Application Infrastructure Evolution:
An Industrial Case Study

by

Marcus Csaky
B.Sc., University of Victoria, 2000

A ThesisSubmitted in Partial Fulfillment
of the Requirements for the Degree of

MASTERS OF SCIENCE

in the Department of Computer Science

©Marcus Csaky, 2013
University of Victoria

All rights reserved. This thesis may not be repoadLin whole or in part, by photocopy
or other means, without the permission of the autho



Supervisory Committee

Application Infrastructure Evolution:

An Industrial Case Study

by

Marcus Csaky
B.Sc., University of Victoria, 2000

Supervisory Committee

Dr. Hausi A. Muller, (Department of Computer Scienc
Super visor

Dr. Alex Thomo, (Department of Computer Science)
Departmental M ember



Abstract

Supervisory Committee

Dr. Hausi A. Muller, (Department of Computer Scienc
Super visor

Dr. Alex Thomo, (Department of Computer Science)
Departmental Member

Modern computer infrastructure continues to advaaic@&n accelerating pace. This
advancement affects all aspects of computing systameh as hardware, device types,
operating systems, and software. The constant ehargates a problem for software
vendors who must support not only the latest systdmt also previous versions. This
infrastructure updating requirement limits softwarendors when implementing new
software features and in turn product innovatioher€ is a significant and increasing
cost associated with adhering to application inftecsure requirement changes.

To accommodate infrastructure change requiremenitsediate and measurable action
must be taken. First, the current industrial sofewdevelopment practices and tooling
need to be analyzed. Current industrial releastenpat and product update tooling must
be understood and their shortcomings investigalezkt, key use cases ought to be
identified and new methodologies and extensiongxisting frameworks ought to be
proposed to circumvent these difficulties. FinalBystems must be architected and
developed to test the solution hypotheses anddketoyed in commercial applications.
This thesis focuses on these critical steps in dak to action to change software
infrastructure management.

In this thesis, we analyze an industrial problemluding a real case study. We

illustrate the currently available approaches d&h tdescribe how they are not sufficient



\Y
in solving the problem. Our approach is based oax@@nsion of a previously developed
framework (i.e., the SmartContext commerce framé&yvadn particular, we design an

architecture and implementation for our industpiablem domain.
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Chapter 1 Introduction

1.1 Research Motivation and Context

Today's software industry faces a growing problem suppgrtochanging system
infrastructure requirements. Operating system ageeb (e.g., Google and their Android
operating system) are distributing new versiongueantly [34]. Hardware manufacturers
are successfully attaining market share with newicgés (e.g., Apple with iPads and
iPhones). Modern web browsers (e.g., Firefox, Cleroamd Safari) are distributing new
major releases every six weeks [35,36]. Finallypdar third-party libraries (e.g., Dojo)
are keeping rapid release rhythms similar to tlosvbers. The problem involves intricate
dependencies as new devices require new operaystgnss, new operating systems
require new browsers, and new browsers in turn ireqmew libraries. These
dependencies increase the complexity in develogegjing, and maintaining software
systems. Moreover, support provided by currentasthuctures is insufficient to address
this complexity.

These issues have not developed without reasorheasnarket is demanding the
changes. Software customers are interested in pelnologies, mobile solutions for
example, as they are desperately trying to stdsomt of the curve and their competitors.
Software users require both legacy system suppdraaithe same time they demand the

immediate support of new platforms.
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The end result is that a large amount of softwaseetbpment time and effort is
required to maintain platform support instead ahgsthat time and effort to deliver

innovation in the form of new features and captbédsi

1.2 Components of an Industrial Application

Software systems come in all varieties but thee some trends in terms of the
components that comprise them. A software systems mn an operating system. A
software system targets specific hardware platfoamd increasingly important is the
need for it to run on mobile platforms. One waydstimate the increasing rate of

platform adoption is to look at the statistics fioobile and web browser usage.



Table 1: Mobile Platform Adoption Rate [21]

Internet Chrome Firefox Safari Opera Mobile

Explorer ~ M M v v M

November 2012 & 31.23% 35.72% 22.37% 7.83% 1.39%| 13.08%
October 2012 & 32.08% M.77% 22.32% 7.81% 1.63%| 12.30%
September 2012 & 32.70% 34.21% 22.40% 7.70% 161%| 12.03%@
August 2012 & 32.85% 33.58% 22.85% 7.39% 1.63%| 11.78%
July 2012 &2 32.04% 33.81% 23.73% 7.12% 1.72% | 11.09% @

June 2012 @ 32.31% 32.76% 24 56% 7.00% 1.77%| 10.40% @
May 2012 &9 3212% 32.43% 25.85% 7.09% 1.77%| 10.11% &

April 2012 & 34.07% 31.23% 24 87% 7.13% 1.72% 9.58% ¢
March 2012 & 34.81% 30.87% 24.98% 6.72% 1.78% 5.99% &
February 2012 & 35.75% 29.84% 24 38% 6.77% 2.02% 5.53% &
January 2012 & 37.45% 28.40% 24.78% 6.62% 1.95% 5.49% &
December 2011 & J5.65% 27.27% 2527% 6.08% 1.98% 5.04% &
MNovember 2011 & 40.63% 25.69% 2523% 5.92% 1.82% 6.95% dp
October 2011 & 40.18% 25.00% 26.39% 5.93% 1.81% 6.55% 7
September 2011 & 41.66% 23.61% 26.79% 5.60% 1.72% 6.74% &
August 2011 &9 41.89% 23.16% 27 49% 5.19% 1.67% T12% &7
July 2011 & 42.45% 22.14% 27.95% 5.17% 1.66% 7.02% d?

June 2011 & 43.58% 20.65% 28.34% 5.07% 1.74% 6.53% dp

May 2011 &9 43.87% 19.36% 29.29% 5.01% 1.84% 5.75% &

April 2011 & 44.52% 18.29% 29.67% 5.04% 1.91% 5.21% &
March 2011 @ 45 1% 17.37% 29.98% 5.02% 1.97%| 4.70%@

February 2011 & 45.44% 16.54% 30.37% 5.08% 2.00% 4.45% &
January 2011 & 46.00% 15.68% 30.68% 5.09% 2.00% 4.30% &
December 2010 ¢ 46.94% 14.85% 30.76% 4.79% 2.07% 4.10% &
November 2010 &0 48.16% 13.35% 37% 4.70% 2.01% 4.02% &

Table 1 shows up-to-date statistics for web brovesetr mobile device usage collected
from the company StatCounter [21]. These statigtresderived from over three million
websites that total over 15 billion hits (not urequisitors) per month. The data shows
that the mobile platform adoption rate has growrl80% from approximately 4.0%
over the last two years. Tablet and mobile phommei is almost always a mandatory

requirement in software support these days. Tabdésd shows that providing a wide
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range of browser support is important. Today, tmed dominant web browsers (i.e.,
Internet Explorer, Firefox, and Chrome) have an agimequal user market share
percentage whereas only Internet Explorer and dsrebminated the market two years
ago. Modern software systems either run exclusieelijave some sub-components that
run inside a web browser and so supporting popukts browsers is very important.
Finally, supporting web browser rendering in a CQT®mmercial-Off-The-Shelf) way
usually requires that a user interface libraryssedi

This thesis focuses on typical components of a ceroial software product called
Webform Server, a sub-component of the IBM Formy&eproduct. Webform Server is
used as a reference but the overall thesis dismussiagnostic to a particular software
product. The main reason that a particular prodgichentioned is to illustrate that the
problems mentioned in this thesis are real indaigbrioblems.

IBM Forms Server delivers e-forms to web browsensl @rovides a platform to
integrate e-forms into other applications. IBM Farivebform Server processes XML e-
forms and generates HTML, CSS, and Javascript.ekample, the Webform Server
Translator component allows users to fill in, didit sign, and submit IBM Forms using
only a web browser.

IBM Forms delivers many best-in-class features sagsha dynamic user experience,
data validation, the ability to simply integratadrother applications, extensive digital
signature support, diverse language support, antlatds-based accessibility support. A
dynamic user experience delivers rich user expeei€bdX) and rules driven interactions
that increase a form user's productivity. Exammiésuch UX are multi-step wizard

forms, dynamic choice lists, and embedded HTML fawmponents. Data validation is
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composed of embedded constraints and customizeiddsssrules that eliminate data
capture errors. Finally, the ability to simply igtate into other enterprise systems or web
service extensions is achieved through a web-basdutecture.

IBM Forms Server (version 8.0 eGA May 2012) suppaat variety of operating
systems, hardware platforms, and web browsers [0Hg. operating systems supported
on the server are Windows Server <2003, 2008: 84, Linux (Red Hat Enterprise
<4.0, 5.0, 6.0: 32, 64 bit> and Suse EnterpriseG;101.0: 32, 64 bit>), AIX <5.3, 6.1:
64 bit>, IBM i <6.1, 7.1: 64 bit>, and Solaris SPBR<10: 64 bit>. The operating
systems supported on the desktop, where a web browsused to render forms, are
Windows <XP, Vista, 7>, Mac OS X <10.5, 10.6>, Amidr<4.0>, and iOS <5.1>. The
hardware platforms supported are the PC and téiflatl and Android powered). The
supported web browsers are Internet Explorer <@B>/,Mozilla Firefox <10.0, 11.0,
12.0>, Chrome <19>, and Safari <5.1, 5.0>. Findlg Dojo toolkit <1.7> is used to
render Ul components in the web browser.

The above platform support description does ndtudethe required application server
and versions, databases and versions, or posatielgration platforms (e.g., Websphere
Portal).

The purpose of describing the IBM Forms WebformvBeproduct is to introduce an
industrial software product so that we have a aetiecexample and case study to refer to
throughout this thesis. Furthermore, it should jpeaaent that commercial software must

support different environments to be a viable pobdu



1.3 Problem Description

Upgrading a software system to support new harddevees, operating systems, web
browsers and third-party libraries and multiple siens thereof requires a substantial
investment and the cost associated is highly uaicef18]. One can consider the software
update process from either a client (i.e., updatingjent software component) or a server
(i.e., updating a server software component) petsme The reality is that system
infrastructure requirements are evolving at andasmgly rapid rate.

It is a fact that software consumers are intrigusd mobile devices and their
proliferation across the general public and businEsr example, Gartner forecasts that
the tablet market will increase five-fold in thexhdour years from 64 million tablets
purchased in 2011 to over 320 million tablets pasdgd in 2015 [9]. For example, the
tablet adoption rate in Canada has doubled oveffitbieeight months of 2011 [13].
Approximately 6% of online adults owned a tabletAmgust 2011 compared to 3% in
January 2011. Finally, a mobile computing markedlysis predicts that tablets will for
the first time outsell laptops in 2013 [20]. Accongl to all accounts, tablets and smart
phones are becoming commonplace. Nowadays, talaletsthought of as being
interchangeable with laptops and applications thaton a desktop are expected to work
seamlessly on smaller devices such as tablets bilermhones.

Operating systems are more frequently updated thathe past. For example, the
release period between Microsoft Windows XP ansta/ivas 5.5 years and the release
times between Windows Vista and Windows 7 wasy2dys. This trend continues with

the recent release of Windows 8. The operatingesystthat specifically target mobile
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devices are released even more frequently. For gearAndroid and iOS minor version
releases come out every one to two months and thifeeir months respectively.

Popular web browsers are also being updated megeiéntly than in the past. Internet
Explorer (IE) 6 was the main supported Microsofbviieowser for over six years until IE
7 was released. Subsequently, IE 8 and 9 haveretsased with approximately 1.5 to 2
years apart. The Firefox (cf. Table 2) and Chromaasers have significantly more
aggressive release schedules with major versieasek created every six weeks. Mozilla
states that their switch to accelerating the Fikefeleases was undertaken to provide
more frequent improvements to users and at the sameeas preventing disruption of

longer term work [7].



Table 2: Firefox Release Schedule [6]

merge date release date central | aurora beta | release

2011-04-12 Firefox 6 |Firefox 5

2011-05-17 Firefox 5
2011-05-24 Firefox 7 |Firefox 6

2011-06-21 Firefox 5
2011-07-05 Firefox 8 |Firefox 7 |Firefox 6

2011-08-16 Firefox 9 |Firefox 8 Firefox 7 |Firefox 6
2011-09-27 Firefox 10 Firefox @ Firefox 8 |Firefox 7
2011-11-08 Firefox 11 |Firefox 10 | Firefox 9 |Firefox 8
2011-12-20 Firefox 12 Firefox 11 | Firefox 10| Firefox 9
2012-01-31 Firefox 13 Firefox 12| Firefox 11 | Firefox 10
2012-03-13 Firefox 14 Firefox 13| Firefox 12 | Firefox 11
2012-04-24 Firefox 15 |Firefox 14 | Firefox 13 | Firefox 12
2012-06-05 Firefox 16 Firefox 15| Firefox 14| Firefox 13

2012-07-16 | 2012-07-17 |Firefox 17 |Firefox 16 Firefox 15 Firefox 14
2012-08-27 2012-08-28 | Firefox 18 Firefox 17 Firefox 16 Firefox 15
2012-10-08 2012-10-09 | Firefox 19 Firefox 18 Firefox 17 Firefox 16
2012-11-19  2012-11-20 Firefox 20 Firefox 19 Firefox 18 Firefox 17
2013-01-07* 2013-01-08* Firefox 21 Firefox 20 | Firefox 19 | Firefox 18

Table 2 [6] illustrates the six week phases of Rirefox release schedule: i) central; ii)

aurora; iii) beta; and iv) release. Note that tbdecmerge date started to occur the day
before the release date beginning after FirefokutXhe reason for this is not clear. The
Mozilla Foundation itself has acknowledged thatirthepid release schedule has

presented difficulties for organizations. They etahat the schedule does not allow
enough time for organizations to certify new vemsiand that the associated browser
end-of-life policy (i.e., the undocumented policgughly states that support for a

previous major version ends when the next majosigaris ready for distribution)

exposes corporations to significant risks if thBgase to remain on non-current versions.
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To that end, Firefox has proposed an extended suplam that will maintain releases for
nine release cycles or roughly the equivalent oive2ks [8]. Organizations that deploy
Firefox to their users in a managed environmentccose this extended support release
cycle to alleviate some deployment concerns.

Third-party libraries are also updated more fredyetman ever before. For example,
the Dojo toolkit is updated every three to six nientlepending on the type of release
(i.e., major versus minor release number) and theuat of change between versions.

Thus the release schedules for hardware, operayistgms, web browsers, and third-
party libraries are accelerating. The effect i #a always-increasing amount of effort
and cost is required for commercial software topkem-to-date with the system

infrastructure requirements that are both takergfanted and also required.

1.4 Contributions

This thesis discusses methodologies for alleviathmy problem of rapidly evolving
system infrastructure requirements within an induehvironment. The contributions are
as follows:

e Analysis of an industrial research problem inclgdanreal case study. Considering
research problems from an industrial perspectivenportant to increase technology
transfer. We illustrate the currently available m@ehes and then describe how they
are not sufficient in solving the problems.

« Extension of a previously developed architecturabmework (i.e., the

SmarterContext commerce framework) to demonstréte applicability to the
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application infrastructure domain as a proof ofaapt. We illustrate the benefits of
such a system.

* The design of an architecture for a specific problgomain instantiated from our

architectural framework.

1.5 Thesis Outline

Chapter 1 provides an overview of and some comexhe subject problem. Chapter 2
further builds on the background information byatdsng commercial software release
patterns that are in existence today. These patteshow how the current industry
standards need significant change to resolve mapmtinging system infrastructure
requirement evolution issues. Chapter 3 providesuvey of some of the existing
industrial and academic update mechanisms. Theskanisms can alleviate the fact that
the software release patterns introduced in Ch&othr not allow for the rapid software
evolution that is required in the marketplace. &wmings of each mechanism are
highlighted. Chapter 4 describes previous reseanmchsoftware context, automated
computing, the SmarterPlanet initiative specificallith the smart Internet, and the
SmarterContext framework and in particular howpiplges to the SmarterCommerce and
SmartDeals system<hapter 5 describes how the SmarterContext systam be
extended and tailored. Specific use cases illestratv the linked data and ontologies are
extended. In particular we describe a channel mestdhat exercises use cases. Chapter 6
describes the design and implementation of a nehitacture that takes into account the

unique aspect of this SmarterContext framework domdinally, in a case study we
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demonstrate the functionality of our approach. @ap draws conclusions and outlines

avenues for possible future research on this topic.
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Chapter 2 Software Release Patterns

2.1 Introduction

There exist numerous software release patternsselpatterns range from those that
distribute a major software upgrade every yeatqoger) to those that provide updates at
a very granular level. The patterns that are higitéd in this section are from the
author's personal perspective gained over manysyeathe software industry. It is
important to study these patterns in order to wstdad the current industrial software
release processes. The reality is that none oéthristing patterns satisfies the current
rapidly changing software landscape. Furthermaoeerof these techniques consider the

context of the environment when deciding if and iygraduct upgrade is necessary.

2.2 Major Version Release Pattern

A major version release is a typical software patterhereby several (major and
minor) product features, bug fixes, and supporialbsystem infrastructure requirements
are intended to be incorporated into one releasthefentire software product. This
pattern is such that usually a year or more pabséseen releases of major product
versions. There are many examples of software ptedinat use this type of pattern
including Microsoft Windows and Internet Explorerrtame just a few.

The long duration for this type of product rele@specessary to sufficiently coordinate
large and often distributed teams to perform tds&gond writing code and functional

testing. Table 3 describes selected tasks thaiftme required in major product releases.
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Table 3: Additional Major Product Release Tasks

Task Description

Product architecture and design documentation is
ideal to have before implementing product features.
Functional and technical feature specifications are
also necessary.

Product Architecture

Products often need to be translated into many
different languages. Usually teams around the globe
provide these translations. There are often several
rounds of translation necessary.

Translation

Technically integrating third-party libraries is
commonplace in commercial software products.
There are often business relationships to establish
and nurture at the same time.

Third Party Library Business Relationships

Regulated industries (government, insurance,
banking, health care) often require software to be
Industry Certifications industry certified. For example, there are industry
certifications for engineering standards (ISO9001),
accessibility (WCAG 2), and digital signature (JITC).

Legal teams need to analyze software integrity
before approving a release. Lawyers are interested
in filing patents to protect IP, certifying the legal
cleanliness of shipped third-party libraries, and
certifying the originality of product and feature
names.

Legal Clearance

Product UX if often studied and certified by a

Usability Study usability study to ensure ease of use.

There are several other testing cycles that are
required beyond base-line functional verification
testing of a software product. For example, some of

Test Cycles these testing cycles are globalization verification
testing, translation verification testing, and
performance verification testing.

Product Documentation Product user documentationt brugvritten.

Product Marketing Product marketing and sales rmadtenmust be written.

Uploading the binary copies to a release server and

Product Release creating the physical GA copy of the software

Supporting system infrastructure requirements Witk type of product release pattern
is problematic. As described above, infrastructeguirements are changing rapidly and

third-party libraries and components are upgradedften that there are sometimes
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completely different versions of web browsers (@ample) that need to be supported
between the start and end dates of the release. Ghelthis end, it is easy for the overall
release development effort to be paralyzed by itmple mechanics of supporting the

latest version of a web browser during the length elease cycle.

2.3 Minor Version (or Fixpack) Release Pattern

Another typical software release pattern is onere/ti@wer product features, bug fixes,
and less support for select system infrastructieguirements are intended to be
incorporated into the release. This pattern is shaha shorter time frame than the major
version release pattern passes between releasss.sbftware products use this type of
pattern regularly.

This pattern has the advantage of a release bedaged over a shorter time frame and
therefore the support of system infrastructure irequents does not get stale. Shorter and
more frequent release time frames are requirechande the software is able to keep up
with system infrastructure requirement changes. ¢l@w, there is a common problem
with this pattern. A more frequent release cyclesdoot allow enough time to update
some of the other tasks associated with releasingrercial software such as the ones
described in Table 3 above. For example, completidgstry certifications may require

more time than is available in a minor versionaskcycle.

2.4 Update Release Pattern

Another typical software release pattern is onereitselect product features, critical

bug fixes, and support for isolated system infragtire requirements are intended to be
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incorporated into a release of sub-components fmftavare product. This pattern differs
from the previous release patterns in that onlyigas of the entire software package are
distributed. An update release is usually distebdubn-demand or only when it is
required. Most software products use this typeatfgon regularly and some examples of
this are Windows Updates and Eclipse update sites.

This pattern can be used to distribute softwaredycd change sets efficiently.
Unfortunately, it is required that the piece of taafre is architected so that sub-
components can be updated in this way and thienpattas similar issues as the minor
version release pattern. Namely, it is hard tosBatthe requirements of software
development as detailed in Table 3. However, thitepn is ideal for distributing fixes to
accommodate system infrastructure requirement d@santhe fixes can be distributed in
a timely manner such that the system infrastructaeggiirement can still be relevant by
the time that the fix is created and then subsetpugrstalled. It is not necessary to have
a significant time lag in releasing the fix. In #&dih, the space requirements of the
system can be optimized if only mandatory compaheme installed. Optimizing the
system's memory footprint is especially importamtsmall factor devices that have
smaller memory capacity that desktop or serverrenments.

The update release pattern has ideal software eipeficiency when taking into
account the rapidly changing application infradimee requirements that have already
been discussed. However, none of these patterdsiding the update release pattern,
takes into account the context of software deploym8oftware deployment context is

discussed more thoroughly in chapter 5 by considetbncrete use cases but it can take
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on different forms and there are often many unansgveontextual questions related to
any update scenario.

A few examples of such contextual information caencthe operating system, the
content of the fix, and the properties of the updékx. For example, what is the
deployment environment for the fix? Which operatsygtem type, version, patch level
and configuration? Other considerations includetvana the contents of the update fix?
What are the properties of the update fix suchsaphysical size? These questions and
many others can be answered by considering comtiexdetails of the system

environment.

2.5 Summary

This chapter provided an overview of the authoesspective, based on industrial
experience of common software release patternsrémge in duration and complexity.
The major, minor, and update release types are @eanof patterns that no longer work
effectively in commercial software development ight of rapidly evolving system
infrastructure requirements. We discussed the i@efiees of each pattern and described

the one common construct that is missing, context.
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Chapter 3 Software Update Mechanisms

3.1 Introduction

There are many software update mechanisms andestablished industrial update
products available. These mechanisms and produactade both static and dynamic
(e.g., during the system runtime) methods. Als@rdéhhas been extensive academic
research done to provide theoretical frameworks agmdof-of-concept updater
implementations. This chapter describes these itndusand academic update

mechanisms.

3.2 Static Software Updater

IBM Installation Manager (lIM) is an example of aftsvare installation and updater
product. IIM uses script files that organize softevpackages to be statically installed on
users' computers. The IIM Kit provides a directaniyh an instance of the IIM program
executable as well as one or more software packagestall. Once the 1IM program is
installed, a user can choose the software packiagbe installed on his or her system
thereafter [12]. The specific package installaticas be done in a silent (i.e., without
user intervention) manner as well. The silent mowallations enable users to install
packages without having to explicitly make the clesi however the user must initiate
the installation process. Once a package is iestallM can be used to modify the
software by installing or uninstalling certain feas of the packages. The IIM static

paradigm for installing and updating software pa@dsis a common one amongst
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software installation programs. Even though I[IM suse common and effective
methodology, it does not fully allow the dynamicdape of software packages or

components.

3.3 Dynamic Operating System Based Browser Update

Some products rely on the underlying operatingesgysto provide dynamic updating
functionality. Internet Explorer and Safari rely ®dindows and the OS X operating
systems for this. Both of these operating systerase heffective built-in update
mechanisms that are run dynamically by default.[22Je OS update mechanisms are
designed to help users keep their systems updiatedese cases, Internet Explorer and
Safari software are considered to be part of trexaimg system itself and therefore the
web browser software updates occur through the riyidlg operating system updating
mechanism.

Windows Update and Mac OS update function in sinvilays. With Windows Update,
the user has the following updating options: iyoausatically install updates; ii) download
updates but optionally choose to install them;ahigck for updates but optionally choose
to download and install them; and iv) do not chémk updates. The Mac OS update
functionality is the same except that there is ray wo automatically install updates as
the user is always first prompted to commence ataigpoperation [17]. Figures 1, 2 and
3 show screenshots of how the Mac OS updater wéilsire 1 shows the user prompt

indicating available updates.
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Y New software is ready to be ———
installed. | Update |

Figure 1: Mac OS X Softwar e Update Available Screenshot [17]

The user has the option to look at details of thdates (cf. Figure 2) or to begin the

updating process.
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Figure 2: Mac OS X Softwar e Update Details Screenshot [17]

Figure 3 shows the configurability of the updatopjions.
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Software updates are available Show Updates
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1] gl Click the lock to prevent further changes.

Figure 3: Mac OS X Softwar e Update Configuration Screenshot [17]

3.4 Dynamic Third Party Browser Update

There are several common web browsers that arecontidered to be part of the
underlying operating system that have built-in natabms for dynamic software
updating. Google Chrome and Mozilla Firefox browgsget automatically updated by
default when a new version of the browser is madalable [3,5]. The default updating
process happens in the background and does natreemuy user intervention besides

accepting a prompt for a browser restart (cf. Fegtix.
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(@ Software Update [

Update Ready to Install

A security and stability update for Firefox has been downloaded and is ready to be installed.

Update:  Firefox 4.0 Details

The update will be installed the net time Firefox starts. You can restart Firefox now, or continue working and restart later.

Figure 4: Firefox Software Update Available Screenshots[5]

Both Firefox and Chrome can be configured to dsahltomatic updating (cf. Figure 5)
either completely or in such a way that the usdirive first prompted for whether or not

to install the updates.



22

-

Cptions &r
& ® 4 0)b

General Tabs Content  Applications  Privacy  Security Sync Advanced

General I Network | Update | Enc:}rption|

Firefox updates:

-_é-égutumatically install updates (recommended: improved security)

1 Check for updates, but [et me choose whether to install them

() Mever check for updates (not recommended: security risk)

Show Update History

[¥] Use a background service to install updates

Autematically update:
[¥] Search Engines

[ oK ]| Goei H Help ‘

—

Figure5: Firefox Software Update Configuration Screenshot [5]

3.5 Dynamic Third Party Application Update

Several common software applications (not web bessyshave built-in mechanisms to
perform dynamic software updating. Adobe Readex wgell-known document viewing
application that has a mechanism similar to theo@ler and Firefox update process as
discussed. Adobe Reader is automatically updatedefgult when there is a new version

available but this also can be configured so thatupdates are downloaded but the user

is first prompted to install them (cf. Figure 6).
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Adobe Reader Updates &J

Security updates and product enhancements are pencdically released for Adobe Reader.

Would you like to install updates automatically? Learn more

@ Install updates automatically (recommended)
(71 Download updates for me, but let me choose when to install them

Manually check for and install updates (not recemmended)

[ oK ] | Cancel |

Figure 6: Adobe Reader Dynamic Update Configurability Screenshot [2]

3.6 Dynamic Services Oriented Architecture Update Mechanism

The academic community has also considered thelgmobf dynamically updating
software components. One such representative mseHort considers the problem from
a services oriented architecture perspective [Kdminski proposed a design technique
called Chain of Adapters that makes the manageofemeb service versions simpler.

There were several requirements identified that tealde satisfied with the Chain of
Adapters approach. These requirements are: i) maing backwards compatibility; ii)
using a common data store; iii) not duplicatingesog) maintaining untangled versions;
V) having unconstrained evolution; and vi) makihg tmechanism visible. Backwards
compatibility requires that client software createdwork with earlier versions of the
web services must also continue to work with nevegsions of the web services. Using

a common data store refers to maintaining all sergtates for each version of the web
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service supported. The lack of code duplicationumegnent speaks to adhering to
common software engineering principles such thadecshould not be duplicated
whenever possible to ease maintenance. In thigplart case, code that handles the web
service call should not be duplicated for eachigarsf the web service. Untangled code
is the requirement that each piece of code is msdi¢p one or more versions of the web
service. Unconstrained evolution is the requirentleat the developer should be allowed
to seamlessly refactor, redesign, and re-architeet web service interfaces and
implementation. Finally, the need for a visible m&gism requirement means that the
manner in which the backwards compatibility is agled should be readily discoverable.

The Chain of Adapters mechanism achieves all of dheve requirements. This
mechanism employs an additional delegation layepass-through adapter, to the classic
web service architecture. This means that for argiweb service: i) the interface of the
web service is duplicated into a different namecspai) an implementation of the
interface is created that forwards all servicesctdl the original endpoint and interface;
and iii) this interface endpoint becomes the fustsion of the web service. When the
web service is modified (e.g., by adding a new ip&tar or changing an interface
operation) then a corresponding modification mestriade in the adapter to maintain the
original version of the web service contract.

Next, the adapter chain is created for the secadion of the web service. The
interface is duplicated with a new namespace, a adapter is created for the new
interface, the new adapter is set as the targah®onew interface, and the new version
interface endpoint is published as the second sersi the web service. This adapter

chaining technique is continued with each new wersif the web service that is created.
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The Chaining of Adapters method is one example ofv ha service oriented
architecture can be modified with different webvems version changes. This is one
representative research result but of course thegemany other academic software

updating methodologies.

3.7 Summary

We provided an overview of common software updagehmanisms and products that
are available in the marketplace today. Indusaral academic examples were given for
both static and dynamic methodologies. Productseimploy update mechanisms that we
considered include the underlying operating systtéma,web browser, and third party
applications. Finally, we considered an academiwi&es Oriented Architecture update
mechanism. Many update products and mechanismtshaxishey all lack the ability to

capture and utilize user context.
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Chapter 4 Background and Related Work

4.1 Introduction

We live in a world where computer systems are b&egmore and more pervasive.
These systems transcend society and in doing 3o atee rapidly increasing in their
complexity. They must be able to recognize stat@ngtpoint in time, and as a result of
their changing surroundings, they must be able utmraatically adapt to a working
environment. The fields of context-aware and sdHgdive software systems have been
extensively researched within both industry andlanda. Both of these topics often fall
under the domain of autonomic computing which dbssrthe ultimate computer system
goal of being fully dynamic and automated. The &eat Web framework describes an
infrastructure for a modern day and web-enabledoramic system. The
SmarterCommerce and SmarterDeals systems are tmayete examples that illustrate
the ideals of the personal web. It is importantaosider these related works in order to
build up the terminology and conceptual knowledge fiirther describe the core

contributions of this thesis.

4.2 Autonomic Computing

A system can be automated when there are sensdredltect environmental data and
provide this data as input back into the system, (a feedback loop). The aim is that the
system can then become self-managing which isytéhsd it can be self-configuring, re-

configurable, self-healing, self-protecting, antd-setimising [15].
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Autonomic computing systems have a feedback coldog that functions by having

the desired system output operate as a directitumof the reference system input (cf.

Figure 7).
Moise Disturbance
Input Input
(B) (C) (D) (FJl 3 l (A)
Reference  (H) Control Control Measured
input Error Input Output
Controller > Target System —

Transduced
Output

Transducer
(G) 4

Figure 7: Feedback Control System [15]

A popularly cited autonomic feedback control loopdal is MAPE-K as shown in
Figure 8. The phases in this model are monitoramtglysis, planning, and execution

operating over a knowledge base [1].
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Figure 8. MAPE-K Autonomic Control Loop [1]

4.3 Context-Aware Systems

Context-aware systems use context information jasadheir operation according to
changing environments and/or user behaviours [COhtext information characterizes
the state of separate entities and how relatiossiist between them [23]. A context-
aware system is modeled in such a way that it allbw: i) dynamic and automatic
configuration of context information when it is wleg; ii) better monitoring to support
fault tolerance; iii) dynamic replacement of failedntent sources; and iv) opportunistic
use of sensors [10].

Context-aware systems can take the form of eitijereach application directly
communicating with sensors, processing raw data, taen adapting based on the

information that is collected; ii) applications ngi reusable libraries for processing
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context information; or iii) applications havingeih own context model and using a
shared context management architecture to popthatenodels dynamically [10]. It is
the latter system example that we explore in ther I8marterinfrastructure system
section of this thesis.

Villegas and Mdller [23] survey context modelingdacontext management approaches
within different problem domains. They describe haantext information can be
classified into five categories including individitxa (i.e., anything that can be observed
about a subject), time, location, activity, andati@inal context. This classification system
is included in the operational definition of dynaneontext information that is optimized
for the smarter Internet use case. They also present a set of feature maiel
requirements for context representation and managem

There are many challenges related to creating xbateare systems. First, it is
necessary to identify the context requirements dospecific set of user matters of
concerns (referred to as MOCS). Second, the MOCS& bmimodeled in such a way that
the context is able to be dynamically adapted.dltarsuitable architecture is required to
support the dynamically changing context. Theshitactures must be able to support all

aspects of the context management lifecycle agibescin Figure 9.

Fundamental Aspects of Conlaxd Managamant
Across the Context Life Cycle
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Figure 9: Context Management Lifecycle [23]
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The provisioning mechanism of a context managemsysiem is an important aspect of
its functionality. Provisioning endpoints refertte communication mechanisms between
context-aware services and the context manageméasiructure. The ACoMS system
[10] supports both querying (pulling) and publisi'scribe (pushing) mechanisms. The
two different mechanisms are relevant because thart8rinfrastructure use cases, as
described below, have both a pull and a push mésinaio them.

Finally, the maintenance and evolution of contednagement infrastructures is also
important to consider. This speaks to how context change and how the infrastructure
can evolve at the same time. It becomes importamaie the ability to dispose of old
and add new context information and this ought ¢oabfeature of any evolutionary
system [10].

Romero's thesis provides a thorough reference dasidering context as a resource
[1]. There are two component models for Servicee@ad Architecture (SOA)
applications. First, the OSGi framework specifioatiprovides an open and dynamic
component model for service development, deploymemd management. In OSGi, the
applications can be dynamically deployed and uptdaé®econd, the Service Component
Architecture (SCA) model is a set of specificatidos building distributed applications
based on SOA and component-based software engigeaniinciples. The SCA model is
evaluated below when considering the question ofw hto integrate the
Smarterinfrastructure framework with the mecharo€updating a system. The SCA

paradigm was also the chosen model forStarter Commerce system.
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Context-aware systems have acquired significarttitna in the commercial sector.
Popular internet commerce systems such as eBayzé&mand Groupon [29,30,31] all
capture and store information about the users efsiistem and their purchasing habits.
This information is encapsulated in a user's systenfile. Similarly, the Apple Genius
system [32] stores information about what applarsi (apps) a user downloaded from
the App Store. Related or interesting apps are tiftleoh for the user upon their
subsequent app store login. The type of informaitiat is being tracked in the commerce
or app distribution examples is not explicitly i to the user but these services provide
add-on functionality based on the data. Using neecommerce systems for example, a
user's previous purchases are stored and analgzibis future buying decisions can be
influenced. In the example of the Groupon systemgdted suggestions for purchases are

made to the user (cf. Figure 10).

Cet better deals
Marcus C., here are your daily deals for
Westchester County

e

Fishing Trip
Istand Current — City Island

Coast Guard—approved boat sets off into Long
Island Sound as expert captain helps guests
catch fluke & bass with complimentary custom
tackle

$68 $29

i¢ Suggested because you purchased Three-Hour Sail for Two

Figure 10: Groupon Suggested Items Based on Stored Historical User Data
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Figure 10 illustrates the targeted marketing tegimiby illustrating how other outdoor
activity Groupon deals are suggested based on preus outdoor deal purchase. In
this case, | purchased a Groupon for a sailing rtdve and then other outdoor boating
activity deals are suggested.

The storage, analysis, and the later action ondegeris an inherent pattern of context-
aware systems. This data can be analyzed and fmo@dsin a dynamic manner but most
commercial systems like the three mentioned aboaee hstatic mechanisms. For
example, my current Groupon purchase is not inflednin real-time. When | make a
purchase, a future purchase suggestion is not gedvior me until the next time | log

into the system.

4.4 Self-Adaptive Systems

The complexity of current software systems has ptech the investigation of
innovative ways of developing, deploying, managiagd evolving software intensive
systems and services [16]. Systems must become rematile, flexible, resilient,
dependable, energy-efficient, recoverable, custabhéz and self-optimizing by adapting
to changes that may occur in their operational exst environments, and system
requirements. Self-adaptation systems that canfyntitkir behaviour and/or structure in
response to their perception of the environment tedsystem itself have become an
important area of research over many diverse agipitc areas [16].

Villegas et al. [25] identified that even thoughlfs&laptation mechanisms are
becoming more important and that they are beingstigated more, it is still the case

that there are a lack of methods available for wbgfication and validation of such
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adaptable applications and environments. For téson, a framework for evaluating
self-adaptive systems was proposed where the dotaptaroperties are specified
explicitly and they are driven by quality attribsitd he adaptation properties (cf. Table 4)
are stability, accuracy, settling time or the timeguired for the adaptive system to
achieve the desired state, small overshoot or tiization of computational resources
during the adaptation process to achieve the atilaptgoal, robustness, termination or
the ability to end the adaptation process andrim &ivoid system deadlock as a result of

the adaptation, consistency, scalability, and sgcur
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Table 4: Quality Properties and Attributes of Self-Adaptive Systems [25]

| Adaptation Property | Quality Attributes |
Latency
Performance Throughpnt

Capacity

Stability

Dependability th-.ty_
Integrity
Security Integrity
Latency
Accuracy Performance Throughput
Capacity
Settling Time Performance L_E] vency
i Throughput
Latency
Small Overshoot Performance Throughput

Capacity

Availability
Reliability

Interact. Complex.

Dependability

Robustness

Safety £ : &
Coupling Strength

Reliability

Integrity

Termination Dependability

5 : - e Maintainability
Consistency Dependability .
Integrity

Latency
Scalability Performance Throughput

Capacity

Confidentiality

Security Security Integrity

Availability

DYNAMICO is an effective reference model for controbjectives and context
relevance in self-adaptive software systems [27YNBMICO helps guarantee the
coherence of adaptation and monitoring mechanisntl wespect to changes in
adaptation goals. It improves self-adaptive systbgnaddressing: i) the management of
adaptation properties and goals as control objestivi) the separation of concerns

among feedback loops that are required to add@ssot objectives over time; and iii)
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the management of dynamic context as an indeperateritol function that preserves
context-awareness in the adaptation mechanism. tiitee control subsystems are a
control objectives manager, an adaptation contraflechanism, and a context manager
or infrastructure monitoring controller mechanismhese three subsystems form
independent feedback control loops (i.e., contadlaptation, and monitoring loops as

shown in Figure 11) and hence they greatly incrédaseystem's separation of concerns.
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Figure 11: DYNAMICO Reference Mode [27]

The control objectives feedback loop (CO-FL) mamsadee two other loops in
collaboration. The adaptation feedback loop (A-Bkjves as a guarantor for regulating

the target system's requirements satisfaction eegkpving the adaptation properties. The
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monitoring feedback loop (M-FL) is crucial for addsing the dynamic nature of the
context information. This control loop separatidrtoncerns makes it possible to address
three different types of adaptation which are pnéive, corrective, and predictive.
Preventive adaptation describes how the monitdaegback loop notifies the adaptation
feedback loop about context events. Corrective tatiap takes place when monitoring
mechanisms that support the adaptation feedbagkdetect that adaptation goals are no
longer valid. Finally, predictive adaptation takedvantage of both the historical
information to anticipate risks of goal violationdathe identification of plausible systems

that provide evidence for eventual adaptation.

4.5 Personal Web Framework

The World Wide Web is a good example of a complexirenment where dynamic
groups of users, stakeholders, businesses, andasefand hardware infrastructures must
cooperate in complex and changing environments. [EBg smarter Internet initiative
was created to architect dynamic applicationsdhatcentered on user's goals.

The smarter Internet includes two specific areagesgarchSmarter Interactions and
Smart Services [19]. Smarter Interactions deal with aspects aated| to the discovery,
aggregation, and delivery of resources from therirgt. For example, this could include
the deployment of system components to provide ex uwsth personalized services.
Smart Services focus on providing the suitable astiucture to support Smart
Interactions. For example, this could include tkquired functionality to support the

dynamic adaptation of the system.
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The Personal Web is a concrete realization of the smarter Intethat focuses on the
user as the center of the web interaction [24]. iBing&eractions are required to support,
from a user centric perspective, the discovery,regagion, and delivery of resources
from the Internet. Smart Services must provideitifr@structure that is required by these
interactions to assist users in their web inteoasti The semantic information that
categorizes the relevant web resources, the refdtips between them, and the way that
the user interacts with them is defined as thedPalsWeb Sphere. The personal web
sphere defines the environmental context that &fféne integration as performed by the
user on the web. The personal web framework expli@edback loops and context-
awareness techniques to define a context managefranework that supports and
enables the user to integrate web resources angai@iheir personal matters of concern.

The personal web framework enables the user talyeanimpose entities into their
personal web sphere. Also, the framework is design¢h the ideals of open integration
and simplicity of operations within web integratsorinally, the approach supports the
instantiation of interactions between the user iasthnces of context entities, as well as
the relationships among these entities that asvaet for the user's interaction. Figure

12 shows the four layers defined in the personal fnremework [24].
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Figure 12: Personal Web Framework L ayersof Abstraction [24]

The four layers of system abstraction are modeléer ahe layered meta-model as
defined in the Personal Web. The Concept Layepisposed of a foundational feature-

based meta-model that defines the types of coetaiities and the relationships amongst
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them according to the general taxonomy proposedhersmart Internet. The Model
Layer contains domain-specific ontologies thatansate the domain specific personal
context models. The Instance Layer describes ttanoes of the personal context
models which are derived from the interaction betwéhe user and the personal web
enabled context entities. Personal context instamepresent entities of the real world
and the manner by which users interact with theastly, the Web Application layer
defines a customized context-aware environmenhtexrface between the web and the
user.

The personal web framework also takes advantagisefdriven monitoring feedback
loops. The personal models that support the instéom of context entities and a user's
interactions can be dynamically updated. By engbtims, the user can control their
personal web sphere to integrate new personalati@aervices [24].

The context information is integrated into or eliaied from the user's context sphere
according to the user's web interactions and alitde description must be created to do
this. This life cycle includes: i) the secure aesifion of context information from
personal web-enabled web sites according to uderartions; ii) the integration of
contextual information into the user's context sphei) context reasoning to infer new
facts from the information in the user's contextesp; iv) the secure provisioning of
context information to web sites; and v) the digppad context information whenever it

is no longer relevant to the user [26].
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4.6 SmarterCommerce Case Study

Villegas developed a SmarterCommerce case studlyabla advantage of the personal
web framework [26]. This case study illustrates heer-driven web integrations can be
realized by allowing the user to manage their pabkagontext sphere. In this case, the
context domain is a personal shopping web expegienc

There are several phases during which the useasttewith the shopping web sphere.
First, the user must configure their personal waese by completing their web profile.
This web profile includes personal information (eaity and preferred payment method),
the registration of their personal web-enabled wiébs, and the user's desired privacy
settings. Registering with a site is a user agreerti&t provides the site with context
information and acquires context information frohe tuser’s interactions with web
resources that are exposed by the website. Nextyghr interacts with a registered web
site and the site is provided with relevant coniektrmation about the user's situation
and preferences. The web site exploits this contexbffer products and services
accordingly. Finally, the acquired context inforioatis stored into the user's context
sphere for future website interaction when the usefinished interacting with the
website [26].

The SmarterCommerce system uses $tmarterContext framework that defines an
extensible RDF-based taxonomy for context represiem. RDF is utilized as a machine-
readable context information specification thatrespnts the way that the user interacts
with web entities, or in other words the user's speal context sphere [24].
SmarterContext is composed of an RDF represent#itains useful in characterizing the

situation of web entities in the smarter Intern@tnein. Also, SmarterContext provides a
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set of semantic RDF and OWL-lite rules and an esitde taxonomy for context
representation and reasoning. Finally, SmarterGomtefines the mechanism by which
context information is exchanged between diffesmirces such as context providers and
consumers [26].

The idea of ontological representation for data agdgtems is not a new one to
SmarterContext. In fact, ontology representatiothefsoftware maintenance domain has
been considered by the academic community bef@k Fowever, this particular study
was academic in nature and its main purpose wamnswer the question of how the
methods, tools, and skills of software maintenameerk differ from those of
development. Furthermore, the study did not addtieesdynamic nature of software
updates. For these reasons, there is not muchggybetween this academic study and
the work for Smarterinfrastructure.

SmarterContext was designed as a modular and éfderarchitecture [24]. The
modularity of the design adds to its ease of preings maintenance, and evolution.
Further, the ontology modularity adds a level afisgy as it facilitates the encapsulation
of sensitive data [24]. The SmarterContext ontol@go supports extensibility both
vertically and horizontally. Vertical extensibilitynakes different problem domains
tenable and horizontal extensibility enables th@arh of existing ontologies into the
modules defined in the SmarterContext ontology.[24]

The SmarterContext taxonomy has three differergriaycf. Figure 13) depending on
whether it describes the smart Internet, the palsareb, or a specific domain in the

personal web. In the case of SmarterCommerce pinafec domain is shopping.
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Figure 13: Smarter Context Taxonomy [26]

The general context (gc) taxonomy defines the fatindal elements that represent
context information in any problem domain of theasminternet. The personal web
context (pwc) ontology, the middle layer, descritiesspersonal web vocabulary. Finally,
the lowest layer, the shopping context (sc) ontplatescribes the context types in the

shopping problem of the personal web. The modutarcgire of the SmarterContext
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framework enables the pwc and sc ontologies toicadi extend the gc and pwc
ontologies, respectively.

SmarterContext also enables a methodology by wéoclext reasoning can be used to
characterize a user's situation and then provide wites with applicable context
information. Inferring relevant context facts issbd on the vocabulary defined and the
user-defined rules that exist at different levefstlte ontology. For example, some
context reasoning rules defined weshlearTo (physical proximity to),ocatedin, and

subClassOf [26].

4.7 SmarterDeals System

SmarterDeals is a deal recommendation system that exploitedsushanging personal
context information to deliver highly relevant sipogg offers to users. The SmarterDeals
system successfully extends the SmarterContextutegey by describing an expanded
geographical location list linked data class and tgfining a different deal
recommendation system domain specific ontology3j4,38]. The SmarterDeals system
is an example of how the personal web frameworkbmextended to support a specific
domain. This thesis illustrates how the personab framework can be extended to

support a different domain.

4.8 Summary

We provided an overview of background research ifgpdup to the
Smarterinfrastructure system described in the nbapter. We discussed seminal work

in autonomic computing, context-aware systems agltiaglaptive systems. We also
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introduced the Personal Web Framework and the $n@wotnmerce case study.
Extending the SmarterContext framework is the keyeai behind the
Smarterinfrastructure framework. Finally, we prdsdna similar SmarterContext

framework extension called the SmarterDeals system.
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Chapter 5 Smarterinfrastructure

5.1 Introduction

In this chapter we extend the SmarterContext fraomkwertically to describe aspects
of select system infrastructure evolution use cabeslo this, oulSmarterInfrastructure
framework takes advantage of the extensible nattithe SmarterContext linked data,

ontologies, and rules to satisfy the evolving systefrastructure problem domain.

5.2 Smarterinfrastructure Use Cases

There are many different use cases that could fgeted within the evolution of
system infrastructure domain. User context by d@dim can be one of three types:
explicit, implicit, and inferred [4]. Explicit corkt refers to information that is manually
gathered from a user. For example, users may beequéo enter their personal
information or system settings into a configuratieecreen. Implicit context refers to
information that is automatically gathered fromfar a user. In this case, the system is
able to query settings and observe information authexplicitly interacting with the
user. Inferred context refers to information theg system automatically generates based
on input data and various algorithms. For examiplierred context can be information
about the system load as it is determined baseth®@mumber of server requests by
clients made over a specific time period.

Here we concentrate on one type of implicit contexd one type of inferred context to

illustrate how our Smarterinfrastructure framewaovkrks. The two key use cases are
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detecting a specific user environment and notifyuisgrs that a particular distribution of
an available library or patch is available. A varief analytics can be run on the user

environment once its information is captured.

5.2.1 Use Case 1: User Environment Awareness

A system can be architected to identify a usergirenment. For example, the
environmental information of interest includes dstauch as the operating system type,
the web browser used, the currently installed smféywthe device (e.g., phone, tablet,
desktop) type, and the preferred language of tlee. dhe system can also track each
time the user accesses system-specific featuressyditem can query the environmental
information for a variety of reasons or simply gette user analytical data. This
analytical information can identify the base us@&mdgraphics for a system. For
example, the system can determine how many usersising a particular operating
system or browser. These usage statistics can guidber product development
decisions. If only a small percentage of users scdbe system using the Internet
Explorer browser, then less development effortlmaplaced into supporting IE in future
product versions. The collation of these statisgcan example of inferred context.

To satisfy the user environment awareness use w#lkm the Smarterinfrastructure
framework, we specifically consider the parame@&ype, deviceType, browser Type,
preferredLanguage, and user SystemAccessTime (cf. Table 5 for a description of these

context elements)
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Note that the queried information adds contexh@user's context sphere. The system
pulls information from the user environment to plape their context sphere (as
described earlier in this thesis in the descriptbthe personal web).

The aforementioned user environment informatiostexn the HTTP_USER_AGENT
header setting of all modern browsers. Of coutse, HTTP_USER_AGENT is queried
in this implementation to access this informatian ib is worth asking the question as to
what benefit there is in storing this data in arsspersonal context sphere. There are
several reasons why this is the case and hencetidapproach is valuable. The first
reason is that the data will remain with the usethey move on to different systems or
into different locations. This data persistencenisre useful in some cases than others.
For example, a user's language of choice will guait change as they move between
environments and a user's browser may not change@se tend to try to use their
favourite browser even when they move between syst€onversely, a user's operating
system will likely change as they move from devicalevice. If the data already exists
and is unchanged then there is no point in re-gogrpr it and hence this is a key area
for system optimization. The second reason tha #piproach is advantageous is that
there is opportunity for implementation simplificat. In some cases, there is no reason
to query for browser header information continugyals mentioned above). Imagine the
possibility of significant code simplification whedby conditional logic that changes
based on the particular operating environment tyiseso longer required. Instead
specific code can be delivered (e.g., to a clidrd) is tailored for a specific environment.
The third reason this approach is useful is thatethis no reason to statically perform

analyses if the data already exists. For exampmak goad times for a system can be
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dynamically calculated by querying a user's acoessbers and times that are stored in
their personal context spheres. This informatiom loe used to determine the times that
are not good candidates for a system update. Ifsyilséem is mostly accessed during

weekdays then a weekend update would likely be mskeadverse.

5.2.2 Use Case 2: Library or Patch Updates

A system should be able to notify its user basenwhew libraries or patches are
available. A notification can be followed by an agidg process where the update can be
performed in either a static or dynamic way. Foaregle, a dynamic update would not
require that the system be taken down or offline.

To satisfy the library or patch update use caseniwibur Smarterinfrastructure
framework, we specifically consider the parameteses SystemAccessTime which is also
important for use case 1 abovenstalledLibraryType, installedLibraryVersion,
availableUpdatedLibraryType, and availableUpdatedLibraryVersion (cf. Table 5 for a
description for each of these context elements)

The natification information from the system pushkeasa into the user's context sphere.
The user's context sphere is populated from thesysThispush methodology of user
context population is different than the aforemmméidpull user environment use case
and it is also a fundamental extension mechanistietpersonal web system.

There is value in storing the notification inforneat in the user's context sphere. Of
course, once an update is available, a systemeapdated right away, but often it is not
convenient. As previously described, it could beeak load time (e.g., during tax filing

season) in which case any system updates wouldfeeréld to a non-peak load time.
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5.3 Smarterinfrastructure Channel Instance

It is possible to explore the Smarterinfrastructpossibilities closer now that key use
cases and the underlying framework are developlkd.idea is that specific channels or
instances of the given use cases can be identtii@would benefit from the system.
Consider the following example of a technical sglesfessional who works for a tax
software company located in Vancouver, British @abia, Canada.

The sales professional normally accesses a prautdx application from his office
desktop Windows computer. He prefers to use thefdxrweb browser and his native
language is English. The tax application has begckty spot tested to support different
device types, operating systems, web browsers|aangliages but the production system
does not have all of the configurations possiblenmg at the current time. This tax
application has employed the Smarterinfrastrucancitecture.

The sales representative learns of a sales opjtyrinrHong Kong and finds himself
on a plane to meet with the clients without muchetito prepare for the meeting. Upon
arrival in Hong Kong, the vendor becomes aware that potential client requires
Android tablet device support in a future tax apgtion. The Android tablet is not a
currently supported software configuration.

The sales representative has brought his own pargordroid tablet with him on the
trip and he or she tries to log into the tax amgtlan hosted back in Canada. The tax
application is displayed on his device but he mstia few things that he does not feel
comfortable showing to the client. His web browksrguage is set to English which
should ideally be Cantonese when demonstratingpipication in this part of the world

and hence changes his language settings in het tabb browser. Additionally, some of
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the layouts on the screen are sized incorrectlysahelcted buttons are not active. First,
the Smarterinfrastructure analyzes the sales reptatsve dynamically changing
environment. His personal context sphere is updaiddthe new device type, operating
system, web browser, and language selection inftmmaSmarterinfrastructure also
records the system access time which is duringvtbir&ing day in Hong Kong and hence
outside of normal working hours in Vancouver du¢he different time zones. Next, the
Smarterinfrastructure system proposes possiblersyspdates. The server side of the tax
application is updated with a new localization benbr Cantonese. This update only
proceeds after a risk analysis is performed wherie determined that the non-peak
system load time is within the boundaries of tHeseepresentative's system access time.
Further, the next time he logs into the systemshgrésented with the information that a
new Dojo Toolkit [33] library is available to suppdhe Android tablet device better.
After the sales representative chooses to updateliént library then the rendering and
other Ul deficiencies are alleviated. Also, the &oplication appears now in Cantonese.
The sales representative now has a system that tenfident in demonstrating to the
client. Moreover, he did not have to perform anynoa system configuration
personally.

The possible benefits for the user in this exanmgle obvious. There are several
benefits from the tax application system point ew as well. The application was
updated during a non-peak hour so as to not jeqeattle system uptime service level
agreement. Also, there was no manual maintenamgereel on the system and hence the
system maintainers did not have extra work to dthwhis new system requirement

requests.
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Obviously this is a contrived example but it ilkaes the power of the

Smarterinfrastructure system from two key user gsoglients and system maintainers.

5.4 Summary

This chapter provided an overview of the Smarteastructure system from the
perspective of two specific use cases. These s e the pulling of information for
user environment awareness and the pushing ofiraiion for patch or library updating.
The motivation behind each use case was explameéeétail including the description of

a channel instance example that exercises theasss.c
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Chapter 6 Smarterinfrastructure System

6.1 Introduction

In this chapter we extend the SmarterContext fraomkwertically to describe aspects
of select system infrastructure evolution use cabeslo this, oulSmarterInfrastructure
framework takes advantage of the extensible nattithe SmarterContext linked data,

ontologies, and rules to satisfy the evolving systefrastructure problem domain.

6.2 Smarterinfrastructure Framework

The Smarterinfrastructure framework builds on tbthe ontologies that are defined in
the SmarterContext framework. Further, the Smartexstructure framework uses the
same RDF schema as was used in the SmarterContebeins The SmarterContext
framework ontologies (i.e., Generic Context: gc.oamd Personal Web Context:
pwc.owl) are included in Figure 13. Note that thma®terContext shopping ontology
(i.e., Shopping Context: shoppiogvl) is not applicable to the Smarterinfrastructuse
case and thus is not included.

Table 5 describes the Smarterinfrastructure onyologhere the application
infrastructure ontology (i.e., infrastructure.owlertically extends the personal web
content ontology. The application infrastructuréabogy definition is fully elaborated in

Appendix A.
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Table5: SmarterInfrastructure Framework Details

Context Type (Class)

Description

Supertype

gc:ContextEntity

Entity. The superclass of any
context type.

owl:Thing

Entity. Any web site compliant wit

n

pwc:PWESite SMARTERCONTEXT - eg, an b2gwc:WebResource
website
pwc:User Entity. Any person registered into gc:HumanEntity

SMARTERCONTEXT.

infrastructure:OSType

Entity. The client OS type — eg,
Windows 7.

pwc:WebEntity

infrastructure:deviceType

Entity. The client device type — eg
iPad.

‘pwc:WebEntity

infrastructure:browserType

Entity. The client browser type — €
Google Chrome 21.

%\Nc:WebEntity

infrastructure:
userSystemAccessTime

Entity. The (server local) time that
the user accessed the system — e
Thursday, 03-May-2001 21:18:54
GMT.

gpwc:WebEntity

infrastructure:
installedLibraryType

Entity. A library type that is
currently installed in the user's
environment — eg, Firefox signatu

plugin.

rgwc:WebEntlty

infrastructure:
installedLibraryVersion

Entity. A library type version that i
currently installed in the user's
environment — eg, 4.0.0.2.120.

S
pwc:WebEntity

infrastructure:
availableUpdatedLibraryType

Entitty. A library type that is not
currently installed but is available
use. - eg, Firefox signature plugin

tpwc:WebEntity

infrastructure:
availableUpdatedLibraryVersion

Entity. A library type version that i
available to use/install. - eg, 5.0.1

spwc:WebEntity

pwc:hasintegrated

Object property. Its value represe
a context entity that has been
integrated into a personal context
sphere.

nts

gc:locationRelationship

pwc:preferredLanguage

Data property. Its value defines th
preferred language of a user.

egc:associationReIatinship

infrastructure:relatedLibraries

Object property. Denotes that two
libraries are related to each other.

pwc:userinteraction

infrastructure:libraryTypeBindings

Object property. Denotes that a
library type is bound to some othe
entity — eg, library type version.

rgc:associationRelatinship
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6.3 Smarterinfrastructure System Components

The Smarterinfrastructure system is an instantiated the Smarterinfrastructure
framework and this system can be used to satisiy ¢hanging infrastructure
requirements of a computer program. There are thma® components (cf. see Figure
14) of the Smarterinfrastructure system: i) a BRmaboContext Sphere for the
encapsulated contextual system information of a;ugean automated and dynamic
Analytic Engine that collects and processes the system conteixtioamation for a user;
and iii) an automated and dynamiRecommender Engine that suggests contextual
information to the user.

Similar to the SmarterContext system, a prerequisitmanaging a user's contextual
information in the Smarterinfrastructure systemthie creation of the user's personal
context sphere. First, a user must register théesysas being compliant with the
Smarterinfrastructure system. This action states tiwe application is instrumented to
exchange context information with the Smarterirtftagure infrastructure. The
gathering of context information from context sagcand its provisioning to web
applications is controlled by the user. Smartedsitftucture exchanges user and system
context into their personal context sphere onhhwappplications that are registered by the
user. Users register their environment context toviding the URL of the web site.
Moreover, a user can optionally initialize his oerhcontext sphere with selected
information. The values of the Smarterinfrastruetdramework that the user can
initialize are browserType, OSType, deviceType, aneferredLanguage. Note that the

user is not required to manually enter these vahsethe system dynamically queries for
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these using the Analytic Engine. The user may net dware or technically

knowledgeable enough to know his or her brows&@®ttype and version.

SmarterContext

Personal Context Sphere

PUSH information
PULL information }/

Analytic Engine Recommender Engine

PULL |nformatlon|—/\ /( PUSH components

Figure 14: The SmarterInfrastructure System
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6.3.1 Smarterinfrastructure Analytic Engine

The Analytic Engine of the Smarterinfrastructuresteyn performs several functions
such as querying for a user's contextual infornmatidote that the Analytic Engine
executes the 'pull' phase of the Smarterinfrasiradnformation system. The pull phase
collects user client information and it analyzes tiTTP_ACCEPT_HEADER for the
browser Type, OSType, deviceType, preferredLanguage, and theuser SystemAccessTime
settings. The first four values can also be optlgrentered by the user statically during
system initialization. The Smarterinfrastructuresteyn can be statically configured by
the administrator to query for these values dynaltyicat varying rates such as
periodically, never, and always. For example, ty&tesn can query periodically to save
computational time (and hence optimize performatica) would be required in querying
for the values on each web request. Also, theseesaWill not change at every web
request. Similarly, it is optimal to not queryadit for the values but instead simply rely
on the static values that the user originally esdewvhen the system was initiated. The
userSystemAccessTime can also be configured to beotqueried (for possible
performance reasons) but this setting would chémgevery web request and so turning
the query on or off for this system value wouldtfve only option applicable. All of these
values are entered into the user's personal cospéetre.

Once these values are in the user's context sphenethere are two processes that
query for the specific information. First, the biew, OS, device type, and
preferredLanguage settings can be accessed toriegethe configuration of the current
user's environment. Based on this configuratioftwswe updates that are (or are more)

relevant to the specific environment can be digtald to the user's environment. Second,
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an appropriate time window for such a software tgpdan be deduced from analyzing
the system access times. As previously descrilietieisystem is being accessed very
frequently in a peak load scenario then likely duhd not be a good time to suggest a

software update from a risk management and avo&pearspective.

6.3.2 Smarterinfrastructure Recommender Engine

The Recommender Engine of the Smarterinfrastrucsystem populates the user's
personal context sphere with software update recemdiations. The Recommender
Engine executes the 'push’ phase of the Smartestnficture system. The push phase
stores the currently installed system libraries #@meir associated versions. Also, the
Smarterinfrastructure server updates the usersopal context sphere with the latest
system updates that are available. It is the respiity of the Recommender Engine to
analyze the current software, identify the latesttvgare that is available, and to
recommend a time that the current software shoeldgnated. Again, the system update

time should likely be during an identified lowerli@ation period.

6.4 SmarterTax: A Smarterinfrastructure Proof of Concept

We designed and implemented the SmarterTax appliced demonstrate the potential
of the Smarterinfrastructure system. The Smartexstifucture system leverages the
architecture of SmarterContext [26]. Figure 15 stiates the Smarterinfrastructure
components and their interdependencies in red. ptosf of concept implementation

does not facilitate the execution of any softwgrdates. The mechanism of the software
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system update is outside of the scope of thisgr@#iough some common system update

packages are described in detail in Chapter 3.

Contex tSphere App Tomcat Server User's dient
SmarterTax . 4 Client Composite N
ContextsphereGUT

Personaliteb
Enzbl=d Browesear +
SmarterConted edtension
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PersonalW ebEnabledsSite \I:L
I/ SmarberTax ™ \“-.%
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Figure 15: Smarterinfrastructure Componentsin Smarter Context System [26]

Context reasoning is defined by RDF markup, OWe-bintologies and user-defined

rules. The intention is that both the grammar deddefined rules are extensible. In this
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case, the rules are derived directly from Smartet€&d but Smarterinfrastructure can be
extended by adding custom rules applicable to apemyis specific infrastructure update
scenario.

The context inference engine is provided by Jena #s SmarterContext framework.
An example of an inference in Smarterinfrastructuie the link between
installedLibraryType, availableUpdatedLibraryTyp@d relatedLibraries.

SmarterTax is the proof of concept implementationesaibing the
Smarterinfrastructure channel instance in Sectidn Bppendix B contains a sample
RDF description (i.e., joetax.rdf) of the markup fine same channel instance. The
system has three entry points: system configuratibe Analytic Engine, and the
Recommender Engine. The following sections desdhbse three entry points from the
point of view of the Smarterinfrastructure systeth figure 15) and the SmarterTax

application.

6.4.1 SmarterTax: System Configuration

Assuming that a user is properly registered with @imarterTax system, he is asked to
enter some optional system infrastructure valukd=(gure 16). These values are used to
create the user's personal context sphere in thart&mmfrastructure system. The
application does not become enabled with the Smhaftastructure system unless the

user explicitly turns on the checkbox for runnihg application in SMART mode.
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‘C: SmarterTax | + | — — -
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Your username
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Your email
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g MysupsTmaEEmai oo

Your password
ﬁ eg XB4fISOED
Please confirm your password
P = xensEC
£ nable this application to be SM
@ Enable th be SMART

Preferred Language

Your Operating System Iﬂl

Your Browser Type

3 Fshox
| Your Device Type
| n
i | 1 aptop
| m
[ | Already a member? ' Go and log in

Figure 16: Smarter Tax User Registration Screen

The SmarterTax administration component, repredeagethe ContextSphereGUI in
Figure 15, submits web service calls to the Smiaftaistructure system when the user
clicks the button on the web page to sign up. Ftirst¢ application is registered to the

specific user with the Smarterinfrastructure sysbnnvoking thelntegratePwews web
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service call. Note that the user can later unregiste application by unclicking the same
checkbox which will invoke the EliminatePwews web service. Next, the

CreateContextSphere web service call is invoked with the user's camfagion settings.

6.4.2 SmarterTax: Analytic Engine

SmarterTax uses the Analytic Engine to directly pumicate with the
ContextReasoner subsystem. HTTP requests come tiremapplication into the server
and the Analytic Engine obtains context sphere e&lu from the
HTTP_ACCEPT_HEADER. Note that the Smarterinfragdiite system also provides a
different mechanism for gathering client informatiavith the ContextGathering web
service call. The Analytic Engine formats the HTrEguest data into an RDF string and

populates the users context sphere by invokimgaalifyContext web service call.

6.4.3 SmarterTax: Recommender Engine

SmarterTax uses the Recommender Engine to dirembijnmunicate with the
ContextReasoner subsystem. The Recommender Ergyinetified of a system update
that is available and each registered user in yisées has his or her context sphere
updated with the information of a newly availabilerdry. The Recommender Engine
uses theModifyContext web service call to update the user's context rephéth this
information. Next, theContextProvisioning web service call is used to notify the
SmarterTax user of the availability of a new ligraBmarterTax prompts the user to

perform a system update (cf. Figure 17).
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J i SmarterTax |T|

& fiIe:///C:/masters/webfrontend/LoginRegistrationForm/index.html#‘toupdate‘ K B‘Goog."e P & EB-

OYSTEM UPDATE AVAILABLE

An update is available for the SmarterTax system. Would you like
to install it now? |

Figure 17: Smarter Tax System Update Screen

6.5 Summary

This chapter provided an overview of the Smarteastfucture system. The
ontological framework of the Smarterinfrastructgsestem is formalized in a way that
extends the framework of the SmarterContext refsresystem. A theoretical system
architecture for this framework is described withSarvices Oriented Architecture
paradigm. Finally, we detail a proof of concept Ilementation of the

Smarterinfrastructure system.
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Chapter 7 Conclusions and Future Work

The software industry is consistently faced witlditficult problem satisfying ever
evolving system infrastructure requirements. Ham@wdevices, operating systems, web
browsers, and third party software libraries arnadpeipdated ever more frequently. This
problem involves intricate dependencies as newcdsviequire new operating systems,
new operating systems require new browsers, anairm new browsers require new
libraries. This continuous updating of related cabtep system components challenges

current maintenance infrastructure.

7.1 Summary

This thesis develops the Smarterinfrastructureesyshat can be used to update system
software dynamically. We motivate the developmdnsuzh a system in the context of
the current industrial system software developmentiscape. We designed this smart
system using well-defined use cases from the itrfremire maintenance domain, an
extensible ontology to support the use cases, amdegence architecture to implement
the system. Key benefits of this approach are dsmdl Our Smarterinfrastructure
approach provides a framework for realizing thec8meuse cases of context aware
automatic software component updates. Thus oureinark is also extensible and hence
new update requirements can readily be realize@rteninfrastructure is built on top of

the extensible SmarterContext system.
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7.2 Contributions

The main contributions of this thesis are:

« Aresearch problem described from an industry-$jegoint of view. This required
an analysis of the current development processeésissues with a real-world
example. We described the currently available aggres and show how they do not
sufficiently create viable solutions.

» Specific use cases identified within the systemmastfucture requirement domain
illustrate that there are real problems and thesggnificant value in solving them.

« The development of the Smarterinfrastructure fraotéwbased on vertically
extending an existing research context frameworle.,(ithe SmarterContext
commerce framework). The extensibility further pedvthe applicability of the
SmarterContext framework to a different problem domthan commerce. We
present a concrete proof point for the successhisf framework concept in an
industrial setting.

 Finally, we created a theoretical architecture tcesalibe how the
Smarterinfrastructure architecture satisfied a ifjpedomain problem. We also

provide proof of concept to illustrate the conceptsking.

7.3 Future Work

The Smarterinfrastructure problem domain and systhows promise and there are
several possible avenues for future work. The tomlates that were identified are:
* Incorporate a software updating system with the r@mafrastructure framework.

The framework would serve to identify software ugdahat are necessary and then
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the update system would perform the update opeaBach a system is possible as
demonstrated in the proof of concept implementet ibcorporating these two
systems together was outside of the scope oftibsEg work.
Incorporate the Smarterinfrastructure frameworko it commercially available
software product. Measuring the frameworks realldvansability would be a
valuable future case study. Implementing the paafoncept implementation into a

production ready software product was also beybedstope of this thesis work.
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Appendix A: infrastructure.owl

Additional Information: infrastructure.owl is the ontology that describies vertical
extension to the SmartContext commerce framewakwlas used in this thesis. This
ontology provides the markup description used tisfyathe changing infrastructure

requirement use cases desribed in Chapter 6.

<?xml version="1.0"?>

<IDOCTYPE rdf:RDF [

<IENTITY owl "http://www.w3.0rg/2002/07/owl#" >

<IENTITY xsd "http://www.w3.0rg/2001/XMLSchem&#

<IENTITY rdfs "http://www.w3.0rg/2000/01/rdf-eema#" >

<IENTITY rdf "http://www.w3.0rg/1999/02/22-rddyntax-ns#" >

<IENTITY gc "http://smartercontext.org/vocabries/gc/v5.0/gc.owl#” >

<IENTITY pwc "http://smartercontext.org/vocahties/pwc/v5.0/pwc.owl#" >
1>

<rdf:RDF xmIns="http://smartercontext.org/vocabidafinfrastructure/v1.0/infrastructure.owl#"
xml:base="http://smartercontext.org/vocab@sifinfrastructure/v1.0/infrastructure.owl"
xmins:rdfs="http://www.w3.0rg/2000/01/rdf-scha#"
xmins:pwc="http://smartercontext.org/vocabidatpwc/v5.0/pwc.owl#"
xmins:owl="http://www.w3.0rg/2002/07/owl#"
xmins:gc="http://smartercontext.org/vocabwdafgc/vs.0/gc.owl#"
xmins:xsd="http://www.w3.0rg/2001/XMLSchema#"
xmins:rdf="http://www.w3.0rg/1999/02/22-rdf1shax-ns#">
<owl:Ontology
rdf:about="http://smartercontext.org/vocabulariesastructure/v1.0/infrastructure.owl">
<gc:creationdate>January 2013</gc:creatir
<gc:author>Marcus Csaky</gc:author>
<gc:copyright>2013, Marcus Csaky</gc:coglytr
<owl:versioninfo>1.0 - January 2013</owtsieninfo>
<rdfs:comment>The Infrastructure ontolodgfines the vocabulary for application infrastruietu
requirements in the Personal Web</rdfs:comment>
<owl:imports rdf:resource="http://smartemtext.org/vocabularies/pwc/v5.0/pwc.owl"/>
</owl:Ontology>

<l--
e
1

/I Annotation properties

1
i
-->
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<l--
o
I

/l Datatypes

1
e

>

<l--
o
I

/I Object Properties

1
i

>

<l-- http://smartercontext.org/vocabularies/pwcO/pwc.owl#userinteraction -->
<owl:ObjectProperty rdf:about="&pwc;userintetian"/>

<l--
http://smartercontext.org/vocabularies/infrastroeful .O/infrastructure.owl#library TypeBindings -->
<owl:ObjectProperty rdf:about=
"http://smartercontext.org/vocabularies/infrastanetvl.0/infrastructure.owl#libraryTypeBindings">
<rdf:type rdf:resource="&owl;SymmetricProperty"/>
<rdfs:comment rdf:datatype="&xsd;string">Denoteatth library type is bound to some
other entity - eg., library type version</rdfs:coem®
<rdfs:subPropertyOf rdf:resource="&gc;asationRelationship"/>
<rdfs:domain rdf:resource=
"http://smartercontext.org/vocabularies/infrastanetvl.0/infrastructure.owl#installedLibraryType"/>
<rdfs:range rdf:resource=
"http://smartercontext.org/vocabularies/infrastawetvl.0/infrastructure.owl#installedLibraryVersitn
</owl:ObjectProperty>

<I-- http://smartercontext.org/vocabularies/infrasture/v1.0/infrastructure.owl#relatedLibraries

<owl:ObjectProperty rdf:about="&pwc;relatedLibrasie
<rdfs:comment rdf.datatype="&xsd;string">Denoteatttwo libraries are related to each
other as defined by a system user.</rdfs:comment>
<rdfs:range rdf:resource="&gc;IndividualContext"/>
<rdfs:domain rdf:resource="&pwc;User"/>
<rdfs:subPropertyOf rdf:resource="&pwc;userinteract/>
</owl:ObjectProperty>

<l-- http://smartercontext.org/vocabulariegf@structure/v1.0/infrastructure.owl#pullinfrastruieinfo
>
<owl:ObjectProperty rdf:about=
"http://smartercontext.org/vocabularies/infrastawetvl.0/infrastructure.owl#pullinfrastructurelnfo”
<rdfs:comment rdf:datatype="&xsd;string's>italue represents the pull phase of the infrastrec
transaction of the user.</rdfs:comment>
<rdfs:subPropertyOf rdf:resource="&gc;funoglRelationship"/>
<rdfs:domain rdf:resource="&pwc;User"/>
<rdfs:range rdf:resource=
"http://smartercontext.org/vocabularies/infrastanetvl.0/infrastructure.owl#Infrastructurelnfo"/>
</owl:ObjectProperty>
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<l-- http://smartercontext.org/vocabularies/@structure/v1.0/infrastructure.owl#pushinfrastmetnfo
->
<owl:ObjectProperty rdf:about=
"http://smartercontext.org/vocabularies/infrastawetvl.0/infrastructure.owl#pushinfrastructurelnfo”
<rdfs:comment rdf.datatype="&xsd;string's>ltalue represents the push phase of the infragteuc
transaction of the user.</rdfs:comment>
<rdfs:subPropertyOf rdf:resource="&gc;funoglRelationship"/>
<rdfs:domain rdf:resource="&pwc;User"/>
<rdfs:range rdf:resource=
"http://smartercontext.org/vocabularies/infrastanetv1.0/infrastructure.owl#Infrastructurelnfo"/>
</owl:ObjectProperty>

<l--

T T T T

I

// Data properties

/i

T T T T T T
->

<l-- http://smartercontext.org/vocabulariegf@structure/v1.0/infrastructure.owl#OSType -->
<owl:DatatypeProperty rdf:about=
"http://smartercontext.org/vocabularies/infrastawetvl.0/infrastructure.owl#OSType">
<rdf:type rdf:resource="&owl;FunctionalPey"/>
<rdfs:comment rdf:datatype="&xsd;string">i2es the client OS type - eg., Windows
7.</rdfs:comment>
<rdfs:domain rdf:resource=
"http://smartercontext.org/vocabularies/infrastauetv5.0/infrastructure.owl#Infrastructurelnfo"/>
<rdfs:range rdf:resource="&xsd;string"/>
</owl:DatatypeProperty>

<l-- http://smartercontext.org/vocabularies/@structure/v1.0/infrastructure.owl#deviceType -->
<owl:DatatypeProperty rdf:about=
"http://smartercontext.org/vocabularies/infrastunetv1.0/infrastructure.owl#deviceType">
<rdf:type rdf:resource="&owl;FunctionalPey"/>
<rdfs:comment rdf.datatype="&xsd;string">i2es the client device type — eg.,
iPad.</rdfs:comment>
<rdfs:domain rdf:resource=
"http://smartercontext.org/vocabularies/infrastauetv5.0/infrastructure.owl#Infrastructurelnfo"/>
<rdfs:range rdf:resource="&xsd;string"/>
</owl:DatatypeProperty>

<l-- http://smartercontext.org/vocabularieg/@structure/v1.0/infrastructure.owl#browserType -->
<owl:DatatypeProperty rdf:about=
"http://smartercontext.org/vocabularies/infrastauetvl.0/infrastructure.owl#browserType">
<rdf:type rdf:resource="&owl;FunctionalPey"/>

<rdfs:comment rdf.datatype="&xsd;string">i2es the client browser type — eg., Google Chrome

21 .</rdfs:comment>
<rdfs:domain rdf:resource=
"http://smartercontext.org/vocabularies/infrastunetv5.0/infrastructure.owl#Infrastructurelnfo"/>
<rdfs:range rdf:resource="&xsd;string"/>
</owl:DatatypeProperty>

<l--
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http://smartercontext.org/vocabularies/infrastroeful .O/infrastructure.owl#userSystemAccessTime -->
<owl:DatatypeProperty rdf:about=
"http://smartercontext.org/vocabularies/infrastunetv1.0/infrastructure.owl#userSystemAccessTime">
<rdf:type rdf:resource="&owl;FunctionalPey"/>
<rdfs:comment rdf.datatype="&xsd;string">i2es the (server local) time that the user acdetbse
system — eg., Thursday, 03-May-2001 21:18:54 GMifsicomment>
<rdfs:domain rdf:resource=
"http://smartercontext.org/vocabularies/infrastanetv5.0/infrastructure.owl#Infrastructurelnfo"/>
<rdfs:range rdf:resource="&xsd;string"/>
</owl:DatatypeProperty>

<l-- http://smartercontext.org/vocabularieg/@structure/v1.0/infrastructure.owl#installedLiby@ype
>
<owl:DatatypeProperty rdf:about=
"http://smartercontext.org/vocabularies/infrastauetvl.0/infrastructure.owl#installedLibraryType">
<rdf:type rdf:resource="&owl;FunctionalPey"/>
<rdfs:comment rdf.datatype="&xsd;string">i2es a library type that is currently installedhe
user's environment — eg., Firefox signature plygidfs:comment>
<rdfs:domain rdf:resource=
"http://smartercontext.org/vocabularies/infrastunetv5.0/infrastructure.owl#Infrastructurelnfo"/>
<rdfs:range rdf:resource="&xsd;string"/>
</owl:DatatypeProperty>

<l--
http://smartercontext.org/vocabularies/infrastroetul .O/infrastructure.owl#installedLibraryVersiew
<owl:DatatypeProperty rdf:about=
"http://smartercontext.org/vocabularies/infrastumetv1.0/infrastructure.owl#installedLibraryVersion
<rdf:type rdf:resource="&owl;FunctionalPey"/>
<rdfs:comment rdf.datatype="&xsd;string">ies a library type version that is currently atisd in
the user's environment — eg., 4.0.0.2.120.</rdfsment>
<rdfs:domain rdf:resource=
"http://smartercontext.org/vocabularies/infrastauetv5.0/infrastructure.owl#Infrastructurelnfo"/>
<rdfs:range rdf:resource="&xsd;string"/>
</owl:DatatypeProperty>

<l--
http://smartercontext.org/vocabularies/infrastroeful .O/infrastructure.owl#availableUpdatedLibrayp&
>
<owl:DatatypeProperty rdf:about=
"http://smartercontext.org/vocabularies/infrastanetvl.0/infrastructure.owl#availableUpdatedLibreyp
e'">
<rdf:type rdf:resource="&owl;FunctionalPey"/>
<rdfs:comment rdf:datatype="&xsd;string">i2ees a library type that is not currently instal®it is
available to use. - eg., Firefox signature plugmifs:comment>
<rdfs:domain rdf:resource=
"http://smartercontext.org/vocabularies/infrastauetv5.0/infrastructure.owl#Infrastructurelnfo"/>

<rdfs:range rdf:resource="&xsd;string"/>
</owl:DatatypeProperty>

<l--
http://smartercontext.org/vocabularies/infrastroetul .O/infrastructure.owl#availableUpdatedLibrageysi
on -->

<owl:DatatypeProperty rdf:about=
"http://smartercontext.org/vocabularies/infrastanetvl.0/infrastructure.owl#availableUpdatedLibNgys
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ion">
<rdf:type rdf:resource="&owl;FunctionalPey"/>
<rdfs:comment rdf.datatype="&xsd;string">i2es a library type version that is available to
use/install. - eg., 5.0.1.</rdfs:comment>
<rdfs:domain rdf:resource=
"http://smartercontext.org/vocabularies/infrastauetv5.0/infrastructure.owl#Infrastructurelnfo"/>
<rdfs:range rdf:resource="&xsd;string"/>
</owl:DatatypeProperty>

<l--
i
I

/I Classes

1
i

>

<l-- http://smartercontext.org/vocabularies/p¥&cO/pwc.owl#User -->
<owl:Class rdf:about="&pwc;User"/>

<l-- http://smartercontext.org/vocabularieg/@structure/v1.0/infrastructure.owl#Infrastructunfel -->
<owl:Class rdf:about=
"http://smartercontext.org/vocabularies/infrastanetvl.0/infrastructure.owl#Infrastructurelnfo">
<rdfs:subClassOf rdf:resource="&pwc;PhyHicaity"/>
<rdfs:comment rdf:datatype="&xsd;string">Resents the infrastructure information of the
user.</rdfs:comment>
</owl:Class>

</rdf:RDF>
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Appendix B: joetax.rdf

Additional Information: joetax.rdf is a sample RDF used for the chanrsthimce use

case that is described above in section 5.5.

<rdf:RDF
xmins:rdf="http://www.w3.0rg/1999/02/22-rdf-d@x-ns#"
xmlins:gc="http://smartercontext.org/vocabulsfie/vl/gc.owl#"
xmlns:pwc="http://smartercontext.org/vocabidarpwc/v1l/pwc.owl#"
xmlns:xsd="http://www.w3.0rg/2001/XMLSchema#"
xmins:rdfs="http://www.w3.0rg/2000/01/rdf-scha#i
xmins:shopping="http://smartercontext.org/vadabies/infrastructure/vl/infrastructure.owl#"
xmins:owl="http://www.w3.0rg/2002/07/owl#" >

<rdf:Description rdf:about="http://smartercontexg/vocabularies/rdf/geo.rdf#Vancouver">
<gc:geolLocationClassification rdf:datatype=
"http://www.w3.0rg/2001/XMLSchema#string">City</gmoLocationClassification>
</rdf:Description>

<rdf:Description rdf:about="http://smartercontexg/vocabularies/rdf/geo.rdf#Kowloon">
<gc:geolLocationClassification rdf:datatype=
"http://www.w3.0rg/2001/XMLSchemat#string">City</gmolLocationClassification>
</rdf:Description>

<rdf:Description rdf:about="http://smartercontexg/vocabularies/rdf/joetax.rdf#BusinessTripTime">
<gc:endDateTime rdf:datatypd3ttp://www.w3.0rg/2001/XMLSchema#dateTime013-01-
12T06:09:10.616Z</gc:endDateTime>
<gc:startDateTime rdf:datatypd¥tp://www.w3.0rg/2001/XMLSchema#dateTime013-01-
17T06:09:10.616Z</gc:startDate Time>
<rdf:type rdf:resource="http://smartercontesg/gocabularies/gc/vl/gc.owl#Definite Time"/>
</rdf:Description>

<rdf:Description rdf:about=
"http://smartercontext.org/vocabularies/gc/vl/gd#meolocationClassification">
<rdfs:subPropertyOf rdf:resource=
"http://smartercontext.org/vocabularies/gc/vl/gd#geolocationClassification"/>
<owl:equivalentProperty rdf:resource=
"http://smartercontext.org/vocabularies/gc/vl/gd#geolocationClassification"/>
</rdf:Description>

<rdf:Description rdf:about="http://smartercontexg/vocabularies/rdf/joetax.rdf#BusinessTrip">
<pwc:scheduledFor rdf:resource=
"http://smartercontext.org/vocabularies/rdf/joetdktBusinessTripTime"/>
<gc:hostedBYy rdf:resource="http://smarterconteg/vocabularies/rdf/geo.rdf#Kowloon"/>
<rdf:type rdf:resource="http://smartercontesg/gocabularies/pwc/vl/pwc.owl#ScheduledEvent"/>
</rdf:Description>

<rdf:Description rdf:about="http://smartercontexg/vocabularies/rdf/geo.rdf#Canada">
<gc:geolLocationClassification rdf:datatype=
"http://www.w3.0rg/2001/XMLSchema#string">CountrgecfgeolLocationClassification>
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</rdf:Description>

<rdf:Description rdf:about="http://smartercontexg/vocabularies/rdf/geo.rdf#HongKong">
<gc:geolocationClassification rdf:datatype=
"http://www.w3.0rg/2001/XMLSchemat#string">CountrgecfgeolLocationClassification>
</rdf:Description>

<rdf:Description rdf:about="http://smartercontexg/taxapplicationsite/">
<rdf:type rdf:resource="http://smartercontesg/gocabularies/pwc/vl/pwc.owl#PWESite"/>
</rdf:Description>

<rdf:Description rdf:about="http://smartercontexg/vocabularies/rdf/jsmith.rdf#Home">
<gc:locatedIn rdf:resource="http://smartercahteg/vocabularies/rdf/geo.rdf#Vancouver"/>
<gc:zipCode rdf.datatype="http://www.w3.org/20RMLSchema#string">V4M3G6</gc:zipCode>
<gc:address rdf:datatype="http://www.w3.org/20MLSchema#string">305-54th Street</gc:address>
<gc:geolLocationClassification rdf:datatype=
"http://www.w3.0rg/2001/XMLSchema#string">Place<fgeoLocationClassification>
<rdf:type rdf:resource="http://smartercontesg/gocabularies/gc/vl/gc.owl#Geolocation"/>
</rdf:Description>

<rdf:Description rdf:about="http://smartercontexg/vocabularies/rdf/geo.rdf#BritishColumbia">
<gc:locatedIn rdf:resource="http://smartercahtirg/vocabularies/rdf/geo.rdf#Canada"/>
<gc:geolocationClassification rdf:datatype=
"http://www.w3.0rg/2001/XMLSchemat#string">RegionsigeoLocationClassification>
</rdf:Description>

<rdf:Description rdf:about="http://smartercontexg/vocabularies/pwc/v1l/pwc.owl#hasintegrated">
<rdfs:subPropertyOf rdf:resource=
"http://smartercontext.org/vocabularies/pwc/v1/pwd#hasintegrated"/>
<owl:equivalentProperty rdf:resource=
"http://smartercontext.org/vocabularies/pwc/vl/pwd#hasintegrated"/>
</rdf:Description>

<rdf:Description rdf:about="http://smartercontexg/vocabularies/rdf/jsmith.rdf#pullinfrastructimé">
<infrastructure:OSType rdf:datatype="http://ww8.org/2001/XMLSchema#string">Windows
7<linfrastructure:OSType> data
<infrastructure:deviceType rdf.datatype=
"http://www.w3.0rg/2001/XMLSchema#string">laptopaftiastructure:device Type>
<infrastructure:browserType rdf.datatype="Httpww.w3.0rg/2001/XMLSchema#string">John A.
Smith</infrastructure:browserType>
<infrastructure:userSystemAccessTime

rdf:string="http://www.w3.0rg/2001/XMLSchema#string3-
March-2013 21:18:54</infrastructure:userSystemAstaae>
<infrastructure:installedLibraryType rdf:datpér
"http://www.w3.0rg/2001/XMLSchema#int">Dojo</infraacture:installedLibraryType>
<infrastructure:installedLibraryVersion rdf:datpe=
"http://iwww.w3.0rg/2001/XMLSchema#string">4.7</iaftructure:installedLibraryVersion>
<infrastructure:userSystemAccessTime rdf:dgkety
"http://www.w3.0rg/2001/XMLSchema#string">03-Mar@13
21:18:54</infrastructure:userSystemAccessTime>
<pwc:preferredLanguage rdf.datatype=
"http://www.w3.0rg/2001/XMLSchemat#string">Englisipwic:preferredLanguage>
<rdf:type rdf:resource=
"http://smartercontext.org/vocabularies/infrastanetvl/shopping.owl#Infrastructurelnfo"/>
</rdf:Description>
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<rdf:Description rdf:about=
"http://smartercontext.org/vocabularies/rdf/joetdipushinfrastructurelnfo> object-
>pullinfrastructurelnfo/pushinfrastructurelnfo
<infrastructure:userSystemAccessTime rdf:dgikety
"http://www.w3.0rg/2001/XMLSchemat#string">03-Mar@013
21:18:54</infrastructure:userSystemAccessTime>
<infrastructure:availableUpdatedLibraryType
rdf:datatype="http://www.w3.0rg/2001/XMLSchema#sygi>Dojo</infrastructure:availableUpdatedLibrar
yType>
<infrastructure:availableUpdatedLibraryVersiuiftdatatype=
"http://www.w3.0rg/2001/XMLSchemat#string">4.8</iaBtructure:availableUpdatedLibraryVersion>
<rdf:type rdf:resource=

"http://smartercontext.org/vocabularies/shoppinfgkibpping.owl#Infrastructurelnfo”/>
</rdf:Description>

<rdf:Description rdf:about="http://smartercontexg/vocabularies/rdf/joetax.rdf#joetax">
<pwc:emailAccount rdf:datatype=

"http://www.w3.0rg/2001/XMLSchema#string">joetax @il m</pwc:emailAccount>
<rdf:type rdf:resource="http://smartercontesg/gocabularies/pwc/vl/pwc.owl#User"/>
<pwc:haslintegrated rdf:resource="http://smadatext.org/vocabularies/rdf/joetax.rdf#BusinespT

<pwc:lastName rdf.datatype="http://www.w3.or@@d/XMLSchema#string">Tax</pwc:lastName>
<infrastructure:pullinfrastructurelnfo rdf:rasce=

"http://smartercontext.org/vocabularies/rdf/joete#pullinfrastructureInfo"/>
<infrastructure:pushinfrastructurelnfo rdf:rasme=
"http://smartercontext.org/vocabularies/rdf/joetdipushinfrastructurelnfo"/>
<pwc:hasintegrated rdf:resource="http://smadatext.org/taxapplicationsite/"/>
<pwc:hasintegrated rdf:resource="http://smadatext.org/vocabularies/rdf/jsmith.rdf#BusinespTi>
<pwc:givenName rdf:datatype="http://www.w3.&@01/XMLSchemai#string">Joe</pwc:givenName>
<pwc:hasGender rdf.datatype="http://mww.w3.80§1/XMLSchema#string">male</pwc:hasGender>
<gc:locatedIn rdf:resource="http://smartercahteg/vocabularies/rdf/geo.rdf#Vancouver"/>

<pwc:preferredLocation rdf:resource="http://staecontext.org/vocabularies/rdf/joetax.rdf#Home"/>
</rdf:Description>

<rdf:Description rdf:about="http://smartercontexg/vocabularies/gc/vl/gc.owl#locatedin">
<rdfs:subPropertyOf rdf:resource="http://smertatext.org/vocabularies/gc/vl/gc.owl#locatedin"/>

<owl:equivalentProperty rdf:resource="http:/&stercontext.org/vocabularies/gc/v1l/gc.owl#locatéH
</rdf:Description>

</rdf:RDF>



