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Abstract

Early research in declarative web-site manage-
ment identi�ed a key principle: the separation of
data management, site structure, and page pre-
sentation. This separation was made through
the introduction of a logical representation, the
site graph, de�ned as a view over underlying
data. While the separation of these three tasks
provides many bene�ts, existing systems require
that the user implement the web site with the
same system they use to design it, and this re-
striction is problematic for three reasons. First,
many users are familiar with and prefer an-
other implementation tool. Second, other tools
may provide useful, new, or specialized features.
Third, a complex site may be controlled by mul-
tiple organizations whose standards require dif-
ferent tools. In this paper we present a new ar-
chitecture for declarative web-site management
that separates design and implementation. We
describe the challenges we faced during the im-
plementation of Tiramisu, a system using this
architecture.

1 Introduction

Recent research in the database community has in-
vestigated the use of declarative representations as
a paradigm for building web-site management sys-
tems [5, 2, 4, 9, 1, 3]. Underlying these declarative
web-site management (DWSM) systems is the ob-
servation that there are three main tasks in build-
ing a web site, and these tasks are intertwined in
current tools. These tasks are (1) selecting, inte-
grating and managing the data to be presented in
the site, (2) de�ning the structure of the site (i.e.,
the set of pages, the data at each page, and the
links between pages), and (3) designing the graph-
ical presentation of the site.

Broadly speaking, DWSM systems seek to im-
prove the speed and exibility of web-site manage-

ment by decoupling these tasks through the intro-
duction of a logical representation of the structure
and content of the web site as an intermediate step
in the construction of the site. This logical model,
which we refer to as the site graph, is de�ned as
a view over some underlying data that is managed
by a separate data management system. Di�er-
ences between the DWSM systems are primarily in
the precise data model and query language used to
de�ne the site graph as a view.

Previous declarative web-site management sys-
tems o�er several advantages. First and foremost,
these systems provide a exible mechanism for
modifying both the structure and the data in a
site. This exibility is important because the pro-
cess of building web sites is inherently an iterative
one. Furthermore, these systems enable building
multiple versions of a web site from the same data,
targeted for di�erent classes of users (e.g., novice
vs. expert users, public vs. internal sites). Finally,
such systems enable the speci�cation and veri�ca-
tion of integrity constraints on web sites [6] and
automatic development of e�cient run-time man-
agement policies for sites [7].

Our experience building, using, and extending
the Strudel DWSM system [5] has exposed a sig-
ni�cant weakness in the aforementioned paradigm.
While DWSM systems enable users to explicitly de-
sign the structure of a web site, they force users
to implement the web site in the same system.
For example, in Strudel, after users describe the
structure of the web site using the StruQL lan-
guage, they have to implement the site (i.e., com-
pute the site graph and the HTML pages) also us-
ing Strudel. There are several problems with this
approach:

Familiarity: Many users are already using web
site implementation tools with which they are com-
fortable or forced to use because of organizational
constraints.



Functionality: There will always be tools that
are specialized for certain tasks (e.g., for speci�c
graphical design, database connectivity, or elec-
tronic commerce) and we cannot expect Strudel
or any other system to encompass the functionali-
ties of all these tools.

Politics: Even if only a single tool is being used,
the implementation of a web site may be frag-
mented across several sub-organizations of an en-
terprise.

This paper describes a new architecture for
declarative web-site management systems, and dis-
cusses an embodiment of this architecture: the im-
plemented Tiramisu. Like previous DWSM sys-
tems, Tiramisu provides the ability to distinguish
the design phase of the web site using a variation
on the entity/relationship model (called the site
schema). However, after the designer completes
the high-level design of the site, she chooses which
implementation tools to use for the di�erent parts
of the site. Tiramisu's implementation manager
then breaks down the site speci�cation appropri-
ately and communicates with the di�erent imple-
mentation tools to produce the web site.

Speci�cally, for each tool, Tiramisu takes the
appropriate fragment of the site speci�cation and
creates a partial implementation that is ready to
be completed within the tool. For example, if the
tool is a WYSIWYG HTML editor, the partial im-
plementation includes a set of HTML �les with
appropriate links already in them. If the tool is
a database middleware tool for creating web sites
from relational databases, the partial implementa-
tion consists of a set of HTML templates that in-
clude embedded SQL queries, as the tool allows.
After the implementation of each fragment of the
site is completed using the tools, the implemen-
tation manager ensures that the partial web sites
produced by the di�erent implementation tools are
�t seamlessly together.

In this paper, we illustrate the ideas and opera-
tion of Tiramisu mostly through an example: cre-
ating the home page of one of the authors. We show
how a site schema is created and annotated with the
tools used. We demonstrate how Tiramisu directs
each tool to create each piece of the site. We dis-
cuss the requirements of the interface between the
tools and Tiramisu. We �nally close with some
discussion and directions of future work.
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Figure 1: Tiramisu architecture. The data in-
tegration module (shaded box) provides a uniform
view of the data to the web site. The web site de-
signer interacts with the site schema editor to spec-
ify the site structure. Each piece of web content is
built by external tools, shown with their wrappers,
at the bottom. Coordinating the implementation
of the entire site is the Tiramisu Implementation
Manager.

2 Tiramisu architecture

The Tiramisu architecture, shown in �gure 1, is
broken into the following components:

Data management and integration: As in
other DWSM systems, the content underlying the
web site is stored in possibly multiple external
repositories. Tiramisu employs a data integra-
tion system to provide a uniform view of the data,
thereby hiding the speci�c interface details of the
particular data sources. Typically, the data is
stored in either traditional databases, structured
�les, or legacy systems. Currently, Tiramisu uses
Strudel as the data integration system, but will
soon be modi�ed to use the Tukwila [8] system.

Site schema editor: The site schema is a
graphical representation of the structure of the web
site. Intuitively, the site structure is de�ned by
a set of queries over the underlying data sources.
The web site designer can visually edit the site
schema with Tiramisu's site schema editor, includ-
ing adding annotation about which implementation
tool is to be used for each schema node. More dis-
cussion of the site schema is given in section 2.1.

Implementation manager: The key idea in
Tiramisu is that Tiramisu itself does not create
the web content, but rather coordinates a set of ex-
ternal tools that perform the task. The coordina-
tion is performed by the implementation manager



component of the system. The actual communica-
tion with the tools is done via a set of wrappers.
We discuss the implementation manager in more
detail in Section 2.2. Section 3 discusses the issues
that arise in designing an API for communicating
with the implementation tools.

2.1 De�nition of site structure

The structure of the web site is de�ned by a site
schema [5], which is a visual representation of the
query (or set of queries) de�ning the site graph
from the underlying data sources. Tiramisu's site
schema is a variation of an entity/relationship dia-
gram. The site schema for our example is shown in
�gure 2. Nodes represent groups of related web con-
tent, speci�ed by a set of parameters and a query.
For example, in �gure 2, we see that the PubsByYear
node has a single parameter y, whose values are the
result of the query

q(y) :- pub(p), year(p,y).

Based on the data underlying our example site,
the PubsByYear(y) node represents the set of three
pieces of web content: PubsByYear 1996, Pubs-
ByYear 1998, and PubsByYear 1999.

Links between the nodes represent either hyper-
text links or links to embedded content. Embed-
ded content refers to content that appears in an-
other piece of content. For instance, the Sched-
ule content will appear as part of the HomePage
content. Like nodes, links also contain queries1,
which specify exactly which pairs of ground web
content are linked together. For instance, the link
from the PubsByYear node to the ExtendedPubEntry
node speci�es that only publications p that appear
in year y should be embedded in the PubsByYear(y)
ground instance.

Finally, each node in the site schema is tagged
with the name of the tool that will be used to im-
plement that node. In our example, FrontPage is
used to create the Schedule and HomePage nodes,
Strudel is used for the Resume and Publications
nodes, and VB Script for Active Server Pages is

1The query with no right hand side, :-, denotes the
query TRUE. Links in the site schema whose queries
have an empty right hand side produce links in the site
graph between the cross product of all the source and
destination pages. For example, the link L4 generates
links between the Resume node and all the BriefPubEn-
try nodes in the site graph.

used for the remaining nodes.2

2.2 Tiramisu Implementation Manager

The novel aspect of Tiramisu compared to other
declarative web-site management systems is the
way it coordinates the implementation of the web
site rather than producing the web site on its own.
We demonstrateTiramisu's operation through our
example. The tools we consider at the moment in-
clude FrontPage (a graphical editor for HTML);
VB Script for Active Server Pages (ASP), a vir-
tual scripting environment that enables embedding
SQL queries in HTML; and the Strudel system.
We note that the tools for creating web sites out
of relational databases are similar in many ways to
Active Server Pages for the purpose of our discus-
sion.

The Tiramisu Implementation Manager takes
as input the site schema that the web site de-
signer has created, including the annotations about
which tools are to be used for each node. The
Tiramisu Implementation Manager begins by it-
erating through each of the tools mentioned in the
input (FrontPage, ASP, and Strudel in our exam-
ple). For each tool I, the Tiramisu Implementa-
tion Manager gathers the set of nodes, NI , in the
site schema that the web site designer has speci�ed
as being implemented by I. In addition to these
nodes (and their adjacent links), the Tiramisu Im-
plementation Manager also computes the set, FI ,
of frontier nodes: the nodes in the site schema that
are the destination of a link emanating from some
node inNI , but that are not inNI . In the example,

NFrontPage = fHomePage, Scheduleg

FFrontPage = fResume, Publicationsg

NStrudel = fResume, Publicationsg

FStrudel = fBriefPubEntry, PubsByYearg

NASP = fBriefPubEntry, PubsByYear, Extend-

edPubEntryg

FASP = fg

Given the sets NI and FI for each tool, the
Tiramisu Implementation Manager can now in-
voke the tools to create each fragment of the web

2We use ASP in this example for illustrative pur-
poses. In practice, we would use Strudel for all parts
of the site that are not created by FrontPage.



Figure 2: An example site schema. Rectangular nodes represent web content. Arrows represent either
hypertext links (black) or embedded content (white). Nodes are parameterized and include queries for their
parameters and displayed data. Links are also parameterized to specify which source and destination nodes
are to be connected.

site. Speci�cally, for each tool, the Tiramisu Im-
plementation Manager computes a partial imple-
mentation of the web content that that tool must
create. In our example, the Tiramisu Implemen-
tation Manager creates partial implementations as
follows:

FrontPage: Tiramisu creates HTML �les for
each node that FrontPage must implement. For
the Schedule node, there is only one page (named
Schedule.html). At the moment, this page has no
data and no external links, and these will be �lled
in later as the web site designer creates the sched-
ule with FrontPage. For the HomePage node, there
again is no data, but now there are links. There
is a link to the Resume node, for which Tiramisu
creates a hypertext link in the HomePage.html �le.
There is also a link to the Publications node. For
this link, however, Tiramisu �rst poses the query
L2() :- pub(p). Only if the result is nonempy (i.e., if
there is some publication p in the database) will the
link from HomePage.html to the Publications node
exist.

Strudel: Tiramisu creates a StruQL query
that includes the nodes Publications and Resume.
Tiramisu also creates default HTML templates for

these nodes that Strudel will use to create the
resulting web pages. Given the StruQL query
and the HTML templates, Strudel implements its
part of the site graph.

ASP: Finally, Tiramisu creates an ASP for the
PubsByYear node, the BriefPubEntry node, and the
ExtendedPubEntry node. Each of these ASPs in-
cludes the SQL queries over the underlying data
necessary to retrieve the data at that node and the
HTML to display the data.

The �nal step in the implementation process is
for the web site designer to re�ne the automatically
created partial implementations (if desired). In this
step, the web site designer performs the following
tasks as needed: (1) adds content to the HomePage
and Schedule pages with FrontPage, (2) edits the
HTML templates that Strudel uses to build its
content, and (3) edits the default VB script that
the ASP will run.

There are a few important observations to be
made at this point. The �rst observation is that
content created by the di�erent tools is integrated
coherently into the web site. In particular, content
that is created by one tool (the ASP tool, for in-



stance) and referenced by another tool (Strudel)
are matched up seamlessly. Such was the case with
the link from the Publications node to the Pubs-
ByYear node. Strudel created the Publications
content, but needed to reference the PubsByYear
content created by the ASP tool. Tiramisu en-
sures that these interactions between tools are co-
herent.

The second observation is that Tiramisu makes
no a priori commitment to the materialization pol-
icy { whether pages are created statically or dy-
namically. Tiramisu cleanly supports both such
methods, as can be seen by Tiramisu's interaction
with Strudel (which created its content statically)
and the ASP tool (which will create its content dy-
namically).

3 API for a tool federation

The longer term goal of our project is to develop a
federated architecture in which it is easy to incor-
porate new web-site development and management
tools. A key element of this architecture is the def-
inition of a standard API to web-site management
tools (e.g., as ODBC is for relational databases).
The API de�nes the minimal set of functionalities
that a tool must provide in order to participate in
the federation. As a �rst step in this direction, we
build on our experience in implementing Tiramisu
to highlight the main issues that need to be consid-
ered in such an API. As we describe, for the tools
we considered in Tiramisu, it is possible to simu-
late such an API by a set of wrappers on top of the
existing tools.

Creation of content from an external speci�-
cation: In order for Tiramisu to be able to dis-
patch parts of the implementation of the web-site
to a tool, the tool must be able to accept a partial
speci�cation of content from an external source. In
its simplest form, a tool should be able to accept
speci�cations for single web pages. Preferably, the
tool should be able to accept speci�cations for sets
of pages and links between them.

For the tools we considered, this functionality
turned out to be relatively straightforward. For
FrontPage, we simply created HTML pages that
can be later re�ned using the tool itself. For ASP,
we created scripts with embedded SQL queries. For
Strudel, we created a StruQL query and default
HTML templates.

As a further step, it would be desirable to attach
to the partial speci�cation a set of integrity con-
straints that should be maintained by the tool as
the content is eshed out, and hints for run-time
management of the site.

Access to tool's underlying data sources:
Some implementation tools may have associated
with them their own data sources3. In order to
guarantee that there are no discrepancies between
the fragments of the site that are created by dif-
ferent tools, the implementation manager must be
able to access the underlying sources.

For example, suppose that one fragment of a uni-
versity web site is created by the Computer Science
Department and another by the registrar's o�ce.
The pages describing course listings are created by
the registrar's o�ce and derived from the registrar's
data. But the faculty's homepages and schedules
are created by the department and its data. To
ensure a consistent web site, it must be the case
that the Computer Science faculty in the registrar's
database match those in the CS database. Hence,
the implementation manager needs to be able to
query both databases and warn of any discrepancy.4

This functionality is an easy one to support in
practice, because web-site management tools tend
to rely on ODBC compliant sources. The only ques-
tion that arises is in contexts where a web site is
built across multiple sub-organizations, and they
are not willing to provide access to all of their data
externally to the implementation manager. In such
cases, the sub-organizations must expose at least
the data that is relevant to the integration of the
di�erent fragments of the site (and, in fact, it is
possible to derive which portions of the data are
relevant by analyzing the site schema).

External naming of URLs: Because the frag-
ments of the site created by di�erent tools are
linked in complex ways, special care needs to be
given to the issue of naming URLs. Consider
the case with two implementation tools, I and J ,
where NI \ FJ 6= fg. I must create pages that
can be referenced by the pages J creates, and J
must create pages that have the correct external
links to the pages of I. To enable seamless linking,

3Recall that an \implementation tool" may also be
an organization that is responsible for part of the larger
web site.

4The issue of how to �x such a discrepancy is beyond
the scope of our discussion.



these tools must be able to accept from the imple-
mentation manager names for the URLs that they
create.

When the web site is created statically, this re-
quirement is not strictly necessary. An alternative
approach in this case would have been to allow each
tool to name the URLs of the pages it creates, and
report the names to the implementation manager.
The implementation manager would then perform
a second pass over all the content, in which it �xes
the external references or introduces indirection to
produce the correct e�ect.

Implementing this functionality for the tools we
considered was mostly straightforward, except for
Strudel, which insists on inventing its own URLs.
In our implementation, we wrote a simple wrap-
per that iterated over the content produced by
Strudel and renamed the URLs appropriately.

In conclusion, we clearly expect the set of fea-
tures of the desired API to evolve over time. The
observation that these features were easy to imple-
ment on top of existing tools suggests the such a
federated architecture is indeed a viable one.

4 Conclusions

In this paper we have described the Tiramisu sys-
tem that provides an architecture for building web
sites using a collection of web site management
tools.

In the long run, this architecture has more
promise than a single-tool system, because it will
be able to leverage novel functionalities provided
by emerging tools. Furthermore, one can replace
an implementation tool used for building a web
site without the e�ort of completely redesigning
the site. We also argue that many of the advan-
tages touted for previous DWSM systems can be
conserved in our architecture as well. We mention
two of these here.

The �rst is the ability to specify and verify in-
tegrity constraints [6]. As shown in [6], integrity
constraints are veri�ed at the intensional level of
the site schema, and not the extensional level of
the site graph or set of HTML pages. Hence, the
same algorithms can be applied in Tiramisu as
well. Of course, when the web site is actually imple-
mented using a speci�c tool, the web site designer
can choose to ignore the constraints imposed by
the design. However, it is possible to insert warn-
ings in the partial implementations produced by the

Tiramisu to ensure that the web site designer is
aware of possible violations.

The second point is the design of run-time man-
agement of web sites [7]. The problem is to decide
automatically, based on the site schema and char-
acteristics of the data, when to compute parts of
the web site (either before browsing begins, on de-
mand, or a combination of the two). Here too, the
design of the run-time policies uses the site schema,
and hence the algorithms described in [7] can be ex-
tended to Tiramisu as well.

For more information about Tiramisu, visit our
web site at http://data.cs.washington.edu/
web/tiramisu/.
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