mes-
sage carries an MCD, the originator field should be the
publisher and the subscriber pair.

In a pub/sub network, when the interest of a pub-
lisher/subscriber is changed, the related old content de-
scriptors stored at each active node should be removed.
To remove these out-of-date content descriptors, there are
two schemes, the soft-state scheme and the hard-state
scheme. In the soft-state scheme, publishers and sub-
scribers periodically refresh their publication announce-
ments and subscription requests. A content descriptor is
removed if a refresh message is not received before time-
out. In the hard-state scheme, publishers and subscribers
assign a unique ID for each PCD or SCD, and are re-
sponsible for explicit withdraw or implicit withdraw (by
sending update using the same ID) of the content descrip-
tors. The withdraw of a PCD or SCD may invalidate one
or more MCD(s). Thus, the matchmaking nodes at the
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“meeting point” is responsible to withdraw those MCDs.
The choice of using either scheme in AMSP with differ-
ent application behaviors remains an interesting research
problem. In addition, we note that, choosing the soft-sate
scheme or hard-state scheme to remove content descrip-
tors maintained at the active nodes is also a common prob-
lem for other signaling approaches (e.g., broadcast publi-
cation approach and broadcast subscription approach).

We implemented AMSP, as well as the broadcast sub-
scription signaling approach and the broadcast publication
signaling approach in a simulation. In the next section, we
present our simulation settings and the simulation results.

V. SIMULATION AND PERFORMANCE EVALUATION

In this section, we present our simulation studies on the
performance of the proposed signal protocol. We will first
describe our simulation settings and then present the sim-
ulation results.

A. Simulation Settings

In our simulations, we assume a hierarchical network
topology represented by a transit-stub structure. We use
the topology generator developed by Georgia Tech [7] to
generate such network topologies. Each network gener-
ated contains 100 nodes, 4 of which are transit nodes,
forming one transit domain, and the remainder stub nodes
forming 12 stub domains. We assume that all transit nodes
and stub nodes are active and, hence, are able to maintain
publication and subscription state and perform edge mark-
ing and interest matching.

In each set of simulations, we randomly choose pub-
lishers and subscribers from the stub nodes and do not
exclude the possibility that a publisher and a subscriber
are collocated on the same node. Once the physical topol-
ogy is generated and a set of publishers and subscribers
are selected, we construct the multicast data dissemina-
tion topology. To simulate a shared multicast tree, we
choose one of the transit nodes as the “core” and use CBT
as the underlying multicast routing protocol; to simulate
per-source multicast trees, for each publisher, we build
a multicast tree rooted at the publisher composed of the
shortest paths toward all the subscribers.

In our simulation, we concentrate on simulating the ap-
plications such as distributed simulation simulating multi-
dimensional virtual world, and we build the following ap-
plication model to capture the application behaviors.

Each application (i.e., publisher/subscriber) runs mul-
tiple simulation entities (e.g., tanks in distributed game).
Each simulation entity owns a distinct PCD or SCD, indi-
cating its publishing content or subscription interest. To

0 1

2

�
�

� �
0: stay
1: moving
2: dead

Fig. 8. Life cycle of simulation entities

each application � , an initial population of “simulation
entities”, ��� , is assigned, where � � is uniformly cho-
sen between 50 and 150. New entities are introduced to
each application according to a Poisson process with ar-
rival rate � � ���	�	
 , (i.e., on average one new simulation
entity per minute is added to each application). Each en-
tity has a 3-state life cycle, represented by the Markov-
model in Figure 8. When in state 0, an entity continues
with its previous announced PCD or SCD; when in state
1, an entity intermittingly updates its PCD or SCD, with
the intervals randomly drawn according to a Gaussian dis-
tribution, whose mean in turn is uniformly distributed be-
tween a lower bound, �
� 	�� ��� seconds, and an upper
bound, ����� � � �
�	
 seconds; when entering state 2, an
entity removes itself from the application.

Consider the case where simulation entities move
around in a multi-dimensional virtual world. When an en-
tity is in state 0, it remains at some fixed location. When it
transits to state 1, the entity is in motion, and its PCD/SCD
is updated along with its movements. Accordingly, the
speed with which an entity moves determines its PCD or
SCD update rate. When an entity is “terminated”, it tran-
sits to state 2, withdraws its previously announced PCD or
SCD and removes itself from the simulation application.

Since different entities can have different behaviors, for
each entity, we randomly assign values to its transition
rate � (from state 0 to state 1), � (from state 1 to state 0)
and � (from state 0, 1 to state 2). In our simulation, we
use the following values:

� ����
 	�������� � � � ��� �
� � ��
 	 ���!�"� ��� � ��#	�
� � � � ��� �����	�	
$� ���

where, � is uniformly chosen within the range.
Using this application model, we simulate the three sig-

naling approaches, broadcast subscription, broadcast pub-
lication and AMSP. We present our simulation results in
the next subsection.

B. Simulation Results

The performance metric of interest to us is the control
message rate (messages per second). This corresponds to
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the number of control messages being signaled throughout
the network divided by the simulation time. In particular,
we focus on the number of messages sent to accomplish
content matches, i.e., the messages carrying PCD/SCD
updates, messages required for distributing ��� , ��� , and
messages used to exchange link-marking decisions. How-
ever, we do not include the messages generated after a
match between a PCD and an SCD is detected. This is
because the latter signaling overhead is the same as that in
the broadcast publication and the broadcast subscription
approach and is inevitable for content based data forward-
ing — when a match is detected, the corresponding MCD
is forwarded upstream towards the related publisher and
downstream towards the related subscriber in all three ap-
proaches.

We simulated the three signaling approaches discussed
in this paper — broadcast publication (BP), broadcast sub-
scription (BS), and AMSP. For each experiment, we first
generate a network topology, randomly select publishers
and subscribers and determine all the user publishing and
subscribing behaviors in advance. We then simulate these
three approaches on the same set of configuration. In Fig-
ure 9, we plot the smoothed control message rate (with
windows size 30-second) over time for different pub/sub
network architectures, where there are 20 publishers and
20 subscribers in the system, using per-source multicast
trees. We observe a significant reduction on the total con-
trol messages required using AMSP. With the exception
of some fluctuations at the beginning of the simulation,
the total number of messages for PCD/SCD updates us-
ing either broadcast scheme is around 1400 per second,
while the total number of control messages adapting a
link-marking active matchmaker is less than 300 per sec-
ond, 10% of which are used to perform the link-markings
and the remainder for disseminating PCD/SCD updates.
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As discussed in Section IV-B, the top-down marking
scheme used in implementing AMSP does not ensure that
the resulted marking is optimal when the underlying mul-
ticast topology uses per-source trees. Thus, one would
like to know how good is the solution found by the top-
down marking scheme comparing to the optimal solution.
However, since the optimal marking algorithm presented
in [6] is difficult to be realized in a distributed manner, we
generate static network instances where we base on the
application module described in Section V-A to randomly
assign a fixed PCD/SCD update rate for each publisher
or subscriber, and compute the optimal link-marking us-
ing the algorithms provided in [6]. We then compare the
corresponding total PCD/SCD update message rate as-
sociated with the top-down marking configurations and
the corresponding optimal marking solutions. Figure 10
shows the cumulative distribution function of the total
PCD/SCD update message rate for 1000 randomly gen-
erated sample networks, each of which has 20 publishers
and 20 subscribers. We observe that the proposed top-
down marking algorithm can find solutions very close to
the optimal link marking solution, while both of the mark-
ing algorithms significantly outperform the two broadcast
approaches.

We also investigate scenarios with an asymmetric num-
ber of publishers and subscribers. In Figure 11, we fix
the number of publishers to 20 and vary the number of
subscribers from 5 to 50. Each point in the graph cor-
responds to the average of 10 independent experiments
and we also plot their 90 percentile confidence intervals.
Figure 11 (a) presents the results where the underlying
multicast routing uses per-source trees and Figure 11 (b)
presents the results where a single shared-tree multicast
tree is used. In both Figures, we observe an increasing
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Fig. 11. Impact of number of subscribers on signaling overhead for per-source multicast trees (a) and shared multicast tree (b)

number of total control messages for all three approaches
with an increasing number of publishers. When the num-
ber of publishers exceeds the number of subscribers, the
broadcast subscription approach outperforms the broad-
cast publication approach, otherwise, the broadcast pub-
lication approach outperforms the broadcast subscription
approach. This is explained by the symmetric behavior
of publisher/subscriber application. Moreover, the slope
of increase associated with the broadcast subscription ap-
proach is lower than that with the broadcast publication
approach, indicating that the broadcast subscription ap-
proach scales better with the number of subscribers. We
also conduct symmetric experiments with fixed number of
subscribers and varying number of publishers. The result
is also symmetric to Figure 11 with the curves for the two
broadcast approaches switched, indicating that the broad-
cast publication approach scales better with the number of
publishers. In all cases, AMSP consumes the lowest num-
ber of total messages and shows the least trend to increase,
demonstrating its capability of handling both a large num-
ber of publishers/subscribers.

Comparing Figure 11 (a) and Figure 11 (b), we observe
that the average control message rate for shared multi-
cast tree is only slightly higher than that for per-source
multicast trees (within confidence intervals). Intuitively,
a per-source tree multicast topology is more efficient than
a shared multicast tree in term of the size of their data
dissemination trees. However, since we assume a hierar-
chical network represented by a transit-stub structure, and
use a transit node as the core in building shared multicast
tree, the two kinds of multicast trees constructed differ
to each other by only a few links. This explains the fact
that the difference between their average control message
overheads is so small.

Last, we investigate the impact of the dynamics of ap-
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Fig. 12. Impact of application update frequency on signaling over-
head for per-source multicast trees

plication behaviors on the performance of the three differ-
ent signaling approaches. As described in the simulation
settings, the dynamics of an application’s publishing or
subscribing behavior are captured by the rate with which
its simulation entities update their previously announced
PCD or SCD. In our simulation, this is controlled by � � 	 �
and � ��� � , which determine the bounds of the mean dura-
tion between two consecutive updates. The smaller � � 	 �
and � ��� � are, the more frequently PCDs/SCDs are up-
dated. Figure 12 presents the result where there are 20
publishers and 20 subscribers in the system and the un-
derlying multicast topology uses a shared tree. By reduc-
ing � � � � from 400 seconds to 40 seconds while keeping
� � 	�� � � seconds, the frequency of updating applications’
publication announcements and subscription requests is
increased. From Figure 12, we observe that AMSP does
not suffer much with small value of � ��� � , while the aver-
age control message rate of either broadcast publication or
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broadcast subscription increase dramatically when � ��� �
decreases. Figure 12 also shows an enlarged graph on
the average control message rate of AMSP when � ��� � is
small. We observe that although the control messages re-
quired for propagating PCD/SCD increases with decreas-
ing � � � � , the control messages required for performing
link-markings (indicated by the differences of the two
curves) stay almost constant. This demonstrates a good
scaling behavior of AMSP with respect to the dynamics
of applications’ publication announcements and subscrip-
tion requests.

VI. CONCLUSION

In this paper, we have presented a distributed ac-
tive matchmaker structure for multicast-based pub/sub
applications. Consisting of all participating end hosts
and interior active routers along the data dissemination
paths, the active matchmaker system intercepts publica-
tion announcement from publisher and subscription re-
quests from subscriber, conducts matches between them
and triggers setting up content based data forwarding con-
trols along the underlying multicast data dissemination
paths. We discussed two common signaling approaches,
broadcast publication and broadcast subscription, and in-
troduced another link-marking approach of accomplishing
the functionality of the active matchmaker system. Fur-
thermore, we developed a simple and fully distributed ac-
tive matchmaker signaling protocol (AMSP) that dynam-
ically adapts to applications’ publishing and subscribing
behaviors and adjusts link-marking configurations so as
to optimize the overall control overhead of conducting
“matchmaking” among publishers and subscribers. To
evaluate the performance of our design, we implemented
AMSP as well as the broadcast publication and the broad-
cast subscription approaches in a simulation. Our simula-
tion results demonstrate that AMSP significantly reduces
the system control message overhead in comparison to the
existing broadcast publication or broadcast subscription
approaches under various network and application config-
urations.

In our future work, we would like to implement and in-
tegrate the active matchmaker signaling protocol into our
existing active-network-facilitated large-scale distributed
simulation system [15]. We will evaluate the performance
of the proposed active matchmaker structure under realis-
tic network and application configurations.
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