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Abstract

Reported is an approach for Web-based Mathematics Education (WME). The WME
framework is a distributed system that aims to create a Web for mathematics educa-
tion. Components of the WME framework include the Mathematics Education Markup
Language(MeML) for pagemarkup, regular Web servers to deliver pages,WME Page
Processorsenabling common Web browsers to receive MeML pages,and a variety of
WME services(mathematical and educational) to supply power and interactivit y to
MeML pages. The MeML language enables the creation of e±cient, e®ective, and
dynamic mathematics education content. The WME architecture is designedso that
mathematics education content (both static and dynamic { through remote WME ser-
vices) can be built independently , maintained independently , deployed easily, and still
interoperate and take advantage of one another on a global scale.

1 In tro duction

Recent yearshave seenmuch increasedresearch and development activities in making math-
ematicsaccessibleon the Web and Internet. Publishing mathematical materials on the Web
is made easyby MathML [17], an XML-de¯ned languagefor markup of mathematical ex-
pressionswith support for both presentation encoding (display layout) and content encoding
(computation semantics).

The list of MathML-compliant software is growing fast. Among many others,WebEQand
MathPlayer [21] can display WebTeX and MathML in a browser. The Amaya Web browser
demonstratesa prototype implementation of MathML which allows usersto browseand edit
Web pagescontaining mathematical expressions[27]. Together with the rest of the Web
page, these expressionsare manipulated through a WYSIWYG interface. The increasing
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acceptanceand software support for MathML were evident at the 2000and 2002MathML
International Conferences[19, 20].

Mathematical content viewing on a Web pageis static. On the Internet, end-users,espe-
cially those learning mathematics, can make good use of dynamic access to mathematical
computing. To this end, the online exchangeof mathematical data for computation becomes
critical. E®ortsto establishcommonformats includeMathML content encoding, OpenMath,
and MP.

Besidesthe widely-usedMathML, MP, the Multi Protocol [8], is a format that usesa binary
encoded annotated parse tree for e±ciency. OpenMath [4] is a protocol for representing
semantically rich mathematical objects, allowing them to be exchangedbetweenprograms,
stored in databases,and published in electronic form.

\In ternet AccessibleMathematical Computation" hasbeenthe subject of the IAMC Work-
shopseries. At the Institute for Computational Mathematics (ICM/Ken t), e®ortshave been
made to build a distributed IAMC framework[36, 29, 30] which can support both interac-
tiv e and transparent accessto mathematical computation on the Internet/W eb through the
Mathematical Computation Protocol (MCP). For more information on IAMC, pleaserefer to
the Proceedingsof the IAMC Workshops[11], the IAMC homepage[10], and the Workshop
on The Future of Mathematical Communication [7].

Researchers have begun to make attempts to deliver mathematical education materials
over the Web/In ternet. Already, we can ¯nd many websitesproviding coursesand tools
for mathematicseducation. Such sites include WIMS [34], Livemath [15], Mathwright [24],
WebMathematica[33], Calc101[3], Activ eMath [1], Maple [16], and MathWeb [23]. WIMS,
for instance, is a well-known site for Web-basedmathematical education created by Xiao
Gang. WIMS [34] o®ersgreat featuressuch assimplicity, availabilit y (no cookies,no plugins),
smooth interfaceto a bunch of external servers(MuPAD, PARI/GP , Coq, Gnuplot, ...), and
support for virtual classroomsallowing teachersto assigna setof exercisesto beperformedby
each student. WIMS usesa case-oriented approach by providing a newCGI programfor each
new type of educationalcontent page. Trouble with such an approach is lack of scalability
and openness.Authoring educationalcontent within the WIMS scope can be awkward but
the most serious°aw of such an ad hoc approach is that the WIMS components (content
pagesand server-sideprograms) do not combine to form an open system within which to
interoperate and to mutually reinforce. Linda Becerra,et al. [2] gave a good summary of
Web tools for interactive computation.

It is perhapstime to considera systematicway of creating and supporting mathematics
educationon the Web in an open and scalableway.

Towards this end, we present the design and architecture of a Web-based Mathematics
Education (WME) framework. WME provides an authoring language(MeML), works with
regular browsers, makes authoring simple and easy, allows systematic accessto support-
ing WME services, and enablestheseindependently developed components to interoperate
seamlessly. In short, we hope the WME framework will help createa Web for Mathematics
Education, that is, an environment in which mathematicseducationcontent, including both
static and dynamic content, canall bebuilt independently, maintained independently, placed
on any Web server, deliveredto any Web browser,and still interoperate and take advantage
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of oneanother on a global scale.
Goals,design,architecture, and softwareprototypesof the WME framework arepresented.

The MathematicsEducation Markup Language(MeML), aswell as its client-side processing
and server-sideservicesare described.

2 WME Goals

The goal of our research is to design an infrastructure, called the WME framework, for
mathematicseducation that allows easyand systematicdevelopment of:

1. mathematicseducationalcontent, and,

2. mathematicseducationsupport capabilities

both accessibleand interoperableon the Web/In ternet.
With the WME framework, educatorscanproduceWebpagesto teach speci¯c mathemat-

ics lessonsand topics. Thesepagescan invoke support servicessuch asexamplegeneration,
answer checking, graph plotting, and interactive exploration for various mathematical sub-
jects.

Thus, content pagesand support servicescan be developed independently but can inter-
operate from anywhere on the Web. With the right designand implementation, the WME
framework can becomethe infrastructure on which to build e®ective mathematicseducation
systemson the Web. Figure 1 shows the WME objective.
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Figure 1: WME Goals

The WME framework has thesecharacteristics:

² WME is distributed allowing everyone to put WME pageson the Web and to supply
support services.

² WME combinesexisting technologiesand emergingWeb standards.
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² Mathematics education content pagesare easyto create, simple to edit, delivered by
regular Web servers, and accessedvia regular Web browserspowered by the WME
PageProcessor.

² Education pagesmay combine ¯xed information with dynamically generatedcontent
and interactions with the end user.

² WME servicescan supply a variety of usefulcontent and functionalities to educational
pagesfrom anywhereon the Internet.

Clearly, for WME to work, it must have content-markup support, front-end support, and
back-endsupport. More importantly, such support must be deliveredwithin an architectural
framework that usesappropriate technologiesto integrate components, allowing them to
interoperate in a seamlessmanner on the Web.

3 The WME Arc hitecture

Figure 2 shows the WME framework architecture.
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Figure 2: WME Architecture

WME achievesWeb-basedmathematicaleducationthrough a combination of technologies.

² Content-markup support|The Mathematics Education Markup Language(MeML) is
used to encode Mathematics education content pages(Section 4). MeML provides
well-de¯ned mathematicscomputation elementsand mathematicseducation elements
that canbeusedtogetherwith HTML and MathML elements for easycontent markup.
MeML also provides elements designedto accessWME services that supply various
mathematicseducationcapabilities.

² Regular Webservers|MeML pages,with the .memlsu±x, originate from normal Web
serverswith the content type text/x-meml .
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² Front-end support|On the client side, commonWeb browserscan be used. A WME
PageProcessor(Section 5) in the form of a browserplug-in (the MeML Plug-in) pro-
vides control and processingfor the MeML content, using the browseras a GUI.

² Back-endsupport|WME services(Section 6) can be supplied to MeML pagesfrom
anywhereon the Internet. The WME PageProcessorcanaccessWME servicesthrough
the Mathematics Education Service Protocol (MESP) and through the Mathematical
Computation Protocol (MCP) [30].

Thus, the WME architecture involvesthesemajor components: the Mathematics Educa-
tion Markup Language(MeML), educationalcontent pageswritten in MeML, standard Web
serversand browsers,the WME PageProcessor,and WME services.

Usage Paradigm

In the WME framework, an online courseware consistsof a group of MeML pageswith
dynamic back-end support by WME servicesthat can supply a rich set of computational
and educational functionalities useful in many di®erent MeML pages. Figure 3 shows the
WME framework concept.
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Figure 3: WME ConceptualModel

With WME, a new paradigm of Web-supported mathematicseducationemerges:

² Students can accessmathematicseducationpagesfor a dynamic and interactive learn-
ing experiencefrom anywhere on the Web, at anytime. They can study at their own
levelsand paces.Instructional materialsmay comelargely from coursesin schools, but
the materials can be supplemented by pagesfrom other authors globally.

² Software developerscan focuson building WME servicesthat can be accessedby URL
from anywhereon the Web. General-purposeWME servicessuch asplotting/graphing,
terminology lookup, and computation executionareusefulin many di®erent situations.
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Special-purposeservicesprovide for narrowly focusedareas.Each servicecan provide
a well-de¯ned set of capabilities within a particular scope. For example, there may
be a fractions service, a polynomial service, an algebraic equation service, a derivative
service, an integration service, and soon. As long asthe servicesconformto a common
interface,they can be usedin any educationcontent pages.We alsoenvision a variety
of back-end educationalservicesincluding example(counter example)generation,an-
swer veri¯cation, intermediate stepsproduction, illustration generation,word problem
generation,test generation,test grading, and performanceevaluation.

² Educators author interactive online courseware as a set of educational pages. Such
pagesare written in MeML either directly or via authoring tools. Authors can fo-
cus on teaching mathematics rather than dealing with the underlying Internet/W eb
technologies.An author caneasilyinclude, mix and match, powerful interactive math-
ematical education featuresby accessingWME servicesmadeavailable by others.

² Educatorsdeploy and maintain their courseware simply and easily. Authors can mod-
ify, revise,and changetheir MeML pagesanytime from anywhere.

² Servicedevelopers can upgradeand improve WME serviceswithout a®ectingMeML
pagesas long as interfacecompatibilit y is maintained.

4 MeML

The MathematicsEducation Markup Language(MeML) is central to the WME framework.
De¯ned in XML, MeML provides markup elements to represent and structure mathematics
education pages. An MeML page may contain XHTML, MathML, and MeML elements.
MeML elements support mathematical expressions,formulas, lessons,examples,exercises,
tests, interactive computations, experiments, explorations,and other educational functions.
The elements are designedfor expressive power and easeof use.

Currently, we have about 40 MeML elements to support the various markup needsfor
mathematics education. The elements can be divided roughly into ¯v e categories:content
elements, education elements, organization elements, computation elements, and interaction
elements.

² Content elements|for units of knowledge. Such tags include <concept>, <skill> ,
<terminology> , <expression> , <equation> , <diagram>, and <theorem>.

² Education elements|for objectives in education. Tags include <example>, <test> ,
<exercise> , <assessment>, <diagnosis> , and <remediation> . Contents for these
elements can be supplied explicitly or can be generated. Figure 4 shows a generated
example for fraction addition. The page also contains underlined links that lead to
further details.

² Organization elements|for page content organization. These include <abstract> ,
<lesson>, <lesson-opener> , <syllabus> , <roster> , <guide>, <hint> , and<summary>.
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² Computation elements|for explicitly invoking WME servicesto generatedynamic
content. Such tags include <computation>, <mathgraph>, and <wme>.

² Interaction elements|for receiving and processinguser input. Thesemainly include
the <interaction> and <userinput> elements.

Figure 4: GeneratedExample

CSS (CascadingStyle Sheet) rules and Javascript code can be associated with MeML
pagesin exactly the sameway as in XHTML.

With MeML, an author canwrite HTML-lik ecodeto createmathematicseducationpages.
Mathematical expressionscan be encoded in MathML content (for computing), MathML
presentation (for rendering), or in¯x (for convenience).

An MeML pagecanhave both ¯xed and dynamically generatedcontent. The latter canbe
suppliedby any WME serviceidenti¯ed by a URL. MeML pagescanalsospecify interactions
with the end-user(the student) for an engaginglearning experience.

MeML allows in¯x notation asa conveniencefor authorsand end-usersto enter mathemat-
ical expressions.In¯x expressionsare translated into equivalent MathML content encoding
automatically within the WME framework. Functions and mathematical elements de¯ned
in MathML can be usedin the in¯x notation. Mathematical constants can be entered easily.
For example,¼is entered as PI and translated into &pi; . Several other simple rules apply.
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A Sample MeML Page

Examplescanhelp further illustrate MeML. Examples1 and 2 below give a completesample
MeML pagethat teachesthe sin function with interactive curve plotting.

Example 1: A lesson to teach the function sin

De¯ned ¯rst are someinternal de¯nitions. These are not displayed and therefore hidden
from the end user:

<internal>
<variable name="var" type="symbol"> x </variable>
<variable name="from" type="real"> -10.0 </variable>
<variable name="to" type="real"> 10.0 </variable>
<expression name="func" encoding="infix"> sin(x) </expression>

</internal>

The variable namedvar has the symbol value x. The mathematical expressionfunc has
its value given by in¯x notation.

Then, the lessonbeginswith sometextual content de¯ned below. Note: use, a replaced
inline element, inserts the value of a variable or expression.

<lesson title="The Sine Function" id="sinfun">
<p>The function <em>sin</em> is important in trigonometry.

<a href="#sincurve">Diagram 1</a> shows the <em>sin</em> curve.
Notice that <use target="func" /> is periodic with a period of
<expression encoding="infix" id="p2">2 * PI</expression>

</p>

Diagram 1 for a sin curve is generateddynamically with the mathgraph element:

<diagram title="Diagram 1" id="sincurve">
<mathgraph id="plot" URL="http://icm.kent.edu/plot.wme">

<parameter name="operation">plot2d</parameter>
<parameter name="function"><use name="func" /></parameter>
<parameter name="variable"><use name="var" /></parameter>
<parameter name="range">

<math id="plot-range">
<list>

<cn type="real"><use name="from" /> </cn>
<cn type="real"><use name="to" /> </cn>

</list>
</math>

</parameter>
</mathgraph>

</diagram>
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The mathgraph code sendsthe operation , function , variable , and range valuesto the
given WME serviceplot.wme to obtain the plot. The element use is applied multiple times
here. Later we canassignnewvaluesto the usevariablesand obtain di®erent plots with this
samemathgraph element.

Example 2: In teractiv e exp erimen tation

The lessoncontinueswith an interactive exercisethat encouragesstudent learning:

<exercise title="curve" id="practice" type="interactive">
<p>Perform your own experiments. Give an expression such as

<em>sin(x+PI)</em>, <em>sin(x-PI/2)</em>, and so on and see
the resulting curve:</p>
<interaction target="plot">

<p>Expression:
<userinput type="expression"

name="func" encoding="infix" />
<userinput type="symbol" name="var" />
<userinput type="real" name="from" />
<userinput type="real" name="to" />
<userinput type="submit" value="go" />

</p>
</interaction>

</exercise>
</lesson>

The interaction element contains userinput elements to obtain user input of various
types. The collected input becomevaluesfor variables providing a context to executethe
target computation element, plot in this case.

The Web pagegeneratedby examples1 and 2 is shown in Figure 5.

5 WME Page Pro cessor

The WME PageProcessoris a critical part of the WME framework implementation.
When it takes the form of a client-side plug-in (as it is the casein our current design),

it is known as the MeML Plug-in. The MeML Plug-in executesin the context of a regular
Web browser, enabling it to display MeML pages(Figure 6), support user interaction, and
transparently accessWME servicesspeci¯ed in MeML pagesfor dynamically computed
content and user interactions.

The MeML Plug-in processesMeML pageswithin the the Web browser in the following
manner.

² The Web browser receivesthe text/x-meml content from the Web server.
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Figure 5: Teaching the SineFunction

² The XSLT1 processorof the Webbrowseris usedto parseand translate the MeML page
into a regular XHTML page,often with embeddedobjects (via the XHTML object
element). The resultant pagecan then be handledby the browsernormally.

² The XSLT processorperforms the required translation by accessingsupplied MeML
DTD and XSLT templates2, and by invoking WME servicesthrough the MeML Plug-
in.

² The MeML Plug-in supports Javascript accessto local and remote WME services.
1XSLT [28] is a languagefor transforming XML documents into other XML documents.
2The MeML Plug-in automatically downloads the version of the MeML DTD and XSLT template ¯le

required by the MeML pageif not already stored locally.
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² The MeML Plug-in supports MeML-de¯ned user interactions.

² The MeML Plug-in can interoperate with other browser plug-ins for increasedpower
and °exibilit y.

² The MeML Plug-in can store and retrieve persistent data by accessingthe the local
¯le systemas needed.

The prototype MeML Plug-in called Woodpecker is a client-side WME PageProcessorwe
are developing as a research tool. It will help evolve the MeML languageand establish a
speci¯cation for other implementations of the MeML Plug-in.

Design of Woodp ecker

Woodpecker is a prototypeMeML Plug-in whoseobject-oriented designis shown in Figure 7.
Woodpecker is implemented asan Activ eX control (.OCX) for Netscape Navigator (NN) and
Internet Explorer (IE) on MS/Windo ws and asa NN plug-in on UNIX and other platforms.

As a pieceof software, Woodpecker consistsof a C++ program (the plug-in), a library of
Javascript event handlers and other support programs, an MeML XSLT template, and an
MeML DTD.

The Woodpecker designidenti¯es major objects, de¯nes relationshipsamongthe objects,
the Web browser, the document (Web page), WME services,as well as the third-part y
WebEQ applet and MathPlayer plug-in.

Woodpecker page-support objects (pso) take the form of generatedXHTML code (form
for example) and embeddedplug-in/Activ eX controls. Each support object, in the DOM
spirit, exposesa set of well-de¯ned methods and properties that constitutes its Javascript
API. Page-support objects may generatespeci¯c events to interact with the Woodpecker
Plug-in. Many page-support objects embed in XHTML via the <object> element. The

11



Event Handlers

Event
Method Call &
Property Access

Math Graph
Student
Model

Computation
More Plugin/

ActiveX
WebEQ/

Math Player

X-Wrapper DOM

XMEC
RDF

Model
WME
Query

MCP MESP LWS

Interact

System
Objects

Figure 7: Woodpecker Design

embedding is de¯ned in the MeML XSLT template and performed by the XSLT processor
at pagetranslation time.

The Woodpecker Javascript library suppliesevent handling and generationcapabilities to
page-support objects. The pso-to-library interface is currently ad hoc. A uniform speci¯ca-
tion of the pso-to-library interfacecan enablesystematicdevelopment of pso's.

As the end-userinteracts with the page through the browser, Woodpecker is activated
through speci¯c events to perform required tasks in support of the MeML-de¯ned user in-
teraction. Each event handler performs its preset actions, accessingmethods/properties of
page-support objects and modifying the pagecontent through DOM.

The event handlerscan apply changesto any target node on the DOM tree as long as the
node or its location information is madeavailable.

In addition to pso's,major Woodpecker modules include:

² The WME service module|to accesseslocal and remoteWME services,asspeci¯ed in
the MeML page,and integratesresults retrieved into the page.

² The MCP module|to implement the Mathematics Computation Protocol. It is es-
sential for MeML Plug-In to interact with remote IAMC servers which can provide
dynamic mathematicscomputing.

² The MESP module|to implement Mathematics Education Service Protocol. This
protocol handlesall educationalservicerequests.

² The LWS module|to handle local WME service. It makescalling local servicessame
as calling remote WME services.

² The WME Query module|to provide a uniform interfacefor pso'sto call all typesof
WME services
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² The XMEC module|to help convert among di®erent mathematical data encodings.
This module is an application of the eXtensibleMathematicsEncoding Converter [38].

² The Record-keepingmodule|to record information such as user activities, progress,
and correlations between student knowledgeand education topics. The stored data
¯les enableperformanceevaluation and diagnosisof learning di±culties.

The Woodpecker designalsoaddressesserviceintegration with other in-pageobjects and
client-side plug-ins, such as the WebEQ applet, the MathPlayer plug-in, and other mathe-
matics renderers/editors. Woodpecker aims to interface with such external programs in a
similar way as it treats pso's. Becauseexternal programsvary in implementation method
and API, we will usean X-Wr apper, written in Javascript, to hide the interfacedetails and
encapsulatetheir functions into a uniform interface.

Woodp ecker Page Pro cessing

Accessingan MeML pagefrom an MeML-enabledbrowser results in the following sequence
of events:

1. The MeML pageis sent from the target Webserver underthe content typetext/x-MeML .

2. The MeML-enabledbrowsercallsXSLT to translate the pageinto a regular Web page.
The MeML translation rules [37] are madeavailable to the XSLT. The resulting page
will typically contain generatedpso's, and Javascript controls. It may also include
dynamically computedcontent obtained from WME services.

3. The translated pageis displayed in the browserwindow and ready for userinteraction.

4. MeML speci¯ed user interactions are supported by event handlers triggered by the
browser. The interaction may be supported by WME services.Results of user inter-
actions can be displayed through the DOM interface.

The browser,not the MeML Plug-in, calls XSLT. This way, the MeML Plug-in can focuson
support for MeML processing.

As a small example, the diagram element (with id sincurve in Section 4) is translated
into the following XHTML code:

<div class="diagram" id="sincurve">
<table>

<caption style="caption-side: bottom"
class="diagram"> Diagram 1 </caption>

<tr><td>
<object id="plot" classid="clsid:..." >

<param name="operation" value="plot2d" />
<param name="variable" value="gen_id_1" />
<param name="function" value="gen_id_1" />
<param name="range" value="gen_id_3" />
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</object>
</td></tr></table>

</div>

Here, the plot object is a concretepso example. The generatedid s are internal variables
usually with more complicatedstring names.

WME Page Pro cessor Lo cation

In the courseof our research on the WME framework, we have exploredtwo possibilitiesfor
deploying the WME PageProcessorthat provides support for MeML pages:

1. Placing the WME PageProcessoron the server side.

2. Placing the WME PageProcessoron the client side.

We consideredthe server-side approach, built a server module in Java, and performed
experiments with an Apache server. The server module translatesMeML pagesinto normal
Web pagesand returned the dynamically computed page back to standard Web clients.
Thesee®ortshave beenreported already [31].

Not quite satis¯ed with the server-sideapproach, we beganto investigate the client-side
approach as described earlier in this paper. Table 1 details the pros and cons of each
approach.

In summary, both approachesto deploy the WME PageProcessorare workable. But the
server-sideapproach seemsto create a bottle neck both in terms of speedand availabilit y
and in terms of persistent data storage. In comparison, the client-side approach is more
personal, customizable,and better exploits the power of distributed computing. If WME
becomeswidely used,it is possiblethat somesituations will call for the server-sideapproach
which can co-existwith the MeML Plug-ins on the Web for MathematicsEducation.

6 WME Services and MESP

The power and versatility of WME as a Web for mathematicseducation depend, in large
part, on the number and quality of servicesavailable to educatorsand students through
MeML pages.

Therearetwo broadcategoriesof WME services:mathematicsknowledgeand computation
services and mathematicseducation and pedagogy services. A WME servicereceives a set
of name-value parametersand returns a valid MeML/XHTML pagefragment. Thus, WME
serviceresponsescan be embeddedin an MeML pagedirectly.

SimpleservicescanuseCGI/HTTP andseveral such servicesarein operation at ICM/Ken t
including a fraction arithmetic service,analgebraicequationsolvingservice,anda plot/graph
service[12].

Other servicesmay provide ready accessto computation execution,de¯nitions for mathe-
matical notations, terminology concepts,theorems,rules,principles, formula, skills, patterns,
and solution templates for typical problems.
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A WME education servicecan supply dynamically generatededucation content such as
examples,exercises,and tests. Optionally such a servicemay also provide diagnosis,as-
sessment, and even automated coaching. Student performanceand progressdata can be
recordedon the client side for better customization of the educationalexperience.

IAMC and MCP provide great enablingtechnologiesfor accessinga largevariety of math-
ematical computations and for implementing WME services. But, to make WME services
easyto accessand widely usablewe still needto addressseveral issuesincluding:

² A way for a WME server to provide a list of servicesavailable.

² A way to provide and retrieve a service description for any particular service.

² A way to distinguish betweenservicetypessuch as transaction-oriented and session-
oriented services.

² A way to indicate the encoding for mathematical data.

² A formalized way to describe how to invoke a service.

Weare investigatingtheseissuesand developingthe MathematicsEducation Service Protocol
(MESP). MESP will be an application layer protocol on top of general-purposecommunica-
tion protocolssuch as HTTP, MCP, SOAP, TCP, UDP, CORBA, and others. The purpose
of MESP is to decoupleMeML pagesand WME servicesand make them interoperable.

WME servicescan also be useful at MeML pageauthoring time. An MeML authoring
tool can accesssuch servicesto obtain content materials for the author to view and select
for inclusion as static material in the pagebeing created. An authoring tool will also o®er
listings of available servicesthat canbe applied in the MeML pagefor dynamic contents and
user interactions at page-display time.

7 MeML Authoring Tool

It is possibleto construct MeML pagesby writing MeML code directly. But that can be
hard for most teachers. We are building an MeML authoring tool to make it much easier.
The design of our prototype authoring tool, MadMath, seeksto provide ease,speed, and
power to mathematicseducationcontent creators.

Components of MadMath include Woodpecker (as an Activ eX control or dynamic shared
library), MeML Parser, File Manager, MeML editor, Knowledgemanager, Previewer, Con-
¯guration manager, View manager, and Project Manager. Figure 8 shows its logical archi-
tecture.

Someof thesecomponents are described in a little more detail below.

² MeML Editor|The Editor is the GUI for MadMath.

² PageProcessor|MadMath interfacesto Woodpecker to obtain results for previewing
and to conveniently accessWME servicesto supply pagecontent at authoring time.
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Figure 8: Designof MadMath

² MeML Parser|The parserchecks incoming pagecontent for complianceto the MeML
DTD. It also builds the MeML tag namesand attributes for visual editing functions
such as drag-drop.

² File Manager|This is the MadMath interface to the local and remote ¯le systems.

² Knowledge Base Manager|This component empowers the author. It helps locate
information from MeML knowledgebasesto be included in the pagebeingconstructed.
Such information include terminology de¯nitions, concepts,skills, rules, from WME
servicesand MeML pageselsewhere.

² DOM Manipulator|The MeML pagebeingedited is represented internally by a DOM
tree and the Manipulator is responsiblefor accessingand modifying the DOM tree.

² Previewer|This allows the author to switch to the preview mode while constructing
the page. A lesscapableauthoring tool may leave this out. The author can always
preview the pagewith an MeML-enabledWeb browser.

8 Conclusions and Further Work

The WME framework designsa distributed system to enableWeb-basedmathematics ed-
ucation. WME empowers the teacher and eliminates many technical di±culties of on-Web
mathematicseducation. WME is open becauseit usesstandard Web/In ternet technologies.
WME is °exible becauseit allows educatorsto easily composeand create teaching mate-
rials and obtain automatically generatedcontents. WME is widely available becauseit is
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served by standard Web servers and accessedby standard Web browserswith the MeML
Plug-in. WME is powerful becauseit allows anyoneto build WME serversthat are immedi-
ately usableby educatorswithin any MeML page. Finally, WME can elevate the quality of
the mathematicseducationbecausestudents and teachers have accessto servers and pages
built by experts world-wide, and becausemathematical ideascan be reinforced with real-
istic examples,interactive experiments, and instant visualizations. WME has the potential
of becominga valuable tool for teachers and students of mathematics and can be applied
°exibly in many educationalcontexts.

Sowhat doesWME do that other approachesdon't? The answer perhapsis that \WME
aims to build a Web for Mathematics Education".

The whole WME architecture is designedso that mathematicseducationcontent (MeML
Pages),computational and pedagogicalservices(WME services),can all be built indepen-
dently, maintained independently, placedanywhereon the Internet, deliveredto any browser,
and stil l interoperate and take advantageof one another. Clearly, achieving the highest level
of °exibilit y and scalability in the way mathematicseducation content can be created,de-
ployed, and maintained, is a major concernof ours and an essential part of our research.

Wehavepresented the designand architecture for WME. Much work is aheadbeforeWME
can be a successfulreality. Re¯nements for the design,interfacede¯nitions, detailed speci¯-
cation of the MeML languageand all its elements must be consideredand tested. Emerging
technologiessuch as SOAP[25], UDDI[26], and WSDL[35] may prove useful to i) locate and
discover WME serverswith desiredcapabilitiesand ii) interoperatewith additional software
available under the form of Web services[5]. Software prototypes must be developed fur-
ther and madeavailable for the research community and mathematicseducationexperts for
comments, experimentation, and critical evaluation.

Hopefully, the WME framework can becomean enabling technology for practical math-
ematics education on the Web and will create new opportunities for educators, service
providers, as well as further R&D.
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Client-side (Plug-in) WME Page
Pr ocessor

Server-side WME Page Pr ocessor

Pr os

4 No restriction on placement of MeML
pages and no load on Web server, less In-
ternet tra±c.
4 Handling oneuserat a time makesit easy
to personalizeand customize.
4 Abilit y to use local ¯le system for persis-
tent educational data.
4 Fast and e±cient user interaction.
4 Close integration with browser.
4 Simple to cooperate with other client-side
components such as MathML renderer and
Mathematics editor.
4 Simple to support user interactions with
remote WME services.
4 Easy integration/in teraction with MeML
authoring tool.

4 Standard browserscan be useddirectly with
no plug-in to download or install.
4 Transparent WME Page Processor up-
grades.

Cons

5 Users must download and install plug-in
initially and for each new version.
5 Porting for di®erent browserson di®erent
operating systems.
5 Potential limitations on Internet access
due to client-side settings and ¯rew alls.

5 Only Web servers with Page Processorcan
supply MeML pages.
5 Increased server load creates scalability
problems.
5 Must keeptrack of individual usersand ses-
sions, making it di±cult to personalizewith-
out extensive user account and database sys-
tem support.
5 Must have di®erent implementations for dif-
ferent servers/OS.
5 Di±cult to support user interactions with
remote WME services.
5 Must maintain server-sidedatabasefor per-
sistent educational data. This can be hard
and createsa large scalability problem. Even
if a server installation will maintain such a
database, its use with other MeML-enabled
servers can be di±cult.

Table 1: WME PageProcessorLocation Pros and Cons

20


