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Abstract of Dissertation

Durative Events in Publish and Subscribe Systems
for Ad- Hoc Mobile Networks

This dissertation presents the application of avgag¢vents to publish and subscribe
systems. As the application of event publishingwgr to cover sensor events, location
events, and events being published over ad hoclenakiworks, the event model of
publish and subscribe architectures needs to evolM#ese publish and subscribe
architectures have to evolve to handle clientsrinagt be able to disconnect and reconnect
without warning from the system. Publish and subscevents are extended to account for
the duration of the events over time intervals emgrovide the capability for a client to
reconnect to a publish and subscribe server anthgedurrent state of the events to which
the client has subscribed. Durative events enhtmeceapability of publish and subscribe
systems to support mobile clients, reoccurring &syeand events with significant lifetimes.
This dissertation outlines the current state ofliphitand subscribe architecture and defines
the problem of mobile clients. The durative evearts defined in the context of publish
and subscribe events. The implementation of aigfuahd subscribe system with durative
events is outlined. The impacts of durative evemisthe architecture of publish and

subscribe systems is discussed.
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Chapter 1: Introduction

As wireless mobile device use becomes more pemasiechanisms and systems need
to be developed that provide for the informatiomarsiy between mobile devices. The
information dissemination to mobile clients could mformation such as stock price
information, sensor data, or emergency responseniation [1].

The ad hoc mobile networks used by wireless malehices cause several problems
for the mobile client trying to receive informatibeing disseminated to it. As the mobile
client moves through the environment, its connectio the network drops in and out
disconnecting from a server and falling into thearage of another server.

Traditional client/server architectures fall shaten used to disseminate data in the
mobile environment. With the client/server mode tlient connects to the server and
requests data. The server provides that datangsds the client is connected. With a
mobile client, the connection to the server isperimanent and may be re-established at a
different server. Typical client/server architeetido not provide for client disconnection
and migration.

Publish and Subscribe (P/S) systems are commuomcsyistems that deliver messages
known as events from a producer to one or morewrness based on the preferences of the
consumer rather than explicit addresses suppliettidproducer. The producer publishes
the events to the system. The consumer subsdob@gents that are of interest to them.
The system is responsible for delivering publishesknts to the consumers whose

subscriptions match the event. P/S architecturesiseful for disseminating information
1



because the providers of information do not needkriow the consumers and the
consumers do not need to know the providers.

P/S architectures promise mobile clients informmatiissemination anonymity of the
providers and consumers. The providers do not kadeep track of the consumers as
they move about in the ad hoc mobile network. THe middleware keep track of the
consumers’ subscriptions for information and previdr the dissemination of information
from the providers to the consumers. Implemenfpolish/subscribe middleware for
mobile clients on ad hoc mobile networks preseatsesrequirements above and beyond

basic P/S middleware.

1.1 Publish and Subscribe Services
Publish and subscribe services provide for infoiomatdissemination that is

anonymous, asynchronous, and multi-casting. TBeaRZhitecture is shown in Figure 1.
The P/S architecture consists of the P/S servatsuh the P/S middleware, the consumers
that subscribe to information, and the providesat ffublish the information. The providers
(A, B, C, D) publish information on specified topito the P/S server. The consumers (1,
2, 3, 4, 5, and 6) subscribe to topics of inforovati The P/S server broadcasts the
information to consumers whose subscriptions mttetinformation. In P/S architecture,

the providers do not know the consumers.



. P/S .
Server
P/S P/S
Server Server

Figure 1: Publish and Subscribe Ar chitectures

Events that are published are basically messagbsanset of attributes with names,
types, and values. In order to make the eventg meeful many P/S systems have specific
attributes that must be part of each event. Herghper, a basic event shall be defined as
having an ID, a topic, and a set of attributese This a unique identifier. The topic is the
type of event. The attributes are the specific edhwalues of the event identified by the

unique ID. Figure 2 is an example of an event.



ID =“MSFT”
Topic = “StockPrices”

Attributes
Price =27.5
Volume = 1,234,000
P/E=29.2

Figure 2: Event Example

The basic subscription for events would be basedhentopic, E[T]. So for the
example in Figure 2, the subscription would be EjT] = E[*Stock Prices”. The
subscriptions can be further refined by addingHfditon the subscription, such as, F[ID =

“MSFT"] or F[Volume > 500,000].

1.2 Focusand Contribution of Dissertation

As publish and subscribe architectures grow touhel environments with ad hoc
mobile networks (MANETS) and mobile consumers, rteed for a P/S architecture that
has a robust and scalable solution becomes maieaktriAs consumers drop in and out of
the MANETS, the architecture has to worry about évents, stale events, duplicate events
and delivery of events to consumers as they mawa fone server in the architecture to
another server. The current P/S systems are nihippd for this type of chaotic
environment. They have been optimized for robedivery of events matching content

based subscriptions to a static network of seredsclients.
4



This dissertation presents a method for providingbite subscribers in the P/S
architecture the capability to become disconnefttad the P/S network and reconnect at a
later time without losing data or overwhelming Bystem by maintaining copies of all of
the events that were publishing while the subscniees disconnected. The focus of the
dissertation is based on the notion of a duratsene The durative events allow the P/S
servers to cache a valid event set without cachiregy event that is published during a
consumers disconnect phase.

Durative events address the problem of lost, stelduplicate events that can occur as
a consumer moves in and out of a MANET. P/S achites with durative events will
provide the capability for robust delivery of eveid mobile clients with better scalability
and performance than current architecture for nredpiE architectures.

Durative event models handle the information typesng published by the P/S
systems. With durative events, publishers are tbtnly publish events when there are
state changes thus reducing network traffic foigos events. For consumers, durative
events provide the capability to receive eventswummmnect or reconnect that are still valid
events. For the servers, durative events providecapability for the servers to provide
valid events to consumers without having to reaamtklio the publishers to get the current
set of valid events.

This dissertation presents the algorithms, impldgatem, and the effect of durative
events in P/S architectures. The dissertation tigages the impact of durative events in

P/S architectures. The caching of durative everifications in the server networks is



studied for its impacts on the resources of theessr The frequency of movement of
consumers is measured against the caching of evertification and reconfiguration
overhead.

This dissertation provides a solution to providigg robust publish/subscribe
architecture that supports MANETS and mobile subscs without the loss of relevant
events, without a flood of stale events upon reeotion, and without duplicate events.
The solution is a scalable solution that will wevith low bandwidth, resource constrained

systems that are common in mobile solutions.

1.3 Structureof Dissertation

Chapter 2 defines the problem space for publishsaibdcribe services. Related work
is presented and a foundation of the problems edckly this dissertation is provided.
Chapter 3 describes the approach that is takehiylissertation to mitigate the problems
associated with mobile subscribers in a P/S syst€hapter 4 describes the algorithms for
defining durative events and explains the implem@n of the durative events in a publish
and subscribe system. Chapter 5 details the erpetation goals, the designed tests, and
the results of the experimentation. Chapter 6 sanz@s the conclusions of the research

and describes possible future research directions.



Chapter 2: Publish and Subscribe Architectures

21 P/SEvent Routing

Most P/S architectures route events to consumesedban one of three different
routing schemes based on the consumer’s subsarigbpic-based, content-based, and
type-based [7]. With topic-based routing, the consr subscribes to the topics of interest
and receives all of the events with the topicsntérest. With content-based routing, the
consumer can refine their subscription by addiltigré on the attributes on the events. The
consumer would receive only the events that matthedilters in the subscription. With
type-based routing, the events are routed bas#tkordata type or structure.

Topic-based routing was the earliest of routing mecsms for publish and subscribe
services. Topic-based routing is based on pre-e@fgroups that are used to classify the
events and subscriptions [8]. Each event woulddbegorized with a topic and it would be
routed to all subscribers that subscribed to thaict The consumer subscribes to a topic
such as StockPrices and receives all of the StawdPevents that are published by any
publisher. Many topic-based publish and subsa@ystems allow for a hierarchical topic
structure. In a hierarchical topic structure, ¢évent shown in Figure 2 could have a topic
of StockPrices.NASDAQ.MSFT. This structure woulllow a consumer wanted to
receive this event to subscribe to StockPrices, ckPiices.NASDAQ, or

StockPrices.NASDAQ.MSFT. Topic—based routing isadaptation of multi-cast groups



and message routing [10]. Topics are predefinedicgype of subscriptions. Content-
based routing provides a dynamic capability tortuing.

Content-based routing is an enhancement of the-tigsed routing. It allows the
consumer to use attributes of the events to determihich events get routed to the
consumer [11]. Content-based routing means ttet e@ent could go to a different set of
consumers. The type of routing adds a dynamic eférthat significantly increases the
complexity of the routing algorithms.

Type-based routing is a further refinement of RIfting by adding type safety with
application event types [12]. This routing alloti®® consumer to subscribe to specific
event types which can be further refined with contesed filtering. With application
specific event types, the consumer can be assuredoeiving type safe events allowing
for specific processing of the delivered events.

The type of routing schema impacts the routingvenés between the servers that make
up the network of P/S servers for a system. Whth tbpic-based routing, the limited
number of topics makes the routing of events torntheessary servers simple. However
with content-based routing there is the potentiat every subscription is unique and the

events have to be match to each subscription antdd®o the correct server.

2.2 P/SMobility

Mobility in P/S architectures can be thought ofihgvthree different ranges depending
on the application of the architecture; short rangedium range, and wide range [6].
Short range mobility is encountered in environmeatgh as work places and meeting

8



areas, where the movement is limited by a loca arebuilding infrastructure. Medium

range mobility is encountered in situations sucle@grgency management or battlefield
operations where the movement is across a citgirge Iportion of the country-side. Wide
range mobility is encountered in situations suchaatomobile networks, where the
mobility could span across an entire country. fdrege of mobility of the P/S architecture

determines the level of scalability that is neeidetthe architecture.

23 P/SEvents
Current P/S architectures, such as SIENA [2], JBRIREBECA [4], and STEAM

[16], are event based. The information that thegaininate is based on discrete events in
time. If a consumer subscribes to a topic afteeaent has occurred, the consumer does
not receive that event. Many types of informatibat need to be disseminated to mobile
clients are not discrete events, but informaticet thas a specific life to its value. With
these current architectures, the only mechanisrhdndling information that has a lifetime
is to have the provider periodically publish thdomation as an event even if the
information has not changed. If the provider hdisrmation on a topic that only changes
once a day, but needs to have consumers see thevidlain one minute of connecting to
the network, they would have to retransmit the ewsery minute. This method would

significantly increase the network traffic for tRéS architecture.



Consumer Consumer

Disconnects Reconnects
E; E, I I E; Es Eo

P 17

Consumer

AT

Eq E> = E4 Es Es E; Es Eo

Figure 3: Event Timing with Consumer Disconnect

Figure 3 represents the current architecture inrsBfces for actions when a consumer

disconnects from the network and reconnects laierSIENA and JEDI when the client

reconnects, their subscriptions from the origireaiver are moved to the new server the

client is using but the events that were broaddashg the disconnected period are lost

and not available to the client. In this exampleents (g, Es4, Es, Es) are not received by

the consumer. Work on JEDI and SIENA [5], solvkis fproblem by having a specific

move-out and move-in functions, that the client oaa to disconnect and reconnect to a

P/S architecture. The move-out function creatgsoay for the client that collects the

events that are broadcast while the client is diseoted. The move-in function collects

the events from the proxy and reestablishes thecsiptions for the client.

10



When the information that is being published by pheducers has useful duration to
the information content, the loss to the client barsignificant as shown in Figure 4. The
producer is publishing information on events, E;, and B. When the consumer
disconnects, they have the informationflE and E[1]. While the consumer was
disconnected, the producer publishegd1lE Ei[2], Ej[2], E3[2]. When the consumer
reconnects the subscription is restarted, the coesdoes not receive the information that
was broadcast while they were disconnected. Tiablgm can be significant. In this
example, the consumer has no information erattl will not have any information until

the producer publishegB].

Consumer Consumer
Disconnects Reconnects
Ei[] Ef1] | | B3] Eof3] Es[3]

1 1. 11

Consumer

B A A

E4[1] Eo[1] Es[1] Ei[2] Eof2] Es[2] E4[3] E3[3] Es[3]

Figure 4: Information Timing with Consumer Disconnect
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The issues with using time as a discriminator cénéw in distributed systems and
associating time with ordering of event are welbkn, (e.g. see Lamport [15]). In publish
and subscribe systems, the publisher assumessih@nssbility for associating time with an
event. Relativistic issues preclude the use adrd@histic techniques for associating time
and casual relationships with events [14]. P/Shitactures have to accommodate
approximate representation of time, such as asguthet there is a global clock for the

publishers and subscribers.

24 Publish/Subscribe Systems

24.1 Elvin

Elvin is one of the early implementations of a ByStem with content based routing
[18]. Elvin was developed at the University of @uosland’s Distributed Systems
Technology Centre. It was originally developedhwat basic server with publishers and
clients. Elvin defined a subscription descriptlanguage that was used to evaluate the
events and determine which clients would be sugphéh the events [19]. The Elvin
architecture has a unique concept, quenching, wtherpublishers were notified of the set
of subscriptions for their topics so that they dat have to publish events that were not
subscribed to by clients. The impact of the quamriconcept was not identified in the
published works on Elvin. The Elvin system hasesalclients that were used to exercise
the system, CoffeeBiff, Tickertape and Tickerct2][ The Elvin architecture has been
enhanced to support disconnected clients. Thigrer@ment has been accomplished by

adding an Elvin proxy server that maintains thenemtions to the server for the clients
12



when they have been disconnected [21]. The Elvaxypserver has some interesting
characteristics for dealing with mobile clients.heTproxy allows for sessions on the
subscriptions such that multiple clients for a wser subscribe to the same notification and
the notification will not be deleted from the prosgrver until it has been delivered to all of

the client’s applications.

24.2 JEDI

JEDI (Java Event-based Distributed Infrastructige) Java based P/S system that was
developed at Politecnico di Milano [26]. JEDI wased to implement a workflow
management system called OPSS (ORCHESTRA Procegp®iBbystem) [3]. The JEDI
system implemented both a centralized and a diséibversion of the system. In the
centralized version there is a single server fstriuting the events. In the distributed
version of the JEDI system, the servers are arthimge hierarchal system where each
server has one parent, except for the root seamerzero or more child servers, as shown
in Figure 5. With the hierarchical server confaion, the events received on a particular
server are sent to its parent, any of its childemsrthat have subscribed to the event, and to
any of its consumers that have subscribed to evEme. subscriptions from a consumer are
passed up the hierarchy of servers to the rooesehws ensuring that any event published
in the hierarchy that matches the subscription bellpassed to the consumer. The JEDI
system has support for mobile clients wittoveOutand movelnoperations that allow

clients to disconnect for a server and reconneatderver at a later time [27]. The servers

13



manage temporary storage for the events duringlise®nnection and the delivery of the

events upon reconnection with tmevelnoperation.

DS Dispatch Server

AO  Active Object DS
— —p»  Subscription

—» Event
/t d

-~

DS DS
/ ~
~N
\ -
N
DS DS DS
A
|
I
AO AO AO

Figure5: JEDI Hierarchal Server Topology

243 SIENA

SIENA is another of the early implementations oP/& system with content based
routing [22]. SIENA was developed at UniversityGiflorado. The purpose of the SIENA
development was to investigate the issues of dpwejaan Internet scale P/S system and
content-based routing of events [23, 24]. Thes®uode for the system is freely available
for use and thus it has been used several effSHSNA has implemented both hierarchical

14



and acyclic peer-to-peer server connection topekgilt has been used to compare the
costs of the different server connection topolagi8#ENA has also introduced the concept
of advertisement of publications. An advertisemisnivhere the publisher of events
advertises the type of events that the publishipwblish. The advertisements are used to
narrow the propagation of the subscriptions. SIEM#S used to develop several different
content-based routing algorithms, from a basicinguiable based content routing [11] to a
combined broadcast and content-based routing scf#5he SIENA provides a significant

base of work and code to use to further work onsyggems.

244 REBECA

REBECA is a research P/S system that has beenfosedsearch in mobility and
location awareness [28, 29]. REBECA was develogiethe Darmstadt University of
Technology. It was originally developed to invgate different approaches to content-
based routing algorithms [30]. REBECA has an acymber-to-peer server topology and
implemented the following different routing algbmts: flooding, simple filter, filter
identity, filter covering, filter merging and roog with advertisements. It was then
enhanced and used to investigate mobility andilmta@wareness. This enhancement uses
virtual clients to cue up missed events and prdgeatieem to the consumers when they
have reconnected to the network. This work hagy@ifisant advantage over the JEDI
mobility solution because it does not require thestimer to notify the P/S system prior to
the disconnection. Work has also been done inigiray the consumer with historical
event data.
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245 STEAM

STEAM is a research P/S system that is focused icgless ad hoc network models
with the focus on mobile applications such a teaffianagement [31, 32]. STEAM was
developed at University of Dublin, Trinity College&STEAM does not use a system with
servers instead the producers of information brasidéo consumers within a certain
proximity of the publisher based on the geograpbe@ation of the producers and the
subscribers. This type of P/S system would alloadpcers such as traffic signals to
publish the status of the traffic lights to conswnén their vicinity such as cars
approaching the traffic signal. To accomplish tigise of event notifications, STEAM has
the concept of proximity groups as well as the eonffilters found in the other P/S

systems.

25 Mobility Problem

The mobility of the P/S architecture’s consumetsoiuces several problems that have
to be addressed in order for use of ad hoc mokit@arks in the P/S architecture. These
problems are as follows [36]:

» Caching of event notification in the network.

* Duplicate event suppression.

» Event stream reconstruction.

* Frequency of movement versus reconfiguration o\sthe
The caching of event notification has to occurdose with ad hoc mobile networks

the consumers can be disconnected without warmgtlzey may be reconnected at an

indeterminable time and location.
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Duplicate event suppression is needed for seveedons. A P/S system can have
multiple producers publishing the same events hadet events could be duplicates. The
ad hoc nature of the network makes the occurreheedaplicate event more likely as the
network of servers mutate as the servers dropraitrgoin the network. A server could
rejoin the network and publish events that haveaaly been routed through the network.

Event stream reconstruction is necessary to supptlisconnected client with the
correct set of events after they have reconnedfdtie consumer needs all of the instances
of an event then the stream of the events has weldeered correctly to that consumer
when they have reconnected to the P/S network.

The impact of the frequency of movement versusriegaration overhead will have to
be calculated to ensure that the reconfigurati@rteead does not overwhelm the system
based on the probably frequency of movement. intpsact has been calculated for the
Rendezvous-Notify architecture [17] and a simikacalation will have to be generated for

our proposed solution.
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Chapter 3: Durative Events

A durative event is one where the event has thatidar of a time interval [33]. For
P/S architectures, the duration of an event shbaldlefined in one of three ways. The
interval of the durative event can be defined asirtterval between two primitive discrete
events, as the interval from the occurrence ofiraifive discrete event and a time-to-live
interval, or as either the interval between twontive discrete events or the time-to-live
interval, whichever interval is smaller. For a atiwe event model to work in a P/S
architecture, the event model has to be extendedqtare a unique ID for the events so
that the discrete events can be related to a gpebiect of interest. The event model also
has to be extended to include a maximum time-w@dlwerval if that definition of a durable

event is used.

3.1 Durative Event Definition

The three types of durative events can be defisetyunterval notation [34, 35]. The
notation DE, f) means that evelit was detected at tinte The notation (&, [t,t']) means
that the evenE occurs over the interval,{]. Interval notatiori* indicates the starting or
lesser endpoint of the interval andhdicates the ending or greater endpoint.

Durative event based on two primitive evelitg andE[s):

OGE, [t,s) =D(E, ) *D(E, 9 " t' <s

Durative event based on a primitive eveft} and a time-to-live interval
18



OGE, [tg) = D(E, ) As=t+]

Durative event based on two primitive evelg§ andE[s] and a time-to-live interval
OE, [tg)=s <t+i*D(E,)"D(E, 9t <s

OE [tt+i])=t+i<s""DE,)"DE, 9t <s

If the eventE[s] occurs before the intervalis over after everig[t] then the durative

event would bé&, [t,g if not then it would bes, [t,t +i].

3.2 Durative Event Descriptions

The events described above using interval notagonalso be described visually using
event diagrams. Figure 6 describes a primitivengwshich is a discrete event in time.
The primitive events are used to describe the tharatvents. Figure 7 describes the basic
durative event that is defined by a primitive evant an interval. Figure 8 describes a
durative event where the interval for the evertidand by two primitive events. Figure 9
describes a durative event that is bound by a fwienevent and a time-to-live interval.
Figure 10 and Figure 11 describe the two casesu@dtide events that are bound by two
primitive events and a time-to-live interval. Irgkie 10, the second primitive event occurs
before the time-to-live interval has ended thus dbeative event is bound by the initial
primitive event and the time-to-live interval. Figure 11, the second primitive event
occurs prior to the expiration of the time-to-limeerval thus the durative event is bound by

the two primitive events.
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Figure6: Primitive Event
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Figure 7: Durative Event
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Figure 8: Durative Event Based on Two Primitive Events
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O(EJt,s]) = O(E[t,t+i])

A
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time t S =t+i

Figure 9: Durative Event Based on Primitive Event and Time-to-Live Interval

O(E[t.t+i])
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Figure 10: Durative Event Based on Two Primitive Eventsand Time-to-Live

Interval

O(EJz,s])

. —
time t Ky 1

Figure 11: Durative Event Based on Two Primitive Eventsand Time-to-Live

Interval
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3.3 Effectsof Durative Events on P/S Architectures

Many types of information that need to be dissetemhdo clients are not discrete
events, but information that has a specific lifeittovalue. This information would be
modeled in P/S architectures as durative eventgh e current architectures, the only
mechanism for handling information that has ailifietis to have the provider periodically
publish the information as an event even if thenmfation has not changed. If the provider
has information on a topic that only changes ondaya but needs to have consumers see
the data within one minute of connecting to thevoek, they would have to retransmit the
event every minute. This method would significamticrease the network traffic for the
P/S architecture. Figure 12 shows a series ofte\aing published for objects of interest

where the publisher is simulating durative evegtpdriodically rebroadcasting the events.

Ei[1] EJ1] Eq[1] E2[1] Eal1] E1] Ei[1] EJf2] Es[2]

AN O

Consumer

B A A

Eq[1] Eof1] E4[1] E2[1] E4[1] Ex[1] E4[1] E2f2] E4[2]

Figure 12: Rebroadcasted Events
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The implementation of durative events in a P/Sitecture would allow the server to
provide a consumer the active events upon conneceannect without the server
requiring input from the publishers. This capapils important as P/S systems move into
ad hoc mobile networks where both the publishedscamsumers may disconnect from the
network at any time. The server cannot rely onptiiglisher being available to republish
events when a consumer has connected or reconnected

Figure 13 shows the consumer reconnection scemdifiodurative events where the
durative events interval is defined by the arriohl new event. Upon reconnection the
consumer receives the current events for all oktrents that match their subscriptions. In
this example, the consumer receives the curremtte(2], E,[2], E3[2]. However, the
consumer does not receive evegitlEbecause it has been overcome by the newer event
Es[2]. In traditional P/S systems, these events @wdwdve never been broadcast to the

disconnected consumer.
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Disconnects 1[2],
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Consumer

Server

Producer
Prrrrr o 1
Eq[1] EA1] E5[1] E4[2] E[2] Es[2] E4[3] E[3]

Figure 13: Durative Event Reconnection

3.4 Impactsof Durative Event on the M obility Problems

The problems associated with mobility clients ilP/& architecture as described in

Section 2.5 are addressed in several ways.

Caching of event notifications is a fundamentalt pdrthe design of implementing

durative events in a P/S architecture. Durativenes provide the capability for the P/S

server to have one cache that supports any nunfilEmnsumers. Because the server is
caching one copy of each relevant event, thereoineéed to have a cache for each
disconnected consumer, instead as a disconneatsdroer reconnects their subscriptions
are against the cache of relevant events and amntethat have been published since the

disconnection from the server and that match thdiscriptions are then published to the

consumer.
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The implementation of durative events make the maggon of duplicate events less
complicated than other methods of supporting eweolbility. Because the P/S servers
only keep the relevant copy of the event in theuguer the disconnected consumers, any
events that come into the server that are older tiva current event are thrown away and
never published to the consumers. If an event sante the server that is more current
than the current event in the queue then that egesplaced and the new event is the one
that will be published to the consumer upon recotioee. If an event comes into the server
that is an exact copy of the event that is curyeintithe queue then that event is thrown
away as well and is never published. The propg@tementation of durative events will
not allow the publication of duplicate events.

Events stream reconstruction is unnecessary irbaystem that implements durative
events, because the servers will only supply thst medevant copy of an event. There is
no reason to have an event stream reconstructimaube there will only be one version of
the event delivered to the consumer.

The impact of the durative events on the performariche server with respect to the
frequency of movement versus reconfiguration owaheill have to be examined during
the performance testing of the durative event gystdhe test described in Section 5.3
tests the impact of the length of the time a corgumdisconnected with the performance
of the server upon reconnection. Figure 24, Fi@freand Figure 26 show the results of
the impact of the durative events on the size efgireue and the number of events that are

published upon reconnection as compared to a sysi#mout durative events.
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Chapter 4: Implementation

This chapter describes the implementation of asig&m with durative events and the
implementation of the testing client and instruraéoh necessary to gather the
experimental data needed to determine the impétte aurative event on the system.

4.1 SIENA Basdine

SIENA was chosen as the basis for the implementatiche durative events because it

was freely available with full source code and aplete publish and subscribe server

implementation.

4.1.1 SIENA Interface
The SIENA implementation hasHierarchicalDispatcherthat implements th8&IENA

interface. Figure 14 shows the basic details ®BlENAinterface.

advertise(Filter f, String id)
publish(Notification n)
resume(Notification n)
subscribe(Filter f, Notifiable n)
suspend(Notifiable n)
unadvertise(Filter f, String id)
unadvertise(String id)
unsubscribe(Filter f, Notifiable n)

unsubscribe(Notifiable n)

Figure 14: SIENA Interface
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The SIENAinterface is used by the publishers and subserittecommunicate to the

SIENA server. The following describes the detaflthe interface:

advertise- Tells SIENA that the object identified kg might publish
notifications matching the advertisement filter
» publish— Publishes a notification (evemt)to SIENA.
* resume- Resumes the delivery of notifications of evetdsthe given
subscriben.
» subscribe Subscribes for events matching Filter
* suspend Suspends the delivery of notifications to theegisubscriben.
» unadvertise— Cancels previous advertisements from publistewhich
matches Filtef.
» unadvertise- Cancels all of the previous advertisement fromolipherid.
» unsubscribe- Cancels subscriptions from subscribevhich matches Filter
f.
» unsubscribe- Cancels all subscriptions from subscriher
In the SIENA implementation, treispendandresumemethods do not support mobile
subscribers. When tlseispendnethod is called, the SIENA server quits delivgravents
to the subscriber. The events that are publishieite whe subscriber is suspended and
match the subscription are discarded. Upon thet@aésumethe event notifications for
the subscriber are resumed but none of the evieaittcurred during the suspension are

delivered to the subscriber.
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4.1.2 Notification Class

Events in SIENA are implemented by tNetificationclass. The event notification is a
set of named, typed attributes. Thetification class supports the following attribute types,
String byte[], long, double andboolean Figure 15 is an example of a SIENA event

notification.

attributeNameslterator() : Iterator
getAttribute(String name) : AttributeValue
hasAttribute(String name) : boolean
putAttribute(String name, String value)
putAttribute(String name, byte[] value)
putAttribute(String name, long value)
putAttribute(String name, double value)
putAttribute(String name, boolean value)
putAttribute(String name, AttributeValue value)

removeAttribute(String name) : AttributeValue

Figure 15: Notification Class

4.1.3 NotifiableInterface

Subscribers to the SIENA server must implementNbegfiable interface. Figure 16
shows the details of théotifiableinterface. Théotifiableinterface contains two methods
that must be implemented. One methodatfy that notifies the subscriber of one event

and the other method i®otify that notifies the subscriber with an array of egenThe
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ThinClient that is provided by the SIENA implementation usks interface for its

subscribers.

notify(Notification n)
notify(Notification[] s)

Figure 16: Notifiable I nterface

4.1.4 HierachicalDispatcher

The HierarchicalDispatchemodels the subscribers using the abstract 8abscriber
and the concrete subclassesalSubscribeandRemoteSubscribers shown in Figure 17.
The LocalSubscriberclass provides the connection to subscribers whoirathe same
virtual machine as thelierarchicalDispatcher TheRemoteSubscribarlass provides the

connection to subscribers who are not in the sanmuall machine as the

HierarchicalDispatcher
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El subscriber

Operations
public Object getkey( )
public boolean isLocall )
public byte[D..*] getldentity( )
public void addRef{ )
public void removeRef( )
public boolean hasMoRefs( )
public void mapHandler Interface i)
public void suspend( )
public void resume( )
public boolean notifyl SENPPacket pht )
public void notify( Notification n )
public void notify( Notification s[0..7])
protected void handle_notify_error Exception ex )
public long getMillisSinceGood( )
public short getFailedAttempts( )
public void shutdown( )
public String toString( )
public void writeldentityTo SENPWriter out )
public void writeContactTo{ SENPWriter aut )

E LocalSubscriber

Attributes

Operations
public LocalSubscriber{ Notifiable n)
public int hashCode( )
public void notify( Notification s[0..*])

Operations Redefined From Subscriber
public Object getkey( )
public boalean isLocal( )
public void mapHandler( Interface i)
public boolean notify{ SENFPacket pht )
public void notify( MNotification n )
public void notify( Natification n )

ElRemoteSubscriber

Operations
public RemoteSubscriber( byte id[0..*], Interface i )
public int hashCode( )
public void notify( Matification s[0..*])
protected void finalize( )

Operations Redefined From Subscriber
public byte[0..*] getldentity| )
public Object getkey( )
public void mapHandler( Interface i)
public boalean isLacal{ )
public boolean notify{ SENPPacket pkt )
public void notify( Motification n )
public void natify({ Notification n )
public void writeldentityTo( SENPWriter out )
public void writeContactTo( SENPWriter out )
public woid shutdown( )

Figure 17: Subscriber Class Diagram
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The HierarchicalDispatcher implements the SIENA interface and is server
implementation for SIENA. Any changes to the sermmist be implemented in the

HierarchicalDispatcher.

4.2 Mobile Subscriber Proxy

To implement the mobile subscriber proxy capabibtych that a subscriber may
disconnect from the server and reconnect at tiee ditte and receive the events of interest
that have been published during the subscriberscodnect phase, the
HierarchicalDispatchels Subscriber LocalSubscriber and RemoteSubscribeclasses
were modified. TheSubscriberabstract class was modified to contain a queuthef
events of interested that were published duringdiseonnect phase. Ti&ubscribes
resumemethod was modified so that upon a subscribessmgtion, the subscriber would
be notified of all of the events in the queue. Mmbefy methods in théocalSubscribeand
RemoteSubscribeslasses were modifies so that if the subscribes wathe suspended

mode the events would be stored in the queue thstieaeing sent to the subscriber.

4.3 Durative Events| mplementation

The durative events implementation required sevadalitions and changes to the
SIENA system; a new class for the durative evattanges to thelierarchicalDispatcher
to store the durative events, changes to the puiriethods, changes to subscribe methods,

and a new subscribe method in $lE€ENAinterface.
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4.3.1 DurativeEvent Class

The DurativeEventclass extends thidotification class from SIENA. The purpose of
the extension is to provide the durative event stgdpy adding specific required attributes
to the event notification. Figure 18 provides aareple of a durative event. The required
attributes for an object of tHeurativeEventclass ardD, Date andDuration. ThelD is
the durative event identifier that allows the detieation of which discrete events are
related durative events. Tiizate attributes stores the start time of the event &g

representing the number of milliseconds since theck time. TheDuration attribute is

the maximum duration of the event in milliseconds.

ID = “MSFT”
Date = 1237049800968
Duration = 10000

Attributes
Topic = “StockPrices”
Price =27.5
Volume = 1,234,000
P/E=29.2

Figure 18: Durative Event Example

4.3.2 HierachicalDispatcher Modifications
The HierarchicalDispatchemwas modified to provide storage of the durativerds for
the server. This storage will provide the capgbibr subscribers to get the active durative

events upon subscription or re-subscription. Therage is implemented with a
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HashMap<String, Notification>object. TheString attribute for the durative event is used

as the key to thelashMapallowing for its retrieval for comparison.

4.3.3 Publish Method M odifications

Thepublishmethods were modified to store the durative eviarttse HashMapobject.
In the publishmethods, the durative events are only storeceiktlent is not already stored
in the HashMap or if the event is more current than the eventaaly stored in the
HashMap This state is determined by comparingdbe&eof the stored event with thdate
of the event being published. If the published#galateis greater than the stored event,

this it replaces the stored event as the currenattisie event.

4.3.4 Subscribe Method M odifications

Changes were made to thebscribemethods to immediately notify the subscriber of
any current durative events that matched the sitiser filter that was being applied for
that subscriber. During this process, HeshMapis iterated over and the eveulste +
duration are compared to the current system time and ameved if less than the system
time because the event is no longer current. elfetrent is still current, then it is compared

with the filter and if it matches the filter thelmgriber is notified of the event.

4.35 New Subscribe Method
A new subscribewas added to thBIENAinterface, as shown in Figure 19. This new
method was necessary to allow a subscriber to sbhbswith the system time that the

subscriber disconnected with. This new methodnallthe subscriber to only receive any
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new durable events that were published after thescsibber's disconnect and are still
current events. This nesubscribemethod used the same algorithm as the aihlescribe
methods, to check for the currency of the eventswhen current events are compared to
the filter they are only compared if tdateof the event is greater than tiirae passed into

thesubscribemethod.

advertise(Filter f, String id)
publish(Notification n)

resume(Notification n)

subscribe(Filter f, Notifiable n)
subscribe(Filter f. Notifiable n, long time)
suspend(Notifiable n)

unadvertise(Filter f, String id)
unadvertise(String id)

unsubscribe(Filter f, Notifiable n)

unsubscribe(Notifiable n)

Figure 19: Modified SIENA Interface

44 Test Clientsand I nstrumentation

In order to test the changes to the SIENA systdma, SIENA system had to be
instrumented to collect size and time data andtesb clients had to be developed. The
first test client was developed to test the chamgade to the SIENA system and to ensure

that the publish and subscribe system worked ascteq. The second test client was
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developed to perform the performance test usedatbeg the information about the

operation of the modified SIENA system.

441 SIENA Instrumentation

In order to gather data on the performance of #&N& system with and without
durative events, the SIENA system was instrumeritedkey methods to gather
performance information. The SIENA system contdiakoggingclass that was modified
to log the performance messages. The three kdyoeethat were instrumented to collect
performance data were tlmesumemethod in theSubscriberabstract class and the two
critical subscribemethods. In theesumemethod, the size of the queue upon resume and
the time to send the queue to the subscriber poetesl. In thesubscribemethods, the size
of theHashMapprior to cleanup, the size after cleanup, the remolb durable events sent
to the subscriber, and the time to process durabéts and send the events to the
subscriber are reported. Appendix 1. shows ameie of the log file that result from the
instrumentation of the SIENA system.

441 BasicTest Client

Figure 20 shows the basic test client that was Idped to test the basic mobile
subscriber capability. It allows the user to subscto a topic of events, publish events,
suspend and resume the subscription, and disptagviénts that are sent to the subscriber.
This capability allows the user to test the bagieccfionality of a mobile subscriber with the
SIENA system. This client implements the SIENAtifiable interface in an inner class.
This inner class receives the notifications ofeélients and adds them to the user interface.

The client has a locdierarchicalDispatcherthat can be connected to a master server or

run standalone.
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Menu
Server | | Connect
Subscriptions
Topic |Test | Subscribe Suspend
opic: Test
apic: Test
Publications
Topic D Value Duration
Test | [ | iz | [100 | | Publish

]

Fublication: { Date=123690684 22000 Duration=100 1D="1" Topic="Test" Yalue="10"}
Fublication: { Date=1236906433484 Duration=100 1D="1" Topic="Test" Yalue="12"}
Fublication: { Date=1236906451 593 Duration=100 |D="1" Topic="Test" Walue="15"}
Fublication: { Date=1236906457573 Duration=100 1D="1" Topic="Test" Yalue="16"}
Fublication: { Date=12369068464656 Duration=100 1D="1" Topic="Test" Yalue="17"}

BEvents

event { Date=12369064 22000 Duration=100 ID="1" Tapic="Test" Valus="10"}
event { Date=1236806433484 Duration=100 ID="1" Topic="Test" ¥alue="12"}

event { Date=1236806451593 Duration=100 ID="1" Topic="Test" ¥alue="15"}
event { Date=1 236906457478 Duration=100 10="1" Topic="Test" Value="16"}
event { Date=1236906464656 Duration=100 ID="1" Topic="Test" Valug="17"}

1

Figure 20: Basic Test Client
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4.4.2 Performance Test Client

The second test client was developed to perfornp#mrmance testing of both the
mobile subscribers and durative events. Figuretgiwns the user interface for the second
test client. This test client was designed witualisher section and a consumer section.
In the publisher section, the number of eventsrsdfe the number of individual event IDs
that are used in the publishing. When publishivggtest client generates a random number
between 0 and the number of events. This randonbar is then used as the event ID for
that publication. The duration and topic are ttieepattributes that are published for the
event. The user can chose whether the client ldighing durative events or normal
events. The publish rate is used as the amoummefbetween each publication. The test
length is the length of time to run the test andbligsh the events. The publisher is
implemented as its own thread so that it can rdependently of the consumers and user
interface. The publisher section shows the nurabevents that have been published.

The consumer section of the performance test cttianthave up to 5 simultaneous
consumers of events. With the consumers sechenjder can set how long the consumer
is connected for and how long the consumer is disected. The user can also set how
many of the events the consumers are going to sbbsdn the test client, the consumer is
implemented with an inner class that implemé&snableandNotifiable The consumers
are each run in their own thread so that they mbpmdependently to the event

notifications. Each consumer displays the numbewrents that it has been notified.
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FEX

Master Server Connect TestlD (Testl1.1 IEl

Publisher

# of Bvents 100,  Publish Rate (msec) 10  Duration (sec) 4 Topic [Test
Test Length (sec) | 100 ) Durative Events

Errors: Published Events: 1] Log File Dir |C:1dewsiena-1 A.8llogs) |

¢ [*] |

Consumers

# of Events Subscribed _Eﬁ Connect Time (sec) 10/ Disconnect Time (sec) 10

® Consumer 1  Status: Not Running Events Recieved: 0
) Consumer 2 Status: Not Running Events Recieved: 0
) Consumer 3 Status: Not Running Events Recieved: i}
) Consumer 4 Status: Not Running Events Recieved: 0
) Consumer 5 Status: Not Running Events Recieved: i}

Figure 21: Performance Test Client
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Chapter 5: Experimental Results

The experiments detailed in the following sectioveye undertaken to measure the
impacts of implementing durative events in a plbksnd subscribe system that allows
connectivity of mobile clients. These experimeotsnpare the method of supporting
mobile clients with a proxy mechanism and the methb using durative events. The
proxy mechanism is where the P/S server holds tessages that would be missed by
disconnected clients and provides all of the migsahts upon the client reconnection. The
method of using durative events allow the substsibereconnect and specify the time of
their disconnection and the P/S server only natifiee subscriber of the events that are still
viable upon the subscribers reconnection. Thegsarpf these experiments is to show that
the durative events are more scalable and notdsibyovhen compared to mobile proxies.
These tests measure the impact of the durativetewnthe size of the caching that is
needed to store the events during the disconnectioarder to compare cost they measure
the amount of time necessary to reconnect a disobath subscriber. The three set of
experimental tests are as follows:

» Publisher Duration — to study the impact of thaatan of the event’s duration.

» Disconnection vs. Duration Time — to study the iotpaf the disconnection
time in comparison to the duration of the events.

* Number of Consumers — to study the impact on tmebau of consumers to the

scalability of the publish and subscribe servers.
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51 Test Design

Each test has a varying set of test conditionschvare described in Table 1. These
conditions were selected to measure the impadiseofiurative events as the fundamental
conditions of the P/S architecture are changede t€hts measure the size of the mobile
proxy and durative event queues and reconnect tforemobile proxy clients and the
durative event clients. In all of these tests,ghblisher publishes an event with a random
ID. The publisher then waits the number of mittmeds until publishing the next event.
The consumers subscribe to a subset of the evettare being published. The consumer
connects for a length of time receiving eventsnttsconnects for a length of time and

then reconnects.
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Table 1: Test Conditions

Test Condition Description

Publisher Variables

Number of durative events Numben) (of unique event IDs used during the test.
Event IDs will be numbers from O to- 1.

Wait time Number of milliseconds between event malions.

Duration time Event duration time for durable egentDuration of (
denotes a test run with non-durative events.

Consumer Variables

Number of consumers Number of consumers thatateopthe test.

Connect time vs. disconnecktength of the connect time compared to the lenfthe
time disconnect time

Number of events subscribed Number of evestsibsabed to by the consumer
Filter for the subscription will be ID s

Number of connect/disconnecNumber of connect/disconnect cycles used for tsie te
cycles

Table 2 describes the data that is collect fotekts. This data is collected for each test
and used to measure the scalability and performahdee durative event enhanced P/S
system. The queue size information is used tamate the resources necessary to support
mobile proxies and durative events. The recontien¢ is gathered to compare the
performance of the mobile proxy with the duratiweer@s upon client reconnect. The
minimum, median, and mean are calculated becaesméan measurements are distorted

by reconnect time that are significantly largemthiae others in the test, probably because
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there is a context switch during the reconnectibhe minimum or median measurements

probably provide a better indication of the perfance.

Table 2: Test Measurements

Test M easur ement

Description

Initial Queue Size

Initial queue size is the sik¢he durative event storag
before the expired events have been removed. Heg
mobile proxy test, it is the size of the proxy geeu

je
rt

Final Queue Size

Final queue size is the sizeefitirative event storag
after the expired events have been removed. Fo
mobile proxy test, it is the same as the initiatugi size.

je
Ir th

Publish Queue Size

Publish queue size is the nuwibevents that matc
the subscribers subscription and have not alreadyn
delivered to the subscriber. In other words, ithe
number of durative events published to the subsc
upon reconnection. For the mobile proxy tests ithe
same as the initial queue size.

h
b

rb

Minimum Reconnect Time

Minimum reconnect time o thst

Median Reconnect Time

Median reconnect time ofdéke

Mean Reconnect Time

Mean reconnect time of the test

5.2 Publisher Duration Test

The Publisher Duration Test was undertaken tahesimpact of the durative events on

the publish and subscribe system, the effect ofdimation time on the durative event

storage, and its comparison to a mobile proxy quén®rder to measure the impact of the

duration time on the durative event storage, teeuaries the duration time of the events
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while keeping all of the other test variables tams. Table 3 describes the parameters of

the test.

Table 3: Publisher Duration Test Parameters

Test Condition Test Parameter

Publisher Variables

Number of durative events 100
Wait Time 100 msec
Duration time 1, 2,5, 10, 20, 50, 100

Consumer Variables

Number of consumers 1

Connect time vs. disconneciO sec. vs. 10 sec.
time

Number of events subscribed 60

Number of connect/disconnecP0 — total test time 400 seconds.
cycles

Table 4 contains the summary queue size informdtamn the Publisher Duration Test
results. All of the sub-tests for the Publisherd®on Test were run 20 times and the data
summarized in Table 4 is the average of the 20. rdie first run of the test identified by
the test name, “PubDur0Q” is the test of the mopiexy, where the P/S system is tested
without the use of durative events. Figure 22 tshidaie queue size data for this test. This

test shows that for small durations, the numbeewents published to subscriber upon
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reconnect is significantly smaller than the numbkevents published with the mobile
proxy and for longer durations the number of eventsished is still lower than the mobile
proxy. When the maximum size of the storage neetignhg the test is examined, it is
obvious that the maximum size for the durative egtorage is bounded by the number of
unique events that are published. The size oftbkage for the durative events after the
cleanup of the expired event is significantly seradit the shorter durations and is bounded

by the number of unique events with the longer tituma.

Table 4: Publisher Duration Queue Size Test Results

Test Name | Duration | Connect | Disconnect | Initial Final | Publish
(Sec) (Sec) (Sec) Queue | Queue | Queue
Size Size Size
PubDur0 0 10 10 51.25| 51.25| 51.25
PubDurl 1 10 10 85.60f 8.90 4.90
PubDur2 2 10 10 87.15| 16.30 9.40
PubDur5 5 10 10 90.05| 37.35| 21.60
PubDur10 10 10 10 93.75| 59.85| 33.55
PubDur20 20 10 10 96.80| 84.20f 34.05
PubDur50 50 10 10 98.80| 98.15| 34.20
PubDur100 10¢ 10 10 99.25| 99.25| 34.25
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Figure 22: Publisher Duration Queue Size Plot

Table 5 details the reconnect time results fromtélse Figure 23 charts the reconnect
times. From this chart, the following conclusia@ be drawn: The performance of the
durative event reconnection is not significantlyggkx than the reconnection of a mobile
proxy. This is because the time used to clearhemlurative event to remove the expired
events and to match the remaining event againssuhscription is offset by the smaller

number of events being published to the subscrilB@cause the reconnect time for the
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shorter duration is much smaller than the largeatitan, it can be assumed that the time to
clean up the expired events is smaller than the tsncompare the events against the

subscription filter.

Table5: Publisher Duration Reconnect Time Test Results

Test Name | Duration | Connect | Disconnect | Minimum | Median Mean
(sec) (sec) (sec) Reconnect | Reconnect | Reconnect

Time Time Time

(nsec) (nsec) (nsec)
PubDur0 0 10 10| 331,204.00 354,998.00 421,076.25
PubDurl 1 10 10| 74,242.00 235,233.00 219,497.40
PubDur2 2 10 10| 73,323.00 190,695.50 221,089.20
PubDur5 5 10 10| 134,347.00 300,991.50 472,921.90
PubDur10 10 10 10| 254,764.00 403,592.00 444,335.25
PubDur20 20 10 10| 331,529.00 414,948.50 456,872.10
PubDur50 50 10 10| 273,254.00 392,450.50 432,314.05
PubDur100 10¢ 10 10| 305,819.00 383,184.50 455,778.00
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Figure 23: Publisher Duration Reconnect Time Plot

5.3 Disconnect Timevs. Duration Time Test

The Disconnect Time vs. Duration Time Test was tia#ten to measure the impact of
duration time of the durative event in comparisorthte length of time the subscriber is
disconnected. This test varies the duration timd the disconnect time for test as
described in Table 6. Because the disconnect timess for each sub test, the length of

the test change so that there are 20 runs in eath t

a7



Table 6: Disconnect Timevs. Duration Time Test Parameters

Test Condition Test Parameter

Publisher Variables

Number of durative events 100
Wait Time 100
Duration time 1, 2,5, 10, 20, 50

Consumer Variables

Number of consumers 1

Connect time vs. disconneciOvs. 1, 2,5, 10, 20, 50, 100
time (sec)

Number of events subscribed 60

Number of connect/disconnecR0 — total test times (220, 240, 300, 400, 60@O1R
cycles 2200)

Table 7 contains the results of the Disconnect TusieDuration Time test for the
storage size for the durative events and the mpbiley. Figure 24, Figure 25, and Figure
26 plot the storage size for each duration by diseot time. These figures show that for
short disconnect times the mobile proxy (duratipis@s efficient as or more efficient than
the durative events, but as the disconnect timeease the durative event architecture
becomes much more efficient as the storage stzeusd by the number of durative events.
Figure 27 is a plot of the number of events rezeilby the subscriber for each duration by
disconnect time. This figure shows that the nelpifoxy transmits significantly more

events than the durative events. If the P/S syssensing a low band width network
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connection or the events are large in size, therdtirative event architecture provides a

significant improvement on network performance wtiendisconnect time are significant.

Table 7: Disconnect Timevs. Duration Time Test Queue Size Results

Test Name | Duration | Connect | Disconnect Initial Final Publish
Queue Queue Queue Size
Size Size
DisDurl.0 0 10 1 5.00 5.00 5.00
DisDurl.1 1 10 1 68.20 9.20 5.65
DisDurl.2 2 10 1 69.65 16.55 4.45
DisDurl.5 5 10 1 76.85 37.50 4.55
DisDurl.10 10 10 1 83.80 60.15 5.10
DisDurl.20 20 10 1 92.25 83.25 5.05
DisDur1.50 50 10 1 96.80 96.30 5.30
DisDur1.100 100 10 1 97.40 97.40 4.95
DisDur2.0 0 10 2 10.55 10.55 10.55
DisDur2.1 1 10 2 69.30 8.85 5.50
DisDur2.2 2 10 2 72.15 16.85 9.20
DisDur2.5 5 10 2 79.60 37.40 9.15
DisDur2.10 10 10 2 87.15 61.60 9.40
DisDur2.20 20 10 2 93.40 84.05 9.90
DisDur2.50 50 10 2 97.40 97.10 9.15
DisDur2.100 100 10 2 97.95 97.95 9.15
DisDur5.0 0 10 5 27.65 27.65 27.65
DisDur5.1 1 10 5 75.90 8.85 5.25
DisDur5.2 2 10 5 79.55 16.70 10.05
DisDur5.5 5 10 5 83.40 37.40 21.05
DisDur5.10 10 10 5 90.50 61.20 21.50
DisDur5.20 20 10 5 94.80 84.40 19.45
DisDur5.50 50 10 5 97.60 96.95 22.45
DisDur5.100 100 10 5 98.20 98.20 20.75
DisDur10.0 0 10 10 51.25 51.25 51.25
DisDur10.1 1 10 10 85.60 8.90 4.90
DisDur10.2 2 10 10 87.15 16.30 9.40
DisDur10.5 5 10 10 90.05 37.35 21.60
DisDur10.10 10 10 10 93.75 59.85 33.55
DisDur10.20 20 10 10 96.80 84.20 34.05
DisDur10.50 50 10 10 98.80 98.15 34.20
DisDur10.100 100 10 10 99.25 99.25 34.25
DisDur20.0 0 10 20 105.05 105.05 105.05
DisDur20.1 1 10 20 94.05 8.85 5.40
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Test Name | Duration | Connect | Disconnect Initial Final Publish
Queue Queue Queue Size
Size Size
DisDur20.2 2 10 20 94.30 17.25 10.40
DisDur20.5 5 10 20 96.20 37.25 22.10
DisDur20.10 10 10 20 96.60 60.05 33.90
DisDur20.20 20 10 20 98.15 83.90 48.05
DisDur20.50 50 10 20 99.55 98.60 47.50
DisDur20.100 100 10 20 99.45 99.45 47.60
DisDur50.0 0 10 50 258.65 258.65 258.65
DisDur50.1 1 10 50 99.85 8.95 5.05
DisDur50.2 2 10 50 99.75 17.05 9.60
DisDur50.5 5 10 50 99.80 36.10 20.00
DisDur50.10 10 10 50 99.95 60.25 34.30
DisDur50.20 20 10 50 99.95 83.85 47.55
DisDur50.50 50 10 50 100.00 99.15 56.60
DisDur50.100 100 10 50 99.90 99.90 56.75
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Figure 24: Disconnect Timevs. Duration Time Initial Queue Size Test Results
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Figure 27: Disconnect Timevs. Duration Time Received Events Test Results

54 Number of Consumers Test

The Number of Consumers Test was undertaken touree#ise impact of the number
of consumers on the P/S system. This test vdreeaumber of consumers from 1 to 5 for
both non-durative and durative consumers. Thalgetbthe test parameters are described

in Table 8.

53



Table 8: Number of Consumers Test Parameters

Test Condition Test Parameter

Publisher Variables

Number of durative events 100
Wait Time 100 msec
Duration time 5 sec

Consumer Variables

Number of consumers 1,2,3,4,5

Connect time vs. disconnectO vs. 10
time (sec)

Number of events subscribed 60

Number of connect/disconnecP0 — total test time 400 sec
cycles

Table 9 contains the results of the Number of Comesa tests. Figure 28, Figure 29, and
Figure 30 show the average initial queue sizea| fineue sizes, and published queue sizes
for the different number of clients. In Figure 2Be average initial queue sizes for the
durative consumer decreases as the number of censuntreases. This decrease is
because the queue is clean of obsolete eventsfraquently with more consumers. These
gueue size figures show that the amount of menmtiya P/S server needed for the queues
increases geometrically for the non-durative coresnand is steady for the durative
consumers. Figure 31 shows the impact of the numbeonsumers of on the median

reconnect time for the consumer. This test data eadlected to see if the increasing
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number of consumers causes the reconnect timerease dramatically. The data actually
shows the opposite effect; as the number of consuimereases the median reconnect time
decreases. The probable cause of this effechisathnumber of consumers increases, the
amount of CPU cycles dedicated to the P/S sereeeases causing fewer context switches
in the server. Figure 32 shows the impact of talver of consumers on the number of
published events. As expected, as the number fucoers increase the number of
published events for both the non-durative consanaed durative consumers increase
geometrically. However, the durative consumersbar of published events increases

slower because of the obsolete events that arardesd.

Table9 - Number of Consumers Test Results

Test Name # of Initial Final | Publish Median Published Total
Consumers | Queue | Queue | Queue | Reconnect Events Received
Size Size Size Time Events
NumCon1.0 1 56.65 | 56.65| 56.65 | 337,827.0 3977 2283
NumConz.0 2 112.75 | 112.75 | 112.75 | 317,372.5 3977 4514
NumCon3.0 3 175.55 | 175.55 | 175.55 | 244,437.5 3977 6797
NumCon4.0 4 2261 | 2261 | 2261 | 2103765 3977 8940
NumCon5.0 5 288.95 | 288.95 | 288.95 | 199,976.0 3977 11405
NumCon1.0 1 91.55 | 40.4| 21.65| 399,934.0 3977 1478
NumCon2.5 2 64.85 | 37.975 | 21.975 | 247,426.0 3977 3125
NumCon3.5 3 56.45 | 38.717 | 22.85 | 1959445 3977 4700
NumCon4.5 4 52.275 | 39.013 | 22.475 | 185,763.5 3977 6437
NumCon5.5 5 49.68 39| 21.48 | 197,320.5 3977 8019
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Chapter 6: Future Work

This dissertation provides the rationale for incogbing durative events into the event
processing for publish and subscribe architectusas,there still exist several areas of
research to determine the complete impact of dw&vents on the performance of the P/S
systems. These areas include the impact of adriobde networks, the scalability of the
architecture to thousands of clients, and the impiconnection/disconnection patterns.

6.1 Impact of Ad Hoc Mobile Networ ks

The impact of real ad hoc networks needs furtheearh. The impact of the
connection and reconnection times and properti¢iseotlient's movement through a large
scale ad hoc mobile network with a large numberaafes needs to be investigated. A real

implementation in a campus wide ad hoc mobile n&weould provide a significant

insight into the impact of the durative events neal world implementation.

6.2 Scalability of the Durative Event Architecture

The scalability of the P/S servers to support thads or tens of thousands of clients
and unique events needs further research to deterihithe changes made to the P/S
servers to support the durative events hold upruladge scale deployments. The impact
of the durative events should be even larger withrge scale deployment; however the
impact of the pruning of the durative events wooketd to be determined. The pruning

algorithm may need to be changed to support a lang#er of unique events.
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6.3 Impact of Event and Subscription Patterns

To get a better idea of the impact of the duragvent architecture in real-world
environments, the performance of the system needbet examined with different
distributions of events and subscriptions. Therenirwork was done with a uniform
distribution of events and subscriptions. To modeél-world environments, the
performance should also be measured with othert @rghsubscription distributions, such
as Zipf-uniform distribution, multimodal distriboti, and regional distribution [9]. Zipf-
uniform is where the subscription distribution ssbd on the event popularity where the
number of subscriptions for thith most popular event is proportionitband events are
uniformly random distribution. Multimodal distriban is where the subscription and
event distribution both follow the same multivagiatGaussian distribution.  This
distribution results in the more popular eventsngepublished more often. Regional
distribution is where the popularity of an eventrigersely proportional to the distance

from the publishing server to the subscribing serve
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Chapter 7: Conclusion

Publish and Subscribe Systems need to evolve &r dodaccommodate mobile clients
in an ad hoc mobile network. The P/S architectanes=d to be able to handle clients that
can disconnect from the network and reconnectlatea time and potentially a different
location. The current architectures do not hatithse mobile clients in a scalable manner.
The introduction of the concept of durative everas be used to provide a mechanism to
support the disconnection and reconnection natiiteeomobile P/S clients in an ad hoc
mobile network.

Durative event notation provided the capabilitydescribe and define the different
types of durative events in a P/S architecture.e fbtation provided the capability to
define basic events. The basic event notationtias used to describe the different types
of durative events. The notation also providedctygability to define the different types of
durative event notification. The durative eventtation provides the basis for
implementing a P/S system that was used to contparperformance of a P/S system for
mobile clients without durative events and withative events.

The implemented P/S architecture was used to medlsarimpact of implementation
of durative events on the scalability of a P/S exysthat supports mobile clients. The
system was used to measure and compare the sterpgeed to support event notification
for mobile clients with and without durative eventdeasurements of reconnect times and

number of events delivered to the consumers wdiected. These measurement were

61



used to draw conclusions on the scalability of aative event publish and subscribe
system for mobile clients.

The measured storage necessary for the retentionevehts during clients’
disconnections indicated that the durative evedhitacture was more scalable than the
architecture without the durative events, espsgcial the number of supported clients
increased. The durative events architecture storaguirements are based on the number
of unique durative events that are supported wihiee non-durative event architecture
storage requirements is based on the number oitsland the number of events that are
produced during the disconnect period.

The measurement of the reconnect times showedthieatiurative events and the
garbage collection of the expired durative evengsewnot a significant impact on the
performance of the system. The number of eveatsatte published to the consumers with
the durative event architecture was significantigabler than the number of events
published to the consumers without the durativenesapport. In architectures with low
bandwidth MANETS or with large number of clientstogh event rates, the publishing of
only events that are still relevant can ease nétwongestion and provide for greater
scalability.

The use of durative events in publish and subsayistems that support ad hoc mobile
networks will provide for greater scalability. Thee of the durative events will allow for
clients that can receive the events that were ghddi while they were disconnected and are

still valid when they reconnect.
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Appendices

Appendix 1. Example Test Log File

Fri Feb 20 14:11:37 EST 2009, , DisDurl.0, num &4eh00, rate, 100, duration, 1, test length, 2R@ative = ,false, num events
subscribed, 60, connect time, 10,disconnect time, 1

Fri Feb 20 14:11:37 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88diecking durative events,
initial size, 100, Fri Feb 20 14:11:37 EST 200BisDurl1.0, completed, time, 131252, final size, O

Fri Feb 20 14:11:48 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88&$eming subscriptions,
gueue size, 5, Fri Feb 20 14:11:48 EST 2009, , @D, completed resuming subscriptions, resume, 1894116

Fri Feb 20 14:11:59 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88&$eiming subscriptions,
gueue size, 6, Fri Feb 20 14:11:59 EST 2009, , im$D, completed resuming subscriptions, resume, 819836

Fri Feb 20 14:12:10 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88k$eiming subscriptions,

gueue size, 6, Fri Feb 20 14:12:10 EST 2009, , ni$D, completed resuming subscriptions, resume, 867772
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Fri Feb 20 14:12:21 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88k$eiming subscriptions,
gueue size, 6, Fri Feb 20 14:12:21 EST 2009, , @D, completed resuming subscriptions, resume, 284524
Fri Feb 20 14:12:32 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88&$eming subscriptions,
gueue size, 6, Fri Feb 20 14:12:32 EST 2009, , @D, completed resuming subscriptions, resume, tB3522
Fri Feb 20 14:12:43 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88&$eiming subscriptions,
gueue size, 7, Fri Feb 20 14:12:43 EST 2009, , ©i$D, completed resuming subscriptions, resume, 881534
Fri Feb 20 14:12:54 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88&$eiming subscriptions,
gueue size, 3, Fri Feb 20 14:12:54 EST 2009, , @D, completed resuming subscriptions, resume, 809692
Fri Feb 20 14:13:05 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88&$eming subscriptions,
gueue size, 6, Fri Feb 20 14:13:05 EST 2009, , im$D, completed resuming subscriptions, resume, tA1i6376
Fri Feb 20 14:13:16 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88k$eiming subscriptions,
gqueue size, 5, Fri Feb 20 14:13:16 EST 2009, , im$D, completed resuming subscriptions, resume, 887620
Fri Feb 20 14:13:27 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88k$eiming subscriptions,

gueue size, 7, Fri Feb 20 14:13:27 EST 2009, , ni$D, completed resuming subscriptions, resume, (188422

68



Fri Feb 20 14:13:38 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88k$eiming subscriptions,
gueue size, 5, Fri Feb 20 14:13:38 EST 2009, , @D, completed resuming subscriptions, resume, 1877822

Fri Feb 20 14:13:49 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88&$eming subscriptions,
gueue size, 6, Fri Feb 20 14:13:49 EST 2009, , ©i$D, completed resuming subscriptions, resume, 809544

Fri Feb 20 14:14:00 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88&$eiming subscriptions,
gueue size, 2, Fri Feb 20 14:14:00 EST 2009, , D, completed resuming subscriptions, resume, 281659

Fri Feb 20 14:14:11 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88&$eiming subscriptions,
gueue size, 4, Fri Feb 20 14:14:11 EST 2009, , ©x$D, completed resuming subscriptions, resume, 282234

Fri Feb 20 14:14:22 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88&$eiming subscriptions,
gqueue size, 4, Fri Feb 20 14:14:22 EST 2009, , im$D, completed resuming subscriptions, resume, 86779

Fri Feb 20 14:14:33 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88k$eiming subscriptions,
gqueue size, 4, Fri Feb 20 14:14:33 EST 2009, , isD, completed resuming subscriptions, resume, 4929910

Fri Feb 20 14:14:44 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88k$eiming subscriptions,

gueue size, 6, Fri Feb 20 14:14:44 EST 2009, , im$D, completed resuming subscriptions, resume, t8%4399
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Fri Feb 20 14:14:55 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88k$eiming subscriptions,
gueue size, 3, Fri Feb 20 14:14:55 EST 2009, , @D, completed resuming subscriptions, resume, 25861

Fri Feb 20 14:15:06 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88&$aming subscriptions,
gueue size, 4, Fri Feb 20 14:15:06 EST 2009, , @D, completed resuming subscriptions, resume, 284943

Fri Feb 20 14:15:17 EST 2009, , DisDurl.0, subscriburativeTests.DurativeTestClient$Consumer@88&$eming subscriptions,
gueue size, 5, Fri Feb 20 14:15:17 EST 2009, , ©i$D, completed resuming subscriptions, resume, 267597

Fri Feb 20 14:15:17 EST 2009, , DisDurl.0, Totdl@ed event count, 2012

Fri Feb 20 14:15:38 EST 2009, , DisDurl.0, Totaleeed event count, 1120
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