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Abstract

Designing a distributed architecture for content-based
publish-subscribe service networks is challenging for two
reasons: firs, communication in such system is guided by the
content of publications and subscriptions rather than addresses
or network locations, second, while a publication often
matches subscriptions from multiple locations, existing group-
based multicast techniques such as |P multicast or application-
layer multicast are not readily applicable due to the highly
diversified patterns of interests. We propose an architectural
approach that combines two orthogond aspects: Match Early,
and DYnamic Multicast. We call thisa MEDYM architecture,
and we compare it with two major existing design approaches:
Content-based Forwarding and Channélization. In MEDYM,
event publications are matched as close as possible to
publishers, to obtain the locations of servers that have
matching subscriptions; then, a multicast route to the matching
servers is computed dynamicdly, to best suit the
heterogeneous event traffic patterns. We present methods to
efficiently implement the dynamic multicast routing. We
evaluate the MEDYM architecture using detailed simulations
as well as a prototype deployment on the PlanetLab test bed.
Experimental  results show that the MEDYM approach
significantly improves storage, computation and network
efficiency compared to existing approaches, and is resilient,
scalable, and extensible.

1. INTRODUCTION

Publish-subscribe (pub-sub for short) is an important
paradigm for asynchronous communication between entitiesin
a digributed network. In the pub-sub paradigm, subscribers
specify their interests as conditions on content of events, and
will be notified afterwards of any event generated by a
publisher that matches these conditions. Such content-based
information delivery is of great value for many distributed
applications, such as enterprise activity monitoring, mobile
alerting [1], and application integration [13].

Pub-sub systems can be characterized into three broad
types based on the expressiveness of the subscriptions they
support. In channel-based schemes, events are classified and
labeled by publisher as belonging to one of a predefined set of
channels, to which users may subscribe to. In subject-based or
topic-based systems, subscriptions are redtricted to fairly
narrow conditions on a single dedicated field of an event,
usually called the subject or topic of the event. For example, a
finance aert system may use stock ticker as subject of stock
price movement events, and a user may subscribe to events
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with subject “IBM”. Content-based pub-sub is a more general
and powerful paradigm, in which subscribers may specify
filtering criteria along multiple dimensions of event content
and using complex conditions. A content-based stock alert
system, for example, may support subscriptions like
“(ticker=IBM) AND (price>100 OR volume>8 million)”.
Therefore, channel-based and subject-based pub-sub can be
seen as specia cases of content-based pub-sub.

In this paper, we study the question of architecture design
for scalable distributed content-based pub-sub systems that can
handle large number of content-based subscriptions and high
volume of event publications. At the center of the architecture
design isthe question of how to efficiently deliver eventsto all
subscribers whose interests they match.

Content-based event delivery is challenging in part because
it cannot be directly supported by address-based Internet
routing primitives. An event may match the interests of
multiple subscribers, but existing group-based multicast
techniques such as IP multicast or application-layer multicast
[12][4] cannot be directly applied to event routing, because
content-based subscriptions are highly diversified: Different
events may satisfy the interests of widely varying groups of
users. In the worst case, mapping all possible event traffic
patterns into multicast groups may require a number of groups
exponentia in the network size (i.e. 2" where n is the number
of users).

The conceptually simplest architecture for a pub-sub
system is a centralized one. Thereis a single pub-sub “server”
that consists of one or multiple machines on the same local
area network (LAN). Clients submit their subscriptions and
publications to the server, which matches published events
with al subscriptions and sends natifications to clients with
matching subscriptions. This architecture has severa
drawbacks: first, unicasting notifications for an event from the
server to al interested clients (which may also be far away) is
not network efficient. Second, many events that match no
subscription in the system may be sent to the server across the
network, as there is no way of knowing whether anyone is
interested in an event before it is matched. It may also be
difficult or uneconomical to find a single location on the
Internet with high enough access bandwidth to support the
heavy incoming and outgoing traffic with large numbers of
publisher and subscriber clients. Finally, the syssem has a
single point of failure: no communication is possible if the
pub-sub server location goes down.

To achieve higher scalability and reliability, like other
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Figure 1. Example of a pub-sub service network. Thereare 8
servers and each server has 2 subscriptions. Event valuesrange
from0to9.

previous research [2][7][8][9][11][13] we focus on architecture

design for a digtributed pub-sub service network, as shown in

Figure 1. A set of pub-sub servers controlled by the service

network are widely distributed over the Internet; clients access

the pub-sub service, either to publish events or to register
subscriptions, through appropriate servers, such as those that
are close to them or in the same adminigrative domains. Thus,
pub-sub servers serve as publication/subscription proxies on
behalf of clients, and we can view the problem as one of
getting events from servers where they are published to the
servers that subscribe — as proxies — to the events. We call
these publication servers and subscriber servers in the rest of

this paper. Note that the same server may serve as a

publication server and as a subscription  server.

Communication between pub-sub servers and their associated

clients is a separate matter that is now localized and is not

discussed in this paper.

In a distributed pub-sub service network, servers cooperate
to match events with subscriptions and route events to
interested subscription servers. The matching and routing
problems are interrelated: event routing decisions are based on
matching results, and underlying routing capabilities can affect
where and how matching is performed. In this paper, we use
the term architecture to refer to manner in which matching and
routing are distributed and coordinated in the system. We
discuss how existing distributed pub-sub proposals approach
these problems, and propose a new architecture. We evaluate
architecture approaches along three dimensions:

1. Peformance and resource usage efficiency. Resource
consumption in pub-sub systems usualy includes
subscription  storage, matching/routing  computation,
network communication load and management overhead.
It is also important that resource usage be well enough
balanced so that tota system throughput is not
compromised.

2. Service rdiability. In a large-scale distributed system,
server and network failures and condition changes are
considered norma rather than extreme scenarios. Static
resilience [17], adaptation to changing environments, and
failure recovery are important issues.

3. Scalahility and extenshility. Given the fast growing
nature of information volume and needs, the pub-sub
architecture should scale gracefully to large user
population and heavy workload. It should aso be
extensible to more sophisticated forms of subscriptions,
such as composite subscriptions that depend on

occurrence of multiple events published from potentialy
different sources in the network, and new data types and
matching functionalities.

The rest of the paper is organized as follows: In the next
section, we review two major existing architecture designs for
content-based pub-sub service networks and examine their
tradeoffs. Based on this analysis, we propose a new
architectura approach caled Match Early with Dynamic
Multicas (MEDYM), in Section 3. Section 4 discusses the
MEDYM approach and some efficient implementation
mechanisms in greater depth. In Section 5, we evaluate the
performance of MEDYEM and the other two major existing
approaches using detailed smulations. Since the simulation
results endorse the potential of the approach, we plan to
implement and deploy a pub-sub service network using the
MEDYM approach, to gain experience with it on real systems
and workloads. Section 6 describes our experience so far with
implementing a prototype MEDYM system on the PlanetLab
distributed testbed [2]. Section 7 discusses related work, and
Section 8 concludes the paper and discusses directions for
future work.

2. EXISTING APPROACHS

Existing content-based pub-sub service network design can
be largely categorized into two classes, which we call the
Content-based Forwarding (CBF) approach [3][9][10][11][13]
and the Channelization approach [22][23][28].

2.1 Content-based Forwarding (CBF)

We use the Siena system [10] as a representative for CBF
approach. As shown in Figure 2, servers organize into an
overlay network with acyclic (tree) peer-to-peer topology™?,
which we call a CBF tree. Servers broadcast their
subscriptions on the tree, and each server records the sum of
subscriptions from each neighbor’s direction in its forwarding
table. Advertisement is an optional technique to constrain
subscription  flooding: servers may first  broadcast
advertisementsthat describe the possible content of their future
publications, so that subscriptions only need to be sent toward
servers with matching advertisements, i.e. serversthat have the
potential to publish events that match these subscriptions. We
will discuss effectiveness of advertisements in more detail in
Section 5.

When a CBF server receives an event, it matches the event
with subscriptions in its forwarding table, and forwards the
event to neighbors whose directions have matching
subscriptions. Note that an event does not need to be matched
againgt individua subscriptions. Instead, subscriptions in the
same forwarding table entry can be aggregated and the

[] proposed that Siena can work with a cydlic network topology by first
extracting a routing tree rooted at the origin of the message. However, event
routing is ill along a pre-configured acyclic topology and therefore is not
further discussed in their papers.

2 Another acyclic topology, i.e. hierarchical topology, was shown to
perform worse than the peer-to-peer topology and therefore is not consdered
in this paper. 2
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Figure 2. Example CBF network structure and event delivery.
Forwarding tables ar e shown on theright.
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Figure 3. Example Channelization network structure and event
delivery. Event spaceisclustered into three channels using For gy
K-meansalgorithm.

matching process only need to determine whether a direction
matches or not as a whole. Siena has proposed exploiting
covering and merging relationships among subscriptions from
multiple servers as they are combined and forwarded in the
method, to improve storage and matching efficiency. However,
this has not been evaluated and it is an open question as to how
efficient and effective the rules are, especialy with high
dimension event space.

In CBF, events are only forwarded aong directions that
lead to matching subscriptions. In this way, CBF achieves
network efficiency elegantly. However, its operating and
maintenance cost can be high for several reasons.

Firg, content-based matching of an event with
subscriptionsin the forwarding table is an expensive operation.
It includes parsng content of various fields of the event
message and performing complex tests, such as full-text
search, range queries or Boolean expressions, against large
number of subscriptions. The complexity of matching is
determined by the nature of the application, usually being
more expensive as more flexible and powerful subscriptions
are supported. Furthermore, in CBF, many of the matching
operations may be redundant. In Figure 2, event 2 isrepeatedly
matched with subscriptions from server H at server C, E, F, G
before reaching H. These matching operations result in high
computation load on pub-sub servers.

Second, event routing in CBF is limited by the use of a
single tree topology. An event is often routed through
intermediate servers that have no subscriptions interested in
the event, such as server F and G in Figure 2, thusintroducing

unnecessary computation and network traffic load on such
servers.

Third, the CBF tree topology has high maintenance cost.
Because the content and organization of forwarding tables are
tightly coupled with the tree topology, change of servers
relative positions in the topology requires adjustment of
subscription content in forwarding tables. This can be difficult
because the servers may not know exactly which server each
subscription is from, and may have to consult remote servers,
resulting in high volume of network traffic.

Finally, the topology leads to |oad imbalances. Servers and
network links located close to the center of the CBF tree are
likely to route for much more (irrelevant) events than their
peripheral counterparts and become system bottlenecks.

2.2 Channdlization

We use [22] as a representative for the Channelization
approach. As shown in Figure 3, the multi-dimensional event
space is partitioned into a limited number of event channels
offline and the partitioning result is replicated on all servers.
For each event channel, a multicast tree is built that spans all
servers carrying subscriptions that could match any event in
that channd. A publication server uses the event space
partition to determine which channel the event belongs to. The
event message also carries the channelID of the event, so that
its content does not need to be matched again at subsequent
servers in the multicast tree. Event forwarding is thus smple
and fast.

Because the available number of multicagt channels is
often much less than the 2" possible event traffic patterns,
servers in the same multicast tree may have substantialy non-
overlapping interests, and hence a server may recelve many
uniteresting events. In Figure 3, event 2 is sent to five servers
while only two of them have matching subscriptions.
Especialy, server B is neither a matching server itsdf, nor
doesit lead to any server with matching subscriptions.

To reduce extraneous event traffic, the Channelization
approach uses clustering algorithms to partition event space, to
maximize the commonality of subscription locations of events
in the same channel. However, the effectiveness of clustering
heavily depends on the content distribution of events and
subscriptions. If the digtribution does not lend itsef to
promisng clustering opportunity, it is generdly difficult to
match the highly diversified user interests in a content-based
pub-sub system into a small number of groups with high
accuracy. Furthermore, the distribution itself may be difficult
to estimate with high accuracy and may change frequently
over time, requiring clustering to be recomputed and results
updated between servers.

2.3 Discussion

The CBF and Channelization approaches both route events
along pre-configured network topologies. Because the
available choices are limited a priori, the routing paths cannot
be optimized based on individua event traffic patterns, and the
inefficiency of events traversing irrdevant servers cannot be
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Figure 4. Example MEDYM network structure and event
delivery. The destination lists are shown in braces.

avoided. Furthermore, maintenance and adaptation of the
network topology can be quite expensive in the face of
changing subscriptions.

However, the two approaches balance the tradeoff between
cost and quality of event delivery differently: CBF performs
content-based matching for every event at every forwarding
step, while Channelization only approximates destination
grouping patterns on a coarse-level, using offline clustering
results. As aresult, we expect that CBF achieve better routing
accuracy at higher operation cost, while Channdization is
simpler to perform but may also generate more extraneous
network traffic.

3.MEDYM HIGH-LEVEL DESIGN

Based on the above observations, we propose a new
architecture for content-based pub-sub service network called
MEDYM: Match Early with DYnamic Multicast. To avoid
high forwarding cost, content-based matching is performed
only once in MEDYM, as close to the publication server as
possible®. The result of the onetime matching is recorded
with the event message as a destination list; from then on,
event forwarding is based on the addresses in the destination
list rather than on the content of the event. Therefore, event
forwarding is through address-based routing, as opposed to
content-based routing, and is expected to be simple and fast.
To alow maximum routing flexibility, MEDYM assumes no
predetermined routing topology. Rather, routing decisions are
dynamically made for each event based on its destination lit,
and different routing algorithms can be used for different
optimization goals.

Figure 4 shows an example MEDYM network. Each
MEDYM server maintains two kinds of information for all
other servers in the system: the sum of subscriptions on each
server, which will be used in matching, and the servers
network locations, which will be used in routing. The server
matches locally published events against subscriptions to
obtain a destination list of matching server IDs. (The specific
content-based matching algorithms used are plug-in modules
that are independent of the architecture, and are not a focus of

8 The matching is typically performed at the publication server itself,
except when thisis altered for load balancing, see later, or when the system is
extended to support composite subscriptions, involving events from multiple
publication servers, in which case the matching will be performed as close to

the publication serversas possible.

this work.) Once matched, an event aways carries a
destination list that indicates the destination servers that the
current server is responsible for event delivery. Based on the
destination list and knowledge of server locations and network
conditions, the server implements dynamic multicast routing: it
computes next-hop servers to which to forward the event, as
well as the new destination lists for each of the next-hop
servers, and sends the event and (reduced) destination lists to
these next-hop servers.

MEDY M routing for the example pub-sub system is shown
in Figure 4. After matching at server A, event 2 has destination
list of the three matching servers{C, E, H}. Itisfirst sentto C,
whereit isforwarded to E and H with new destination lists { E}
and {H}. Because MEDYM does not assume any pre-
configured network topol ogy, the event can be routed so that it
touches only the three serversthat are its destinations.

MEDYM combines key advantages of the CBF and
Channelization approaches. It matches every event against
subscriptions for high routing accuracy, like CBF, but does
this early and avoids repeated matching. Once matched, events
are routed fast based on addresses as in Channelization, but
with flexibility rather than with constraints on topology or
channels.

The major challenge for the MEDYM approach is design
and implementation of correct and efficient dynamic multicast
scheme. Therest of this section focuses on dynamic multicast.

3.1 Dynamic M ulticast
The functionality of dynamic multicast routing a a
MEDYM server s can be described as:
{n,DL}=f/(DL), i=1.d
- DL: degtination list in the event message server sreceives.
- f¢ multicast routing algorithm at server s.
- n: theith next-hop server to forward event messageto.
- DLj:destination list for the message sent to server n.
- d: number of next-hop servers.

3.1.1 Routing invariants
For routing correctness and efficiency, we define the
following dynamic multicast routing invariants:
d
@ | oL =DL~{g
i=1

(b) DLNDL =@, i#]

(© nODL

As discussed below, the correctness and efficiency of
dynamic multicast as proposed in MEDYM are derived from
these routing invariants. Various concrete routing algorithms

can be developed for different routing policies, aslong as they
conform to the interface and invariants above.

3.1.2 Dynamic multicast properties

Several important properties of dynamic multicast can be
inferred from the routing invariants, assuming that all servers
arereachable and function correctly:
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Figureb5. Analysis of average destination list size in dynamic
multicast.

(i) Dynamic multicast delivers an event to all servers with
matching subscriptions.

(ii) Dynamic multicast isloop free, i.e. an event traverses a
server at most once.

Therefore, routing paths for an event form a tree topol ogy,
though the actua routing process is stateless — no information
about such multicast treeis stored at pub-sub servers.

(iii) Dynamic multicast route events only through servers
that are interested in them.

This property guarantees that the multicast tree for each
event spans the minimum set of servers, reducing total
computation and network bandwidth usage in the process of
event delivery. It also aligns resource consumption with self-
interests of servers, asa MEDYM server only receives events
that it has interest in, and matches (with remote subscriptions)
only events locally published.

(iv) The average destination list size in all messages for an
event is O(l) servers, where | is the diameter of the dynamic
multicast tree for the event.

Since the destination list From invariant (a) we have

Zd:size(DLi) =size(DL) -1< size(DL)

As illusgtrated in Figure 5, at each level of the multicast
tree, the sum of destination list sizes in al messages is less
than m, where mistotal number of matching servers. Because
the tree is of depth |, the sum of destination list sizes in all
messages is lessthan ml, and there are (m-1) messagesin total,
so that average destination list size is O(ml/m)=0(l). In
particular, for a multicast tree with diameter O(logm), such as
a random tree which is often the shape of multicast tree in
practice, the average destination list size for an event is only
O(logm).

Although the real destination list size depends on the shape
of the multicas tree, this property provides a way to
approximately estimate the destination list overhead in event
messages. For a pub-sub system with 10,000 servers, assume
that an event matches interests of 20% of the servers, and the
dynamic multicast tree is a random tree, the average
destination list is expected to consist of about In(10,000* 20%)
= 8 sarvers, using 32 bit server 1D, the destination list length
is 8*4 = 32 bytes. This overhead is expected to be acceptable,
considering the often rich event content in content-based pub-
sub systems, such as in the form of XML messages.
Compression and coding techniques may be used to further

reduce the destination list length, and is a direction for future
work.

We have shown that the average destination list overhead
islow. However, the destination list sizeis longer at publisher
than at intermediate forwarding servers. If a server publishes a
lot of events that match subscriptions a many servers, the
destination list overhead at this server is relatively high. To
solve this problem, we introduce the concept of a helper. A
server chooses a server that matches the event it publishes. It
forwards the event to the helper without destination list. The
helper then matches the event again and initiates dynamic
multicast as if it published the event itsdf. In this way, the
overhead of destination list Sze is shifted from the original
publication server to the helper. By strategicaly assigning
helping relationships, this mechanism helps to balance the
destination list overhead across servers.

From another perspective, a server ID in the destination list
can be seen as a reasonable “cost” that the publication server
“pays’ for getting the event delivered to that destination server
through the pub-sub system. Dynamic multicast is an address-
based routing service, and a user is expected to provide the
destination(s) of a message. Therefore, we do not see thisas a
problem load imbalance problem in event routing and do not
further investigateit in this paper.

3.1.3 Dynamic multicast methods

Sour ce-based dynamic multicast

A straightforward way to implement dynamic multicast is
by source-based routing. The publication server computes the
multicast tree for an event and encodes the tree in the event
message, probably by ordering the servers in the destination
list. A forwarding server decodes the tree and forwards the
event as ingructed. The drawback of this approach is that the
routing quality depends on the knowledge and intelligence
available at the publication server a the time of event
publication. If the server’'s knowledge about the service
network status is out-of-date or incomplete, the multicast tree
computed can be sub-optimal or even incorrect.

Distributed dynamic multicast

We observe that the interface of dynamic multicast routing
only requires a server to resolve the local part of the multicast
tree. Therefore, dynamic multicast can also be implemented in
adistributed way.

In digributed dynamic multicast, no server is responsible
for or knows about the entire multicast tree. Each server only
determines its next-hop servers and their destination lists;
exactly how these next-hop servers are going to deliver the
event isout of concern and transparent to the current server.

Didtributed dynamic multicast is highly flexible and
resilient. Servers may run different routing algorithms to best
fit their routing policy, and make real-time routing decision
adjustment for condition changes. When a server observes that
a next-hop server went down, it can smply re-run the routing
algorithm with the failed node removed from the destination
list, so that the event can be routed around that server.

In Section 4 we will design concrete routing algorithms for

5



both source-based and distributed dynamic multicast.

3.2 Discussion

In this Section, we introduced MEDYM, a new
architectura design for content-based pub-sub service
network. It combines two orthogona aspects: Match Early,
and Dynamic Multicast. We believe that content-based
matching for every event is necessary to achieve high routing
efficiency and should be performed as early as possible in the
process of event deivery. To suit the heterogeneous event
traffic pattern, we propose dynamic multicast as a general
event routing scheme for distributed content-based pub-sub
system. We defined the functionality and invariants for
dynamic multicagt routing, and analyzed its correctness and
efficiency features. We also discussed two ways of
implementing dynamic multicast and their tradeoffs. In the
next Section, we discuss in detail design and efficient
implementation of MEDYM system.

4. MEDYM DESIGN DETAILS

As a new architectural design, MEDYM faces potential
challenges that are not present in the existing approaches. In
Section 3, we have analyzed the destination list overhead in
MEDY M. In this Section, we discuss several other points of
concern in MEDYM and present ways to address them in
detail.

4.1 Efficient Dynamic Multicast Routing

In dynamic multicagt, routing paths are computed for every
event in real time. It is important that the routing algorithm is
efficient enough to support high volume of event traffic.

In this paper, we develop routing algorithms that aim at
optimizing the total network communication cost in event
delivery. We use network latency as communication cost
between servers, and design three dynamic multicast routing
algorithms as follows:

MST is a routing agorithm that computes minimum
spanning tree for servers in the destination list. The neighbors
of the current server in the minimum spanning tree will be
used as next-hop servers, and each sub-tree of the neighbor
will be used as the next-hop server’s destination list. The
algorithm is the same for source-based or distributed multicast.
The computation time for MST is of O(D?logD) where D isthe
number of serversin the destination list.

CloseMST is a distributed routing algorithm designed to
expedite routing computation by approximation. Instead of
computing a minimum spanning tree for all servers in the
destination list, a server first chooses the closest ¢ destination
servers as candidates, and computes a minimum spanning tree
for the candidates. Then, it uses the neighbors in this small
minimum spanning tree as next-hop servers, and assigns the
other destination servers into the destination list of the closest
next-hop server to that dedtination. In this way, the
computation complexity of the algorithm is reduced to
O(c?logc+Dc). In experiments, ¢ is set to a small constant
number around 10, and therefore the computation timeis linear

to the destination list size. We have also explored alternative
ways of choosing the candidate servers, such as by clustering
servers by their network locations or directions offline, but
their routing qualities are not as good as that of CloseMST.

BalanedMST is a variant of CloseMST that takes server
load into consideration when making routing decisions. Even
though dynamic multicast does not route events along one pre-
configured tree topology, servers at the center of the network
are still more likely to be chosen as intermediate servers in
multicast trees and forward more copies of event messages
than their periphera counterparts. BalanedMST is the same as
CloseMST, except that a server computes the minimum
spanning tree only for the candidate servers that are not
overloaded. If al candidate servers are overloaded, it chooses
one closest not overloaded destination server as the only next-
hop server. The overloading criteria can be specified by the
application. In our experiments, we define a server to be
overloaded if the ratio of number of messages it sends to the
number of messages it receives is above an
OverloadThreashold (OT). When thisratio is high, it indicates
that the server has high connectivity degree in multicast trees
and consumes much network access bandwidth.

Table 1 presents performance and quality results of the
three routing algorithms. The smulation details are as
described in Section 5. The algorithms are written in Java and
run on PC with 2.0 GHz Pentium-lll CPU and 512MB
memory. The running time is computed as average of 100,000
times running. Routing quality is measured by the Normalized
Resource Usage (NRU), a normalized total network resource
usage metric, of the resulting multicast tree.

Table 1 shows that the approximate routing algorithms are
significantly faster than MST, while achieving comparable
routing quality. BalancedMST has higher NRU as it sometimes
chooses sub-optimal routing paths for load balancing. More
detailed results can be found in smulation results in Section 5.
In Section 3, we have shown that the average destination list
sizeis usually quite short. Therefore, these routing algorithms,
especialy the approximate ones, are expected to be efficient
enough for large-scale pub-sub systems with high event traffic
throughput. The running time of these algorithms are also
much shorter than the content-based matching time presented
in pub-sub literatures [11][18][24], confirming our expectation
that address-based forwarding are faster and cheaper than
content-based forwarding.

4.1.1 Caching routing decisions

An interesting question is that whether routing results
could be cached at MEDYM servers, so that routing for events
with the same destination sets can be solved by a cache

Table 1. Running time and routing quality of dynamic multicast
routing algorithms.

Routing ) : Running time (ms) Quality (NRU)
algorithm Configuration D=100 | D=2000 | D=100 | D=2000
MST 138 144 105% | 122%
CloseMST c=16 0.08 1.12 121% | 157%
BalancedMST | c=16,0T=5 | 0.08 1.31 150% | 216%




lookup instead of routing algorithm computation. Like in the
Channelization approach, effectiveness of such caching
depends on the locality property of communication patterns:
caching is most effective if and only if some event traffic
patterns are more often than the others. We plan to investigate
caching mechanisms with realigtic application propertiesin the
future.

4.2 Managing and Updating I nformation

In MEDYM, each sarver needs to know about other
servers  subscriptions for content-based matching, and
network locations for dynamic multicast routing. In the most
straightforward way, such information can be broadcasted
using a multicast group. Below we describe techniques to
improve information update efficiency.

4.2.1 Qubscriptionse

With use of advertisement, subscriptions in MEDYM can
be sent through dynamic multicast to servers with matching
advertisements. From property (iii) in Section 3, we know that
the subscription will be only forwarded to, and stored at,
servers  with  relevant  advertisements. Compared to
subscription broadcast, this reduces the subscription update
traffic and the amount of subscriptions stored and matched at
publication servers. The improvement results are shown in
Section 5.

4.2.2 Network locations and server status

Dynamic multicast requires each server knows about
network locations of all other servers. Thisis not true in CBF
or Channelization, where servers only need to know about a
fixed set of neighbors. However, we do not expect thisto be a
big overhead. Fir, research works have designed network
location estimation techniques [15][20][21] that efficiently
estimate and summarize server location information with
reasonable accuracy. For example, in GNP [21], servers
summarize their network locations using coordinates in a
virtual d-dimensional Euclidean space. Servers only need to
broadcast their coordinates, and locally computes latencies
between remote servers based on their coordinates. For a
network of 10,000 servers, with each update message of 1000
bits and every server broadcasting every 10 minutes, the
bandwidth consumption for network location update is only
about 10,000 * 1000/600 = 17k bps. Other server status
information such as load conditions can be broadcasted in a
similar fashion. Furthermore, we expect that such per-server
level network information is of much smaller size and update
frequency than the per-client level subscription information
and is not the major management overhead.

4.3 Inter-server Communication

Reliable event delivery is an important feature of a pub-sub
service. We propose to use reliable network protocol such as
TCP for inter-server communication. In dynamic multicast
routing, a server does not have a fixed set of neighbors.
Ingtead, it computes the multicast tree assuming an underlying
full-mesh (IP) network, and may need to directly forward

events to any other server(s) at any time. In case of high event
traffic volume, frequently opening and closing TCP
connections is expensive and limits the maximum traffic
throughput. We address this problem in three ways:

Firg, TCP connections can be left open between adjacent
event trangmissions between the same pair of servers for a
limited period of time, in a smilar fashion as the persistent
connection optimization in HTTP/1.1. If the total number of
simultaneously open TCP connections is restricted by the
system’s limit, we may consider switching reliable UDP or
user-level TCP[14].

Second, event transmissions between the same pair of
servers can be batched together, within an acceptable latency.
In this way, connections are open only periodically and only
when there are events waiting to be sent.

Third, we may restrict which servers can directly
communicate. This is like imposing a mesh overlay topology
upon which routing paths can be built. The mesh topology
represents the tradeoff between connection management and
routing quality. This solution violates the dynamic multicast
routing invariant (c) defined in Section 3, and we leave it as a
future work.

4.4 Scaling to Very Large Systems

The current MEDYM architecture has a flat, peer-to-peer
network structure. This architecture is designed for pub-sub
service network with thousands or tens of thousands of servers.
Because each server can support a large number of individual
clients, we expect such scaleis large enough for many pub-sub
applications. For a system with even larger scale, we expect
that a hierarchical architecture with multiple levels of
MEDYM would be a more efficient choice. In such system,
servers are organize into clusters, so that information update
and routing decisions can be localized. We believe that the
detailed design of multi-level MEDYM should be based on
full understanding and evaluation of current architecture and
therefore leave it as a future work.

5. EVALUATION
SIMULATION

In this Section, we present evaluation of the three pub-sub
service  network  architectural  designs, i.e. CBF,
Channélization, and MEDYM, using message level event-
based simulation.

5.1 Simulation Setup
5.1.1 Network topology

The network topology we used is generated by GT-ITM
random graph generator using the trangt-stub model. There are
20 transit domains with an average of 5 routers in each. Each
trangit router has an average of 3 stub domains attached, and
each stub domain has an average of 8 routers. Altogether there
are 2500 routers and 8938 links. Thelink latencies are random
numbers between 50-100ms for intra-transit domain links, 10-
40ms for transit-stub links, and 1-5ms for intra-stub domain
links. Pub-sub servers are randomly attached to the
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routers by LAN links with 1ms latency. |P multicast routing is
simulated using a shortest path tree formed by merging IP
unicast routes from the source to each destination. We have
also simulated network topology generated by Inet [19] and
from Rocketfud [25]. The resulting trends are very similar to
the ones from GT-ITM and are omitted due to space
constraint.

5.1.2 Workloads

A major challengein pub-sub system evaluation is the lack
of rea-world workloads. For comprehensiveness, we
experiment with four publication/subscription distributions and
study their effects on system performance. These distributions
either are prevalent in other information delivery applications
and/or have been used in pub-sub literatures:

- Uniform distribution, in which both publications and
subscriptions are uniformly randomly distributed.

- Zipf-uniform distribution, in which subscriptions follow
Zipf distribution [6] with Zipf parameter set to 1.2, and
publication is uniformly distributed, asin [29].

- Multimodal distribution, in which publication and
subscription distribution follow the same multivariate
Gaussian distribution. In this scenario, events that are
popular are also published more often. In our experiments,
five distribution peaks are randomly chosen in the event
space, and the standard deviations are set to 1/4 of the
distances between peaks.

- Regional distribution [28][22], in which the probability
that a subscription from server 5 matches an event from
server § is set to:

prObmatch (S 1Sj ) = ¢ y
distance(s , s;)
where c isanormalizing factor. This digtribution simulates
the scenario that users have more interest in local events. In
our experiments, yissetto 1.

Since our focus is not on actual matching algorithms, for
simplicity, we use integers on [0, 100,000] as publication and
subscription values and perform only equality matching.

5.1.3 Smulation input and output

We simulate CBF asin [10], Channelization asin [22], and
MEDYM with the three routing algorithms. MST, CloseM ST
and BalancedMST. In CBF, servers are organized into one
minimum spanning tree. In Channelization, we cluster events
into 50 event channels using Forgy K-means algorithm. The
configuration for CloseMST and BalancedMST are the same
asin Section 4. We assume that an event message has content
of 200 bytes, TCP/IP header of 44 bytes, and server IDsin the
destination lists takes 16 bits each.

We focus on two key parameters of a pub-sub network
scenario: the network size, i.e. number of total pub-sub
servers, and matching ratio of the servers. Matching ratio is
defined as the probability that an average event matches any
subscription on a pub-sub server. It is the product of the
average number of users per server, number of subscriptions
per user, and percentage of events each subscription matches.

In this way, it summarizes the subscription selectivity of a
pub-sub server as a whole. Low matching ratio means user
subscriptions are highly sel ective, and vice versa. Unless stated
otherwise, we ssmulate a network of 1000 pub-sub servers.

5.2 Reaults

We evaluate pub-sub system performance along the
following dimensions:

- Storage and management cost, measured by percentage of
global subscription information an average server has to
store and match with.

- Network efficiency in event routing: this includes total
network resource usage and network load carried by pub-
sub servers and network links.

- Dedtination list overhead, in terms of extra bandwidth it
consumes in event transmission.

- System rdiability, measured by the percentage of events
lost in the face of pub-sub server failures.

- Scalahility of pub-sub system with increasing number of
subscriptions and network size.

5.2.1 Subscription replication

Firg, we look at cost of subscription replication at pub-sub
servers. The three approaches maintain remote subscription
information in different ways. Both CBF and MEDYM are
able to benefit from subscription aggregation techniques to
summarize subscriptions from the same direction or server, but
a different levels. In Channelization, servers maintain event
space partition result rather than subscription content. The
amount of information depends on the granularity of specific
partitioning method.

Therefore, it is difficult to directly compare the size of
storage used for subscription replication in different schemes.
Rather, we measure the percentage of global subscriptions that
each pub-sub server needs to know about, or equivalently,
percentage of servers at which a subscription is replicated on
average. Higher subscription replication ratio indicates not
only higher storage cost, but also more network traffic and
management overhead for subscription update, and the
dependence on synchronous, correct operation of more servers.

Without using advertisements, all three approaches require
all subscription information be replicated on all servers.
Therefore, we focus on the effectiveness of using
advertisements to reduce subscription replication. In MEDYM
and Channdization, because remote subscriptions are only
used in matching with local publications, servers only need to
store subscriptions that overlap with their advertisements. A
CBF server, in contrast, may have to store subscriptions that
areirrelevant toits publication, if it is on a CBF tree path from
the subscription server to any publication server with matching
advertisements.

In smulation, we randomly choose a subset of servers to
be publication servers Each publication server randomly
selects certain events to advertise on. The three figures in
Figure 6 show results for having 1%, 10% or 100% of servers
as publication servers. In each figure, x-axis shows average
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Figure 7. NRU comparison, with various publication and subscription distributions.

Table 2. Server access bandwidth consumption for delivery of one event, with uniform publication and subscription distribution.

Matching Schemes Node stress Link Stress

ratio AvgNS MaxNS MaxNs/ #Servers AvgLS MaxL S MaxLS/ #Nonzero-
AvgNS traversed AvgLS gresslinks

CBF 251 7935 31.6 65 0.05 1.61 30.9 2686

Channélization 1098 5111 4.65 286 0.26 3.48 134 3747

1% MST 39 136 34 10 0.02 0.25 11.7 3444

MEDYM CloseM ST 39 136 35 10 0.02 0.27 12.1 3452

BalancedM ST 39 60 1.6 10 0.03 0.20 8.1 3464

CBF 1958 15759 14.9 296 0.21 2.65 12.5 2686

Channélization 3766 21923 5.8 962 0.55 6.96 12.6 2971

10% MST 418 2237 53 100 0.13 148 11.3 3717

MEDYM CloseMST 400 1733 43 100 0.14 134 94 3757

BalancedM ST 399 660 1.7 100 0.15 1.21 8.2 3801

CBF 3836 23040 6.0 1000 0.66 6.96 10.5 2485

Channélization 3836 23040 6.0 1000 0.66 6.96 10.5 2485

100% MST 4384 26328 6.0 1000 0.66 6.96 10.5 2485

MEDYM CloseMST 4010 20192 5.0 1000 054 5.81 10.7 3672

BalancedM ST 4381 14461 33 1000 0.64 571 89 4094




advertisement range, i.e. the average percentage of events a
publication server advertises, and y-axis shows subscription
replication ratio, i.e the percentage of global subscriptions an
average server dores. For Channdization and MEDYM
approaches, subscription replication ratio is aways equal to
the product of the percentage of publication servers and the
servers advertisement range. For CBF, the result is sensitive
to subscription selectivity. Curves in each figure show that
with higher matching ratio, a server subscribes to publications
from more servers, and its subscriptions have to be stored at
more locations. The fraction of extra replication in CBF is
most prominent with high publication selectivity, i.e. with
small number of publication servers and small advertisement
range per server. In such scenarios, most of the subscription
replicas are stored on intermediate servers rather than
publication servers. These are the dtuations when
advertisement is most needed, but its effectiveness most
limited in CBF.

5.2.2 Network efficiency

Next, we evaluate network efficiency per event delivery.
The results are average of smulating 10,000 event deliveries.

Normalized Resource Usage (NRU)

We measure the total network resource usage by the
summation of latency of network links traversed in event
routing. We define NRU as the ratio of the total network
resource usage of an event delivery scheme over that of the
ideal multicast, in which there exists an 1P multicast group for
delivery of each event.

The results are presented in Figure 7. For comparison, we
also smulate two simple event delivery solutions, unicast from
publication server to al servers with matching subscriptions,
and broadcagt to all serversin the system.

Overall, Figure 7 shows that CBF and MEDYM_MST
achieve low network resource usage under all circumstances.
The  approximate = MEDYM routing  agorithms,
MEDYM_CloseMST and MEDYM_BaancedMST, perform
less well, as they trade off routing quality for computation
efficiency and load balancing. However, when matching ratio
islow, even the approximate MEDYM dgorithms outperform
CBF and Channdization. Results for Channdization have
similar trends as broadcast, which indicates that it is not very
effective in preventing event from being sent to irrdevant
locations. Channdlization is a so sensitive to data distributions:
it performs best with the Multimodal distribution, in which the
publication and subscription have consistent distributions with
strong locality property; it is less effective with the Uniform
distribution, which offers not much clustering opportunity; it
performs worst with the Zipf and Regional distribution. Thisis
because with Zipf distribution, most events only match a small
number of subscriptions, and therefore the extraneous network
traffic ratio is especialy high; in Regional distribution,
Channelization is especialy penalized for sending irrdevant
events to far-away servers, while schemes with content-based
matching benefit from filtering these events off. When the

average matching ratio is high, performance of all the schemes
converge to broadcast.

Results from Figure 7 confirm our expectation that per-
event content-based matching is critical in achieving high
routing accuracy. It aso confirms that multicagt-like routing
efficiency is highly desirable. Unicasting or broadcasting
events to individual subscription clients would perform even
worse than the inter-server unicast and broadcast schemes
examined here; thus, centralized architecture is not expected to
be efficient or scalable for alarge pub-sub system.

Network load: node stress and link stress

We evaluate network load of a pub-sub system from two
aspects: load on pub-sub servers, i.e. node stress, and load on
network links, i.e. link stress. We measure node stress at a
node, i.e. a pub-sub server, by the network access bandwidth
consumption at that server in event ddlivery. Note that except
for the dedtination list overhead in MEDYM (which is
included in these measurements), the bandwidth consumption
are proportional to number of events a server receves.
Therefore, the bandwidth results aso indicate the overall
routing load on pub-sub servers. We measure link stress by
number of messages carried by network links in event
ddivery. The results are shown in Table 2. Due to space
constraint, only the results for the uniform distribution are
presented in the rest of the paper, as they are the clearest to
understand. Results with other data distributions have the same
trend as those of uniform digribution and the differences
between them are similar to the analysis above.

Network access bandwidth is a precious resource that often
directly affects the deployment cost of a pub-sub system.
Table 2 shows that MEDY M schemes almost always has |ower
node stress than CBF and Channdization. The advantage is
especially significant when matching ratio islow: to deliver an
event with 1% matching ratio, an average CBF server
consumes 6.4 times bandwidth than a MEDYM server, and an
average Channelization server consumes about 28 times than a
MEDYM server. To explain this, we also present average
number of servers an event traverses in Table 2. The more
servers an event traverses, the higher bandwidth each server
spends for routing an average event. Channdization’s ability
to filter off irrdlevant events becomes ineffective quite early:
an event that matches only 10% servers is sent to more than
96% servers. CBF is better than Channdization due to its
content-based matching ability, but its extraneous bandwidth
consumption is still quite high with high subscription
sdectivity. As in NRU, differences between schemes
disappear with higher matching ratio, as all routing methods
converge to broadcast. However, MEDYM consumes more
bandwidth than the other approaches when matching ratio is
100%. This is due to the overhead of destination lists in
MEDYM and will be discussed In more detail later.
Interestingly, the higher bandwidth needs due to destination
listsis clearly more than outweighed by other considerationsin
realistic scenarios.

Results for link stress are similar to that of node stress. The
number of nonzero-stress network links, i.e. number of
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network links that carry event routing traffic, indicates the
ability of a routing scheme in utilizing underlying network
resources. In CBF, events are only routed through links in the
CBF tree. Idle resources on off-tree links may not be used even
if these in-tree links become congested. Channdlization and
MEDYM benefit form higher routing diversity than CBF.
Again, BalancedMST is the best in balancing traffic load over
network links.

Load balancing

Load balancing is an important feature to achieve high
system throughput. Table 2 shows that CBF server load is
highly imbalanced. As anadyzed in Section 2, servers close to
the center of the network carry much higher event traffic than
others. For example, in a network of 1000 servers and 1%
matching ratio, the server a the center of the CBF tree routes
for 1-(1/2)™ = 99.9% events, while a server at the edge of the
tree only receives the 1% events that it has interest in.
Channelization provides more load balancing opportunity as it
distributes event traffic onto different trees. MEDYM schemes
generaly have well balanced server load due to the high
routing diversity. BalancedMST is shown to be especially
effective in load balancing. With matching ratio of 1%, the
most heavily loaded server in BalancedMST consumes
bandwidth that is only 1% of that in CBF and Channelization.

5.2.3 Destination list overhead

Let us examine destination list overhead more closdy,
since it was an area of potential concern for MEDY M. Figure
8 shows the average degtination list size in the above
experiments. The curves confirm our expectation that with a
random multicast tree topology, the average destination list
sizeisof O(logm), where misthe number of matching servers.
Figure 8 also shows that different versions of MEDYM have
different destination list sze. This is because the routing
algorithms generate multicast trees with different shapes. The
MST agorithm generates the most skinny tree, while the
CloseMST generates a flatter one, as it considers choosing
close servers to be next-hop serversin a more greedy fashion.
BalancedMST is largely similar to CloseMST, but it
sometimes detours event messages through far away servers
for load balancing. The effect is especially apparent with high
matching ratio, when servers are likely to be overloaded.

The overhead of destination list adds to bandwidth
consumption in MEDYM. Exactly when does MEDYM
consume more bandwidth than CBF and Channelization in
event delivery? To answer this question, we plot average
server bandwidth consumption versus matching ratio in Figure
9. It shows that MEDYM consumes more bandwidth than
CBF_MST when matching ratio is higher than 75% and
surpasses Channdlization when matching ratio is higher than
90%. CBF_CloseMST has lowest bandwidth overhead and
surpasses CBF only when matching ratio is higher than 95%.
These numbers are dependent on the size of event message
payload, and the shape of multicast trees generated in each
scheme. In al, degtination list overhead is lower for pub-sub
systems with low matching ratio and large event messages.

—aA—MST
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—— X- - BIMST

Average destination list size
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Figure 8. Average destination list szein MEDY M.
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Figure 10. Pub-sub servicerdiability in the face of server failures.

Interestingly, the point at which MEDYM degtination list
overhead hurts MEDY M efficiency relative to other systemsis
close to a point at which it may aswell switch to broadcast.
5.2.4 Riability

Reliability is an important yet challenging issue in
distributed pub-sub systems. We compare system reliability in
terms of percentage of eventslogt in the face of server failures.
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Figure 11. Scalability with increasing network size and fixed number of total subscriptions.

Because failure recovery mechanisms have not been explicitly
stated in CBF or Channelization approach, we focus on the
static resilience of the approaches, i.e. how many events are
logt in the face of server failures, before system has recovered.
In simulation, we assume that a certain fraction of servers are
down, and examine what fraction of the events is lost due to
the server failures. In CBF, Channdization, and MEDY M with
source-based dynamic multicast, the failed servers slently
drop the events they receive. For MEDYM with distributed
dynamic multicast, the server that intends to forward the event
to a failed server detects the failure (because of the reliable
inter-server communication) and rerun the routing algorithm to
route events around failed servers. Figure 10 shows the results
for CBF and MEDYM. Results for Channdization is very
similar to CBF and not shown for clarity. Results for the three
MEDYM routing agorithms are also very similar and so only
one curve is drawn. In MEDYM, an event arives at all
running servers with subscriptions. In CBF, when a server
goes down, the CBF tree becomes disconnected and the events
cannot reach the other side of the tree. As shown in Figure 10,
in CBF, percentage of lost events increase with number of
failed servers quickly. More than haf of events are lost with
10% failed servers. It also increases with higher matching
ratios, when an average event is routed through more servers
and has a higher probability of being dropped.

Note that we only look at the static resilience case here. We
show that MEDYM servers can quickly adapt routing decision
on environment changes, while the other approaches often
have to wait for a system-wide action to be taken.

5.2.5 Scalability

We study how a pub-sub service network scales with two
factors. total number of subscriptions and tota number of
serversin the network. Because we focus on per event delivery
efficiency, thetotal number of publicationsisnot considered.

Three scaling scenarios are ligted in Table 3. The analysis
above focused on the first scenario. For the second scenario,
most of the metrics stay constant because of the constant
matching ratio. The results can be inferred from the results
above with the same matching ratio and therefore are not

Table 3. Pub-sub service network scaling scenarios.

Scenario

Total #sub

Total #servers

#sub/server

Matching ratio

A

7

T

T

B

T

7

C

T

!

shown here. Next, we examine the third scenario. This is the
case that shows how increasing number of serversin a pub-sub
service network cooperate and sharethe load of event delivery.

Figure 11 shows scalability results for networks with 100
to 2,000 servers. The firg figure plots the average server
access bandwidth, as an indication of routing load on each
server, in log-log scale. Curves for MEDYM schemes are
graight-line, indicating that server load are inversdy
proportional to the network size, which is expected in a well
scalable system. However, this is not true for CBF and
Channelization. The curve for CBF can be regressed to
y=14732x"%8% with R-square value of 0.9934. The curve for
Channdlization only starts to decrease with network of more
than 500 servers, beyond which matching ratio is low enough
for the clustering algorithm in Channelization to be effective.
These results indicate that in CBF and Channdlization,
increasing network size introduces extra routing overhead and
the designs do not scale very well in this scenario.

The second figure in Figure 11 shows that the routing load
on the most heavily loaded server in CBF and Channelization
cannot be reieved with the presence of more servers. In
MEDY M, servers only route for events they are interested, and
the number of such events decreases with the matching ratio,
even for the most heavily loaded server. Especidly, the curve
for BalanedM ST can be regressed to y = 44011x %% with R-
sguare value of 0.9914, indicating well balanced sharing of
routing load among servers.

Finally, the third figure in Figure 11 shows the average
event path length in terms of number of overlay hops. CBF
grows fastest because this number is always egua to the
diameter of the CBF tree, which is approximately logarithmic
to the network size. Curve for Channdization stays largely flat
with more than 500 servers, when the clustering darts to be
effective. However, even lower matching ratio cannot further
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reduce this number, because the average size of the multicast
trees is limited by the fixed number of channds available.
MEDYM curves stay flat because the size of the dynamic
multicast trees stay constant, as the average number of
subscriptions per server is constant.

These results show that MEDYM scales with pub-sub
network size more gracefully than the other approaches.

6. IMPLEMANTATION RESULTS

To validate the MEDYM architectural design and test its
performance on real network, we deployed a prototype of
MEDYM, called Eos, on PlanetLab test bed. We run Eos
servers on 56 PlanetLab sites, 44 in United States and 12
abroad. We used two different ways for input of server
network location information: pair-wise ping and GNP [21]
with 8 dimension Euclidean space. Results such as bandwidth
consumption and destination list overhead are consstent with
the simulation results above and are not shown here. Figure 12
shows the Relative Delay Penalty (RDP) for event pathsin Eos
using MST and CloseM ST routing algorithm. RDP is defined
as the ratio of end-to-end event path latency in Eos system to
the IP latency (measured by pair-wise ping) between the
publishing and subscription servers. Figure 12 shows that pair-
wise ping provides more accurate server location information
than GNP. We found that the error from GNP mainly comes
from the scenarios where latencies between servers are
inconsistent with their network locations. for example, servers
that are close in geographic locations often observe similar
latencies to the landmark nodes and therefore obtain similar
coordinates. However, therea |P latency between them can be
quite high, probably due to a congested network link or
specific ISP configuration. This can also be seen from Figure
13, which shows that all event paths with high RDP have small
IP latencies. Figure 12 and Figure 13 also show that about 10%
event paths have RDP less than 1, which indicates that overlay
forwarding can take less time than IP forwarding, especially
when |P [atency between serversare high.

7. RELATED WORK

Many distributed pub-sub system designs adopt the
content-based forwarding (CBF) approach. In JEDI [13], a
hierarchical event routing scheme is proposed, but it was found
to perform inferior to the peer-to-peer topology in [9]. In
Gryphon [3], alink-matching agorithm is designed to partialy
match the event with an annotated network topology data
structure to determine the directions to forward the event to.
[11] designed detailed matching algorithm for content-based
forwarding. [8] proposes to build multiple small CBF networks
for a pub-sub system, so that event routing in each network can
be implemented with lower cost. However, because event
routing is still by content-based forwarding, it inherits the
tradeoffs of CBF.

The problem of delivering an event message to a group of
distributed usersis similar to the traditional multicast problem.
Application-layer multicast [4][12] is expected to scale better
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Figure 13. RDP vs. IP latency in GNP_CloseM ST experiment.
Each point denctesthe existence of an event path with a given IP
latency and RDP.
than IP multicas mainly because an end host only routes
messages for groups that it participates. Thisis similar to the
ideain MEDYM that servers only route for interesting events.
In comparison, dynamic multicast is completely stateless so
that no session information needs to be established or
managed. Explicit Multicas [5] is another technique of
stateless multicast. Dynamic multicast is different from
Explicit Multicast mainly in three ways. firgt, dynamic
multicast only route events through destination servers, and the
degtination list overhead is a function of the number of such
servers, Explicit Multicast routes messages through many
intermediate |P routers and therefore cannot scale with large
degtination sets; Second, dynamic multicast paths are
dynamically computed for each event message received.
Finally, dynamic multicass may be implemented in a

distributed way that is highly flexible and resilient.

8. CONCLUSION AND FUTURE WORK

We have examined architectural approaches for distributed,
content-based publish-subscribe service networks, and have
proposed a new approach caled MEDYM (Match Early with
DY namic Multicast). We compared MEDYM with two major
existing design approaches: content-based forwarding 2
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(CBF) and Channelization. MEDYM shares the advantage
with the Content-based Forwarding approach in that
degtination servers for a message are determined accuratey
based on content-based matching against subscriptions. It
shares the advantage with Channdization in that after event
content is matched once, subsequent event forwarding is
through smple, fast address-based routing rather than
expensive content-based routing. In this way, MEDYM is a
design approach following the end-to-end argument [26],
extracting the complex content-based matching functionality
out of the routing network, while CBF is more of an active
network [27] approach, devel oping network intelligence.

Unlike the existing approaches, MEDYM does not assume
static network topologies for event delivery. Instead, it uses
dynamic multicast for event routing, which matches the highly
diversfied communication pattern in pub-sub system with
high routing diversity. Extensve simulation shows that
dynamic multicast achieves high network efficiency and low
operation cost as well as low management overhead. It allows
for flexible routing optimization and distributed routing
decision-making that helps to improve system rdiability. We
examined potential overhead introduced in MEDYM, mainly
the destination list size and real-time routing computation, and
found that they are well manageable and more than over-
weighted by the benefits MEDYM brings.

Compared to the existing approaches, advantage of
MEDYM is most prominent with large-scale pub-sub service
network with high user interest selectivity. We observe that
this is exactly the scenario where content-based pub-sub is
most attractive, and intelligent and efficient event routing is
most needed. Therefore, we believe that MEDYM is a
promising architectura design, with the dynamic multicast
scheme being potentially applicablein contexts other than pub-
sub as well. We plan to further build out, scale and test the real
system, and use it to deploy publicly available pub-sub
services and hence generate red workloads (a key limitation
going forward in pub-sub research).
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