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Abstract. A broad spectrum of electronic commerce appli-
cations is currently available on the Web, providing services
in almost any area one can think of. As the number and va-
riety of such applications grow, more business opportunities
emerge for providing new services based on the integration
and customization of existing applications. (Web shopping
malls and support for comparative shopping are just a couple
of examples.) Unfortunately, the diversity of applications in
each specific domain and the disparity of interfaces, applica-
tion flows, actor roles in the business transaction, and data
formats, renders the integration and manipulation of applica-
tions a rather difficult task. In this paper we present theAp-
plication Manifoldsystem, aimed at simplifying the intricate
task of integration and customization of e-commerce applica-
tions. The scope of the work in this paper is limited to web-
enabled e-commerce applications.We do not support the inte-
gration/customization of proprietary/legacy applications. The
wrapping of such applications as web services is complemen-
tary to our work. Based on the emerging Web data standard,
XML, and application modeling standard, UML, the system
offers a novel declarative specification language for describ-
ing the integration/customization task, supporting a modular
approach where new applications can be added and integrated
at will with minimal effort. Then, acting as an application
generator, the system generates a full integrated/customized
e-commerce application, with the declarativity of the speci-
fication allowing for the optimization and verification of the
generated application. The integration here deals with the full
profile of the given e-commerce applications: the various ser-
vices offered by the applications, the activities and roles of
the different actors participating in the application (e.g., cus-
tomers, vendors), the application flow, as well as with the data
involved in the process. This is in contrast to previous works
on Web data integration that focused primarily on querying
the data available in the applications, mostly ignoring the ad-
ditional aspects mentioned above.
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1 Introduction

Electronic commerce applications support the interaction be-
tweendifferent parties participating in a commerce transaction
via thenetwork, aswell as themanagementof thedata involved
in the process [50]. The Internet provides access to a large
and diverse body of such applications, e.g., book and record
stores, supermarkets, train andairline reservation systems, etc.
The variety of available applications makes electronic shop-
ping appealing for both customers and entrepreneurs. From
the customer’s viewpoint, the provision of electronic stores
makes comparative shopping possible, allowing customers to
browse, compare, and order goods selectively. From the en-
trepreneur’s viewpoint, the variety of available applications
generates new business opportunities for providing new ser-
vices by integrating, enhancing, or customizing existing e-
commerce applications:

1. Comparative shoppingservicesareobtainedby integrating
several stores, providing the user with a uniform interface
for posing requests, and having the application interact
with the different stores to find the best bargains (for ex-
ample, see [22,18]).

2. Integration of complementary services may also be use-
ful. For instance, existingairline, train, car rental, andhotel
reservation systems can be combined within one applica-
tion offering an integral traveling service.

3. Existing applications may also be customized for special
needs. For example, a pornographic bookstore can be ob-
tained from a regular bookstore by supplying a wrapper
that provides the appropriate user interface, restricts the
search to the above category, and possibly gives some ad-
ditional facility for hiding the customer’s identity.

Unfortunately, thediversity of applications in each specific do-
main and the disparity of interfaces renders the integration and
manipulation of applications a rather difficult task: application
data (e.g., store catalogs, form attributes) may have different
formats, making the collection and comparison of data com-
plex. In addition, the application flow, the roles of the various
actors participating in the application, and the API may vary
widely among applications, complicating the coordination of
activities performed in the component applications.
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To some extent, standardization may help here. Indeed,
in recent years there has been an intensive effort to develop
standards for e-commerce applications in specific domains
[10,17,28,20]. This however provides only a partial solution:
(i) customization of existing applications to the new standards
faces essentially the same challenges as in item 3 above; (ii)
althoughmoreuniform, thenewstandardsobviously still leave
some design freedom to the application developers; and (iii)
one may still want to utilize existing useful applications even
if not conforming to the new standards.

Asatisfactory solution to the integrationandcustomization
of e-commerce applications has to deal with the application
flow and interaction between the various parties participating
in the business transaction, as well as with the data involved in
the process. In recent years there has been a significant amount
of research ondata integration and customization (see for in-
stance, for a very small sample, [11,14,12,37,32,39,21]). The
focus of these works, however, has been onqueryingthe data
available inWeb applications. The additional services offered
by the applications, the roles of the various actors participating
in the business transaction and the interaction between them,
and the application flows, were mostly ignored (except per-
haps for some description of the screen sequence needed to be
traversed to obtain the searched for data). In contrast, theAp-
plicationManifoldsystem (AM for short) presented in this pa-
per offers an integral solution to the integration/customization
problem, covering, in one framework, both the dataand the
operational aspects the of e-commerce applications. The sys-
tem provides:

1. A novel declarative specification language for specify-
ing the integration and customization task; then, acting
as an application generator, the system generates acom-
pleteintegrated/customized e-commerce application, with
the declarativity of the specification allowing for the opti-
mization and verification of the generated application.

2. An infrastructure based on the emerging Web standard,
XML (the eXtended Markup Language [45]) and UML
(the Unified Modeling Language [41]), for the modeling
of the applications data and flow, respectively.

3. Amodular approach where new applications can be added
and integrated at will with minimal effort.

The specification of anAM application then has two parts: the
first models the target integrated/customized application with
which the user will interact. (We will refer to this application
asglobal.) The second describes the actual underlying Web
applications and their relationship to the global one. (We will
call these applicationslocal). A key observation is that local
applications can be modeled as specialviewsof the global ap-
plication. This is in a sense an adaptation of theInformation
Manifold (IM) paradigm [37], used for data integration, to
the context of e-commerce applications integration (hence the
nameApplicationManifold). In IM, local data is modeled as a
traditional view of the global data. Then, queries on the global
data are processedby rewriting into queries over the local data.
A significant difference here is that while IM focuses only on
dataandqueries, AM covers the full profile of e-commerce
applications: at execution time,all the operations/interaction
of the various actors participating in the global application are
rewritten into relevant processing in terms of the local applica-
tions, (possibly with some additional global processing). This,

of course, requires the AM view specification language to go
beyond the traditional data-oriented view languages and han-
dle all aspects of the application and not just the data. Conse-
quently,AM introducesanovel rewritingparadigm,enhancing
the traditional query rewriting with arefinementmechanism
dealing with the operational aspects of the application. A ma-
jor advantage of the approach is that the addition of a new
local source to an integrated application is rather convenient,
typically requiring only the specification of the source view
in terms of the global application (and the supply of a corre-
sponding wrapper for the source).

Limitations. The scope of work in this paper is limited to
web-enabled e-commerce applications.We do not support the
integration/customization of proprietary/legacy applications.
The wrapping of such applications as web services is comple-
mentary to our work. Choosing to describe local application
as views over a global application (see also discussion in next
section) has some tradeoffs. Themain advantage is that by us-
ing the global application as a basemodel and describing local
applications in the way they relate to this model, we actually
define the semantic andglossaries of the integrated application
in one coherent framework. No further mapping between data
or methods is needed. However, a resulting limitation is that
one canonly usedata andmethodof the local applications, that
are specified in the global model. For example if a bookstore
offers a special feature as publishing the TOC, which is not in-
cluded in the global model, it will not be available for users of
the global integrated application. Similarly, the granularity of
the global application building blocks cannot be more refined
than that of the local ones. For example, if the global appli-
cation offers a purchasing process consisting of two separate
steps – (i)submission of delivery information; and (ii) pay-
ment – it will not be possible to use a local application where
the two actions can only be performed simultaneously in a
single screen/command. Thus, to utilize as many local appli-
cations as possible, the structure and granularity of the global
application should be specified carefully using the available
knowledge on the relevant local applications.

The paper is organized as follows. We start in Sect.2 by
considering relatedwork. Section 3 introduces our datamodel,
query language, and application flowmodel on which we rely
for the specification of global and local applications, and the
system architecture. In Sect. 4 we introduce our running ex-
ample and use it to illustrate various components of an AM
application specification. The semantics of such a specifica-
tion is then explained in Sect.5. The system implementation
is discussed in Sect.6. Finally, we conclude in Sect.7.

2 Related work

Our datamodel and specification language are inspired by [1],
where a system calledActiveViewswas proposed for the gen-
eration of new e-commerce applications. However, the goal
of our AM specifications (hence, also the semantics of the
specifications and type of the corresponding generated appli-
cations) is completely different: while ActiveViews specifica-
tionswere used for constructingnewe-commerce applications
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from scratch, the AM system tackles the integration and cus-
tomization ofexistingWeb applications; this is not supported
at all by ActiveViews.

Software integration vs data integration.In recent years, sig-
nificant research effort has focused on softwaremodules com-
position and reuse. Much work has been done in the context
of object-oriented programming, mainly considering compo-
nents and frameworks for semi-finished software architectures
[31,40]), including compositionmodels, languages, tools, and
methods for constructing flexible software systems.A higher-
level approach, more suitable for the composition of Web ap-
plications, is Megaprogramming [48]. For instance, the
CHAIMS project [13], handles the composition of remote ser-
vices, typically provided by autonomous suppliers.As inAM,
the architecture is based on a repository of services includ-
ing locations, protocols, and data types, and of wrappers for
services not supporting the CHAIMS protocol. However, the
focus of work in this area is mainly on the client’s develop-
ing environment, invocation of services, parallel execution,
scheduling, and parameter handling, while the actual integra-
tion of data manipulated by the modules and the profile of the
associated e-commerce applications are mostly ignored.

Data integration has been the focus of much recent re-
search [11,14,12,37,32,39,21]. However, the emphasis was
on queryingthe data available in Web applications. The ap-
plication flow, when considered, is mostly limited to the nav-
igation process needed for extracting dynamic web content
(data extracted by fillingmultiple forms) [21]. Following these
lines, many commercialWeb sites, like comparative shopping
services, that use the above technology, are not much more
than search services; when shoppers wish to perform a pur-
chase, they are directed to the merchant web sites (e.g., [18,
22]). Some sites do provide purchase capabilities (e.g., [49,
5]), but these are often based on pre-agreement with the mer-
chants, using hard-coded interfaces or maintaining merchant
catalogs, as opposed to our system which generates a full in-
tegrated Web application in a transparent way that does not
necessarily demand the source site’s cooperation. An excep-
tion is [7] that enables both product search and purchase in
multiple sites, and which was released about the same time
as our prototype. However, since no information is available
regarding the internal structure of the product, one cannot tell
whether the underlying technology is dedicated specifically to
comparative shopping or provides a generic support for appli-
cation composition.

Industrial standardization.Asmentioned in the Introduction,
there has been an intensive effort to develop XML standards
for e-commerce. Some of these standards handle the proto-
cols and the content of the data to be exchanged. This in-
cludes various efforts to move EDI vocabularies into XML
(RosettaNet, X12/TG3 workgroup and UN/EDIFACT’s Sim-
ple EDI) and the cXML [20] driven byAriba which offers is a
set of lightweight XMLDTDs: a simple request/response pro-
tocol, definitionof purchaseorder andpurchaseorder response
transactions, and the definitions for catalog data. However,
each requires that all participating partners obey their unique
single standard. There are also several competing efforts to
develop frameworks that support multiple standards: BizTalk
[10] driven by Microsoft focuses on an envelope to be used

to describe XML contents, routing information and design
guidelines for using XML. The eCo [17] framework driven by
CommerceNet supports a discovery process of trading part-
ners and the supporting description of processes, documents,
and data elements. E’speak [28] driven by HP deals with the
descriptionof resourcesbut not the contents of the transactions
or the format of the datawithin it.Although the last three allow
one to use a given set of different standards, they do not handle
the integration of information nor do they support the integra-
tion of applications that do not conform to these standards.
We will also mention several efforts, based on various stan-
dards, in the area of inter-enterprise workflows: eFlow [29] is
a platform that supports the specification, development, and
management of composite e-services. The platform provides a
mechanism for defining services by composing basic services
that conform to standards such as OTP, OBI, RosettaNet or
e’speak. The CrossFlow [19] architecture, based on commer-
cial workflow management systems, supports both contract
making and services enactment by using service templates.
The CMI [16] is a research effort aimed to expand and com-
plement traditional workflow with a new collaboration tech-
nology that supports thecoordinationof activitiesandprovides
process-based application integration. These projects, like the
frameworks described above, are also limited to integration of
applications that conform to standards, and have no support
for data integration.

Local-as-view vs global-as-view.The AM paradigm is an
adaptation of the Information Manifold (IM) approach [37],
used for data integration, to the context of e-commerce appli-
cations integration. In IM, local data ismodeledasa traditional
view of the global data. A significant difference here is that
AM views cover the full profile of e-commerce applications,
not just the data. As opposed to the IM paradigm for data in-
tegration, where local sources are modeled as views of the
global schema, the TSIMMIS project [32] suggests an inverse
paradigm,modeling the global data as a view (composition) of
the local data.Wehavechosen thefirst approach for its suitabil-
ity formodular applicationdevelopment,where the integration
of new local applications into an existing system is rather con-
venient, requiring only the specification of the source view in
terms of the global application and, when needed, the supply
of an appropriate wrapper for the source. This is important in
our context since new e-commerce applications are added to
the Web every day and existing applications are often modi-
fied. Reducing the amount of work involved in incorporating
new applications or adjusting to changes is thus an important
factor.

It should also be noted that, in any case, no matter which
specification direction is chosen (i.e., local as viewor global as
view), since the information flows in both ways (local data is
integrated and passed to the global application, while updated
global data and user input is sliced and distributed among the
local applications), the inversemappingwill beneededaswell.
In our case this is generated automatically – AM introduces a
novel rewriting paradigm, enhancing the traditional maximal
view rewriting with arefinementmechanism dealing with the
operational aspects of the application. In addition, for the data
part, most of the previous work on maximal view rewriting
has been in the context of relational data. Works dealing with
more complex data models, like semi-structured and OODB
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Application applicationname

Actor actor-kind1 in application applicationname
data specification
methods specification
activities specification
application flow specification

...
Actor actor-kindn in application applicationname

...

Fig. 1.Application specification

data, considered only exact query rewriting [8] (rather than
maximal) and query containment [38]. A contribution here is
the consideration of maximal view rewriting in the context of
XML data, providing executable queries to combine data from
several XML sources.

3 Preliminaries

Handling e-commerce applications from different sources re-
quires a common framework in which the various applications
and their data can be presented andmodeled.As demonstrated
in [1], a typical e-commerceapplicationcanbeabstractlymod-
eled by specifying the kinds of actors participating in the ap-
plication and for each actor describing: (i) the data available
for the actor and its access rights; (ii) the possible operations
(methods) on the given data; (iii) the various activities that the
actor may be engaged in, with the subset of data/operations
relevant for each activity; and (iv) the application flow. To il-
lustrate these components consider an example e-commerce
application; an electronic bookstore. Typically such a store
involves several types ofactors, e.g, customers and vendors.
It also involves a significant amount ofdata, e.g., the book
catalog (typically searched by customers) or the promotion
information (typically viewed by customers and updated by
vendors). Observe that each of the actors may utilize different
parts of the data (e.g., a customer can only see his/her own
orders and the promotions relevant to his/her category, while
vendors may view all the orders and promotions), each may
have differentaccess rightsfor the data (e.g., promotions can
be updated only by certain vendors), and may perform differ-
entoperations. Each actor typically performs severalactivi-
ties, e.g., a customer may besearchingthe catalog,ordering
books,changinga passed order. Observe that in each of these
activities, the actor may be facing a different Web page that
possibly includes only part of the data and operations avail-
able to that given actor. Observe also that actions performed
by an actor in a particular activity may initiate other activi-
ties/actions. For instance, when a customer orders a product,
we may want to update the stock; when promotion is updated,
we may want to refresh the customer’s screen with the new
data.

The form of the general specification of an application
(both global and local) is illustrated in Fig1.

The concrete syntax used for each part of the specifica-
tion of global and local applications is given in the following
sections. Readers familiar with [1] will notice that to some ex-
tent that our AM syntax resembles that of [1] – after all, both

systems are used for constructing e-commerce applications. It
is important to note however that the goal, hence semantics,
here is different: in [1] specifications are used for construct-
ingnewe-commerce applications fromscratch, with data and
methods coming from a given database system (e.g., a new
electronic bookstore with a catalog and customer information
stored in a specific database). Hence thedata part, for ex-
ample, describes which part of the given database is viewed
by each actor, and themethodspart provides the code for
the methods available for the actor. In contrast, AM specifi-
cations describe the integration and customization ofexist-
ingWeb applications (e.g., the integration of several existing
electronic bookstores into one giant bookstore). Hence the
data/methods/activities/flowparts of the specificationdescribe
how the data/methods/activities/flow of the integrated global
application are realized in terms of the corresponding local
ones. To prevent confusion it should also be noted that while
both [1] and AM use the termview, the context and usage is
completely different: while the first uses traditionaldatabase
viewsfor describing the portion of the database that is avail-
able for the actors participating in the application, AM uses
application viewsfor modeling the local applications as views
of the global integrated application.

Before describing the syntax and semantics of the lan-
guage, we give some minimal background on: (i) theXML
standard used for the modeling of data; and (ii)UML and the
State Chartsformalism that will be used throughout the paper
for the modeling of application flows. Then we present the
architecture of theApplication Manifold(AM) system which
relies on the above.

3.1 Data model and query language

XML [45] is emerging as the new standard for data exchange
on the Web. Since our goal is to support Internet applications
such as e-commerce, we chose this emerging technology as
the basis for our work. We will model the applications data
using XML and use an XML query language for describing
the data portion of the applications view. For lack of space, the
presentation of XML here is rather brief, mostly via examples
(that will also serve as a running example in the rest of the
paper). Full definitions of XML and the XML query language
can be found in [45,24].

An XML document features tags describing the logical
structure of the document. To see an example, consider Fig.2
which shows a fragment of an XML document describing
a book catalog summarizing information from several Web
bookstores. The<Category > and </Category >
tags are used to delimit the information corresponding to one
catalog category. Each category item consists of a sequence
of tagged sub-items such asCategory Name, Book , etc.

An XML document can be typed. This is achieved by
means of a Document Type Definition (DTD). Figure 3 shows
a possible DTD for the document in Fig.2. One can also de-
fine attributes for certain items (see, e.g., theReviews item).
In particular, we will use in the sequel the attribute name
ACCESSto specify the allowed access rights for the given
data items. (HereReviews can be read or added but not
deleted/modified.) For brevity we will assume that the de-
fault access right for an item isread only, and will explicitly
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<Catalog>
<Category>

<Category_Name> Literature & Fiction </Category_Name>
<Book>

<ISBN>12445</ISBN> <Title>Bridget Jones’s Diary</Title>
<Authors><Author>Helen Fielding</Author></Authors>...
<Stores>

<Store> <Storename>BookStore 1</Storename> <Price>$10.39</Price> ...
<Reviews> <Review> Screamingly funny - USA today </Review>

<Review> Unforgettably droll - Newsweek </Review> </Reviews> </Store>
<Store> <Storename>E-BookStore</Storename> <Price>$12.95</Price> ...

<Reviews> ... </Reviews> </Store>
</Stores>

</Book>
<Book> ... </Book>
...

</Category>
<Category> ... </Category>
...

</Catalog>

Fig. 2.The global book catalog

〈!ELEMENT Catalog (Category ∗) 〉
〈!ELEMENT Category (Category Name,Book ∗) 〉
〈!ELEMENT Book (ISBN,Title,Authors,...,Stores) 〉
〈!ELEMENT Authors (Author ∗) 〉
〈!ELEMENT Stores (Store ∗) 〉
〈!ELEMENT Store (Storename,Price,...,Reviews 〉
〈!ELEMENT Reviews (Review ∗) 〉
〈!ATTLIST Reviews ACCESS (read,append) #IMPLIED 〉
〈!ELEMENT ISBN #PCDATA〉
...
〈!ELEMENT Review #PCDATA 〉

Fig. 3.The catalog DTD

specify the attribute only when different from the default. In
general, typing is not a mandatory feature in XML, i.e., one
can have documents, or document parts, without an associ-
ated DTD. However, since most optimization techniques rely
on typing, it is realistic to assume that large XML applica-
tions will come with appropriate DTDs. In the sequel, we will
denote element type definitions using theElem suffix. For
instance,CatalogElem will denote the type definition as-
sociated with the catalog element of the DTD given in Fig.3.

So far, XML does not provide a standard query language.
However, there is a major standardization effort in that direc-
tion [24,46,47].Our goal here is not to proposeanew language
or to compete against the upcoming standard. Indeed, we in-
tend to use this standard as soon as it becomes available. In
the meantime, we will rely in this paper on the XML-QL lan-
guage [24] to query XMLdocuments.1 For example, the query
in Fig.4 searches the global books catalog for books sold by
"BookStore 1" and constructs the store’s catalog: TheWHERE
clause describes the pattern to be searched for in the data.
The relevant items are bound to the variables $X,$Y,$Z,$P,$Q.
Then, for each such variable assignment, a book element with
structure as is the CONSTRUCT clause is constructed. The
nested query there basically “flattens" the Reviews item, ob-
taining book items with structure〈!ELEMENT BookStore1
Book (ISBN,Title,Authors,Price,Category Name,
Review ∗) 〉

XML-QL also supports regular path expressions in addi-
tion to constant labels. For this work we used only a fragment

1 Observe that [1] used the Lorel [3], rather than XML-QL, as
query language. The change is not significant and is only for presen-
tation convenience.

of the language, focusing on simple paths only. This simpli-
fies the task of data integration (to be explained later) and
seems sufficient for the applications that we considered. An-
other feature supported by XML-QL are Skolem functions in
the CONSTRUCT clause, typically used for the grouping of
several elements into one element. Since grouping can also be
achieved using nested queries[24], we will assume below that
our views use only nested queries.

3.2 Application flow

We useState Charts[33] to describe the application flow and
to capture the fact that actions performed by an actor in a
particular activity may initiate other activities/actions.2 Be-
sides providing a rich and flexible visual formalismwhere user
activities can be modeled, State Charts support arefinement
mechanism (to be described below) that provides convenient
means for themodelingof the integrationof applications.State
Charts are also part of UML (Unified Modeling Language)
[41], the emerging standard for the modeling of applications,
hence, together with XML, provide a solid basis for our work.

We give below a brief overview of State Charts. For a
detailed description see [33,34]. A state chart is ahigraph
(see [34]) consisting of rounded rectilinear blobs representing
states, possibly nested and linked by transitions. A simple
state chart is shown in Fig.5. The state names, when sig-
nificant, are written in the small rectangle attached to the
top of the state (e.g.,SearchActivity, ShoppingCartActivity,
SearchMethod). The arrow emanating from the black dot sig-
nifies an initial state. A transition is denoted by an arrow and
labeled by the name of the event causing the transition (e.g.,
gotoSearchActivity, search, browse). They can also have an
associatedguarding condition– a Boolean expression that
evaluates to True or False. The transition occurs only if the
guard is True. Guards are written within square brackets fol-
lowing the event name (e.g.,search[valid(SearchParams)] ).
A state may have associated actions that are executed on entry
to the state or upon exit from the state, e.g., when entering the

2 In [1] active rules (triggers) were used instead. We have chosen
hereStateCharts since they generalize the active rules in severalways
and are more suitable for the modeling of applications integration.
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<BookStore1_Catalog>
WHERE <Catalog>

<Category>
<Category_Name> $C </>
<Book>

<ISBN> $X </> <Title> $Y </> <Authors> $Z </>
<Stores>

<Store>
<Storename>"BookStore 1"</> <Price> $Q </> <Reviews> $P </>

</> </> </> </> </>
IN "GlobalBookStore/catalog.xml"

CONSTRUCT
<BookStore1_Book>

<ISBN> $X </> <Title> $Y </> <Authors> $Z </> <Price> $Q </> <Category_Name> $C </>
WHERE <Review> $R </> in $P
CONSTRUCT <Review> $R </>

</>
</>

Fig. 4.XML-QL Query

SearchMethodstate, the methodsearch() is executed; then
the state is exited, and the eventgotoShoppingCartActivity
is signaled (causing transition to theShoppingCartActivity
state). Parallel execution of activities can be described using
orthogonalstates, graphically separated by dashed lines (see,
e.g., Fig.22, to be discussed in detail later on). State Charts
also support arefinementmechanism that allows simple non-
composed states (e.g.,SearchMethod) to be associated with
a detailed state chart describing the actual implementation of
the component, hence providing a modular description appli-
cations.

The UML State Charts semantics [41] that we use here
assumes that a state machine described by a state chart re-
acts to events applied to it by some external objects. Event
processing by the state machine is partitioned into steps, each
of which is caused by an event directed to the state machine.
The fundamental semantics assumes that events are processed
in sequence, where each event stimulates a run-to-completion
(RTC) step. The next external event is dispatched to the state
machine after the previous step is completed. Once an event
instance is dispatched, it may result in one or multiple tran-
sitions being enabled for firing. By default, if no transition is
enabled, the event is discarded without any effect.

3.3 The application manifold architecture

The AM system is based on a client/server architecture. An
AM application consists of several independent clients com-
municating with the AM server and possibly between them
(via the server) using an XML-based API. Figure 6 shows
the various components of one application (obviously, several
such applications may run simultaneously on the server).

As mentioned above, an AM application consists of: (i) a
(virtual) global application with which the user interacts; and
(ii) the (actual) local applications implementing it. The task
of the AM is to accept a request from clients of the first kind
and process them by communicating with applications of the
second kind. The communicationwith the underlyingWeb ap-
plications is done via wrappers that translate the standardAM
API requests to application-specifichttpcalls (and in the oppo-
site direction mapping the obtained data to the corresponding
AM XML-based representation).

TheAMconsistsof fivemaincomponents, sketchedbelow.
The request parserreceives user requests (messages in

XML format), parses them and passes the constructed request

objects to therequest rewriter. This consults the specification
of the given application, and rewrites the request into a cor-
responding state chart, expressing the request in terms of the
local applications. Thevalidation moduleverifies the correct-
ness of the construction (e.g., the capabilities of the various
sources and the adequacy of the passed parameters). The state
chart is then passed to theapplication manifold enginefor
execution. The engine is in charge of communicating with
the various sources, passing and receiving data and requests,
and maintaining information about the current state of each
application. Theresults integratorprovides data integration
services for the data accumulated in the processing. The en-
gine is also in charge of communicating with the user, passing
request results and relevant notifications. The request rewriter
and the application manifold engine use an XML repository
(omitted from the figure): the AM application specifications
are stored in the repository and the request rewriter consults
it for selecting the components relevant to the given request.
Similarly, the repository is used by theAMengine to store and
manipulate the data and state information accumulated in the
processing.

4 Example

We will illustrate things throughout the paper using a sim-
ple running example – a global book store which integrates
services offered by several bookstores on the Web. Note that
although similar to some of the applications available on the
Web for comparative book shopping (e.g., [22,49]), our em-
phasis here is different: our goal is not to present yet another
comparative shopping application but rather to demonstrate
the core technology behind the AM system, which enables
a declarative specification and generation of arbitrary inte-
grated/customized e-commerce applications (with compara-
tive shopping being just one possible instance). We present
below the application specification. The semantics of such a
specification is then explained in the following section. Our
AM specification will consist of two parts, the first describing
the global bookstore application with which the user interacts
and the second describing the (relevant parts of the) actual
underlying local bookstore applications and their relationship
to the global one. We start with the specification of the global
application.
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Search_Method

Search_Activity

goto_Search_Activity

search[valid(search_params)] browse

. . .

entry: search(...)

ShoppingCart_Activity

entry: browse(...)
exit:signal(goto_ShoppingCart_Activity) exit:

Browse_Method

exit:

goto_SoppingCart_Activity

entry: read(catalog)

Fig. 5.Example of state chart
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4.1 The global bookstore

We define for each actor type participating in the global ap-
plication: (i) the data available for the actor; (ii) the possible
operations on the data; (iii) the activities that the actor can be
engaged in; and (iv) the application flow. We detail below the
globalCustomerspecification. Other actors (e.g., suppliers,
publishers) can be defined similarly.

Data and methods.Assume that the data available to a cus-
tomer includes: (i) a catalog with a structure as in Fig.3 which
can be browsed and searched using the methodsbrowseand
search, respectively; (ii) the search parameters (used as input
to the search method); (iii) the search result; (iv) a shopping
cart where items can be added or deleted; and (v) a list of the
customer pending orders with the methodsorder to place a
new order for the items accumulated in the shopping cart and
statusto check the delivery status of a pending order. The data
and operations specification for the customer actor is partially
given in Fig.7.All the data variables except the second one are
common, in the sense that their values correspond to (possibly
integrated) values originating in the underlying local applica-
tions (e.g., the catalog presented to the user will in fact be the
integration of catalog data from the local bookstores. Simi-
larly the global shopping cart is the union of the customer’s
carts in the various stores.) In contrast,searchparamsis pri-
vatein the sense that its value is supplied by the user (andmay
be passed as input to the underlying applications). Similarly,
the browse, search, andorder methods here are defined as

common catalog : CatalogElem
private searchparams : SearchParamsElem
common searchresult: (BookElem)∗

common shoppingcart : (ItemElem)∗

common orders : (ItemElem)∗

...
common method search(searchparams,searchresult)
common method browse(...)
common method order(...)
...

Fig. 7.Data and methods of the global customer

common: their actual code is not specified in the ActiveView;
instead they will be implemented by communicating with the
underlying applications, issuing (possibly a sequence of) lo-
cal methods. In addition to the methods listed explicitly in
the specification, we also have read/write/append/... methods
for the various data elements, according to the access rights
specified in the element DTD.

Activities and flow.Assume that a customer can be engaged
in four activities: (i) login into the system; (ii) searching the
catalogue; (iii) adding/removal of books from the shopping
cart; and (iv) placing an order. From an end-user viewpoint,
each activity corresponds to a Web page with some data and
buttons. For instance, theSearchActivity page will show the
catalog and the search criteria (to be filled in by the user),
and some buttons allowing the user to call the search and
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activity SearchActivity includes
catalog, searchparams, searchresult
search(), browse(), gotoShoppingCartActivity(), goto OrderActivity(), quit()

activity ShoppingCartActivity includes
searchresult, shoppingcart
addto cart(), removefrom cart(), gotoOrderActivity(), quit() Fig. 8.Activities of the global customer

browse methods, change activity or quit the application. The
ShoppingCartActivity page will show the search result and
the shopping cart, and some buttons allowing the customer to
add/remove elements from the cart or switch to the ordering
activity. This is specified as in Fig.8.

Finally, the application flow is defined using a state chart:
the default state chart associatedwith an actor has one state per
activity, entered whengotoActivityNamesignal is signaled.
Upon entry the values of the activity variables are read. Each
activity has substates representing the activity methods. They
are entered when the relevant method button is pressed, and
the relevantmethod is executed uponentry.One can customize
this default flow by adding components or refining the flow.
For example, Fig.5 shows part of the default customer state
chart (for brevity some of the methods and activities are omit-
ted), customized by adding a guarding condition to the search
method (verifying before execution that the search parameters
are valid). In addition, once the search is executed, the cus-
tomer is automatically switched to the shopping cart activity
to be able to add some of the selected items.

4.2 Local bookstores

Local applications are defined as views over the global appli-
cation. Then, at execution time, the user requests and flow of
the global application will be rewritten to actions in terms of
the local applications, (possibly with some additional global
processing).

Assume we are given several local applications which we
will call in the sequel BookStore1,..., BookStoreN. We de-
tail below BookStore1 (a somewhat simplified version of the
Barnes&NobelWeb site). The other applications (correspond-
ing, for example, to Amazon.com and so on) are treated simi-
larly. Upon entry to Bookstore1, the user can search the cata-
log by one of three criteria: title, author, keyword. To activate
other types of searches, the user clicks on an ‘advanced search’
button getting a Web page where he/she chooses (again, by
clicking on the relevant buttons) between two possible Web
pages: the first allowing a search by ISBN, and the second
allowing a search by one or more of the criteria, author title,
and keyword, optionally restricted by price, format, age, and
subject. The various searches return a search result including
only a short description of the retrieved books. To get more
information on a specific book, users need to click on a ‘read
more’ button next to the book, switching to a page containing
the full book data, where they can click an "add to shopping
cart” button, adding the book to their cart.

We next define this local application as a view over the
global application. It should be noted thatonly the relevant
parts of the local application need to be specified: the appli-
cationmay feature other data/activities that are not covered by
the global application; these need not be specified.

let bookstore1catalog: BookStore1CatalogElem
be Query1
let quicksearchparams: QSearchParamsElem
be Query2
let ISBNsearchparams: ISBNSearchParamsElem
be ...
let full searchparams: FSearchParamsElem
be ...
...

Fig. 9.Variable definitions in the local application

<QSearchParams>
WHERE <SearchParams> <$P> $Q</> </>

IN "GlobalBookStore/SearchParams.xml"
$P in {Title,Author,Keyword}

CONSTRUCT <Criteria>
<$P> $Q </>

</>
</>

Fig. 10.Query2

Data. The local customer data here includes, among others,
the catalog, the three types of search criteria, the search result,
and the shopping cart. The structure and access rights are de-
finedbya localDTD (omittedhere) andmaydiffer from that of
the corresponding variables in theglobal application.The vari-
ables value is defined as a view (query) over the global data,
basically projecting out the data originating from the given
application. This is illustrated in Fig.9 above, where Query1
is the query of Fig.4, retrieving the BookStore1 portion of the
global catalog, and Query2 is the query in Fig.10, retrieving
the ‘quick search’ parameters (title,author,keyword), if they
exist, from the global search criteria. In general each local
variable is defined as a query over one variable of the global
application. Recall that we distinguished here betweencom-
monandprivate variables (e.g.,catalogvs searchparams).
Following the same terminology we will refer to the local
variables defined by queries over common(private) variables
as common(private).

In addition to the above data variables, which correspond
to variables of the global application, the local applicationmay
use some additional local variables: Web applications often
maintain information about the user’s state/context in cookies
and variables that are passed to the user’s browser and sent
back to the application server with each user request. To con-
tinuewith our example, assume, for example, that BookStore1
alsocontains (as in theoriginalBarnes&Nobleapplication) the
local variablesuserid: UidElemandlog:LogElem(here we do
not have associated queries).

Methods, activities, and flow.Once the local data and its re-
lationship to the global data is specified, we continue with
the methods, activities, and flow. The specification of a local
application (just like that of the global one) lists the applica-
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Quick_Search_Method

Quick_Search_Activity

ISBN_Search_Activity

Advanced_Search_Activity

goto_Advanced_Search_Activity

Read_More_Activity
goto_Read_More_Activity

goto_ISBN_Search_Activity

Search_Method

entry:search()

Full_Search_Activity

quick_search()

goto_Full_Search_Activity

search[valid(search_params)]

 entry:if valid(quick_search_params)
               signal(quick_search())

exit:signal(goto_More_Details_Activity)

           else signal(goto_Avdanced_Search_Activity)

entry:ISBN_search()
exit:signal(goto_More_Details_Activity)

entry:full_search()
exit:signal(goto_More_Details_Activity)

entry:if valid(ISBN_Search_params)
             signal(goto_ISBN_Search_Activity)
          else signal(goto_Full_Search_Activity)

goto_More_Details_Activity

More_Details_Activity

entry:read_more(cursor)
exit: if (cursor=select next book from Bookstore1_search_result)>0
            signal(goto_Read_More_Details_Activity)

         else signal(goto_exit)

entry:cursor=select first book from Bookstore1_search_results
          signal(goto_Read_More_Details_Activity)

goto_exit

Fig. 11.Refinement for
searchmethod

tion’s methods, activities and flow, in a similar syntax. (As in
the case of data, only the methods/activities/flow relevant to
the global application need to be specified.) The relationship
between the global and the local ones is specified via the State
Chartsrefinementmechanism: first, with each global activity
Awe associate some local activityl(A). Now, recall that each
ofA’s methods was represented in the state chart of the global
applications by a (simple) stateAm. These states are now re-
fined to include the relevant subset of the local application’s
state chart, augmented with some additional control describ-
ing the specific flow required for capturing the global method,
and havingl(A) as the initial and final states.

Example 1.To illustrate this consider, for example, thesearch
method of the globalSearchActivityin Fig.5. Figure 11 above
shows a possible refinement of stateSearchMethod, with
l(SearchActivity) = QuickSearchActivity. The bold letters
and solid lines of the refinement describe the original rele-
vant portion of BookStore1’s state chart, while the dotted lines
and italic letters describe the additional specific control imple-
menting the local versionof theglobalmethod.Recall from the
beginning of the subsection that BookStore1 has three possi-
ble search activities (quick, ISBN, and detailed), with the user
startingat thequick searchscreenand, if desired,moving to the
other two types. In addition, recall that the three corresponding
search parameters were defined above as views (queries) over

the global search parameter. The added control here basically
validates the value of the three possible local search param-
eters (i.e., the result of the corresponding view queries) with
respect to their DTDs, and executes the first applicable local
search. Now, since the search in BookStore1 returns only a
short description of the retrieved books, and since further de-
tails can be obtained only for one book at a time, the added
control also includes a new state (MoreDetailsActivity), be-
sides the original BookStore1 states, realizing a ‘read more’
iteration over the retrieved books.

Upon completion we go back to the initial state, ready to
execute additional activity methods.

Example 2.To see a less ‘query-oriented’ example, consider
theShoppingCartActivityand a methodaddto cart that adds
a list of books to the cart. Since in BookStore1 only one book
at a time can be added (and this can be done only once the book
was searched for and its full details requested and displayed),
the refinement will include an iteration (similar to the one
above) over the sub-list relevant to BookStore1 (defined as
explained above as a view over the global list), with each loop
realizing a sequence of BookStore1 activities: retrieving the
givenbook (e.g., via an ISBNsearch), obtaining its full details,
and then adding it to the actual (local) BookStore1 cart (see
Fig.12).
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Example 3.Note that while the examples above relate local
and global actors playing essentially the same role (customer
in both cases), this is not obligatory: one can use the same
mechanism to relate global and local data/activities of arbi-
trary types of actors. For example, in our global application
a customer may add reviews to the catalog. If in BookStore1
only certain vendors are allowed to modify the reviews, the
customer’s global ‘add reviews’methodcanbeassociatedwith
the relevant local vendor’s activity, and refined by a state chart
describing the necessary flow to be performed on behalf of
the vendor. Furthermore, one can realize a global method by
a combination of activities involving several types of local
actors.

Example 4.Our framework can also be used toenhanceexit-
ing applications with new services. For example, assume that
to assist users in decidingwhere to buy their bookswewant to:
(i) give the users a ‘cheapest bargains’ summary of the search
result; and (ii) record for each user his/her order history, allow-
ing him/her to annotate the list with comments regarding the
(dis)satisfaction of the given services. Now our global appli-
cation hasreal coded methods in addition to those defined by
refinement (e.g., a methodcheapestbooks, callingsearchand
then querying the obtainedsearchresult to find the cheapest
stores), andrealdata stored in the system’sXML repository, in
addition to the virtual data coming from the underlying appli-
cations.Variables in the global application can now be defined
as views over this repository data, e.g.,

let customerorderhistory: AnotatedOrderElem∗

be WHERE <AnotatedOrd><Usid> $U </></> ELEMENT AS $X
IN XML repository/OrdHist.xml

$U =self.id
CONSTRUCT <AnotatedOrd> $X </>

User requests for real data/methods are then served by the
XML repository, while the virtual ones are delegated by the
AM engine to the underlying Web applications.

Remark.One may wonder how difficult is it to model local
application and define the above refinements. It is important
to note that specifications do not require any knowledge of
underlying implementation of the local applications, but only
a rather simple analysis of their Web interface: Web pages
or frames are naturally modeled as activities, page data and
form fields as data variables, and buttons as methods. The
flow in the refinement is then essentially a description of a
typical usage of the Web interface. In the next two sections
we explain the semantics of the specification. Then we give
a detailed example of the modeling process and the runtime
operation in Sect.6.

5 How things work

Now that we have illustrated how AM applications are speci-
fied, we need to explain the semantics of such a specification.
As shown above, the specification of the local applications
consists essentially of two parts, the first modeling the local
data variables as views (queries) over the global variables, and
the secondmodeling the local application flow as a refinement
of the global one. We will start by considering the more stan-
dard part – the data variables. Next we will consider the flow
and explain how the two parts work together.

5.1 Data

Applications contain two types of variables,privateandcom-
mon. The value of private variables (e.g.,searchparams) in
the global application is supplied by the user. The value of the
corresponding variables in the local applications (e.g.,quick
searchparams, ISBNsearchparams, fullsearchparams) is
computed by simply evaluating the queries associated with
the variables.

For common variables (e.g.,catalog), the computation
flows in the other direction: their values originate from the
corresponding variables in the local applications (e.g.,book-
store1catalog in Bookstore1). Then, following the Informa-
tion Manifold approach [37], the value of the corresponding
variable in the global application is defined to be themaximal
view rewriting for the variable, given the views in the local
applications (which basically means that the global variable
contains asmuch relevant information as can be obtained from
the corresponding local variables.)

Beforeexplaining this further, let usfirst recall thestandard
definition ofmaximal view rewritingfrom the relational data
model [26]. Given a relationR, some viewsV1, ..., Vn overR,
and a queryQ overR, the maximal view rewriting forQ is
a queryQ′ that: (i) uses only the views as EDB relations; (ii)
is contained inQ; and (iii) contains any other queryQ′′ that
satisfies (i) and (ii).

Intuitively,Q′ computes asmuch as possible of the answer
toQ based on the information given in the views. To see the
connection to our XML context observe that: (i) XML docu-
ments are often modeled as edge-labeled graphs (with nodes
representing the document elements, edges representing the
“component of” relationship among elements, and with the
edges labeled by the type of the pointed item, or with a data
value, for theatomic leaf elements) [3,24]; and (ii) suchgraphs
can be described by anedgerelationR(from, label, to), with
queries being modeled as mappings of such input edge rela-
tions to output ones.3 Now, letu be some common variable in
the global application (with corresponding edge relationRu)
and letu1, . . . , un be the corresponding source variables in
the local applications, described as views overu (with edge
relationsRu1 , . . . , Run). The value ofu can be defined to be
the maximal view rewriting ofRu usingRu1 , . . . , Run

.
Note however that we are not interested here in construct-

ing arbitrary maximal XML documents for our global vari-
ables: first, we are primarily interested invalid documents –
recalling that each variable has an associated DTD, we want
the obtained documents to be valid with respect to this DTD.
Second, we may be interested in documents that obey some
additional structural restrictions – for example, in our global
book catalog, we want to have a unique category entry for
each category name. (i.e., no two〈Category〉 elements can
have the same〈Category name〉 value). Consequently, what
we really want is a rewriting that is maximal with respect to
documents satisfying the constraints.

Again, to understand this, lets go back to the relational
model, where maximal view rewriting has been studied for
databases obeying constraints in the form of functional depen-

3 The order among sibling elements can be captured by an ad-
ditional order relation. To simplify the presentation we ignore this
here.
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add_to_cart[valid(books_list)]

goto_exit

ISBN_Search_Activity

Bookstore1_ShoppingCart_Activity

entry:ISBN_search(cursor)

exit:signal(goto_ShoppingCart_Activity)

entry:read_more(cursor)

goto_Read_More_Activity

goto_ISBN_Search_Activity

ShoppingCart_Activity

entry:add_to_cart(cursor)

goto_ShoppingCart_Activity

entry:cursor=select first ISBN from Bookstore1_books_list

          signal(goto_ISBN_Search_Activity)

         else signal(goto_exit)

exit: if (cursor=select next ISBN from Bookstre1_book_list)>0

exit: signal(goto_Read_More_Activity)

         signal(goto_ISBN_Search_Activity)

Read_More_Activity

Fig. 12.Refinement for
addto cartmethod

ALGORITHM Global variable computation
INPUT AM specification, set of functional dependencies, local variables u1, . . . , un

OUTPUT global variable u

Step 1 For each variable ui defined by a query Qi, construct an inverse query Q′
i.

Step 2 Annotate items in Q′
i with Skolem functions to capture the functional dependencies.

Step 3 For i = 1 . . . n, compute the annotated Q′
i on ui.

Step 4 Merge the results to obtain a canonical value for u.

Fig. 13.Global variable compu-
tation

dencies [27]. To capture this, the definition of maximal view
rewritingwas adjusted so that query containment is tested only
with respect to databases obeying the given dependencies. In-
terestingly, many of the constraints we are interested in here
can be viewed as functional dependencies between document
elements. For example, aDTD requirement, say, that a〈Book〉
element contains one〈ISBN〉 sub-element, amounts to the
fact that the identity of the ISBN element in the document
graph functionally depends on the id of its parent book item.
Similarly, in our catalog, the identity of the〈Category〉 node
functionally depends on the value of its〈Category Name〉
child.

Modeling our document constraints as functional depen-
dencies allows us to harness the techniques from the relational
world for computing our global variables. We will focus here
on the above two types of functional dependencies, the first
modeling a DTD requirement for a given element to contain
only a single occurrence of a sub-component of a certain type
(hence the identity of the subcomponents functionally depends

on the id of its parent), and the second, modeling cases where
the id of an element functionally depends on the id of some
of its subcomponents. Figure 13 describes the algorithm for
computing the value of a global variable. We explain it below
and illustrate it with an example.4

Step 1: inverse queries.It was observed in [26] that, in the
case of relational conjunctive views and queries, the maxi-
mal view rewriting can be obtained by generating for each
view someinverse rulescomputing the portion of the global
relation that is captured in the view. The key observation is
that since we use here only a fragment of XML-QL includ-
ing, in particular, only simple paths, our views are essentially
conjunctive queries over the edge relation, and, hence, simi-
lar inversion principles as in [26] apply. Adapting this to our

4 Clearly not all constraints imposed by a DTD can bemodeled by
such functional dependencies. The problem of maximal view rewrit-
ing that fully captures document validity is an open problem, see
Sect.2.
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WHERE <BookStore1_Catalog>
<BookStore1_Book>

<ISBN> $X </> <Title> $Y </> <Authors> $Z </> <Price> $Q </> <Category_Name> $C$ </>
</> CONTENT_AS $P’

</> IN "BookStore1/bookstore1_catalog.xml"

CONSTRUCT <Catalog ID=S_Catalog()>
<Category ID= S_Category($C)>

<Category_Name ID=S_Category_Name(S_Category($C))> $C </>
<Book ID=S_Book($X)>

<ISBN ID=S_ISBN(S_Book($X))> $X </>
<Title ID=S_Title(S_Book($X))> $Y </>
<Authors ID=S_Authors(S_Book($X))> $Z </>
<Stores ID=S_Stores(S_Book($X))>

<Store ID=S_Store(S_Stores(S_Book($X)),‘‘BookStore1")>
<Storename ID=S_Storename(S_Store(S_Stores(S_Book($X)),‘‘BookStore1"))>

"BookStore 1"</>
<Price ID=S_Price(S_Store(S_Stores(S_Book($X)),‘‘BookStore1"))> $Q </>
<Reviews ID=S_Reviews(S_Store(S_Stores(S_Book($X)),‘‘BookStore1"))>

WHERE <Review> $R </> in $P’
CONSTRUCT <Review> $R </>

</> </> </> </> </> </>

Fig. 14. The inverse query for
Query1 (appearing in Fig.4)

<BookStore1_Catalog>
...
<BookStore1_Book>

<ISBN> 0735710201 </>
<Title> Inside XML (Inside) </>
<Authors> Steven Holzner </>
<Price> $39.99 </>
<Category_Name> Computers </>
<review> Great Comprehensive Guide to XML, November 27, 2000 </>

</>
<BookStore1_Book>

<ISBN> 1861003412 </>
<Title> Beginning XML </>
<Authors> Kurt Cagle, et al </>
<Price> $31.99 </>
<Category_Name> Web Development </>
<review> This book is definitely very good for beginners. </>

</>
...

</> Fig. 15.BookStore1’s catalog variable

context we generate for each local variableui defined by a
queryQi aninverse queryQ′

i by basically switching the roles
of theWHERE and CONSTRUCT clause of the query. There
are two delicate points here.

• First, the WHERE clause may contain some variable
names that do not appear in the CONSTRUCT. (This is
analogous to the case where the body of a conjunctive
query contains some variables no appearing in the head.)
As in the case of conjunctive queries, when the query is in-
verted and the roles of theWHEREand theCONSTRUCT
clausesareswitched, thosevariablesaresimply replaced in
the newCONSTRUCT clause by a corresponding Skolem
function of the remaining variables[26].

• Second, we need to handle nested queries. Recall from
Sect.3.1 that a nested query is essentially composed of
two parts. A variable in the WHERE clause that defines
the scope of the query (e.g., the variable$P in the query
in Fig.4), and nested query over this variable in the CON-
STRUCT clause. When inverting the query we also invert
the roleof these twoparts: thenestedquery in theoldCON-
STRUCT clause (which now becomes a WHERE clause)
is replaced by a new variable namewhose scope is the item
where the nested query appeared, and the (inverted) nested
query is moved to the new CONSTRUCT (previously the
WHERE), replacing the old scope variable.

To continue with our example, the inverse of Query1 from
Fig.4 is given in Fig.14 above. Ignore for now the ID attribute

of the elements. (this will be explained below). The WHERE
and theCONSTRUCTclausesofQuery1are switched, and the
nested query (with itsWHERE and the CONSTRUCT clauses
also switched) is moved to the (new) CONSTRUCT clause,
being switched with its source variable$P .

Step 2: Skolem functions.To capture the restrictions imposed
by the given functional dependencies, we associate with each
restricted element〈Ename〉 in the CONSTRUCT clause a
Skolem functionSEname determining the element ID as a
function of the elements on which it depends. Again, this is
an adaptation of the relational treatment for functional de-
pendencies of [27], equating elements that functionally de-
pend on the same values: Skolem functions are used in XML-
QL to control how the result is produced and grouped. In
Fig.14, whenever a〈Category〉 is produced, its associated
ID is S Category($C). S Category($C) is a Skolem func-
tion, and its purpose is to generate a new identifier for ev-
ery distinct values of$C. If, at a later time, the query binds
$C to the same value again (e.g., by finding another book
of the same category), then the query will not create another
〈Category〉 element, but instead will append information to
the existing〈Category〉. Thus, all the〈Book〉s of that cat-
egory will be grouped under the same〈Category〉 element.
The〈Category Name〉element hasa single occurrence since
its id depends on the category id. Note that in this example the
only non-constraint elements are the〈Review〉s. They thus
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<BookStore2_Catalog>
WHERE <Catalog>

<Category>
<Category_Name> $C </>
<Book>

<ISBN> $X </> <Title> $Y </> <Authors> $Z </>
<Stores>

<Store>
<Storename>"BookStore 2"</> <Price> $Q </>

</> </> </> </> </>
IN "GlobalBookStore/catalog.xml"

CONSTRUCT
<BookStore2_Book>

<ISBN> $X </> <Title> $Y </> <Authors> $Z </> <Price> $Q </> <Category_Name> $C </>
</>

</>

Fig. 16. Query 2: Book-
Store2’s catalog as a query
over the global catalog

WHERE <BookStore2_Catalog>
<BookStore2_Book>

<ISBN> $X </> <Title> $Y </> <Authors> $Z </> <Price> $Q </> <Category_Name> $C$ </>
</>

</> IN "BookStore2/bookstore2_catalog.xml"

CONSTRUCT <Catalog ID=S_Catalog()>
<Category ID= S_Category($C)>

<Category_Name ID=S_Category_Name(S_Category($C))> $C </>
<Book ID=S_Book($X)>

<ISBN ID=S_ISBN(S_Book($X))> $X </>
<Title ID=S_Title(S_Book($X))> $Y </>
<Authors ID=S_Authors(S_Book($X))> $Z </>
<Stores ID=S_Stores(S_Book($X))>

<Store ID=S_Store(S_Stores(S_Book($X)),‘‘BookStore2")>
<Storename ID=S_Storename(S_Store(S_Stores(S_Book($X)),‘‘BookStore2"))>

‘‘BookStore 2"</>
<Price ID=S_Price(S_Store(S_Stores(S_Book($X)),‘‘BookStore2"))> $Q </>
</> </> </> </> </> </>

Fig. 17. The inverse query
for Query2

have no associated Skolem function and a new〈Review〉 is
produced for each distinct assignment for the query variables.

Steps 3 and 4: variable computation.Now, given the inverse
queries for all the variables in the local applications, we con-
struct a single canonical value for the global variableu. This
is achieved by evaluating the inverse queries for all theui’s
and “fusing” all the elements with the same id into a single
element. For instance, in the above example, for each book,
all the catalog data coming from the various local applications
will be grouped under the same〈Book〉 element (since the id
of the book element is defined to be a Skolem function of the
book’s ISBN, which is the same in all sources).

Example of data integration.To illustrate the actual data inte-
gration process, assumewe have two book stores, BookStore1
andBookStore2, eachwith its ownbookscatalog, andconsider
their integration into a global catalog. As before, assume that
the relationship between the global catalog variable and that
of BookStore1 is defined using Query1 (appearing in Fig.4),
and let Fig.15 describe part of the actual catalog content of
BookStore1.

Next, consider the catalog variable of BookStore2. Natu-
rally, it may have a different structure than that of the first book
store, so assume for example that it does not contain book re-
views. The relationship between the global catalog variable
and that of BookStore2 is defined using the query in Fig.16.
As we did for BookStore1, we define a corresponding inverse
query for the variable (see Fig.17). Notice that as this source
contains no Review items, the query (and thus its inverse too)
is not nested. Finally, Fig.18 describes part of the actual con-
tent of BookStore2’s catalog.

To conclude the example we need to see how the two cata-
logs are integrated, namely, execute steps 3 and 4 of the algo-

rithm.Wefirst apply the two inversequerieson thecorrespond-
ing local catalog variables.The results are given inFigs.19and
20, respectively. Notice that the Skolem-based ids assigned to
the items are important even before the results are integrated:
for instance, the output of each of the two queries contain
only oneCatalogelement rather than the two that would be
generated if no Skolem functions where used. Similarly, the
result of the second inverse query (Fig.20) contains a single
Categoryelement with the nameComputersrather than the
two that would be created in the absence of Skolem functions.

Finally, we run the forth step of the algorithm and merge
the results of the queries into an integrated global catalog by
fusing elements with identical id’s. The result is described
in Fig.21, where, for clarity, the identifiers are omitted from
the integrated catalog, (as they are not really part of the data
and are only used for grouping and fusion.) Intuitively, the
integrated catalog is the maximal one could obtain given the
sources – it contains all the available books information with-
out redundancies.

Remark on consistency.The above algorithm assumes the
consistency of the data sources with respect to the given set
of functional dependencies. In practice, although each source
may individually obey the constraints, (e.g., books’ ISBNs de-
termine their title), they may not be preserved globally due to
errors or different writing standards, (e.g., a book with the
same ISBN may have distinct titles in different stores due to
spelling mistakes or shorthand notations.) Fusion (in step 4)
of such inconsistent data may produce multiple values for an
item, rather than the single one required by DTD. When this
is the case, we present the alternative values to the user and let
her/him chose. Automatic resolution of inconsistencies[42],
based, for example, on linguistics analysis and source relia-
bility, is planned to be incorporated in the future.
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<BookStore2_Catalog>
...
<BookStore2_Book>

<ISBN> 0735710201 </>
<Title> Inside XML (inside)</>
<Authors> Steven Holzner </>
<Price> $34.99 </>
<Category_Name> Computers </>

</>
<BookStore2_Book>

<ISBN> 0672320541 </>
<Title> Applied XML Solutions</>
<Authors> Benoit Marchal </>
<Price> $35.99 </>
<Category_Name> Computers </>

</>
...

</>

Fig. 18.BookStore2’s catalog variable

Remark on optimization.The current default in the system
is that the global variables are fully computed when aread
for the variable is requested (see below). For certain applica-
tions this may be redundant: consider for example the global
book catalog. When browsing the catalog, the user will typi-
cally visit only a few entries and then will stop either because
the needed data is found or because he/she decides to call the
search method for issuing a particular search. In this case it is
better to view the above variable value definition as virtual and
employ lazy evaluation [8], computing the relevant elements
only as the user navigates into the data. To overrule the default,
one canuse two specific kinds of readmodes, namely,deferred
reador immediate read. The first instructs the system to com-
pute elements only on demand, while the latter indicates that
elements should be computed immediatelywhenencountered.

5.2 Activities and application flow

Recall from Sect.3.2 that the activities and flow of each actor
in the global application are modeled by a state chart, with
user requests interpreted as events in the corresponding state
machine. Now, at execution time, the State Charts refinement
mechanism is employed: on each user request (method call),
rather than activating the relevant global state, its local re-
finements are executed. Observe, however, that typically each
global method (state) may have several such refinements, one
per local application. In the computation, the multiple refine-
ments are viewed as orthogonal states and performed in par-
allel.

To continuewith our example, consider thesearchmethod
of the global bookstore (modeled by the simple state
SearchMethodin Fig.5). A method call results in running the
compound state machine in Fig.22 which includesn orthog-
onal states representing the refinements ofSearchMethodfor
the local applications BookStore1,...,BookStoreN. Note that,
in general, some methods may not be supported byall the
local applications. For example, BookStore1 may support a
catalog search but not an arbitrary browsing of its catalog
(hence its specification may contain no refinement for the
BrowseMethodof BookStore1). The constructed state chart
contains only the applicable refinements.

To see the connection with the AM system architecture,
recall from Sect.3.3 that theRequest Rewritermodule of the
AM is responsible for constructing the state chart portion to

be executed upon user request. The state chart being built for
each method call is precisely the refinement described above,
with each orthogonal state corresponding to one local appli-
cation. In principal, rather than running all local applications
in parallel, the request rewriter could decide, for optimization
reasons, to serialize the requests to certain web sites as a re-
sult of validation checks or optimization considerations. For
example, a serialization policy may be adopted to eliminate
redundant execution if the necessary information is already
fetched from other sites. While the current implementation is
fully parallel and does not support this type of optimization,
we plan to further investigate the issue and add this in the next
version of the system.

Once constructed, the refined state chart is passed to the
AM engine for execution. Recall that in each such refinement,
part of the state chart describes actual activities of the local
applications (the solid lines and bold text in Fig.11), while
part describes the added control needed for implementing the
globalmethod (thedotted lines and italic text in Fig.11).When
the AM engine runs the state chart, the bold-text parts are
executed by communicating with the local applications, while
the control in the italic-text parts is executed by theAMengine
itself.

In between consecutive user requests, the AM system
maintains theapplication context, for both the global and local
applications. This includes the application state and the cur-
rent value of all variables for all the actors in the application.
The variables and states are augmented with expiration time
and stored in the XML repository. When a user issues a new
request within a reasonable time to the given application, the
relevant state machines resume the states they last had at any
depth within the composite states and all variables values are
restored. Then the request state machine is run starting from
this point.

5.3 All together

To conclude, we explain how the the flowpart and the data part
work together.Recall from theprevioussubsection thatwedis-
tinguish between two types of variables,privateandcommon,
the first originating in the global application, while the second
originates from the local ones. When a private variable needs
to be passed to a local application, its value is computed (as
explained above), from the corresponding global variable, and
vice versa, when a read request for a common variable is is-
sued by the global application, its value is computed from the
corresponding local variables. The data in the global applica-
tion is obtained by check-in/check-out, e.g., explicit calls to
the globalreadandwritemethods. Thus, in general changes
are not immediately propagated. (However, the freshness level
of data can be controlled by the programmer, specifying in the
DTD the desired read/write frequency.)

Read: observe that the data in local applications may be up-
dated from outside the AM system, e.g., via its direct Web
interface. Thus, each globalread request is refined to a fresh
local read of the corresponding local variables. Then the sys-
tem computes the value. There are two possible optimizations
that we plan to incorporate in the next version of the system:
(i) some Web applications (e.g., [1]) support anotification
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<Catalog ID=S_Catalog()>
<Category ID=S_Category(‘‘Computers")</>

<Category_Name ID=S_Category_Name(S_Category(‘‘Computers"))> Computers </>
<Book ID=S_Book(0735710201)>

<ISBN ID=S_ISBN(S_Book(0735710201))>0735710201 </>
<Title ID=S_Title(S_Book(0735710201))>Inside XML (inside)</>
<Authors ID=S_Authors(S_Book(0735710201))>Steven Holzner</>
<Stores ID=S_Stores(S_Book(0735710201))>
<Store ID=S_Store(S_Stores(S_Book(0735710201)),‘‘BookStore1")>
<Storename ID=S_Storename(S_Store(S_Stores(S_Book(0735710201)),‘‘BookStore1"))>

‘‘BookStore1"</>
<Price ID=S_Price(S_Store(S_Stores(S_Book(0735710201)),‘‘BookStore1"))> $39.99 </>
<Reviews ID=S_Reviews(S_Store(S_Stores(S_Book(0735710201)),‘‘BookStore1"))>

<Review>Great Comprehensive Guide to XML, November 27, 2000</>
</> </></>

<Category ID=S_Category(‘‘Web Development")</>
<Category_Name ID=S_Category_Name(S_Category(‘‘Web Development"))> Web Development </>
<Book ID=S_Book(1861003412)>

<ISBN ID=S_ISBN(S_Book(1861003412))>1861003412 </>
<Title ID=S_Title(S_Book(1861003412))>Beginning XML </>
<Authors ID=S_Authors(S_Book(1861003412))>Kurt Cagle, et al</>
<Stores ID=S_Stores(S_Book(1861003412))>
<Store ID=S_Store(S_Stores(S_Book(1861003412)),‘‘BookStore1")>
<Storename ID=S_Storename(S_Store(S_Stores(S_Book(1861003412)),‘‘BookStore1"))>

‘‘BookStore1"</>
<Price ID=S_Price(S_Store(S_Stores(S_Book(1861003412)),‘‘BookStore1"))> $31.99 </>
<Reviews ID=S_Reviews(S_Store(S_Stores(S_Book(1861003412)),‘‘BookStore1"))>

<Review>This book is definitely very good for beginners.</>
</> </> </> </></>

Fig. 19.The result of applying the first inverse query on BookStore1’s catalog variable

<Catalog ID=S_Catalog()>
<Category ID=S_Category(‘‘Computers")</>

<Category_Name ID=S_Category_Name(S_Category(‘‘Computers"))> Computers </>
<Book ID=S_Book(0735710201)>

<ISBN ID=S_ISBN(S_Book(0735710201))>0735710201 </>
<Title ID=S_Title(S_Book(0735710201))>Inside XML (inside)</>
<Authors ID=S_Authors(S_Book(0735710201))>Steven Holzner</>
<Stores ID=S_Stores(S_Book(0735710201))>

<Store ID=S_Store(S_Stores(S_Book(0735710201)),‘‘BookStore2")>
<Storename ID=S_Storename(S_Store(S_Stores(S_Book(0735710201)),‘‘BookStore2"))>

"BookStore2"</>
<Price ID=S_Price(S_Store(S_Stores(S_Book(0735710201)),‘‘BookStore2"))> $34.99 </>

</> </>
<Book ID=S_Book(0672320541)>

<ISBN ID=S_ISBN(S_Book(0672320541))>1861003412 </>
<Title ID=S_Title(S_Book(0672320541))>Applied XML Solutions</>
<Authors ID=S_Authors(S_Book(0672320541))>Benoit Marchal</>
<Stores ID=S_Stores(S_Book(0672320541))>

<Store ID=S_Store(S_Stores(S_Book(0672320541)),‘‘BookStore2")>
<Storename ID=S_Storename(S_Store(S_Stores(S_Book(0672320541)),‘‘BookStore2"))>

‘‘BookStore2"</>
<Price ID=S_Price(S_Store(S_Stores(S_Book(0672320541)),‘‘BookStore2"))> $35.99 </>

</> </> </> </>

Fig. 20.The result of applying the second inverse query on BookStore2’s catalog variable

mechanismwhich allows notifying theAMengine on changes
to the local data. Recording such notifications will allow the
AM engine to avoid redundant reads; (ii) rather then fully re-
computing each time the global value, we can compute the
delta between the new and old local values (using e.g., a diff
algorithm as in [44]) and only propagate the change. Recall
fromSect.5.1 that we construct an inverse query for each local
variable and compute the value of global variables bymerging
the results of those queries. This allows us to view the global
variable as a view of the local data (although the original spec-
ification was reversed – local variable were defined as view of
global ones!). Thus, the problem at hand is that of propagat-
ing updates from the database (the local data) to the view (the
global variable), which can be performed in the style of [2].

Write: when a variable in the global application is modified
and awrite is requested, we have to propagate the change

from the global application to the local ones. The local data
is defined as a view over the global data. By default, a global
write is refined to a local write with the new value for the view.
Again, this can be optimized. If the systemmaintains the delta
between the old and the new value for the global variable,
an incremental evaluation of the views can be performed in
the style of [2]. Besides computational efficiency, incremental
evaluation has two additional advantages here:

1. Since we are in a client server architecture, sending the
delta instead of the entire value may result in large saving
in communication.

2. The second issue is access rights. Consider for example
the variablecatalog in theCustomerglobal application,
and assume that some reviews are appended to a given
book and awrite is issued for the catalog. Assume that the
access rights ofBookStore1 catalog, as declared in the
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<Catalog>
<Category>

<Category_Name> Computers </>
<Book>

<ISBN> 0735710201 </>
<Title> Inside XML (Inside) </>
<Authors> Steven Holzner </>
<Stores>

<Store>
<Storename> BookStore1 </>
<Price> $39.99 </>
<review> Great Comprehensive Guide to XML, November 27, 2000 </>

</>
<Store>

<Storename> BookStore2 </>
<Price> $34.99 </>

</>
</>

</>
<Book>

<ISBN> 0672320541 </>
<Title> Applied XML Solutions</>
<Authors> Benoit Marchal </>
<Stores>

<Store>
<Storename> BookStore2 </>
<Price> $35.99 </>

</>
</>

</>
</>
<Category>

<Category_Name> Web Development </>
<Book>

<ISBN> 1861003412 </>
<Title> Beginning XML </>
<Authors> Kurt Cagle, et al </>
<Stores>

<Store>
<Storename> BookStore1 </>
<Price> $31.99 </>
<review> This book is definitely very good for beginners. </>

</>
</>

</>
</>

</>
Fig. 21.Anexcerpt of theglobal catalogafter
the integration)

...

BookStore1:: Search_Method BookStoreN:: Search_Method

. . . . . .

search[valid(search_params)] search[valid(search_params)]

Fig. 22. Compound refinement of search
method

DTD, is read for all elements but the〈Reviews〉 which
can also be updated. An attempt to propagate the write by
replacing the whole〈BookStore1 Catalog〉 element by
a new one will be rejected by the local application due
to access rights violation, whereas an incremental update
replacing only the〈Reviews〉 will be accepted.

Updates that cannot be propagated due to violation of access
rights in the local applications are rejected by the system.An-
other difficulty is updates that are not relevant to any of the
local applications. To see an example, assume that our ap-
plication allows certain users to update all the catalog data.
Such a user could in principle add book elements sold by a
〈Storename〉 other than any of the given local applications.
However, now when aread is issued for the global catalog,
a recomputation of its value from the local applications will
cause the update to disappear. This could be anticipated by

rejecting non-propagative updates and is planned to be incor-
porated in the next version of the system.

Remark.We conclude this section with a remark on transac-
tions. The transactional support that a global application can
give depends on the capabilities of the underlying local appli-
cations. By default, a global application is not in a transaction
mode: even if one assumes that method calls in local applica-
tions are atomic, the local refinement of a global method may
consist of a sequence of such calls. Transactional behavior
can be achieved only if the local applications support explicit
methods to start a transaction and terminate it with an abort or
commit, with the level of global atomicity depending on the
level of the available local support [4].
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6 Implementation

The AM system is implemented as a mediator system that
simultaneously plays two roles: a server for the global appli-
cations, accepting and handling user/application requests, and
a client of the local applications, imitating a browser when
connecting to remote services.5 In this configuration we can
easily implement a broker for different applications. We are
currently experimenting with a broker for bookstores and are
next planning to implement a broker for auctions.

To keep the application simple and open and to enable
portability we mostly use public domain tools. In particular,
we run theApache Web Server[6] with modperl [6] on a
Windows NTmachine (these tools were also tested on a Linux
machine and are also applicable to different Unix machines).
The implementation work consists of three parts:

(1) Implementation of the AM system.
(2) Writing the specifications of the global and local applica-

tions.
(3) Writing of wrappers.

We will describe each of these below.

6.1 The AM system

As explained in Sect.3.3, the system consists of five modules
(see the center part of Fig.6). They are implemented in Perl,
C++, and Java in a Windows environment, and activated by
a CGI script upon a user request. The communication with
the users and the local applications is managed by theApache
Web server and proxy server, respectively. Recall that commu-
nication with the local applications may require the activation
of an appropriate wrapper. For that we have replaced one of
the modules of the proxy server with a modperl script of our
own, in charge of wrappers activation.

Request parser.Implemented in Perl. Parses the AM XML-
based API (global) request and, using the stored applications
specification, attaches the list of relevant local sources. The
resulting object is passed to the validation module.

Validation module. The first version of AM implements a
simplified version of the validation module which includes
only DTD validation checks for each local application. (Im-
plemented using the Xerces Java parser [xml.apache.org]). In
the next version we plan to add consistency checks (e.g., va-
lidity of request according to application state). Valid requests
are passed to the request rewriter, otherwise a user notification
is issued.

Request rewriter and AM engine.The two are combined to-
gether into one executable. The current version of the request
rewriter implements parallel activation of requests to all rele-
vant sites. In the next version we plan to experiment with dif-
ferent optimization strategies (e.g., serialization of requests,
adaptive request’s cost management). The AM engine con-
sists of a main program, which generates events according to

5 Other alternatives could be implementing it, for example, as a
plug-in for a user browser or as a software agent. We chose the
above architecture for modularity reasons, but similar design princi-
ples could apply for the other configurations.

the accepted request, and a collection of modules which in-
clude the local application’s state machines and are activated
by those events. These modules are automatically generated
from the specification, as described below, using Rational’s
Rose RealTimetool [43] and include local state charts defini-
tion as well as state machine activation code. The AM engine
communicates with each local application (using threads) via
the wrappers and writes the response to a file (a distinct XML
file for each local source.) These files are passed to the result
integrator.

Results integrator.Written in JavaandusesaDOMinterface to
read the XML local data. The integrator reads and parses each
file (for validity check and DOM tree creation), thus creating
one tree per file, and then integrates them into one tree (using
the algorithm of Sect.5.1).

6.2 Specification and code generation

For the specification of applications we use a UML compli-
ant modeling tool – Rational’sRose RealTimetool – which
provides a convenient graphical interface for writing the spec-
ifications and automatic code generation from the specifica-
tions (plus debugging and tracing facilities for the code).6 The
generated modules realize the state machines described in the
specifications and are used by the AM engine as explained
above.

Modeling considerations and structures.In Sect.3 we de-
scribed the use of State Charts to specify the activities, the
methods, and the flow. Recall that activities corresponds to
web pages while methods represents the operations that can
be activated using buttons within these pages. In our specifi-
cation language, we have used states to specify both methods
and activities. As different activities (pages) can be activated
in parallel, they are described as orthogonal states according
to [33] (see Fig.5). Since our specification language follows
the UML standard, the system implementation could be sim-
plified by using a UML compliant tool for the specification
and code generation. There are several such tools on the mar-
ket (e.g., [35,43]). We have chosen to useRose RealTimeas
our implementation tool. This specific choice forced the im-
plementation to deviate a bit from the specification language
introduced in previous sections, to match the tool’s capabili-
ties. Nevertheless, the changes are very minor and affect only
the graphical syntax of the specification and not the semantics.
We detail the changes below.Rose RealTimeimplementation
of orthogonal states is based on the notion of capsule, which
are a UML stereotype of a class. Therefore we use capsules
to describe the activities, and their associated state chart to
describe the methods and the flow. Figure 23 demonstrates
the visual notation of capsules. Capsules are represented by
rectangulars, while the small black or white squares are ports
which are used by capsules for a signal-based communication
(events transmission). Due to the use of capsules, the refine-
ment process, used for specifying the local application, differs

6 This in fact illustrates one of the main advantages of basing our
frameworkonstandards likeXMLandUML– theability to capitalize
on enhanced tools developed for the standard.
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Search_Activity ShoppingCart_Activity

goto_ShoppingCart_Activitygoto_Search_Activity

. . .

Fig. 23.Global application (with capsules)

Quick_Search_Activity

Read_More_Activity

Full_Search_Activity

ISBN_Search_Activity

Advanced_Search_Activity

More_Details_Activity
goto_Read_More_Activity

goto_Full_Search_Activity

goto_Advanced_Search_Activity

goto_ISBN_Search_Activity

goto_More_Details_Activity

Fig. 24.Local application (with capsules)

a little from the one described in Paragraph 4.2. First, local ac-
tivities (capsules) are derived from global activities (capsules)
by inheritance association. In this way, the local activity in-
herits the state chart (and sub-capsules) of the corresponding
global activity. From this point, we continue with the state
chart refinement steps as described above.

Modeling example.Now we return to our running example of
a global bookstorewhich integrates services offered by several
bookstores on the Web, and follow the modeling steps:

Modeling the global application.First we define the global
data structure (see Fig.3 for the dtd), then we define the global
application interface (Fig.25) which actually defines theAPI.
Recall that forms and buttons correspond to data andmethods.
We create four pages. For each page we define an AM activ-
ity: Search, SearchResults, ShoppingCart, and AddReviews.
The search activity enables us to submit a query to multiple
bookstores (SearchMethod)andbrowse the integratedcatalog
(BrowseMethod). (gotoBookPrices). On search activation, a
new page appears, containing the search results. Each book
description includes title, author,ISBN, list of the bookstores
it was found in, and price and availability details. Themethods
in this page are Addto Cartmethod and gotoAdd Reviews.

The next page shows the shopping cart’s content in all relevant
bookstores and allows to deletefrom cart, changequantity
and initialize all carts. The last page (omitted from the figure)
includes an addreview method. Figure 23 is a partial UML
representation of this interface inRose RealTime.

Modeling local applications.Now we come to model the lo-
cal applications. The UML modeling of the application flow
and method is quite straightforward and derived from the lo-
cal site interface. Once the global application is defined, it is
used as a base class for defining of the local applications by
inheritance association. Then the specific behavior is defined
by refinement of the global state charts. We also separate the
handling of the communication from the modeling process.
Calls to local sites are implemented in one separate general
module, with one public method which accept the local sites
parameters (requested site, methods, and data to be passed)
and supports issuing http calls and handling of cookies. In
that way the code involved in activating a local site’s method
within a state isminimal andmerely includes calling the above
method.

Figure 26 is a screenshot of three pages of a local book-
store. The specification of the according state chart through
refinement was explained in detail in Sect.4 and illustrated in
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Fig. 25.The global application interface

Fig.11. Figure 24 shows the equivalent UML model inRose
RealTime, using capsules. The definition of the dtd is quite
simple.We can easily derive from the visual representation of
the pages the dtd for Amazon’s local catalog. Each book item
includes title, one or more authors, list price, Amazon’s price,
availability etc. However, sometimes there is additional hid-
den information. For example, from looking at the html page
source of the search results we can extract the ISBN of each
book, which is a unique identifier for books and is important
for data integration. After we have the local dtd’s, we define
the mapping between them and the global data as queries over
the global data (see Figs.4–10).

Code generation.Finally, after all this is complete, we can
build the local bookstore module. We do this by creating a
component which contains the local bookstore capsules, se-
lecting the component in the browser, and clicking compile.
Rose RealTimethen creates the make file based upon the plat-
form, generates the C/C++ code for the application (based
upon structure, state transition diagrams, and transition and
state action logic), and initiates the C++ compiler to generate
the code. Now that we have compiled, we can run the ap-

plication fromRose RealTime, set breakpoints, animate the
RoseRT model so that we can watch how the application is
running. Then, we deploy the dll file to the target machine to
be activated by theAM Engine to communicate with the local
applications.

6.3 Wrappers

A wrapper has two parts, the first in charge of the transla-
tion of the standard AM API requests to application-specific
http calls, and the second in charge of mapping the returned
data to the correspondingAMXML-based representation.The
first direction can be implemented in two ways: one is rather
straightforward and amounts to running an application Web
browser in the background, mapping each API request to a
corresponding action on the browser (typing or buttons acti-
vation). This is naturally facilitated by the fact that the local
applications modeling is tight to the actual screens, hence the
mapping is immediate. The second alternative is an actual for-
matting of corresponding http calls (with the appropriated pa-
rameters).While the first approach is applicable inmost cases,
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Fig. 26.Local application example

<entry>
<site>www.amazon.com>
<method>search</method>
<action>POST</action>
<uri>www.amazon.com/exec/obidos/search-handle-form/!session_id!</uri>
<content>index=books&field-keywords=!search_str!</content>

</entry>

<entry>
<site>a1books</site>
<method>add_to_cart</method>
<action>GET</action>
<uri>www.a1books.com/cgi-bin/a1books/a1Front?act=addCart&WVSESSION_ID=

!WVSESSION_ID!&ISBN=!ISBN!</uri>
</entry>

Fig. 27.Wrapper entry for search method

the latter is possible only for http-based requests (e.g., not for
Java rmi calls), and is feasible only when the correspondence
between theAPI variables and the http call parameters is clear.
Nevertheless, we decided to use the latter in our implementa-
tion: a proxy tracing of the http calls of the local bookstores
showed a straightforward correspondence between the param-
eters, hence,writing the request translatorwasquite trivial.We
plan to implement the former method in the next version of

the system to support a wider range of applications. The re-
quest transformer is table-based Perl script which reformats
the general request according to the requested local site and
method. In this version the table is stored as an XML file and
will be managed in an XML repository in next versions. For
eachmethod in each local bookstore we need to add the an en-
try to this table. Figure 27 is anexcerpt of this table.Notice that
each entry defines the http requestmethod (POST/GET), URL
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Fig. 28.Request processing

<request>
<site>*</site>
<method>search</method>
<params>

<criteria>author</criteria>
<search_str>Rowling</search_str>

</params>
</request>

Fig. 29.Search request

and the content to be send in case of a POST action. Strings
between exclamation marks are names of variables should be
extracted from the original XML request and replaced by their
actual values.

The opposite direction, i.e., mapping html response to
XML-based representation, requires parsing of the response.
For that we used simple scripts written in Perl that parse a
specific page content and perform the above translation.

During the implementation we encountered the problem
of web-page structure being periodically changed. We thus
consider adoptingmethods for changedetectionandautomatic
wrappers development [36].

6.4 Runtime operation

Now, after the specifications are defined and the appropriate
wrappers are built, we will describe what happens during the
runtime operation. Figure 28 illustrates the steps that a user
request follows: (1) The user activates one of the global appli-
cation methods (e.g., search) by clicking on one of the global
application interface buttons; (2) the interface, via the user’s
browser, issues a request to the AM system (recall that the
AM system is implemented as a cgi program and runs under a
web server). For example, Fig.29 demonstrates a request for
a book search to all sites that support such methods. The AM
parses the request, decomposes it to several requests (e.g., one
for each bookstore), validates and rewrites them. Each request
is then handled (in a different thread) by the appropriate local
store’s module as part of theAM engine. These modules send
one request or a sequence of requests, according to the local

application flow, via the proxy server (3), which is in charge of
wrappers activation. These requests are a site-specific request
in a unified format and contain the local application’s cookies
and variables maintained by theAM engine. The proxy server
activates a wrapper, which transforms the request according
to an XML file (Fig.27) to the specific format of the local ap-
plication (see Fig.30) and sends it (4). Then the proxy server
captures the response (5), parses it to the right XML format
using an appropriate wrapper and returns it to the sender (6).
The AM integrator integrates all responses, creates a unified
XML response, and sends it back via the web server (7) to the
user (8).

7 Conclusion and future work

As the number and variety of e-commerce applications on the
Web grow, the need for convenient tools to support the inte-
gration and customization of existing applications increases.
This paper presents theApplication Manifoldsystem which,
based on the emerging Web standards XML and UML, of-
fers a novel solution for the problem. The system supports a
declarative specification language for specifying the integra-
tion and customization task, covering the full profile of the
integrated/customized e-commerce applications: the various
services offered by the applications, the activities and roles of
the different actors participating in the application, the appli-
cation flow, as well as the data involved in the process. Then,
acting as an application generator, the system generates a full
integrated/customized e-commerce application.

While the work described in his paper was targeted at sup-
porting the integration and customization of e-commerce ap-
plications, the developed solution can also be used for other
types ofWeb applications with similar characteristics, includ-
ing in particular: (i) sharing of data; and (ii) cooperative work
by a number of actors connected via the network. These are
typical features also found, for instance, in digital libraries or
manufacturing information systems.

The declarativity of the specification allows formuch free-
dom in the optimization the generated application. Only little
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POST http://www.a1books.com/cgi-bin/a1books/a1Search HTTP/1.0
User-Agent: AM browser
Host: www.a1books.com
Content-Length: 83
Proxy-Connection: Keep-Alive

act=search&WVSESSION_ID=30509&matchCriteria=keyword&searchBy=author&searchStr=Rowling Fig. 30.Local request

of that was incorporated in the first prototype of the system.
We are currently working on extending the prototype along
the linesmentioned in Sect.5, supporting optimized reads and
writes and conditional/serial execution of the refined statema-
chines.

We are currently examining the ability of the system to
scale both in terms of the number of applications that can si-
multaneously be integrated and the number of users that can
be supported. We started with a few applications due to com-
putation power limitations. Keeping track of several web ap-
plications may be easy, but doing so at the Internet scale is
not feasible. This is the reason we also conducted research
on change detection of Web sites along the directions men-
tioned in the previous section. We are also studying further
optimizations based on offline preprocessing of statecharts re-
finements and rewriting of queries. The relevant preprocess-
ing will be re-activated when our system detects changes in
one of the local sites. Another interesting line for future re-
search is the automatic integration of applications. There are
two main issues here. Given a target global application, the
first problem is finding the relevant local applications among
the many applications available on the Web. A possible solu-
tion is to use software component brokerage [23,30,9]. Based
on ontologies and problem-solving methods, brokering ser-
vices of Web repositories establish customer requirements,
match a software model from a component library, and sup-
ply the glue logic according to the customer’s specifications.
Combining our system with these techniques for obtaining an
automatic matching of existing applications to the target ap-
plication could be very beneficial, and we plan to study the
issue in future work. Once the relevant local applications are
found, the next issue is writing the specification of the map-
ping between the global and the local applications. Some of
this can be automated as well. In recent years there has been
a significant amount of work on automating the translation of
data amongdifferent sources and formats, based on source and
target schema/DTD [15,39,25].We plan to study how this can
be incorporated here to deal with the data part of the specifi-
cation, and furthermore, how it can be extended to also handle
(at least someof) the dynamic part of the applications, namely,
the mapping between the activities and flow.
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