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ABSTRACT

The amount of electronic medical data that has appeared in the last decade is
enormous. However, there exists a big gap between the potential and the realized
value of such data, mainly because it is contained within isolated Medical Informa-
tion Systems (MISs). Thus, enabling data interchange between MISs would improve
the quality of healthcare services and even allow medical organizations to offer new
services that were impossible or impractical before. Unfortunately, these information
systems are highly heterogeneous and, in order for the data to be exchanged, this
representational heterogeneity has to be resolved.

The main objective of this thesis was to develop an approach to specifying the
translation between the aforementioned heterogenous data sources. This translation
specification is comprised from the sequence of transformations that have been for-
mally defined and the effect of which on the information capacity of the schemas is

fully known.
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Chapter 1

Introduction

1.1 Motivation

Over the last decades, the drastic reduction in computing costs coupled with an
increased availability of affordable broadband connectivity have created an ocean of
electronic data spread over a large number of information systems. However, there is a
considerable gap between the potential value of this data and the reality. While many
such systems are accessible via the Internet standards, this access is usually restricted
to entering or viewing the data using a human-targeted user interface, which limits
the usefulness of these information systems.

Solving this problem by enabling the information systems to connect to each other
is especially crucial in areas like healthcare, since the more complete the information
available (even simply by showing a patient’s data across hospital systems, instead of
only seeing one system at a time (e.g., pharmacy or charting)) is to the doctors, the
more lives could be saved or improved. Because of this, in recent years, a considerable
effort by both governmental and private organizations around the world (e.g., Canada

Health Infoway [1], established by the Canadian government in 2000) has been devoted
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to improving healthcare services by integrating medical information systems (MISs)
in order to provide an Electronic Medical Record (EMR) infrastructure.
Unfortunately, while desirable, integrating MISs is not an easy task. As Walter

Sujansky says in [60]:
In aggregate, these data encompass information and knowledge that can
significantly improve patient care, public health, basic research, and ad-
ministrative efficiency. However, the wonderful volume and availability of
these data have grown through a largely decentralized process ...[that] has
resulted in a patchwork of diverse, or heterogeneous, database implemen-
tations, making access to and aggregation of data across implementations

very difficult from a practical perspective.

1.2 The HealthMatrix project

The HealthMatriz project!(described in details in Chapter 3) attempts to solve the
integration problem by acting as a middleware that can facilitate data and service
interchange between existing medical information systems. With the help of Health-
Matriz, MISs can be connected together to form large scale distributed networks (that
can be reconfigured on-the-fly). To achieve this, HealthMatriz uses active components

to:

e wrap the access to the heterogenous MISs and provide a uniform query/data

Ideveloped by the NetLab Group, Department of Computer Science, University of Victoria
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interface [SFE, cf. Section 3.3.1]

route the data/queries over the network, depending on the purpose of said data

[Staging Area, cf. Section 3.3.2.2]

e manipulate the transmitted data [Transducer/Merger/Adder, cf. Section 3.3.2.1,

3.3.2.5]

e execute predefined guidelines (at the MISs) in order to obtain additional data

[WEE, cf. Section 3.3.2.6]

provide a central repository and control center for each distributed network

[MEA, cf. Section 3.3.3]

1.3 Data Heterogeneity

Unfortunately, it is not enough to connect the information systems together to enable
the information exchange between then. One of the problems addressed by Health-
Matriz, and the focus of this thesis, is that of resolving data heterogeneity. The main
reason for the information systems containing similar information to be heterogeneous
is the fact they “have grown through a largely decentralized process that has allowed
organizations to meet specific or local data needs without requiring them to coordinate
and standardize their database implementations” [60]. This data heterogeneity can
take many forms [cf. Section 2.2] that range from different name used for the same
concept to what the data means and how it is structured.

In order to resolve the heterogeneity between two data sources and translate data
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from one representation to another, it is necessary to: (a) figure out which element(s)
in one source match which element(s) in another and (b) create a specification (or
program) that contains instructions on how to translate the data. In this thesis we
are addressing the latter problem.

Unlike the majority of existing approaches [cf. Section 4.2.2] to the translation
specification that are based on mapping the elements from the source representation
to elements from the target representation (in some cases using various functions), our
approach (explained in detail in Chapters 4 and 5) relies on transforming the source
into the target by applying a sequence of formally defined transformations with well-
known properties to it. It is our contention that, while being at least as powerful as
the majority of mapping approaches, our approach also allows reasoning about the
information loss/gain during the translation (and this is especially important in a

healthcare domain).

1.4 OQOutline

The rest of the thesis is structured as follows:

Chapter 2 describes background research for this work. It introduces our classifi-
cation of data heterogeneity and describes markup languages and their history
as well as the background on graph transformations.

Chapter 3 presents the HealthMatriz project. It discusses the requirements for

the health information networks and describes individual components of the
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HealthMatriz and interaction between them.

Chapter 4 outlines the problem of data translation. It describes the existing ap-
proaches to schema matching and translation specifications and presents our
transformation-based approach to resolving data heterogeneity.

Chapter 5 defines the transformation operations and their properties. It also de-
scribes our method of schema representation as well as several approaches de-
signed to make the creation of the translation specification easier for the user.

Chapter 6 outlines the prototype implementation and evaluates our approach with
respect to the data heterogeneity classification (presented in Chapter 2) and the
palliative care data mapping case study.

Chapter 7 presents the summary of the contributions of this work and talks about

future research directions.



Chapter 2

Background

2.1 XML and Markup Languages

2.1.1 History

2.1.1.1 Early Days

History of the markup languages is quite long. The oldest of such languages predate
computer science and were used to mark up hand-written manuscripts for printing.
Different printing houses used their own sets of markup symbols until the first widely
known common set was introduced in “Rules for Compositors and Readers, which are
to be observed in all cases where no special instructions are given” by Horace Hart
(informally called “Hart’s Rules”) [39] that was published in 1893 and continued to
be very popular (39 editions, last one in 1983) up until the advent of computer-based
publishing.

As printing became more computerized, a need for computer markup languages
arose. Unfortunately, every word-processing program had its own markup language
and most of these languages used specific (also called procedural) markup.

Specific (procedural) markup instructs the processing system how a document
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should be presented on screen or in print (sometimes a separate markup is required
for each target). It is concerned only with formatting and does not provide any in-
formation on the meaning of the marked-up sections. For example, the instructions
in Figure 2.1 simply makes the text (which is a chapter’s heading, but the language

has no means of specifying that) to be centered, bold and in “romanl6” font.

.sp
.fs romani6

.bd .ct Chapter 1. Introduction

Figure 2.1. Ezample of the specific markup

2.1.1.2 GenCode

In 1967, the president of the Composition Committee of the Graphic Communication
Association (GCA) William Tunnicliffe presents for the first time the idea of separa-
tion between the contents and the formatting of a document. At approximately the
same time, Stanley Rice (a book designer from New York) proposes to use a universal
set of parameterizable tags to describe a so-called editorial structure of the document.
These two ideas lead to the creation of the GenCode Committee, conclusions of which

became the foundations of modern markup languages:
e [t is impossible to describe all the documents with one set of codes
e Markup should take into account the hierarchical structure of the document

e Markup should be generic (or descriptive) rather than specific
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Generic (descriptive) markup identifies the structure and components of the doc-
ument. It is concerned with what a particular structural part of the document means,
rather than with how it should be presented (thus it requires other processes to pro-
vide a specific formatting for each type of document’s component). For example, the
instructions in Figure 2.2 simply mark the text as the chapter’s heading (and this,
if we want to use this information for the formatting, might mean formatting it, for
example, as bold and centered or italicized and left-aligned, depending on a settings
of the processing application). Thus, the generic markup is much more powerful than
the specific markup, since it is not targeted towards any particular purpose (such as

formatting) and can be used in a variety of ways.
:chapter Chapter 1. Introduction

Figure 2.2. Ezample of the generic markup

2.1.1.3 GML

In 1969, as part of IBM’s project on integrating law office information subsystems,
Charles Goldfarb extended the ideas of GenCode committee and together with Ed-
ward Mosher and Ray Lorie created the Generalized Markup Language (GML) as a
means of allowing the text editing, formatting, and information retrieval subsystems
to share documents. Note that originally GML stood only for the initials of its cre-
ators, until Goldfarb coined the term “markup language” in [38]. GML started an

entirely new layer in markup languages, since it was actually a metalanguage (i.e.,
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a language for describing other languages). Also, unlike earlier markup languages,
instead of a simple tagging system, GML introduced the concept of a formally-defined
document type with an explicit nested element structure.

Recognizing in GML the value beyond law office applications, IBM retargeted it to
text processing in general. Since GML was a metalanguage, in order for it to be used
by IBM’s Document Composition Facility, a set of tags (called GML Starter Set [9]) to
describe various document structures (such as chapters, paragraphs, lists, etc.) had to
be defined. Since that time, GML was used by many publishing systems and achieved
a substantial industrial acceptance. In 1980, IBM itself, which was considered to be

the world’s 2™ largest publisher, produced over 90% of its documents using GML.
2.1.1.4 SGML

Charles Goldfarb continued to work on improving the GML, which resulted in the
creation of the Standard Generalized Markup Language (SGML) [37] in 1974. SGML
quickly became accepted as a standard for information interchange and processing.
The first working draft of the SGML standard was published in 1980 by ANSI. By
1983, the sixth working draft is recommended as an industry standard and adopted
by such organizations as US IRS and DoD. In 1986 SGML was established as an ISO
standard (ISO 8879:1986).

SGML is an extremely powerful and flexible metalanguage, however, because of
its complexity very few applications could process it (and the ones that could, were

generally quite expensive) and it remained a niche market in the 1980’s, focusing
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primarily on document interchange (and publishing) between large organizations.
2.1.1.5 HTML

With the creation of the World Wide Web (WWW) at the beginning of the 90s the
need for the markup language that can be processed by the WWW browsers arose.
Tim Berners-Lee and Anders Berglund used SGML to define a tag-based language as
a means of adding meaning and presentation instructions to technical documents that
were shared over the early Internet. The language was called Hyper Text Markup
Language (HTML) [5] and initially had a very small set of tags (~10) that were easy
to remember and use.

While HTML didn’t bring any innovations to the field of markup languages, its
simplicity allowed it to become extremely popular,! thus popularizing the ideas of

document markup and enabling information interchange on a large scale.

2.1.2 XML

2.1.2.1 Origins

As the Internet grew and evolved, increasing number of companies and organizations
wanted to participate in data interchange, however HTML (by far the most popular
markup language at the time) was designed for a different goal (to represent how
parts of the document should look, rather than what they mean), thus it turned

out to be too limited for this purpose and a demand for a flexible generic markup

In August 2004, Google was indexing 4,285,199,774 web pages, and this is only a part of existing
HTML documents.
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language emerged. SGML was powerful enough to fill this role, however it was too
complex for people used to HTML (some other technical issues existed as well, e.g.,
it was difficult to validate over the network).

In November 1996, at the SGML’96 conference an initial draft of the Extensible
Markup Language (XML) [10] was created and in February 1998 W3C accepted XML
1.0 as a standard (currently in its 37 edition [17]).

XML is a restricted form of SGML (it is a strict subset, so any XML documents
are correct in SGML as well). XML has a less ambiguous syntax (e.g., all attributes
must have a value, empty elements have a special syntax, etc.). Many SGML-specific
features were removed, most notable of which is that a compulsory validation against
a DTD [cf. Section 2.1.2.3] was no longer required (it is enough for an XML document
to be well-formed, i.e., have a good syntax, no crossing tags, etc.). As a result the
specification for XML is less than a tenth of the size of the SGML specification

(overview of the differences can be found in [32]).
2.1.2.2 Documents

Every XML document is plain text and composed of nested tagged elements. Each
tagged element has a sequence of zero or more attribute/value pairs and is made up
of a start and end tag (there is also an alternative shortcut notation for an empty
element) with data in between. This data is an ordered sequence of zero or more
sub-elements. The sub-elements may themselves be tagged elements, or they may be

tag-less segments of text data.
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<patient PHN="12345">
<name>
<firstname>
John
</firstname>
<lastname>
Smith
/<flastname> %
< /name> ; e
<contact> » lastname
Lemail>
smith@email . com
</email>
<email>
jsmithRBaocl.com
</email>
<phone>
250~555-5555
</phone>
</contact>
<misc/>
</patient>

nsssmsmsass

-»{ smith@email.com )
- jsmith@aol.com )

(" 2508555555 )

a} B
Figure 2.3. Ezample of an XML document (a) and a corresponding tree (b)

The elements, attributes and their hierarchical relationships are easily represented
in a tree structure (see [2] for more details). Figure 2.3 shows an example of an XML
document and its corresponding tree.

While XML is a metalanguage, i.e., it is designed to define other languages (or
document types as they are called in XML), proper XML documents do not have
to fit any such definitions (such documents are called schema-less). As long as the

document conforms to the following rules, it is called well-formed and can be parsed
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by any XML parser:
e Elements must have closing tags.
e Tags must be properly nested.

Document must have a single root tag.

Attribute values must be quoted.
2.1.2.3 DTDs and XML Schemas

While it is technically enough for XML documents to be well-formed and not corre-
spond to any predefined document type, such documents are largely useless for the
automated processing. They are still human and machine readable, however, without
an agreement on what tags and attributes are allowed and in what sequence they can
occur, these documents can not be verified and/or used to share data.

The list of XML markup declarations that provides a grammar for a document
type is known as Document Type Definition (DTD) [17]. XML documents that satisfy
the rules laid out in a DTD are called valid. Each DTD consists of declarations for
elements and attributes expressed in Extended Backus-Naur Form (EBNF). Elements
can nest other elements (even recursively), or be empty. Simple cardinality constraints
can be imposed on the elements using regular expression operators (? for optional, *
for zero-to-many, + for one-to-many). Elements can be grouped as ordered sequences
(a,b) or as choices (a|b). Elements have attributes with properties type (PCDATA,

ID, IDREF, ENUMERATION), cardinality (#REQUIRED, #FIXED, #DEFAULT),
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<!ELEMENT patient (name,contact,misc)>

<!ELEMENT name (firstname,middlename?,lastname)>
<!ELEMENT firstname (#PCDATA)>

<VELEMENT middlename (#PCDATA)>

<IELEMENT lastname (#PCDATA)>

<!ELEMENT contact (email|phone)*>

<!ELEMENT email (#PCDATA)>

<IELEMENT phone (#PCDATA)>

<IATTLIST patient PHN CDATA #REQUIRED>

<!/ELEMENT misc EMPTY>

Figure 2.4. FEzample of a DTD

and any default value. Figure 2.4 shows an example of a DTD that corresponds to
the XML document in Figure 2.3a.

While simple and easy to use, DTDs also have a number of limitations (e.g., data
types could not be specified in DTDs). To overcome these limitations, a language
called XML Schema? [12] was proposed and became a W3C recommendation in May
2001. XML Schemas are more complex and more powerful than DTDs and can
specify such document features as data types, value ranges and patterns, number of
occurrences for elements, etc. The XML Schema language is also itself defined in XML
and is inherently extensible. While in this work we are focusing almost exclusively
on DTDs, the shift to XML Schemas is a likely future direction [cf. Chapter 7].

The use of standardized definitions for document types (whether using DTDs or

2Note that this Schema is spelled with a capital ‘S’; schema with the lowercase ‘s’ is used to refer
to both DTDs and XML Schemas
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XML Schemas) allows XML documents to be used in data exchange, provided all of
the parties have access to such definitions. A number of WWW-based repositories

(such as [8, 6]) exist to facilitate this.
2.1.2.4 XSLT (Extensible Stylesheet Language Transformations)

If the parties in data exchange share the same DTDs (or XML Schemas) then the
exchange process itself is straightforward. However, if we want to exchange data that
conforms to different document types, then the need for translation arises. Probably
the most well-known language for transforming XML documents into other XML
documents is XSLT (Extensible Stylesheet Language Transformations) [11].

XSLT (became a W3C Recommendation in November 1999) is a part of the Exten-
sible Stylesheet Languages (XSL) family [3] that also includes XPath (an expression
language for accessing or referring to parts of an XML document) and XSL For-
matting Objects (XSL-FO, an XML vocabulary for specifying formatting semantics).
XSL was designed for expressing style sheets (files that describes how to display an
XML document of a given type) and its XSLT part was originally intended to perform
complex styling operations (e.g., like the generation of tables of contents), however
now it is used as a general purpose XML transformation language.

Just as XML was derived from SGML, XSLT originated from an SGML-based
standard called DSSSL (Document Style Semantics and Specification Language) [52].
DSSSL was also originally designed to define how to render SGML documents, but

can be (and is) used for general transformations of SGML documents (and since XML
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is a subset of SGML, it works on XML documents as well). Aside from DSSSL, other
XML transformation languages such as Omnimark [21] (proprietary language based
on XML parsing events) and FXT (Functional XML Transformer) [29] (a functional
language based on SML) exist as well, but XSLT is by far the most popular.

XSLT script (also called transformation sheet) consists of transformation rules
(templates) associated with patterns of elements and attributes in XML document
expressed in XPath. These patterns could be quite complex and include value checks,
use predefined functions (e.g., computing the number of occurrences), etc. When a
match is found in the source document, the corresponding rule is executed and gener-
ates a fragment of the target XML document. In the process, other templates might
be applied (sometimes recursively) and various other side-effects (such as setting of
variables) might be generated.

An example of an XSLT script and its effects are shown in Figure 2.5.

2.2 Data Heterogeneity Classification

As stated in Chapter 1, the biggest obstacle to medical data integration is the variety
of ways in which similar data is represented in different data sources (or what Walter
Sujansky calls representational heterogeneity [60]). The first layer of heterogeneity
usually arises from the diversity of technologies (and/or specific implementations) of
the data sources themselves. Transforming data from relational, hierarchical, object-

oriented, flat file, XML-based and other types of data sources into a single represen-
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<xsl:stylesheet ...> {namespace declaration omitted) a)
wl-= Copy document —--—>
<xs8l:template match="node () |E*">
<xsl:copy>
<xsl:apply~templates select="E*|node(})"/>
</xsl:copy>
</xsl:template>
<{-= Rename “"lasthnape” element to “surname” -—--=->
<xs5l:template match="patient/name/surname">
<xsl:element name="Record”>
<xsl:apply~-templates select="node{)}"/>
</xal:eloment>
</xs8l:template>
<f-~ pelete 2™ “email” element -->
<xsl:template match="patient/contact/email [position{)=2]"/>
«</xsl:stylesheet>
<patient PHN="12345"> ®)| cpatient PHN="12345"> ¢
<name> <names
<firstname’ <firstname>
John John
<ff;rstnams> </f;xstnama>

=/ las tnma:#

</name> am
<contact> <contact>
<email> <email>
smithRemail .com smithfemail.com
\<f@magl> </email>
, <phone>
250-555~5555
</phone>
‘ruv"&,( {f{;nhi-aﬂi'-”}
250~-555-5555 <misc/>
</phone> </patient>
</contact>
<misc/>
</patient>

Figure 2.5. Ezample of an XSLT script (a), original XML document (b), and the
resulting XML document (c). Differences between documents are highlighted.
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tation is the initial step in data translation process. In our HealthMatriz system this
step is performed by the Service Federation Envelope, which wraps various types of
data sources and allows us for all intents and purposes to consider them XML-based
[cf. Section 3.3.1). However, even if all data sources are XML-based, significant
representational heterogeneity would remain. A number of researchers (including
[35, 60, 27, 30]) have worked on categorizing the types of heterogeneities. Partially
based on their work, we have attempted to create a classification® of heterogeneity,

applied specifically to XML-based data:

2.2.1 Naming Heterogeneity

This type of heterogeneity is based on the naming of data elements. It occurs when
different names are used by different data sources to describe the same concept (syn-
onyms), or when the same name is used to describe different concepts (homonyms).
This type of heterogeneity is not concerned with the structure of the data elements

or their values.

Naming Synonyms The same element (or attribute) can be named differently
in different data sources. For example, the element BirthDate (from the element
Patient) in the data source A (Figure 2.6) corresponds to the element DOB (from

the element Patient) in the data source B (Figure 2.7).

3Note that this breakdown into categories is not the only possible one and the categories them-

selves are not mutually exclusive.



<EMR>
<Patient>
<PersonalInfo>
<Name>John Smith</Name>
<Weight>200.0</Weight>
<Height>180</Height>
<BirthDate>01/01/1900</BirthDate>
<Sex>M</Sex>
</Personallnfo>
<ContactInfo>
<Phone>250-555-5555</Phone>
<Email>john@something.com</Email>
<Province>BC</Province>
</ContactInfo>
<ReferredBy>Dr. Sinclair</RefferedBy>
</Patient>
<CareEvent>
<ID>12345</ID>
<Date>01/01/2004</Date>
<LastDate>05/05/2004</LastDate>
<LabTest Code="PNE">Normal</LabTest>
<LabTest Code="BP">150/100</LabTest>
</CareEvent>

</EMR>

2. Background

Figure 2.6. Heterogeneity example: Data from source A

19
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<EMR>
<Patient>
<Personallnfo>
<FirstName>John</FirstName>
<Surname>Smith</Surname>
<D0B>January 1, 1900</D0OB>
<Sex>Male</Sex>
</PersonalInfo>
<Phone>555-5555</Phone>
<Email>john@something.com</Email>
<Email>john@another.com</Email>
<PostalCode>V8P 3A7</PostalCode>
<Weight>90.8</Weight>
<Height>180.9</Height>
</Patient>
<CareEvent ID="12345">
<StartDate>January 1, 2004</StartDate>
<Date>May 5, 2004</Date>
<LabTest Code="PNE">1.3</LabTest>
<LabTest Code="BP">High</LabTest>
</CareEvent>

</EMR>

Figure 2.7. Heterogeneity example: Data from source B
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Naming Homonyms Two (or more) elements or attributes with the same name
represent different concepts in different data sources. For example, the Date element
from the CareEvent in data source A (Figure 2.6) refers to the date of the initial
complaint, and thus it is different from the Date element from the CareEvent in

the data source B (Figure 2.7), which refers to the date of the last visit.

2.2.2 Value Heterogeneity

This type of heterogeneity is based on the value of data elements. It occurs when the

values of a particular element are represented differently in different data sources.

Numeric-Numeric If the values are numeric in both data sources, the following

heterogeneities can occur:

Different units with fixed conversion Happens when different data sources use
different units for the same element. For example, patient’s Weight in the data
source A (Figure 2.6) is stored in pounds, while the same Weight in the data
source B (Figure 2.7) is in kilograms. In this case a conversion from one to the
other is relatively simple.

Different units with varying conversion This is similar to the above case, but
the conversion factor varies depending on time (e.g., currency), geographical
area (e.g., provincial tax rate) or other parameters.

Same units with different precision This form of heterogeneity occurs when the

same data is stored in different data sources with different precision. For ex-
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ample, patient’s Height in the data source A (Figure 2.6) is rounded to the
nearest centimeter, while the same Height in the data source B (Figure 2.7) is

stored to the nearest tenth of a centimeter.

String-String The following heterogeneity types can occur if the values are repre-

sented as strings in both data sources.

Value synonyms Occurs when a different set of string values is used by different
data sources, even though the meaning of these values is the same. One of the
most common examples would be the use of ‘M’ and ‘F’ in the in the data
source A (Figure 2.6) and ‘Male’ and ‘Female’ in the data source B (Figure

2.7) to define the patient’s sex.

Value homonyms Occurs when the same string value has different meaning in dif-
ferent data sources. For example, LabTest’s Code with the value ‘PNE’ in
data source A (Figure 2.6) represents ‘Pneumonia’, while the same value in the

data source B (Figure 2.7) represents ‘Pneumoconiosis’.

Note that these two cases (value synonyms and walue homonyms) are especially
common in the medical domain. As Walter Sujansky says in [60]:
In the biomedical domain, where nomenclature is complex, sometimes
ad hoc, and often overlapping, this vocabulary problem is a significant

wssue for any system that seeks to aggregate or compare data collected

4Example taken from [35].
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at distinct sites.

This issue is so important that it is dealt with by a whole subfield of medical
informatics and large government-funded terminology resources, such as Uni-
fied Medical Language System (UMLS) [24] and Logical Observation Identifiers

Names and Codes (LOINC®) [18].

Different formats Occurs when the same string value is stored in different format
by different data sources. This is very common for the time and date values. For
example, data source A (Figure 2.6) stores dates in the “DD/MM/YY” format,

whereas data source B (Figure 2.7) stores them as “Month DD, YYYY”.

String “precision” Occasionally the same string data is stored by one data source
in a less “precise” (i.e., a prefix/suffix that is assumed to be standard could
be omitted, words shortened, etc.) form than in the other. For example, the
Patient’s Phone is stored with area code in data source A (Figure 2.6), but

without it in data source B (Figure 2.7).

Numeric-String This type of heterogeneity occurs when the same value has a
different data type in different data sources. It is relatively rare for XML documents,
because the majority of existing documents are based on DTDs [cf. Section 2.1.2.3]
and treat all values as strings. However, we can expect it to occur more frequently

with the growth of popularity of XML Schema, [cf. Section 2.1.2.3].
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2.2.3 Content Differences

This type of heterogeneity occurs when data represented in one data source is not
directly represented in another. Such data may be implicit, derivable, or simply
missing.

While in some cases (e.g., implicit data) it is similar to value heterogeneity [cf.
Section 2.2.2], conceptually it is quite different, because it deals with the data that
is not represented at all, rather than repfesented differently. Also note that this type
of heterogeneity doesn’t necessarily apply uniformly across a data element (e.g., all
phones are NULL in one data source, but have correct values in another), but could
be present just in some instances of stored data (e.g., John Smith’s phone number is

stored in one data source, but is missing from another).

Implicit data Implicit data is usually constant, and therefore assumed, within the
environment of a single data source, but cannot be assumed across different data
sources. For example, data source B is local to Victoria, BC, so it implicitly assumes
that the area codes for all Patient’s Phones (Figure 2.7) is 250, while data source

A (Figure 2.6) makes no such assumptions.

Derivable data Derivable data is the data that, while not directly represented in
a data source, can be inferred from other data elements. For example, data source
A (Figure 2.6) stores Patient’s Province, while data source B (Figure 2.7) contains

Patient’s Postal Code instead. Each one of them can be derived from the other,
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albeit sometimes (in case of Province—Postal Code) with a lack of precision.

Missing data Occurs when the data is simply not stored in one of the data sources.
For example, a general clinical facility might omit the patient’s mental status infor-
mation (out of privacy concerns), while a psychiatric facility would provide such data.
Missing data is usually stored as NULL, however it should be noted that, while com-
mon, this practice is deficient, because the semantic of NULL is ambiguous [33] [cf.

Meaning of NULL, Section 2.2.4].

2.2.4 Semantic Heterogeneity

Since there is no agreement in the field about the definition of semantic heterogene-

ity [57], we have decided to use a narrower one from El-Khatib et al. [35]:

This form of heterogeneity occurs when there are differences in what the
data actually represents or the context in which the data has been captured

in different databases.

The broader definition could, for example, include the types of heterogeneity that we
have classified as naming heterogeneity [cf. Section 2.2.1] or value heterogeneity [cf.

Section 2.2.2]

What the data represents Occurs when the same concept has (possibly) a differ-
ent meaning in different data sources. For example Patient’s Phone in data source

B (Figure 2.7) is a home phone, whereas Phone in data source A (Figure 2.6) is a
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contact phone, which might be the same phone, but not necessarily so.

Context in which data is captured is very important and might influence the
data considerably. This is especially true in the medical domain. For example (from

El-Khatib et al. [35]:

If blood pressure is measured at home by a nurse the measurement may
be significantly lower than that obtained in the clinic by a doctor (so-
called ‘white coat’ syndrome). Equally one would like to know whether a
measurement may be affected by other conditions (e.g., if a patient being
examined for condition X is also suffering from condition Y at the same

time).

Data granularity Different data sources might capture the data with various gran-
ularity (Note: this is different from ‘precision’ [cf. Section 2.2.2]). For example, blood
pressure (LabTest with attribute Code=“BP”) is stored as a numeric value in data
source A (Figure 2.6), but is mapped to a more abstract scale of {Very Low, Low,

Normal, High, Very High} in data source B (Figure 2.7).

Meaning of NULL Meaning of NULL (or “0”, “”, etc.) can vary between different
data sources or even within a single source. For example, if we consider patient’s HIV
status, NULL can mean negative, unknown (e.g., test has not been performed) or

known, but unavailable (e.g., if it has been omitted for privacy reasons). In other
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cases NULL might have even more meanings, such as not applicable (e.g., ovarian

cancer data for a male patient).

2.2.5 Data Model Heterogeneity

These types of heterogeneity are based on the policies of the organizations that obtain
and store the data. They are often hard to resolve, because they are rarely specified
in the schemas. Usually, the help of the domain expert would be required to find and .

reconcile such heterogeneities.

Storage policy differences Occurs when different data sources have different poli-
cies regarding the amount of data that is stored by the system or the lifetime of such
data. For example, one organization might store information about all visits for a

particular patient, while another one might only store such data for the last 10 years.

Differences in constraints Occurs when the data elements (or attributes) are
under different constraints in one data source than in another. For example, if a
medical organization specializes on a particular age group (e.g., children), then the
Patient’s BirthDate in that data source would be constrained to dates consistent

with that, while another data source would not have such constraint.

2.2.6 Information Capacity Heterogeneity

This type of heterogeneity arises when one of the data sources is capable of storing

more extensive information than another one. The two main ways in which this can
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occur are:

Missing elements One or more elements that occur in one data source are missing
in the other. By ‘missing’ we mean that they do not occur in the data source at all,
not just that they do not occur at the same position ([cf. Structural Heterogeneity,
Section 2.2.7] or that their values are missing [cf. Content Differences, Section 2.2.3].
For example, the ReferredBy element from data source A (Figure 2.6) is missing

from data source B (Figure 2.7)

Different cardinality Occurs when a relationship between two elements in one
data source has a different cardinality than the same relationship in another data
source. For example, the Patient in data source A (Figure 2.6) has only one Email
(1:1 relationship), whereas in data source B (Figure 2.7), he/she has many Emails
(I:n relationship). Unlike many other types of heterogeneity, this represents only a
possible conflict in actual data, because if the patient has only one email address,

then the XML documents would be identical even if the schemas differ.

2.2.7 Structural Heterogeneity

These types of heterogeneity are based on the structure of XML elements, rather
than the data they contain. They occur when the elements containing the same

information have different structure in different information sources.
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Element/Attribute Occurs when a particular concept is represented by a leaf
element in one data source, but as an attribute in another. For example, in data
source A (Figure 2.6) CareEvent’s ID is an element, whereas in data source B

(Figure 2.7) it is an attribute.

Single element /multiple elements Occurs when the same concept is represented
by a single element in one data source, but is divided into several elements in another.
For example, patient’s name in data source B (Figure 2.7) is composed from First-
Name and LastName, whereas in data source A (Figure 2.6) it is stored in a single
element Name. Another example, which is very common in medical domain is the
separation (or concatenation) of laboratory result values and units (i.e., <145 mg>

versus <145, mg>)

Aggregation conflict Occurs when two non-leaf elements (representing the same
concept) from different data sources have different sets of child elements. For example,
unlike the data source B (Figure 2.7), Personallnfo in data source A (Figure 2.6)

includes patient’s Height and Weight.

Generalization conflict Occurs when several related concepts that were separate
in one data source have been grouped together as children of a generalized concept
in another data source. For example, separate elements Phone and Email in data

source B (Figure 2.7) are subelements of the generalized concept ContactInfo in
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data source A (Figure 2.6).
All of these subtypes of structural heterogeneity could be (and usually are) com-
bined in various ways within a data source, thereby producing drastic structural

differences between data sources containing the same information.

2.3 Graph Transformations

“Graphs are very suitable for describing complex structures in a direct and intu-
itive way, and for this reason they are widely used in many fields of computer sci-
ence. [56]” Typically, nodes represent objects or concepts, and edges represent rela-
tionships among them. Additional information is expressed by adding attributes to
nodes or edges. Examples of the use of various graph-based representations range
from Unified Modeling Language (UML) [15] diagrams in software engineering to
entity-relationship [36] diagrams in databases and Petri nets [48] in modeling and
analysis.

Given the widespread use of graphs for data representation, it is natural that graph
transformations form the basis of many useful computations. Graph transformations
can be represented implicitly (embedded in a program that constructs or modifies
a graph) or explicitly (as graph rewriting rules that modify a graph). The explicit
use of graph rewriting rules provides an abstract and high-level representation of a
solution.

A graph rewriting rule is applied to a host graph to replace one subgraph by
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another and usually consists of two graphs (called left- and right-hand side) and an
embedding description [45] (that specifies how to attach a new subgraph to the host

graph and might be implicit for some formalisms) and two optional components:

Application condition: Specifies when the rule can be applied. Can include re-
strictions on the existence of nodes and edges as well as on attribute values.
Sometimes it is embedded into the left-hand side graph.

Attribute transfer function: Specifies how to assign the attribute values to the
resulting graph based on the original attribute values. Sometimes it is embedded
into the right-hand side graph.

When the graph rewriting rule is applied to a host graph:

1. the rule is executed only if the application conditions are met,
2. the subgraph isomorphic to the left-hand side (LHS) graph is removed from the
host graph,
3. the right-hand side (RHS) graph is connected to the resulting graph, conforming
to the embedding description, and
4. new attribute values are computed by the attribute transfer function.
In Figure 2.8 we show an example of graph rewriting. The rule itself is specified
graphically in Figure 2.8a and it’s goal is to assign a patient named Bob (to simplify
the example; realistic example of this rule would have the patient’s name as a param-

eter) to the doctor. Application conditions are embedded into the LHS graph and
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'1: Doctor

hasPatient

aj
name=="Bob"

Transfer:
2 name="Bob"

Doctor
name: John |

b) hasP%&tﬁent )

hacPztient

hasPatient

 Patient |
name: é‘iax:_é i

Figure 2.8. Ezample of the graph rewriting. a) Graph rewriting rule. b) Original
graph. c¢) Resulting graph.
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restrict both nodes and attributes. They specify that the rule can only be applied
if the doctor doesn’t have (shown as a crossed-out node) a patient with name Bob
(shown as a condition attached to the patient node). Once the LHS is matched to
the host graph (Figure 2.8b) it is replaced with the RHS. The embedding description
is embedded into the RHS and specifies that the node ‘1 is replaced with an identical
node (‘1=1") and that node 2’ and edge between 1’ and 2’ is created. The attribute
transfer function specifies that the name attribute of node 2’ should be set to “Bob”.
The resulting graph is shown on Figure 2.8c.

Of particular interest to us is that the graphs provide a very useful and easy to
understand method of depicting both the schemas [cf. Section 5.1} of XML documents
and the instances [cf. Figure 2.3] of the documents themselves. In the same fashion,
we can use graph rewriting rules to represent the transformations that we propose
to apply to such schemas and documents in order to resolve the data heterogeneity

problem.
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Chapter 3

HealthMatrix Health Information
Grid

3.1 Introduction

Over the last several years, the increased availability (and reduced cost) of broadband
Internet connectivity in both organizations and households caused a growing number
of government agencies and businesses to consider using distributed technology to
improve quality of their services and offer new services that were impossible or im-
practical before. Health services is one of the areas that can especially benefit from
employing grid technologies [28] because of its inherently distributed nature involving
multiple organizations and data sources (e.g., labs, hospitals).

Several reports [41, 42, 40] stated Canadian Health system’s interest in such in-
formation technologies as key enablers in meeting the challenges of the 21st century
and the shared commitment to deploying them within the health sector in Canada [42].
This interest has been further confirmed in November 2002 in a report by the Com-

mission on the Future of Health Care in Canada (also commonly referred to as “Ro-
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manov’s report” ) that recommends developing a pan-Canadian electronic health record
framework [55] that will allow Canadians access to their personal health records (parts
of which could be stored at different locations) and will help medical organizations
by providing them with more comprehensive and up-to-date information.

It would be impractical to disregard existing Medical Information Systems (MIS)
and to build such a framework from scratch, so the better solution would be to create
a middleware that can facilitate data and service interchange between existing MISs.
This framework (further refered to as Health Information Grid (HIG)) has a number

of important requirements:

e The more medical organizations join the grid, the better services it will be able
to offer, thus HIG has to allow easy integration of new MISs and support large-
scale network of components [cf. Section 3.3.2] to manage the data/control flow

(and allow rapid and asynchronous evolution of such network)
e The organizations federated by the HIG will most likely have their own pre-
existing MISs, so the grid has to be able deal with systems heterogeneity.

e HIG deals with health-related data, so privacy, security and accountability (in

the form of audit trails, for example) are of paramount importance.

In the remainder of this chapter, I will describe the HealthMatriz project that
was developed by our research group to address the above concerns. Section 3.2 gives
more detailed requirements for our Health Information Grid, Section 3.3 outlines

the HealthMatrizs architecture, and Section 3.4 describes the interactions between
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components of the Health Information Grid.

3.2 Requirements for the Health Information Grid

Scalability: Health Information Grid should be able to mediate Medical Information
Systems on different scales: from relatively small (within a single organization)

to a very large (for a pan-Canadian system).

Adaptability /Adaptiveness: Since most of the organizations participating in HIG
will have pre-existing Medical Information Systems, the grid has to accommo-
date a multi-factor (e.g., data representation, technical parameters, legal issues)
heterogeneity. In order to do that HIG has to employ a human-driven customiza-

tion (adaptability) as well as an automatic adaptation (adaptiveness).

Evolvability: The “layout” of health service providers mediated by the grid is dy-
namic. Organizations could join the grid or exit it, services could be added or
removed. The HIG has to support the easy evolution of the network in two main
directions: configuration of the grid (i.e., the number of components and con-
nections between them) and federation of the new (or changes in the existing)

Medical Information Systems.

Activeness: Due to the large scale, need for easy evolution and highly decentralized
nature of the Health Information Grid the middleware has to be active, i.e.,
the individual components comprising the grid [cf. Section 3.3.2] should be

able to pull data from the organizations, route it, transform it, push it to the
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organizations and not just react to external service requests.

Security /Privacy Health Information Grid deals with personal medical informa-
tion, so ensuring privacy and security is vital for its success. Only authorized
individuals (or components) should be able to view/modify parts of data for
which they have patient’s consent. For example, both patient’s physician and
psychiatrist should be able to access his blood test data, but only the psychia-

trist should see the psychiatric record.

Accountability: In order to ensure that the privacy and security requirements are
fulfilled, it is important to have a mechanism that can be used to trace the
sensitive data and find out where this information was distributed and who
accessed and/or modified it. This mechanism should be available to both gov-
ernment oversight organizations (especially in the event of a security breach)
and to the individuals (in order to trace and possibly withdraw their private
data). Keeping audit trails is one of the most widely used methods to ensure
accountability.

Reliability: Due to the nature of data transported by the Health Information Grid
it is crucial that it doesn’t get lost or corrupted. Therefore reliability is very
important and single points of failure can’t be tolerated. Performance of the

HIG should degrade gracefully when individual components become unavailable.
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3.3 HealthMatrixs Architecture

The Health Information Grid architecture consists of three main concepts called Ser-
vice Federation Envelope (SFE), Adaptive Process Middleware (APM), and Medical

Ezchange Agency (MEA)

3.3.1 Service Federation Envelope

As mentioned above, the Health Information Grid federates Medical Information Sys-
tems that are heterogeneous on many different levels. The Service Federation Enve-
lope (SFE) is used to wrap the access to participating MISs in order to resolve most

of these issues:

1. Organizations use different software to build their information systems. SFE
has a plug-in architecture to accommodate the so-called ImpEx (import/export)
conduits, that can interface with various DBMSs. Our group has implemented
conduits for MS SQL Server, MS Access and Oracle 9i, but, if another type of

IS has to be federated, it is relatively easy to create an ImpEx for it.

2. In order for the middleware to function, information has to be translated be-
tween the native format of each MIS and the grid’s common format. Due to the
specific nature of health information, a number of document types (described in
more details in Section 3.3.2.1) is defined in the Health Information Grid. SFE
administrator can specify mappings between elements of the wrapped MIS and

elements of a particular document type. Whenever a specific document has to
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be send by the SFE, the relevant data is retrieved from the MIS and converted
to XML (because of its ease of use and flexibility, XML is ideally suited for the

common format).

3. HIG can use these mappings (see item 2.) to process the queries against native

data content.

4. As all of the other components of the HIG, SFE uses Web Service technology

to provide a standardized interface.

5. Note: In case if the native schema of the MIS is too different from the required
document additional translation with the help of the Transducer component [sec-

tion 3.3.2.4] may be required.

A more detailed description of the SFE architecture is beyond the scope of this thesis,

but it can be found in [50].

3.3.2 Adaptive Process Middleware

Adaptive Process Middleware transports information (in the form of tokens [cf. Sec-
tion 3.3.2.1]) between medical organizations federated by SFEs. Each APM network
consist of instances of customizable components (from a predefined set) linked into
a P2P network [cf. Figure 3.3]. Most types of APM components are active, i.e.,
they can pull a token from a Staging Area [cf. Section 3.3.2.2], perform necessary
manipulations on it and then push the token to another Staging Area.

The business processes supported by a Health Information Grid define the con-
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figuration of its APM network. At the moment this process is human-driven, i.e in
order to add or change a supported process someone has to redesign the network
using an APM Admin tool. In the future, we hope to make the APM adapt to the
new requirements automatically.

The remainder of this section describes various types of components that make up
the APM network and format of the transported data. The interaction between com-
ponents and theoretical foundations of the Adaptive Process Middleware is explained

in detail in Section 3.4.
3.3.2.1 Documents and Tokens

Information units transported over the APM network are called tokens. Each token’s
“payload” is a medical document of a particular type (for example Blood Test or
Electronic Medical Record (EMR)). Possible document types are pre-defined and or-
ganized into a hierarchical structure [cf. Figure 3.1] based on the Clinical Document

Architecture (CDA) [34].

Clinical
Document
) / \\ _
Doctor’s Test o Prescription
Notes Results History
Imaging o Blood
Tests Tests

Figure 3.1. Sample Document Hierarchy
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Documents produced by the SFE contain only the data that it’s MIS has (or
chooses to make available) for a specific document type, so two documents with the
same type produced as a result of a same query by two different SFEs might not

contain the same information.

TokenID | DocumentType | SchemaType | Flags | Metadata Content

~ -
'

Combined Type

Figure 3.2. HealthMatrix Token Format

HealthMatriz tokens are encoded in XML and consist of the following parts [cf.
Figure 3.2]:
TokenID: Unique ID used by MEA [cf. Section 3.3.3] to track the token.
Document Type: Indicates type of information (from within the document hierar-
chy) that the token is carrying. e.g., Blood Test token or EMR token.

Schema Type: Indicates the schema used by token’s data. Most SFE’s would use
HL7 RIM schema [4], but sometimes it is necessary to allow SFE’s to generate
tokens with non-RIM-compliant data.

Note: A combination of document type and schema type is called a combined
type (also sometimes referred to as colour of the token).

Flags: Used to define the class of token (e.g., query token). Differences between

token classes are described in details is Section 3.4.2.3.

Metadata: Used by APM components to store routing data and other information
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internal to APM network.

Content: Clinical document or query that the token is carrying. Content is XML

encoded and usually encrypted.
3.3.2.2 Staging Area

The only passive component of the Adaptive Process Middleware. Provides tempo-
rary storage for the information units before they are processed by the next active
component. Staging Areas allow other components to perform asynchronously and
concurrently and improve the reliability of the APM network (if one of its target
components is temporarily unavailable, Staging Area can hold the token until that

component becomes available again).
3.3.2.3 Imitiator

The purpose of the Initiator is to react to the external events (in the form of Web-
Service calls) and generate query tokens that are routed [cf. Section 3.4.2] over the
network of APM components to the appropriate organizations in order to retrieve
data. The query tokens are created from the parameterizable query templates that
are designed by domain experts using an external tool (Visual Query Editor) and
stored in the Medical Ezchange Agency [cf. Section 3.3.3]. If one wants Initiator
to support another query, new templates could be easily downloaded from MEA,

allowing on-the-fly reconfiguration.
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3.3.2.4 Transducer

Translates information units from one schema type [cf. Section 3.3.2.1] to another.
Transducer uses predefined translations scripts created by an external tool and down-
loaded from MEA. Like all other components that use scripts (see Sections 3.3.2.3,
3.3.2.5), it can be reconfigured on the fly.

The translation specification tool (Odin) and Transducer (as well as the theory
behind them) are the main focus of this thesis and described in details in the following

chapters.
3.3.2.5 Merger/Adder

Combines several information units of a different structure (but storing the same type
of data) into a combined information unit. Uses predefined scripts (downloaded from
Medical Exchange Agency) to facilitate more complex merging.

Adder is a simpler version of Merger and can combine only information units with

the same structure.
3.3.2.6 Workflow Execution Engine (WEE)

The Workflow Ezecution Engine differs from all other APM components by the fact
that it can only be located at the federated MIS. In a way it behaves more like an
additional feature of the SFE then an APM component. WEE executes predefined
guidelines that are created with the help of an external tool and could be downloaded

from MEA. In the process of executing a workflow, WEE can enrich tokens with
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additional information, call for additional tokens, send tokens to other SFE in order
to request data or services, make clinical decisions automatically (in simple cases) or

ask for human intervention (in complex cases).

3.3.3 Medical Exchange Agency

The Medical Fxchange Agency (MEA) serves as both the central repository and a
main control/administration point for the Health Information Grid. It has the fol-

lowing major purposes:

Configuration: MEA stores the configuration information for the APM network.
This information contains all components of the network, links between them

and the document types that they can produce/consume.

Certification: Every component of the APM network has to register with a MEA. In
order to ensure security and privacy, an APM component can function (consume
ahd produce data) only if it is currently certified by MEA. This allows MEA to
withdraw it’s certificate and prevent component’s access to confidential infor-
mation if an organization leaves the grid (or if a component is compromised). In
order to avoid single point of failure, APM components can continue to function
for a predefined period of time if MEA is temporarily unavailable.

Auditing: In order to fulfil the accountability requirement [cf. Section 3.2] whenever
a token with personal information (the MIS’s elements that are considered to be

personal data are flagged during the setup process of each SFE) leaves or enters
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a SFE, the complete audit trail (containing that personal information, the full
path of the token through the APM network and points of it’s modification) is
sent to the Medical Exchange Agency. The MEA provides a repository to store

the audit trails and a mechanism to search them.

Scalability: Health Information Grids could be connected together to create larger
HIGs. For example, internal grid for a hospital can be joined with grids from
other hospitals to form a city-wide HIG. MEAs support this by providing in-
terface to the subnet and serving the same role in the higher level network as a
SFE would.

Knowledge Repository: MEAs also serve as repositories for the common informa-
tion used by multiple APM components. They can store scripts for Transducers
[cf. Section 3.3.2.4] and Mergers [cf. Section 3.3.2.5], practice guidelines for

Workflow Execution Engines [cf. Section 3.3.2.6] and other similar data.

3.4 APM Network

3.4.1 Visual Representation

Even though HealthMatriz has only six different types of components, it is possible to
construct very complex networks with them. We use a graph-based visual language
to make it easier to define and view APM networks. Figure 3.3 shows a sample Health
Information Grid. The symbols representing each component [cf. Section 3.3.2] are

explained in Table 3.1.
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Symbol Component

Organization federated by an SFE

Staging Area

Tranzducer

Merger

Initiator

SFE with a "WEE attached

Table 3.1. Visual representations of HealthMatrix components

far)
Data

Hospatal B anhons
Matehonse

Figure 3.3. Sample Health Information Grid
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The arcs show connections between components and their direction corresponds
to the directions in which most tokens (query tokens flow in opposite direction) travel
through the APM network. In order to control the information flow, the arcs are
typed and labeled with the composite types (visually represented as colored circles)
[cf. Section 3.3.2.1] of tokens that are allowed to go through them.

Figure 3.3 shows a simplified example from our Palliative Care case study. The
goal‘of this sample network is to collect the data from several hospitals into the data
warehouse. After the initiator sends a query token, this token traverses the net-
work (against the direction of the arcs) and causes the federated medical information
systems to send the tokens with requested data. After the data from Hospital A is
translated into a common format it is merged with data from the Hospital B and sent

to the Data Warehouse, where it can be analyzed (with the help of the WEE).

3.4.2 Component Interaction

Since our HealthMatriz middleware project deals with critical information, having a
formal model for it is very important, since it will allow us to reason about require-
ments defined earlier in this chapter and other properties of the APM networks. The
formalization of the interaction semantics of the Health Information Grid components
is based on the colored Petri nets [46, 48]. The formal analysis of the requirements
and the mapping between APM network graphs and colored Petri nets is not included

in this thesis, however, the informal description of Petri net execution rules (as they
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apply to APM networks) is shown in Section 3.4.2.2. In the remainder of this section

we describe the interaction between APM components.
3.4.2.1 Component Connection Rules

1. Active APM components have to be provided with buffers for their input/output
information, so they can only be directly connected connected to Staging Areas
and not other active components.

2. Since Transducer and Merger/Adder both consume and produce tokens, they

must have at least one incoming and one outgoing Staging Area.
3. Initiator doesn’t consume tokens, so it only has to have outgoing Staging Areas.

4. SFEs could be token producers, consumers or both, so they are not required to
have both incoming and outgoing Staging Areas, but must have at least one of
them in order to be connected to the network.

5. Workflow Ezecution Engine can only be located at the SFE, so it follows SFE’s

rule.
3.4.2.2 Component Execution Rules

1. An incoming place of an active component is connected to it with the arc that
is labeled with a set of composite types [cf. Section 3.3.2.1]. When the incoming
place has received enough tokens with the right composite types to match the

arc labelling, that arc becomes enabled.

2. When all incoming arcs on an active component are enabled then this compo-
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Figure 3.4. Ezample of the Competition for Tokens

nent becomes enabled as well and can perform its function (of fire).

. When the component becomes enabled, it is not required to fire immediately

and can decide for itself when to run.

. The enabled component can become disabled again if one (or more) of it’s
incoming tokens becomes unavailable (consumed by another component, expire,

etc.).

. When the component fires, it consumes all of it’s incoming tokens (though not
necessarily all tokens in it’s incoming staging areas) and produces appropriate
tokens (corresponding to the labelling of it’s outgoing arcs) in it’s target Staging
Areas.

Note: There are some exceptions to this rule specified in Section 3.4.2.5.

3.4.2.3 Behavior of the different token classes

As it was shown in Section 3.3.2.1, there are several classes of tokens with somewhat

different behaviors:

Transaction Tokens: Usually represent resources or services. Sometimes compo-

nents have to compete for them. For example, in Figure 3.4 both Transducers
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are enabled, but only one can fire, because whichever one fires first will consume
the token and disable the other Transducer. Negotiation for the right to con-
sume that token is based on a number of criteria (depending on the document

type of the transaction token).

Information Tokens: Represent information transmitted by SFE. There is no com-
petition for the information tokens. As soon as it is consumed by a component,
the information token will respawn and alvlow other components to consume
it. Staging Areas keep track of the respawned tokens to prohibit their multiple
consumption by the same components. Information tokens might have an expi-
ration timer and disappear by themselves if not consumed within certain time

frame.

Query Tokens: Used to get information from SFEs. Query tokens traverse the grid
in the opposite direction to all other tokens. Since all queries are represented
using HL7 RIM schema (or subset of it) and are used to query for a specific
document type (regardless of schema that the queried SFE will use to encode
it), their flow is based only on document types part of the arc labelling. All

components except the SFEs ignore the query tokens and don’t process them.

Directed Tokens: Special subclass of both transaction and query tokens. These

tokens are targeted to a specific SFE and are routed by the network accordingly.
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Chapter 4

Translation of XML Data

4.1 Motivation

As we have shown in previous chapters, there is a very large (and quickly grow-
ing) number of XML documents available. In many cases these documents contain
very similar data, but conform to heterogenous schemas. Such heterogeneity arises
from the fact that they come from the sources that were designed through a largely
decentralized process intended to meet specific (or local) data needs without any co-
ordination between organizations that provide this similar data. However, whether
these documents were produced in XML originally or as a result of a database being
wrapped by a SFE [cf. Section 3.3.1], their set of allowed elements (and attributes)
along with the valid structure is specified by the DTDs (or XML Schemas).

In order for anyone to use this latent information provided by other organizations,
first it has to be translated into an understandable form. For a long time (and largely
today as well), programs for such translations were manually created in languages

such as XSLT" [cf. Section 2.1.2.4].

!Other transformation languages such as DSSSL, Omnimark, and a variety of experimental ones
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An XSLT program (alternatively called stylesheet? or script) is usually created
after careful and detailed analysis of semantics and structure of both source and target
XML schemas (and often instances of XML documents as well) in order to discover
the differences and similarities between them. After this analysis is completed, the
XSLT program is manually written. However, this process is very time-consuming

and error-prone in both the analysis and coding phases:

Analysis: Both the source and target schemas can be very large and complex, thus
it is quite easy to overlook important details. In addition to that, schemas for
the documents in some domains (such as healthcare) would contain extensive

domain-specific terminology and requires domain-expert as an analyst.

Coding: XSLT is a very powerful transformation language, however, it is also very
complex and even a simple transformation might result in an elaborate XSLT
program. Furthermore, because of some properties of XSLT, even a minute and
incremental change of one of the schemas might require a complete rewriting of

the XSLT program.

Another important issue for data translation in domains such as healthcare, that
is largely overlooked in the manual analysis/coding process, is that of reasoning about
how the critical and/or sensitive data is modified by the translation. For example,

if we want to anonymize the EMR (i.e., strip all identifying information about the

exist as well, but they are much less popular [cf. Section 2.1.2.4].
2This name originated from the initial use of XSLT as a part of XSL to present XML data as

XHTML for the web browsers
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patient from it), it is important to be able to prove that this information can not be
restored. The same concern (albeit in the opposite direction) applies to being able to

show that the critical information is not lost in the translation process.

4.2 Existing Approaches

To simplify the creation of XML document translators in the last several years a
number of approaches ranging from new translation languages to the visual editors
have been developed. These approaches are mainly concentrated on tackling these two
issues: schema matching (i.e., how to determine the corresponding elements between
two schemas) and translation specification (i.e., how to simplify the coding of the

XML document translators).

4.2.1 Schema Matching

As mentioned in Section 4.1, before the actual translation program is written, map-
pings between the two XML schemas have to be determined. The traditional ap-
proach, where the human expert analyzes the schemas (possibly with the help of one
of many schema visualization applications) and determines these mappings is often
quite complex, time-consuming and error-prone, especially if the schemas are large
and substantially different. An alternative to this approach is to employ an automatic
(i.e., the mappings are determined without any human intervention whatsoever) or

semi-automatic (i.e., when the application guides and/or assists the human expert)
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schema matching.
Schema matching is not a new problem and has been the focus of database com-
munity for some time. A wide variety of approaches to automatic schema matching

exists and have been classified [cf. Figure 4.1] by Rahm and Bernstein in [54]:

Schema-based / Instance-based: Schema-based matchers consider only schema
information (i.e., elements, relationships between them, cardinality, etc.). Instance-
based mappers also use statistical information about actual data or sample
documents.

Element granularity / Structure granularity: Element-level matchers only com-
pare individual elements (disregarding the structure of the schema), whereas
structure-level mappers analyze structures in which elements appear in both
schemas.

Linguistic analysis: Linguistic matchers compare the similarities of names of the
schema elements and attributes. They can use various dictionaries and domain-

specific terminology resources in order to resolve the synonyms and homonyms.

Constraint-based: Constraint-base matchers use constraints on the schema ele-

ments, such as data types, value ranges, cardinalities, etc.

Many automatic schema matchers use a combination of these approaches (whether
evaluated independently or in combinations) and occasionally augment them with
some sort of machine learning technique.

Even with the assistance of all these approaches, automatically discovering se-
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mantic correspondences between heterogenous schemas is very difficult, since these
schemas can be drastically different in a variety of ways [cf. Section 2.2 for a detailed
description]. Most of the automatic schema matching approaches also share a number

of fundamental limitations:

e Almost all automatic matching algorithms measure similarity between schema
elements. This similarity is usually expressed as a value in [0,1] (sometimes
multiple metrics are used, resulting in vectors of such values). While this is a
very convenient mathematical abstraction, it is often hard to accurately map a
similarity of 0.8 (for example) between two elements into a semantic relationship
between these elements (and especially into an operation that has to be used

for the translation between them) [30].

e While most of the automatic schema matchers can discover 1:1 matches be-
tween schema elements, a majority of them is not very adept (and quite error-
prone) [62] in detecting n:m matches (e.g., when a full name in one schema is

broken into first/middle/lastname in another).

e Many types of heterogeneities (such as value heterogeneity [cf. Section 2.2.2})
are concerned with the values of the data, rather than with the schema. Most of
automatic schema matchers analyze only the schema and could not even detect
it. Even if the schema matcher is instance-based, it would only be able to
resolve some subtypes of value heterogeneity, such as different data formats or

possibly value synonyms (and even that is only possible if the schema matcher
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is capable of linguistic analysis). Such subtypes as different units (e.g., prices
in US$ vs. C$) would elude even the most advanced automatic matchers and

require a human intervention.

e Other heterogeneity types (such as implicit data or derivable data [cf. Sec-
tion 2.2.3]) are not encoded in either the schema or the instances of XML
documents at all. Therefore no automatic schema matcher (no matter how

sophisticated) can replace a domain expert in this case.

Even if we disregard all of the above concerns and apply automatic schema match-
ing to the heterogeneities that it tackles best (specifically the naming heterogeneity
[cf. Section 2.2.1} and structural heterogeneity [cf. Section 2.2.7] the result is still far

from perfect. As Wang at al. say in [62]:

Ezisting automatic tools ... often require significant manual effort to cor-
rect incorrect matches and to add missing matches. In practice, schema
matching is still done manually by domain experts, usually with a graph-
ical tool [53, 49], and is very time consuming when ... schemas are large

and/or complet.

While in some circumstances such errors could be tolerated, this does not apply
to healthcare (and many other domains), where a translation mistake might endanger
the patient’s life. However, this does not mean that the automatic schema matching
should not be used at all. We merely contend that, unless significant progress is

made, it should be used in a user-guided semi-automatic fashion.
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In this thesis we do not concentrate on automating the schema matching process,
however our approach could be easily extended in this direction, thus it is one of most

likely future research areas [cf. Chapter 7].

4.2.2 Translation Specifications

As outlined in Section 4.1, originally the transformation programs were manually
written in XSLT (following the identification of the semantic matches between the
two heterogenous schemas). Because of the complexity of XSLT, this process was
quite complicated and required intricate knowledge of XSLT itself. Many drastically
different approaches designed to alleviate the effort and error-proneness of specifying
the translation were proposed. As such, translation specification is less formalized

and more diverse area than schema matching:

Visual XML editors with XSLT support: Since a graphical representation of
XML documents and their schemas is easier to grasp than a textual one, many
visual XML editors (e.g., XML Spy [26] and MarrowSoft <Xselerator> [20])
were created. Along with the visual representations (usually as a tree) of the
XML files, these tools provide useful features (such as syntax highlighting, de-
bugging and sometimes transformation templates) for the creation of XSLT
programs. However, these documents are still specified in textual from only
(i.e., as plain XSLT), requiring the user to master the language before he/she

can specify any moderately complex translation.
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XSLT Stylesheet editors: XSLT was originally designed as a part of XSL [cf. Sec-
tion 2.1.2.4] with the goal of converting XML document into a presentation
format (usually HTML or XHTML). A number of tools such as XSLerator [13]
and <XSL>Composer [25] were developed for designing XSL stylesheets for
this purpose. While some of these tools are very sophisticated, they are also
limited to this particular application and are not suitable for general XML

transformations.

Simple mappers: As discussed above, in order to figure out how to translate an
XML document between two heterogenous schemas, we have to determine which
element(s) of the source schema correspond to which element(s) of the target
schema. Since humans are largely “visual creatures”, the easiest way to do so
is to draw the connections between corresponding elements on the graphical
representations of the schemas. The earliest tools to use this approach, simple
mappers such as Visual XSLT [7] were capable only of mapping a single source el-
ement to a single target elements (and without any additional transformations),
thus, while very easy to use, they were quite limited in types of heterogeneity
that they could resolve. i.e., they could handle only naming heterogeneity [cf.
Section 2.2.1] and some of the simpler subtypes of the structural heterogeneity

[cf. Section 2.2.7].

Operation-based mappers: Since, while being a considerable improvement on pre-

vious approaches from the usability perspective, simple mappers were inade-
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quate for many translations, that approach was extended into operation-based
mappers. Operation-based mappers (e.g., XSLWiz [14] and TagFree X2X [23])
can take a set of the elements from the source schema, apply an operation to
them (e.g., concatenate the values) and map the result of this operation to an
element of the target schema. This approach is considerably more powerful
than simple mapping and can potentially, depending on what operations are
supported be the tool, resolve most types of heterogeneity (provided, of course,
that the user would detect the heterogeneities that have to be resolved). The
only significant drawback of the operation-based mappers is that the result of
an operation could be only mapped to the target schema and could not be used

as an argument for another operation.

Multistage mappers: This last drawback was resolved by the introduction of mul-
tistage mappers that allow the output of any operation to be used as an input
for another operation. Multistage mapping is the most powerful of all mapping-
based translation specifications, however its power as well as usability varies
between different implementations. For example, StylusStudio XML Mapping
Tools [22] restricts the available operations to XSLT constructs (such as <value-
of ...>) and functions, thereby requiring the user to know XSLT (which partially
defeats the purpose of using visual abstraction instead of textual programming),
whereas MapForce [19] and BizTalk Mapper [16] even allow the use of user-

defined operations.
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Alternative languages: In an completely orthogonal approach, various alternative
transformation languages, designed to replace XSLT, were proposed by different
research groups:

STX (Streaming Transformations for XML) [31]: Syntactically very sim-
ilar to XSLT, however STX transformations are based on SAX events
rather than on XPath matches. As such, it is much faster and more mem-
ory efficient than XSLT.

FXT (Functional XML Transformer) [29]: This language is also syntac-
tically similar to XSLT. Authors claim that the advantages of FXT are
mainly contained in its backend and pattern matcher:

The idea of fxt is to combine the computational power of SML,
a functional programming language well suited for tree processing
(which is to what XML document processing mainly reduces),and
the expressivity of pattern matching over XML documents, pro-
vided by frgrep, a powerful pattern matcher for XML documents.

Declarative languages: A number of languages, such as [61] and [58], were
designed as high-level specification languages, that could be used by non-
programmers to specify document transformations descriptively. Such de-
scriptions are then translated into XSLT programs.

VXT (Visual XML Transformer) [51]: VXT is an example of a visual trans-

formation language. It was designed to provide visual support for data
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structure representation and manipulation, so that the user “will be freed
from maintaining complex mental models of data structures, which play a
central role in the transformation specification.” [51]. Transformations are
specified visually, however, to the detriment to the power and flexibility of

the VXT, they are limited to the ones defined by XSLT.

4.3 Transformation-based Approach

The mapping approach to the translation specification seems to be prevalent today,
however, despite their power (and partly because of it) both single- and multistage

operation-based mappers have several handicaps:

e Since the visual representations of both schemas plus all of the used operations
and connections between them are displayed simultaneously, the screen becomes
very cluttered and after a certain point it becomes hard to analyze the schemas

and to continue creating a translation specification.

e For the same reason as above, it is also hard to judge when the specification is
complete.

e And most importantly, due to the number of available operations, the ability to
define new ones, flexibility of their use (ease of interconnections) and the lack of
formal definitions, these mapping approaches are not well suited for reasoning

about the translation.
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Thus, we have decided to employ a transformation-based approach (a similar
approach was outlined but not formally defined in [59]) in order to remedy these
issues, while still being able to resolve as many heterogeneity types as possible. Our

approach can be summarized as follows:

1. We propose a graph data model for DTDs [cf. Section 5.1] (the model can be

extended to accommodate XML Schemas as well).

2. We have formally defined a set of transformation operations based on graph
rewriting rules [cf. Section 5.4 along with the properties of such operations
[cf. Section 5.3]. Each operation consists of two parts: schema transformation
that modifies the DTD graph and an instance transformation that modifies the

XML documents accordingly [cf. Figure 4.2].

3. In order to generate a translation specification, the user would iteratively apply
the predefined transformation operations to the source schema graph. With each
iteration, this graph should become more and more similar to the target schema
graph. Once the graphs match, the transformation specification is completed
and an XSLT program that can translate XML documents from source to the
target schema is generated (based on the instance transformation parts of our
operations). Note that since most (unfortunately it is not possible to do this
automatically in all cases) of our operations specify both direct and inverse
transformation, in many cases the translation from target to the source schema

would be generated as well. The resulting transformation program(s) would
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Figure 4.2. Transformation process

be used by the Transducer component [cf. Section 3.3.2.4] of our HealthMatriz

network [cf. Chapter 3].

The most important advantage of our approach® is that instead of the jumble
of operations and connections (resulting from a mapping approach), our translation
specification is comprised of a simple sequence of transformation operations and each
operation has well defined properties. This will allow us to reason about the infor-
mation loss (and/or new information being introduced) during the translation. For
example, it will enable us to ensure that the information that we would like to delete
during the translation (e.g., for the anonymization in EMR) is really being deleted
and that critical data is not accidentally modified.

In addition to that, from a usability perspective, our approach can simplify the

comparison between the schemas, since at every iteration the user is presented with

3We will discuss the impact of our approach on resolving the heterogeneities in Section 6.2.
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the new version of the source schema that is closer to the target schema than the
previous version and is not distracted with extraneous items (such as icons for the
operations and connections between them). This iterative process should also simplify
automation of the schema matching (we do not currently use it, but will likely do so
as future research).

An unfortunate drawback of our approach, however, is that it is much less intu-
itive and requires more planning than the simple connection between elements (and

operations) that the mapping paradigm provides.
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Chapter 5

Transformations

5.1 Representing the schema

The schema of an XML document is described in the DTD [17] as a list of element
and attribute declarations. Every element has a name and can have a content particle
and/or attributes or a data particle. Data particle can be ANY for an element
containing arbitrary content particles, EMPTY for an empty element and #PCDATA
for element containing text only. Content particle can be an element or can be
comprised of other content particles grouped as a sequences (a,b) or as choices (a|b).
A number of occurrences of a content particle in its parent element is specified using
quantifier “?” for optional, “+” for one-to-many and “*” for zero-to-many.
Attributes of an element have names and can have different types. The types are
separated into three kinds: string (CDATA); a predefined type from XML specifica-
tion [17] (ID, IDREF, IDREFS, ENTITY, ENTITIES, NMTOKEN, NMTOKENS);
or an enumeration of possible values. Attributes could also be mandatory (#RE-
QUIRED) or optional (#IMPLIED). If an attribute is neither mandatory nor op-

tional, a default value can be provided. This value can also be declared constant
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(#FIXED).
In order for us to apply the transformation operations (defined as graph rewriting
rules), the DTD has to be modeled as a graph. Nodes of the DTD graph are divided

into the following types [cf. Figure 5.1]:

SchemaElement: SchemaFElement is an abstract type that represents any node in

the DTD graph.

Content node: Content node is an equivalent of the DTD’s content particle. In the
graph, its instances are used to group other content nodes (including elements)
together.

GroupType: Specifies how the children of this node are grouped together (as
a sequence or as choice).

Quantifier: Specifies how many times this node can occur in its parent. “7”

ok

for optional, “+” for one-to-many and for zero-to-many.

Element node: Each element node represents an element defined in the DTD and
has the following properties:
Name: Name of this element.
GroupType: Same as the corresponding property of the Content node.
Quantifier: Same as the corresponding property of the Content node.

Attribute node: Each attribute node represents an attribute defined in the DTD

and has the following properties:
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Name: Name of this attribute.
AttributeType: Type of this attribute: CDATA, one of the predefined types
(e.g., ID) or an enumeration.
DefaultType: Type of this attribute’s default state: #REQUIRED, #IM-
PLIED, #FIXED or null.
Default Value: Attribute’s default value (only if DefaultType is #FIXED or
null).
Data: Data is an abstract type that represents a DTD data particle. Indicates the
contents of its parent element. It has the following subtypes:
Any: The parent element contents is arbitrary.
Empty: The parent element is empty.
Text: The parent element only contains text.
A DTD graph can have only a single root node and this node has to be an element.
Edges of the graph represent the parent/child relationship between nodes. Content
nodes can have content nodes and elements as children. Elements can have content

nodes, elements, attributes and data nodes as children.

An example of a DTD and its corresponding graph is shown in Figure 5.2.

5.2 Simplifying the schema

For any given DTD (or XML Schema) that defines a set of compliant XML documents,

there exist infinitely many equivalent DTDs that define the same set of documents.
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Figure 5.1. Nodetypes of the DTD graphs

These alternative DTDs could, for example, be derived from the original DTD by
grouping the content particles differently, nesting such groupings, applying different
quantifiers, etc. Such multiplicity of equivalent DTDs compounds the translation
problem, since a pair of DTDs that look quite different, might be in fact very similar.
To mitigate this problem we have defined a number of rules [cf. Figure 5.3] that can
be used to simplify the schemas, while not affecting the documents conforming to
them. For the sake of simplicity, we are expressing these rules using DTD formalism;
the same rules could easily be expressed as graph rewriting productions in order to

apply them to our schema graphs.
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Figure 5.3. Schema simplification rules
5.3 Properties of the Transformations
5.3.1 Information Capacity Modification

One of the advantages of our translation approach is the ability to reason about
the data loss (and/or the creation of new data) as a result of the XML document
translation. To accomplish this, we classify individual transformations based on their
effect on information capacity [43] of the schema. An easily understandable definition
of information capacity is provided in [47]:

A schema S2 has more information capacity than schema S1 if every in-

stance of S1 can be mapped to an instance of S2 without loss of informa-

tion. Specifically, it must be possible to recover the original instance from

its image under the mapping.
Thus, our transformations fall into the following categories:

Information Capacity (IC) Increasing: Transformations that result in new in-

formation being added (e.g., adding a new attribute to an element) are consid-
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ered IC Increasing.

IC Reducing: Transformations that result in information being lost (e.g., deleting

an element) are considered IC Reducing.

IC Preserving: Transformations that neither reduce nor increase the amount of

information (e.g., renaming an element) are considered IC Preserving.

IC Ambiguous: For some operations, however, the loss, preservation or increase of
information could not be derived from the schema alone and depends on an
instance of the XML document being translated. Let’s consider, for example,
the change of an element’s quantifier from *’ to ’ (required). If in the original
document the corresponding element occurred 0 times, then, in order to satisfy
the new constraint we will have to add an instance of this element to the target
document and the operation is IC Increasing. If this element occurs exactly
once, then we don’t have to do anything and the operation is IC Preserving.
However, if the corresponding element occurs more than one times in the source
document, the transformation would have to remove all occurrences but one
and the operation is IC Reducing. Such transformations are considered IC

Ambiguous.

5.3.2 Reversibility

The transformation is reversible if, based on its input parameters, we can derive the

parameters for its inverse transformation. For example, if the forward transformation
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is ‘delete element’ then the inverse operation would simply create such an element at
its former position. The purpose of defining an inverse for each transformation is to
enable us to generate translators between two schemas in both directions without any
additional efforts. Thus, this does not necessarily mean that if we apply a forward and
than an inverse transformation to a particular XML document we will get the original
document as a result; all that it ensures is that the resulting document will conform
to the original schema again. That is, the inverse transformation will recover the
schema, but will not recover the instance if one of the operations (forward or inverse)
is IC Reducing or if an operation on an element’s content is not reversible (e.g., if the
original transformation computed the element’s value by multiplying the values of
several other elements, it is impossible to compute the values of the source elements

based just on the result of this multiplication).

5.4 Transformations

Definition of each transformation includes the following elements:

Description: Outlines the purpose of the transformation.

Parameters: List of the input parameters for the transformation.

Preconditions: Conditions that have to be true in order for the transformation to
be applicable

Schema Transformation: Visual representation of the transformation as the graph

rewriting rule for the schema graph. Includes the representation of precondi-
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tions as well. The graph rewriting notation used in this thesis is explained in
Section 2.3.

Instance Transformation: XSLT program that performs this transformation on
the XML documents. An example of the instance transformation is shown for

the Delete Element operation [cf. Section 5.4.1].

Information Capacity Modification: Shows how the transformation affects in-

formation capacity.

Inverse Transformation: Specifies the corresponding inverse transformation (along

with its parameters).

Result: Description of the effect that the transformation has on both the schema

and XML documents.

5.4.1 Delete Element

Description: Deletes an element.

Parameters:

E: element to be deleted.

path: path from the schema root to the element’s parent (to uniquely identify E).

Preconditions: Element E has to be empty or contain only text. Note: in order

to delete an element that has other types of children, these child elements have to be

deleted first.
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Figure 5.4. Delete Element

Schema Transformation: See Figure 5.4.

Instance Transformation: $ElementPath$ is an XPath expression for path that

points to an element to be deleted.

<xsl:stylesheet>

<!-- Copy document -->

<xsl:template match="node() |@*">
<xsl:copy>
<xsl:apply-templates select="@*|node()"/>
</xsl:copy>

</xsl:template>

<!-- Delete element -->

<xsl:template match=$ElementPath$/>
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</xsl:stylesheet>

Information Capacity Modification: This transformation is IC' Reducing.

Inverse Transformation: Create Element with FEoege = F;pathereate = path;

defaultValue regre = EMPTY .

Result: The element E along with its attributes and Text or Empty data nodes
(if they exist) is removed from the schema. All instances of this element are deleted

from the translated XML document.

5.4.2 Create Element

Description: Creates a new element.

Parameters:

E: element to be created.
path: path from the root of schema to the location of the new element’s parent.

default Value: default value for this element.

Preconditions: No elements with the same name (E.name) should already exist.

Schema Transformation: See Figure 5.5.

Information Capacity Modification: This transformation is IC Increasing.
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Figure 5.5. Create Element

Inverse Transformation: Delete Element with Eyeere = E; pathgeere = path.

Result: In the schema, the element E is added at the location pointed to by path.
Depending on the type of defaultValue, either an Empty or a Text node is created
as the child of E. In the translated XML document, an instance of this element with
the corresponding value is created at each location that matches path. Note that only
one instance of the element is created, since it would be correct regardless of the E’s

quantifier.

5.4.3 Delete Attribute

Description: Deletes an attribute.

Parameters:

A: attribute to be deleted.
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Figure 5.6. Delete Attribute

E: element that contains this attribute.

Preconditions: None

Schema Transformation: See Figure 5.6.

Information Capacity Modification: This transformation is IC' Reducing. |

Inverse Transformation: Delete Attribute with Egeste = F; Acreate = A. If

A.default Type=#FIXED then value eqe = A.defaultValue, otherwise valuecregte =

«wh

Result: The attribute A definition for the element E is removed from the schema.
All instances of this attribute are deleted from the instances of the element £ in the

translated XML documents.
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5.4.4 Create Attribute

Description: Creates a new attribute.

Parameters:

A: attribute to be created.
E: parent element of this attribute.

value: value for this attribute

Preconditions:
1. No attribute with the same name (A.name) is already defined for element E.

2. If A.defaultType is #FIXED, then value has to be the same as A.default Value.

Schema Transformation: See Figure 5.7.

Information Capacity Modification: This transformation is IC Increasing.

Inverse Transformation: Delete Attribute with Eyuere = E; Adetete = A.

Result: In the schema, the attribute A is added at the element E. In the translated
XML document, an instance of this attribute is created at each instance of the element
E. If value is specified (and obeys precondition 2) then attribute’s value is set to value,

otherwise it is set to A.defaultValue.
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Figure 5.7. Create Attribute

5.4.5 Convert Attribute to Element

Description: Converts an element’s attribute into its subelement.

Parameters:

A: attribute to be converted.

E: parent element of this attribute.

Preconditions: No element with the same name as the converted attribute (A.name)

is already defined for the schema.

Schema Transformation: See Figure 5.8.

Information Capacity Modification: This transformation is IC Preserving.
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Figure 5.8. Convert Attribute to Element

Inverse Transformation: Convert Element to Attribute with P, 4o o = FE;Fe o0 =

A.

Result: In the schema, an attribute node A is removed from the element £ and a
new subelement equivalent to A is added along with its text node child. The groupType
of the new element is always sequence. If the attribute is optional (default Type is not
#REQUIRED) then the new element’s quantifier is set to“?”.

In the translated XML document, each instance of this attribute is replaced with

an element with the same name and value.
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5.4.6 Convert Element to Attribute

Description: Converts an element into an attribute of its parent element.

Parameters:

E: element to be converted.

P: parent element of this element.

Preconditions:

1. No attribute with the same name as the converted element (E.name) is already

defined for element P.
2. Element E has to be empty or contain only text.

3. E’s quantifier has to be none or “7”.

Schema Transformation: See Figure 5.9.

Information Capacity Modification: This transformation is IC' Preserving.

Inverse Transformation: Convert Attribute to Element with E; 4, = P; Ag_to_e =

E.

Result: In the schema, an element node E along with its text (or empty) node
child is removed from the element P’s children and a new attribute equivalent to F

is added. The attributeType of the new element is always CDATA. If the element’s
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quantifier was none then the new attribute’s default Type is set to #REQUIRED,
otherwise it becomes #IMPLIED.
In the translated XML document, each instance of this element is replaced with

an attribute with the same name and value.

5.4.7 Rename Element

Description: Changes the name of an element.

Parameters:

E: element to be renamed.

n: new name of this element

Preconditions: No elements with the same name (n) should already exist.

Schema Transformation: See Figure 5.10.
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Information Capacity Modification: This transformation is JC Preserving.

Inverse Transformation: Rename Element with Nyepome = E.name; Erepame =

E (with name=n).

Result: In the schema, the name of the element is changed to a new one. In the

translated XML document, each instance of this element is renamed to the new name.

5.4.8 Rename Attribute

Description: Changes the name of an attribute.

Parameters:

A: attribute to be renamed.
E: the parent element of this attribute.

n: new name of this attribute.

Preconditions: No attributes with the same name (n) should be already defined

for this element (E).

Schema Transformation: See Figure 5.11.

Information Capacity Modification: This transformation is /C' Preserving.
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Figure 5.11. Rename Attribute

Inverse Transformation: Rename Attribute with Eremane = F; Nrename = A.name;

Arename = A(with name=n).

Result: In the schema, the name of the attribute is changed to a new one. In the
translated XML document, each instance of this attribute is renamed to the new

name.

5.4.9 Move Content Node

Description: Moves the content node (and a tree rooted in it) to another location.

Parameters:

N: node to be moved.

oldPath: path to the current parent of this node.
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newPath: path to the new parent of this node.

Preconditions: None.

Schema Transformation: See Figure 5.12.

Information Capacity Modification: This transformation is IC' Preserving.

Inverse Transformation: Move Content Node with Npppe = NjoldPath,,oe =

new Path; new Path,,.pe = oldPathE.

Result: In the schema, the content node (along with a subtree rooted in it) is moved
from the old location to the new one. If, after this move, the old parent of the moved
node doesn’t have any remaining children, then an empty node is added to it. The

corresponding change is performed in the translated XML documents.

5.4.10 Move Attribute

Description: Moves an attribute from one element to another.

Parameters:
A: attribute to be moved.
oldP: old parent element of this attribute.

newP: new parent element of this attribute.
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Figure 5.13. Move Attribute

Preconditions: No attributes with the same name (A.name) should be already

defined for the new parent element (newP).

Schema Transformation: See Figure 5.13.

Information Capacity Modification: This transformation is /C' Preserving.

Inverse Transformation: Move Attribute with Ao = A; 0ldPjoe = newpP;

new Lyove = oldP.

Result: In the schema, the attribute A is moved from the old element to the new

one. The corresponding change is performed in the translated XML documents.

5.4.11 Convert to Group

Description: Groups a set of content nodes together under another content node.
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Figure 5.14. Convert to group
Parameters:

S: a set of content nodes to be grouped.

P: the current parent of these nodes.

Preconditions: All the nodes to group share a common parent (P)

Schema Transformation: See Figure 5.14.

Instance Transformation: None.

Information Capacity Modification: This transformation is IC Preserving.

Inverse Transformation: Flatten Group where Gjuen is a new content node

created by this operation.
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Figure 5.15. Flatten group

433

Result: In the schema, a new content node (with quantifier=*"and group Type="“")

1s created as a child of P. All nodes from S are moved to be the children of this new

node. This transformation does not modify the translated XML document.

5.4.12 Flatten Group

Description: Flattens the group of nodes (grouped under a content node).

Parameters:

G: a parent content node of the group to be flattened.

“»

Preconditions: The parent content node (G) has to have gquantifier="" and group-

W
5 .

Type=

Schema Transformation: See Figure 5.15.
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Instance Transformation: None.

Information Capacity Modification: This transformation is IC' Preserving.

Inverse Transformation: Convert to Group where Syroyp is the set of G’s children

and Pyroup is G’s parent.

Result: In the schema, a content node G is deleted. All nodes that were the children
of G become the children of its parent node. This transformation does not modify

the translated XML document.

5.4.13 Change Attribute

Description: Changes the type and default parameters of an attribute.

Parameters:

A: attribute to be changed.
newAT: new attributeType.
newDT: new defaultType.

newDV: new default value.

Preconditions: If new defaultType is #REQUIRED or #FIXED, newDV must

not be null.

Schema Transformation: See Figure 5.16.
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Figure 5.16. Change Attribute

Information Capacity Modification: The effect of this transformation on infor-
mation capacity depends on the defaultType of the changed attribute. If the change
is from any other type to #REQUIRED, then the transformation is IC' Reducing. If
the change is from #REQUIRED to any other type, then the transformation is IC

Increasing. In all other cases the transformation is IC Preserving.

Inverse Transformation: Change Attribute with the original parameters of this

attribute.

Result: In the schema, the parameters of the attribute A are updated.
The changes in the translated XML document depends on the old and new values

of the parameters:

1. If the attribute’s default type changed from #IMPLIED to #REQUIRED, the
newDV has to be assigned to all instances of the attribute that didn’t have a

value before.
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Figure 5.17. Change Quantifier

2. If the attribute’s new default type is #FIXED, then the attribute’s values has

to be replaced with newDV for all instances of the attribute.

3. If the default value has changed, then for all instances of the attribute that
have the value equal to the old default value, this value has to be replaced with

newDV.

5.4.14 Change Quantifier

Description: Changes the quantifier of a content node.

Parameters:

N: content node to be changed.

new@Q: new quantifier.

Preconditions: None.

Schema Transformation: See Figure 5.17.
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From/To ? + *
7 Preserving | Ambiguous | Increasing | Reducing
+ Ambiguous | Preserving | Increasing | Reducing
* Reducing Reducing | Preserving | Ambiguous
Increasing | Increasing | Ambiguous | Preserving

Table 5.1. Effect of Change Quantifier on information capacity

Information Capacity Modification: The effect of this transformation on infor-
mation capacity depends on the parameters of the old and new quantifiers and is

explained in more details in Table 5.1 (‘. means required; original quantifiers are in

first column; new quantifiers are in top row).

Inverse Transformation: Change Quantifier with the old quantifier of this node.

Result: In the schema, the quantifier of the content node N is changed.
The changes in the translated XML document depends on the old and new values

of the quantifier:

1. If the original quantifier was “?” and the new one is “+” or required, that means
that the element has to occur at least once. Thus, if the element doesn’t occur,
it has to be inserted into the document (with empty as a value).

2. If the original quantifier was “+” and the new one is “?” or required, that means
that the element has to occur at most once. Thus only the first occurrence is

kept in the document and the subsequent occurrences are deleted.

3. If the original quantifier was “*” and the new one is required, that means that
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the element has to occur exactly once. Thus, if the element doesn’t occur, it
has to be inserted into the document (with empty as a value). If the element
occurs multiple times, only the first occurrence is kept in the document and the

subsequent occurrences are deleted.

4. If the original quantifier was “*” and the new one is “7”, that means that the
element has to occur at most once. Thus only the first occurrence is kept in the
document and the subsequent occurrences are deleted. If the element does not
occur at all, no action is needed.

5. If the original quantifier was “*” and the new one is “+”, that means that the
element has to occur at least once. Thus, if the element doesn’t occur, it has to
be inserted into the document (with empty as a value). If the element occurs

multiple times, no action is needed.

5.4.15 Fold Over ID/IDREF

Description: In many cases (especially when the XML schema has been created
based on the relational database schema) parts of the schema are linked via the use
of ID and IDREF attributes. However, in some schemas, the same link might be
expressed by making one such part a child of another. This difference can be resolved
by folding the linked schema, which is accomplished in this operation by copying the

content of a referenced element into the referencing element.

Parameters:
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Figure 5.18. Fold over ID/IDREF

F: element with ID attribute.
A_ID: 1D attribute.
E: element with IDREF attribute.

A_RFEF: IDREF attribute.

Preconditions:

1. A_ID’s attribute Type is ID.

2. A_REF’s attributeType is IDREF.

Schema Transformation: See Figure 5.18.
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Information Capacity Modification: This transformation is IC' Preserving.

Inverse Transformation: Delete Element applied to the copy of F'’s content.

Result: In the schema, all child nodes of the F are copied to be the children of the
E. In the translated XML document, the content of each element of type F' is copied

into the content of an element of type E with A_REF equal to F’s A_ID.

5.4.16 Change Value

This transformation differs from the others by the fact that it does not affect the
schema at all, but rather changes the values of the instances of attributes and elements
in the translated XML files. Change value is a meta-transformation, since it takes a
set of values of elements and attributes, uses these values as input parameters for an
operation and assigns the result of this operation to be a value of another element or
attribute. Change value can use a variety of operation to compute the result value
and we are not going to list all of them in this thesis (also, eventually, the users
should even be able to create custom operations, provided that they are formally
defined). However, the following variants of change value could be used to resolve

some of heterogeneity types defined in Section 2.2:

Copy: This is a very simple operation. It takes a value of an element or at-
tribute and assigns it to another element or attribute. In conjunction with create

element /attribute (that create an empty element/attribute) it can be used to make
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a copy of an element. The inverse of this transformation simply copies the data in

another direction.

Convert: By applying mathematical operations to the element/attribute values,
change value can be used to convert them between different units (e.g., pounds to
kilograms). This transformation is very useful in resolving numeric subtypes of value
heterogeneity [cf. Section 2.2.2]. The inverse of this transformation is not always
possible and depends on the employed mathematical operations and the way they were
used (e.g., the pound/kg conversion can easily be reversed, while the multiplication

of two element values can not).

Concatenate/Split: This variant of change value can concatenate the values of
several elements/attributes (possibly interleaving them with ¢’ or ), thus resolving
a very common single element/multiple elements subtype of structural heterogeneity
[cf. Section 2.2.7]. Its inverse, split, separates a part of an element/attribute value (if

such separation is possible, e.g., using ‘ ’ or ¢,” as delimiters).

Mapping: This variant of change value maps one set of values (e.g., a range of
numbers) to another (e.g., {Very Low, Low, Normal, High, Very High}. It can be
used to resolve semantic data granularity [cf. Section 2.2.4]. The inverse of this
operation is possible, however, in many cases the new mapping would have to be

specified .
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5.5 Supporting the user

While the preceding sections express the core of our approach, some additions to it,
which are described in this section, make it more efficient and make the process of

translation generation and schema exploration easier and more intuitive for the user.

5.5.1 Mappings

As we have stated in Section 4.3, a considerable drawback of our transformation-based
approach is that, unlike the mapping-based approaches [cf. Section 4.2.2], it doesn’t
provide the user with an intuitive way of specifying matching elements in the source
and target schemas. To mitigate this problem, we can simulate the mapping approach
for the user (of course, the user still should be able to use individual transformations as
well), while internally representing such a mapping as a sequence of transformations.

A simple mapping between two leaf elements can be simulated by first renaming
the source element to match the target element’s name and then moving the renamed
element to the corresponding location. Both of these operations are IC Preserving,
so the mapping would be IC Preserving as well.

If we would like to map a leaf element to an attribute (or an attribute to an
element), the previous transformation sequence has to be augmented with a convert
element to attribute (or attribute to element) transformation. The resulting sequence
would be IC' Preserving as well.

To map a non-leaf element (along with the subtree rooted in it) to another non-leaf
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element, we would have to obey the precondition that their corresponding subtrees
have to be isomorphic (if the subtrees are not isomorphic originally, they can be first
made so by the user, using other transformations). First we would rename all the
corresponding elements and attributes (both the root and in the subtree) and then
we can move the tree to the new location. Since it is composed only of renames and

a move, this mapping is also IC Preserving.

5.5.2 Highlighting Dependencies

In order to facilitate the analysis of the schemas and the discovery of the matching
elements between them, it is advantageous to be able to show the user which elements
of the original source schema have influenced the elements of the current version of
this schema.

Our transformations are formally defined as a graph rewriting rules. The left-hand
side of each of these rules represents the input or the corresponding transformation,
while the right-hand side represents the output. Since the translation specification
is comprised of a sequence of individual transformations, it is possible to build a
graph structure (based on this sequence and the imput/output dependencies of each
transformation) that would capture the history of the dependencies between schema
elements. The exact approach on how to construct such a history graph is outlined
in [44].

Thus, using such a history graph, we can trace the dependencies between ele-



5. Transformations 102

ments backwards and deduce which schema elements (and/or transformations) have

influenced any element of the current schema.

5.5.3 Optimization

Since our translation approach relies on the user to select the proper transformation
at each step, the resulting translation specification (which stores all applied transfor-
mations in sequence) might not be the most efficient. This can happen for a variety
of reasons ranging from the user simply not seeing the best translation approach to
applying inverse transformations (instead of undo) to correct his or her mistakes.

We can remedy this issue somewhat by optimizing the translation specification
after it is completed. Undoubtedly, many such optimizations exist, but discovering
them is a subject for future research [cf. Section 7.3]. However, below we outline two
simple optimizations, that should improve the performance of our transformation
approach.

For both of these optimizations, we assume the following:

1. T,, and T,, are two transformations in the translation specification (in the nth
and mi" position respectively) and m > n.

2. In(T) is a set of input schema elements and Out(T) is a set of output schema
elements for operation T

3. There is no operation Ty, where k € (n,m), such that de € Out(T,,), e € In(T})

or e € In(Ty,),e € Out(Ty) (ie., we can change T,, and T, without affecting
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any transformations in between).

The two optimizations that we can perform then are:

Combine partial transformations: This optimization applies if the user per-
formed some transformation in several steps, when it is possible to do it in one. For
example, the element with the name a was first renamed to b and then to ¢, instead
of renaming it directly to c¢. In this case, T, and 7T, have the same transforma-
tion type (one of {rename element/attribute, move content node/attribute, change
attribute/quantifier, change value}) and Out(T,) = In(T,,). To optimize, we would

remove T, and replace T,, with T'(In(T,), Out(T,,)).

Remove (unintentional) undos: This optimization applies if the later transfor-
mation undos the earlier one. For example, the element with the name a was first
renamed to b and then renamed back to a. In this case, T}, would be an inverse
operation of T,, [cf. Section 5.4 for the specifications| and Out(T,,) = In(T;). To

optimize, we would remove both T}, and T,,.
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Chapter 6

Implementation and Evaluation

6.1 Implementation

In order to test our transformation-based approach, we have created a prototype
implementation. The prototype consists of two parts: a tool (called Odin') that
allows the user to define a translation specification and a transducer component [cf.
Section 3.3.2.4] for our HealthMatriz network that translates the information units

between different schemas.

6.1.1 Odin

The Odin prototype is somewhat limited, specifically in the GUI for specifying the
transformation parameters, because it is not intended as a production application,
but rather serves as a proof of concept. To enable its cross-platform operation, Odin
is implemented using Java and Eclipse’s Standard Widget Toolkit (SWT).

Odin’s user interface is shown in Figure 6.1. After the user specifies DTD files

for the source and destination schemas, these DTDs are parsed into graphs with the

L Odin is the supreme god of Germanic and Norse mythology. Among other things, he is a god

of transformation and is able to change his form (and that of others) in any way he likes.
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Figure 6.1. Screenshot of Odin’s user interface
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structure outlined in Section 5.1. The graphs are presented to the user as SWT Trees,

where each tree node represents a node on the schema graph and is annotated with

the node type and other attributes.

The user interface contains three main windows showing source schema, working

schema and target schema (any of these windows can be resized/hidden by the user).

Source and target windows display the source and target DTDs correspondingly and

are used mainly to explore these schemas and find matches between them. The user

selects and sets the parameters for the transformation on the working schema and

then applies the required transformation to it. The schema transformation part [cf.
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Section 5.4] of the applied transformation is used to rewrite the working schema and
bring it closer to the target schema (at the beginning of the translation process the
working schema matches the source schema) and the transformation is added to the
recorded translation specification. This process is repeated until the working schema
matches the target schema. After this match is achieved, the translation specification
is produced based on the recorded sequence of transformations. This specification is
later used by the transducer component to translate the XML documents between

the source and target schemas.

6.1.2 Transducer

The transducer [cf. Section 3.3.2.4} is currently implemented in C# and uses Microsoft
.Net Framework. It should be noted, however, that because it employs (as do other
components of the HealthMatriz grid) Web Services to connect to the rest of the
network, the specific implementation of the transducer can easily be changed without
affecting its functionality.

The exposed (via Web Services) interfaces allow the grid administrator to con-
figure the transducer: specify its connections to other components and define which
translation specifications should be used for the translation between pairs of schema
types [cf. Section 3.3.2.1]. Another set of functions allows transducer to interact with
the grid by receiving and sending information tokens (each of these tokens carry an

XML document).
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After an information token is received by the transducer, it determines the schema
of contained XML document. Based on this schema an appropriate translation pro-
gram is selected and executed. The translated document is wrapped into a token and
sent to the next component of the grid.

It should also be noted that, like all other components that use scripts (see Sec-
tions 3.3.2.3, 3.3.2.5), the transducer can be reconfigured on the fly and its transfor-

mation specifications can easily be updated if one (or more) of the schemas change.

6.2 Resolving Data Heterogeneity

In this section we explore how the various types of data heterogeneity [cf. Section 2.2]
can be resolved using the transformations described in Chapter 5. These results are

summarized in Table 6.1.

6.2.1 Naming Heterogeneity

Naming heterogeneity [cf. Section 2.2.1] occurs when different names are used to
describe the same concept (synonyms), or when the same name is used to describe
different concepts (homonyms). Once the user performing the translation has decided
what the new name should be (e.g., avoiding conflicts), both of these subtypes can
be resolved by applying the rename element [cf. Section 5.4.7] or rename attribute

[cf. Section 5.4.8] transformation.
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6.2.2 Value Heterogeneity

Value heterogeneity [cf. Section 2.2.2] occurs when the values of a particular element
are represented differently in different data sources. Since it depends on the values
of data elements, the only transformation capable of resolving it is change value
[cf. Section 5.4.16]. Change value is a meta-transformation and the exact variant
of it required to resolve the heterogeneity depends on a specific subtype of value

heterogeneity:

Numeric-Numeric

Different units with fixed conversion: Since the conversion between the differ-
ent units that are used to represent the values values (e.g., pounds vs. kilograms)

is fixed, the convert variant of change value [cf. Section 5.4.16] can be used.

Different units with varying conversion: Since, unlike the previous case, the
conversion here varies with time, at the moment this subtype of value het-
erogeneity can not be resolved by our transformations. If the translation is only
one-time, then this case reduces to the previous one, however if the transla-
tion has to be repeated, then the conversion operation has to be updated every
time. In the future it might be possible to incorporate this into our approach

for example using Web Services.

Same units with different precision: The convert variant of change value can be

used to downgrade the precision, however it is generally impossible to improve
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the precision using any kind of operation. In most cases, however, the precision
of the values doesn’t affect the data interchange (although it might have to be
taken into account in computations involving said data) and doesn’t have to be

resolved.

String-String

Value synonyms and value homonyms: In both of these cases we would need to
replace the old values with the corresponding new ones, thus it can be resolved
by the mapping variant of change value. The handling of this subtype of value
heterogeneity could be further improved if we allow access to external resources
(e.g., UMLS [24] and LOINC [18] to map the medical terminology), however at

the moment it is beyond our capabilities.

Different formats Just as in the case of different units, this can be resolved by

applying the string equivalent of convert variant of change value.

String “precision” The instances of this subtype can vary considerably. The simple
cases, such as omitted prefix/suffix can be resolved by concatenate variant of
change value. While it is possible to resolve the more complex cases, such as
words being shortened, etc. by specifying the complete mappings between the
shortened and complete word forms and then using mapping variant of change
value, in general it is not feasible. The better solution in the future would be

to employ some kind of dictionary lookup.



6. Implementation and Fuvaluation 110

Numeric-String As we have said before, while the values might have different
types in XML Schema, in the XML documents themselves everything is represented

as text, thus this heterogeneity subtype doesn’t need to be resolved.

6.2.3 Content Differences

In order to resolve the content differences [cf. Section 2.2.3], we need to correctly
set the values of elements (or attributes) that are not directly represented in a data
source. In the case of missing data it is impossible. In other cases (implicit or derivable
data), the correct values of these elements could be derived by the user based on the
domain knowledge and/or other elements and then set using the Change value [cf.

Section 5.4.16] transformation.

6.2.4 Semantic Heterogeneity

Most subtypes of the semantic heterogeneity [cf. Section 2.2.4], such as what the data
represents, context in which data is captured and Meaning of NULL do not affect
the translation directly, but rather have to be explored and watched for by the user
that creates the translation specification, in order for him/her to come up with the
adequate matches between the schemas.

Data granularity however, requires the values of the elements/attributes to be
mapped from one set of values to another. This can be accomplished using the

mapping variant of change value [cf. Section 5.4.16] transformation.
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6.2.5 Data Model Heterogeneity

Both subtypes of the data model heterogeneity [cf. Section 2.2.5] (storage policy
differences and differences in constraints) require that only parts of the documents
be translated (e.g., omit any record older than 10 years). As such, they require
the conditional processing of some elements. This is not currently handled by our
approach, however it seems to be a promising direction for future research. It is
also worth ‘noting that in our HealthMatriz project this issue can be mitigated by

pre-filtering the records at the SFE [cf. Section 3.3.1] level.

6.2.6 Information Capacity Heterogeneity

Missing elements/attributes [cf. Section 2.2.6] are resolved by creating the empty
instances of such elements/attributes using create element [cf. Section 5.4.2] and cre-
ate attribute [cf. Section 5.4.4] transformations respectively. After these instances are
created, the problem is reduced to content differences [cf. Section 2.2.3] heterogeneity
type and is resolved as described in Section 6.2.3.

Different cardinality [cf. Section 2.2.6] can be resolved by the change quantifier
[cf. Section 5.4.14] transformation. In the case where a group of elements has a
different cardinality in different schemas, the convert to group [cf. Section 5.4.11] and

flatten group [cf. Section 5.4.12] might have to be applied as well.
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6.2.7 Structural Heterogeneity

Since all subtypes of structural heterogeneity [cf. Section 2.2.7] are usually inter-
twined, in general it requires the application of all of the structure-modifying trans-
formations to resolve. Such transformations are: create element [cf. Section 5.4.2],
delete element [cf. Section 5.4.1], create attribute [cf. Section 5.4.4], delete attribute
[cf. Section 5.4.3], move content node [cf. Section 5.4.9], move attribute [cf. Sec-
tion 5.4.10], convert to gfoup [cf. Section 5.4.11], flatten group [cf. Section 5.4.12]
and fold over ID/IDREF [cf. Section 5.4.15].

In addition to that the element/attribute [cf. Section 2.2.7] subtype is resolved us-
ing convert element to attribute [cf. Section 5.4.6] and convert attribute to element [cf.
Section 5.4.5]. Single element/multiple elements [cf. Section 2.2.7] subtype usually

requires application of change value [cf. Section 5.4.16] (most likely the concatenation

variant) transformation in order to be resolved.

6.3 Palliative Care Data Mapping Case Study

In order to evaluate our approach to data translation, we have entered into a col-
laborative case study on the palliative care? data mapping with researchers from the
University of Victoria School of Health Information Science.

The goal of this case study is to create research copies of five different palliative

2 Palliative care refers to any form of medical care or treatment that concentrates on reducing
the severity of the symptoms of a disease or slows its progress rather than providing a cure. It aims

at improving quality of life, and particularly at reducing or eliminating pain.
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PR

Naming Heterogeneity
Naming Synonyms
Naming Homonyms

Valie Heterogeneity
Fized conversion
Varying conversion
Different precision
WValue synonyims
Value homonyms
Different formats
String “precision”
Numetic-String

NI T O PR S

Content Differences
Implicit data
Derivable data
Missing data

Semantic Heterogeneity
What the datarepresents
Context of capture

Data granulanty
Meaning of NULL

Data Model Heterogeneity
Storage policy differences
Differences in constraints

Information Capacity Heterogeneity
Missing elements
Different cardinality

Sauctural Heterogeneity
Element/ Attnbute
Singlefmultiple element(s)
Aggregation conflict
Generalization conflict

R L N

E: Resclwable
PR.: Partially Resclvable
MNE: Not Resolwable

NiA: Doesn’t apply to the translation specification process.

Table 6.1. Resolving Data Heterogeneity: Summary
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care databases from Calgary, Halifax, Toronto, Queens and Victoria Hospice Society
(VHS) and enable data interchange between them in order to be able to analyze
the global palliative data (as well as variations between local implementations) and
also eventually map such data to the Palliative Data Set (PDS). PDS is a set of 25
data elements that was developed by Craig Kuziemsky from the School of Health
Information Science in 2002. The objective of the PDS is to provide a common data
set to which palliative care data elements from various sites could be mapped.

The HealthMatriz project developed by our research group is well suited to provide
the data interchange between these databases. The configuration of the HealthMatriz
network for this case study is described in detail in [50]. In this thesis we concentrate
on the issues concerning data translation between the palliative data sources.

The data has to be translated between each of these four data sources:
Calgary: 10 tables, 117 fields
Halifax: 49 tables, 208 fields
Toronto: 57 tables, 251 fields
Queens: 15 tables, 146 fields

and the VHS palliative database (3 separate databases, 68 tables, 401 fields). As vis-
ible from their structure, these databases are quite dissimilar, however they contain
similar data, albeit augmented with information specific to how the palliative program
is run at each of these hospitals. All these databases were originally implemented in

Microsoft Access, but after wrapping them using the HealthMatriz’s SFE [cf. Sec-
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tion 3.3.1], their data became available as XML documents. Unfortunately, at the
moment HealthMatriz can not automatically produce the DTDs or XML Schemas for
the wrapped data and completely handcoding them is infeasible, thus the completion
of this case study has been postponed until such schemas can be produced.
However, in order to test our translation approach on the real-world data from
this case study, we have handcoded parts of the schemas and applied it to them. One
of the examples is shown in Figure 6.2. It displays the XML equivalént of the PT
table from the Halifax palliative care database and a corresponding XML structure
of the VHS database. The links between matching elements are shown as solid lines
and the primary-foreign key relations are shown as dashed arrows. The sequence
of transformations required to translate the corresponding XML documents can be

outlined as follows:
1. Copy Patient/VHS_ID and convert it into an IDREF attribute of Patient.
2. Convert Program/VHS_ID into an ID attribute of Program.
3. Convert Program/FAM_PHYS_ID into an IDREF attribute of Program.
4. Convert Doctors/FAM_PHYS_ID into an ID attribute of Doctors.
5. Fold Program into Patient over VHS_ID attribute.
6. Fold Doctors into Patient over FAM_PHYS_ID attribute.

7. Delete all elements under Program and Doctors (they are not needed anymore,

because their copies are in the Patient already.



10.

11.

12.

13.
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Rename root element Patient into PT.
Create PT/FamDocName element.

Set, the value of PT/FamDocName to be the concatenation of the PT/DSURNAME

and PT/DFIRSTNAME.
Delete PT/DSURNAME, PT/DFIRSTNAME and VHS.ID attribute.

Rename all of the original elements from VHS to correspond to their matches

in the Halifax database (as shown in Figure 6.2).

Create all elements that did not have a VHS counterpart.
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{<adnDate/>
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, <Serviame/>
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Figure 6.2. Matches between elements from the PT table of the Halifax palliative

care database and the corresponding parts of the VHS database.
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Chapter 7

Conclusions

7.1 Summary

The amount of electronic medical data (ranging from the information about individual
patients to the practice guidelines and even human genome data) that had appeared
in the last decade is enormous. However, there exists a big gap between the potential
and the realized value of such data, mainly because of its spread over a large number
of isolated medical information systems. Thus, enabling data interchange between
medical information systems would improve the quality of healthcare services and even
allow medical organizations to offer new services that were impossible or impractical
before. Unfortunately, these information systems are highly heterogeneous and, in
order to exchange data between them, the data first has to be translated into an
acceptable format.

The main objective of this thesis was to develop an approach to specifying the
translation of heterogeneous data. This transformation specification can be used (for
example by the transducer component of our HealthMatriz project) to translate the

documents between the aforementioned heterogenous data sources.
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The main principle behind our approach (unlike most of the existing approaches
that are based on the set of mappings between the data schemas) is to define the
translation specification as a sequence of transformations that have been formally
defined in both their specification as well as the effect they have on the information

capacity of the schemas.

7.2 Contributions

To summarize, the main contributions of this thesis are:

Data Heterogeneity Classification: We have developed (and presented in Sec-
tion 2.2) a detailed classification of types of data heterogeneity. This classifi-
cation tries to abstract from the database technologies (and/or their specific
implementations) and instead focuses on issues such as element names and val-

ues, semantics of the data, and its structure.

HealthMatrixz Project: The goal of the HealthMatriz project (developed by our
NetLab research group) was to act as a middleware, that can facilitate data and
service integration between medical information systems by connecting them
into (potentially) large scale distributed networks. In Chapter 3 we have listed
the requirements for such system as well as outlined its architecture and de-
scribed individual components that are used to build the aforementioned health

information networks.

Transformation-based Approach: The main contribution of this thesis is our
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transformation-based approach to resolving data heterogeneity. Unlike the ma-
jority of existing approaches that specify the transformation between two het-
erogeneous data representations as a set of mappings between the elements
of these representations, we proposed to do so as a sequence of formally de-
fined transformations with well-known properties. In Chapter 5 we outlined
the advantages and disadvantages of the existing approaches, and proposed our
solution. Chapter 4 shows the set of transformations that we proposed as well
as their properties. We also tested our approach [cf. Chapter 6] from both
a theoretical (by evaluating it with respect to the data heterogeneity classifi-
cation) and a practical perspective (by applying it to the palliative care data

mapping case study).
Other Contributions: More minor contributions of this work include:

e Designing a graph representation for the XML DTDs.

e Bridging our approach with a more traditional mapping approach, by
showing how a mapping can be constructed from a sequence of trans-
formations.

e Using history graph idea from [44] to calculate the dependencies between
elements and to show which elements (and transformations) influence oth-
ers.

e Proposing several methods of optimizing the recorded sequence of trans-

formations in order to improve the translation performance.
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7.3 Future Work

The following are possible research directions that could be useful for improving our

approach as well as current prototypes:

XML Schema: Current graph representation for the document schemas (and the
prototype implementation as well) is based on XML DTDs. With the XML
Schema growing in popularity and being used to define schemas for more and

more documents, it would be useful to expand our approach in that direction.

Semi-automatic Schema Matching: As mentioned in Chapter 5, current research
in the creation of XML document translators is divided into two directions:
schema matching (i.e., how to determine the corresponding elements between
two schemas) and translation specification (i.e., how to simplify the coding
of the XML document translators). So far our research concentrated on the
second problem and, while we contend that the completely automatic schema
matching is too unreliable and error-prone to be applied to such domains as
healthcare, the semi-automatic approach (where the matches are only suggested
to the user), can be useful, especially when the schemas are complex.

While we did not spend considerable time researching this issue, it seems that
the nature of our approach is conducive to semi-automatic schema matching,
since at every step of the process it is effectively reduced to finding matches

between a target schema and a modified source schema (that becomes closer to
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the target schema at every iteration).

Optimization: In Section 5.5.3, we proposed several simple optimizations that can
be applied to the recorded sequence of transformations. While the described
optimizations are useful, they are quite simple and rely on the existence of com-
plementary or inverse transformation in the sequence as well as on the fairly
strict conditions imposed on their inputs/outputs. With further research it
might be possible to find other useful (and possibly more complex) optimiza-

tions.

Change Value Transformation: Change value is a meta-transformation, since it
relies on an internal operation in order to compute a new value for the element.
In this thesis, we described several such operations. Defining more of these
operations (and possibly enabling the user to write his or her own) might be
useful in resolving more heterogeneity types or simplifying the resolution of

already resolvable ones.

External Lookup: Currently all information about the transformation is contained
within the transformation specification. While this is acceptable in most cases,
it can lead to overly complex transformation specifications in cases where a lot
of mapping from one set of values to the other is involved. In these cases it
is desirable to be able to look up online resources such as medical terminology
repositories or dictionaries. One of the possible ways to achieve this is by using

Web Services, however the impact of doing so has to be researched further.
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Conditional Processing: As mentioned in Section 6.2.5, in order to resolve some
of the heterogeneity types we need to apply our transformations conditionally
(e.g., based on the values of elements/attibutes). At the moment it is not

supported, however, it seems to be a desirable research direction.

Instance-level Information Capacity: As explained earlier (cf. Section 5.3.1),
the properties of the transformations can be used to determine the effect of the
translation on the information capacity of the schema. However, in some cases,
this effect can be determined with greater precision by looking at the translated
document itself. For example, if an element is defined in the original schema
to occur zero-or-more times and in the target schema one-or-more times, such
a transformation would be information capacity reducing in general. However,
if the element actually occurred at least one time in the source document, then
this instance of the transformation would not affect the information contained
in the document. In the future, the transducer component can be enhanced to

determine this fine-grained effect of the transformations on the actual data.

XSLT vs. Non-XSLT: Currently, we use XSLT programs to define the instance
transformation part of our transformations. So far, it seems that XSLT is
sufficiently powerful for this task. However, it is possible that our approach can
be improved by employing other means of transforming the XML documents.

This issue has to be researched and evaluated further.
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