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Abstract. A major problem that arises in many large application domains is the discrepancy
among terminologies of different information systems. The terms used by the information sys-
tems of one organization may not agree with the terms used by another organization even when
they are in the same domain. Such a situation clearly impedes communication and the sharing
of information, and decreases the efficiency of doing business. Problems of this nature can be
overcome using a controlled vocabulary (CV), a system of concepts that consolidates and unifies
the terminologies of a domain. However, CVs are large and complex and difficult to compre-
hend. This paper presents a methodology for representing a semantic network-based CV as an
object-oriented database (OODB). We call such a representation an Object-Oriented Vocabulary
Repository (OOVR). The methodology is based on a structural analysis and partitioning of the
source CV. The representation of a CV as an OOVR offers both the level of support typical of
database management systems and an abstract view which promotes comprehension of the CV’s
structure and content. After discussing the theoretical aspects of the methodology, we apply it to
the MED and InterMED, two existing CVs from the medical field. A program, called the OOVR
Generator, for automatically carrying out our methodology is described. Both the MED-OOVR
and the InterMED-OOVR have been created using the OOVR Generator, and each exists on top of
ONTOS, a commercial OODBMS. The OOVR derived from the InterMED is presently available
on the Web.

Keywords: Controlled Vocabulary, Object-Oriented Database, Object-Oriented Modeling, Ter-
minology, Ontology, Ontology Modeling

1. Introduction

As the norm, different enterprises, whether they be in healthcare, manufacturing,
financial services, or some other business, employ their own ad hoc terminologies
that hinder communication and sharing of information. In the healthcare field,
cases have been reported of differences between the terminologies used by different
laboratories within the same hospital [7]! Such industries and areas of commerce
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need controlled vocabularies (CVs)—systems of concepts that consolidate and unify
the terminology of large application domains [9]. By maintaining a common, cen-
tralized CV, costly and time-consuming translation tasks can be eliminated from
the lines of communication existing between different organizations and between
the information systems each employs. A CV can also help standardize common
information processing chores and thus reduce the overall cost of doing business.

The semantic network [27, 48] has proven to be an excellent modeling tool for CVs
[8, 9]. However, in the face of a very large CV—encountered in many domains—
a potential user or application developer might shy away from employing it due
to the overwhelming complexity. It is well known that the components of the
human cognitive apparatus have numeric limitations. For instance, it is accepted
that human short-term memory is limited to “seven plus or minus two” chunks
[32]. In a similar vein, there are well known limitations of the visual system [3].
Semantic networks and database design methodologies (like the ER model [6]) are
popular because of their graphical representations, among other reasons. According
to common experience, a graphical network display with around twenty concepts
appears to be within human cognitive limitations, while for a graphical structure
with thousands or tens of thousands of concepts, this is certainly not the case.

The reliance on a semantic network model for CVs can also be problematic from a
practical standpoint. Although many useful semantic network processing systems
exist (see, e.g., [2, 31, 45]), for unclear reasons, semantic networks have never
taken off as commercial products. Because of this, technical support, multi-user
access, documentation, and even adequate editing tools are often not available.
This makes the use of a CV implemented as a semantic network a risky proposition
for application developers whose environments often need exactly these missing
features.

In this paper, we address these problems by introducing a methodology for repre-
senting a semantic network-based CV as an object-oriented database (OODB) [25,
54], a representation we call an Object-Oriented Vocabulary Repository (OOVR,
pronounced “over”). Our methodology is based on a structural analysis and par-
titioning of the source CV. The schema yielded by this process is an important
new layer of abstraction on top of the semantic network. The schema may, in fact,
be several orders of magnitude smaller than the actual content of a large CV. Its
size is more in line with the limitations of the human cognitive system than the
potentially overwhelming concept network. A schema that correctly abstracts the
major features of the network structures will be effective as a vehicle for explor-
ing, studying, and ultimately comprehending the CV’s subject-matter. As stated
by James Cimino, the principal designer of an extensive medical CV called the
Medical Entities Dictionary (MED): “The schema highlights the essence of the vo-
cabulary while hiding minutiae” [7]. Indeed, in [16], we showed how the schematic
representation of the MED helped its designers readily uncover and correct several
inconsistencies and errors in the MED’s original modeling. We have built an ana-
logical, Web-based interface that exploits the two different view levels offered by
the OODB representation (i.e., the schema-level view and the concept-level view)
to facilitate interactive access to a CV [18]. By providing access to both the original
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CV and the schema layer, the interface allows a user to choose a verbose or compact
representation for the display of the vocabulary knowledge.

Of course, utilizing an OODB also allows us to leverage all the features offered
by top-of-the-line OODB management systems, which are commercially available
(see, e.g., [14, 39, 41, 44, 52]). In its OOVR form, the CV can be accessed declara-
tively using the OQL standard [5] and other SQL extensions like ONTOS’s OSQL
[42], or using a “path” language such as XQL [24]. The OOVR also offers a “low
impedance” pathway [54] to the CV’s knowledge for application programs like intel-
ligent information-locators, decision-support systems, and end-user browsers which
are being built using object-oriented programming languages and technology. Con-
cepts represented as objects in the OOVR are represented the same way within
those applications. Therefore, the movement of and access to the concepts is greatly
facilitated.

We have built a program called the OOVR Generator which automatically carries
out all phases of our methodology. It takes as its input a CV in a “flat” semantic-
network format and produces an equivalent, fully populated OOVR as its output.
Both the formal aspects of the methodology and the details of this accompanying
software will be described.

In order to demonstrate our methodology, we will be applying it to two existing
CVs, the MED and the InterMED, both from the medical domain. The MED is
a large CV containing about 48,000 concepts. It was developed and is currently
in use at Columbia-Presbyterian Medical Center (CPMC) [8]. The InterMED was
created as an offshoot of the MED [40, 46] for a more general healthcare setting. It
comprises about 2,500 concepts. The representations of these two CVs as OODBs
will be called the MED-OOVR and the Inter MED-OOVR, respectively. Both are
currently up and running on top of the ONTOS DB/Explorer, a commercial 0ODB
management system [41, 42, 47]. The InterMED-OOVR is accessible via the Web
[43] using the browser described in [18].

Let us point out that even though both of the demonstration CVs are from the
medical field, the methodology is applicable to CVs from any application domain.
All we assume is that the vocabulary is—or can be—represented as a semantic
network [53] of concepts containing a concept-subsumption (IS-A) hierarchy. We
will discuss more of the details of the assumed representation in the next section.

The remainder of this paper is organized as follows. In Section 2, we present
background material, including an overview of the general structure of CVs that are
amenable to our methodology (including the MED and InterMED), and a discussion
of related research work. Section 3 presents the details of the OODB representation
of the CV. Software which automatically creates and populates an OOVR with
respect to a given CV is presented in Section 4. Section 5 contains the conclusions.
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2. Background
2.1. Structural Form of a CV

A common formalism used in the construction of CVs, including both the MED and
the InterMED, is the semantic network [27, 53]. A CV is a collection of nodes, each
of which represents a single concept. A concept can have two kinds of properties,
attributes and relationships. An attribute is a property whose value is from some
data type (such as an integer or text string). A relationship, on the other hand, has
as its value a reference to another concept in the CV. Each concept has a unique
name which is often called its term [13]. A term is stored as the attribute name
of its concept. An example of a relationship found in the MED, as well as in the
InterMED, is part-of which links a source concept to the concept of which it is
definitionally a part.

Test measures
units Substance

Glucose Test

Figure 1. Concepts Test, Substance, and Glucose Test

We will be using the following graphical conventions when drawing the elements
of a CV. A concept is a rectangle having rounded edges with its name (term) writ-
ten inside. The names of any attributes introduced by the concept (when shown)
are written below the concept’s name and are separated from it by a line. Note
that the values of such attributes will not be included in any diagrams. A rela-
tionship is a labeled arrow directed from the source concept to the target concept.
As an example, we show the concepts Test! and Substance in Figure 1. The
concept Test introduces the two attributes units and normal-velue and the rela-
tionship measures directed to Substance. The concept Substance introduces the
relationship is-measured-by (the converse of measures) but no attributes.

Following [8, 9], CVs are assumed to adhere to the design criteria of nonredun-
dancy and synonymy, among others. The nonredundancy criterion states that a
concept must be represented by a single node in the network. Of course, a con-
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cept may be known by several names. This is addressed by the synonymy criterion
which states that the CV should maintain these alternative names (i.e., synonyms)
with the single node. To accommodate this, all concepts have the attribute syn-
onyms. Thus, a concept’s primary designation (i.e., its term) is stored in the
attribute name, while any secondary designations (i.e., its synonyms) are stored in
the attribute synonyms. Determining which name is primary and which others are
secondary is strictly a design decision. The point is that all acceptable names are
stored directly with the concept, and the concept is accessible via any of them.

An important feature of a CV is the concept-subsumption hierarchy, a singly-
rooted, directed acyclic graph (DAG) of concepts connected via IS-A links. This
hierarchy serves two main purposes. First, it supports the inheritance of properties
among concepts within the CV. A subconcept is defined to inherit all the properties
of its superconcept(s). For example, Glucose Test IS-A Test and therefore inherits
all of Test’s properties. In other words, the set of properties of Glucose Test is a
superset of the properties of Test. An IS-A link is drawn as a bold, unlabeled arrow
directed from the subconcept to the superconcept as shown in Figure 1. Because
the IS-A hierarchy is a DAG, a concept may have more than one superconcept
(or parent). In such a case, the subconcept inherits from all its parents. As we
will discuss further below, most CVs exhibit what we call sparse inheritance which
influenced our design decisions.

The second purpose of the hierarchy is to support reasoning in the form of
subsumption-based inferences. For example, using the fact that Tetracycline IS-
A Antibiotic, a decision-support system can infer that a patient is on antibiotics
from an entry in a clinical database stating that the patient is taking tetracycline.

As noted, the IS-A hierarchy is singly-rooted. We refer to the root concept as En-
tity. Note that this requirement does not affect generality because such a concept
can be artificially introduced, if necessary.

We will be using the MED and the InterMED as source vocabularies to demon-
strate our methodology. The MED comprises about 48,000 concepts which are
connected by more than 61,000 IS-A links and 71,000 non-hierarchical (i.e., non-
IS-A) relationships. The figures for the InterMED are as follows: approximately
2,500 concepts, 3,400 IS-A links, and 3,500 non-hierarchical relationships.

Both the MED and InterMED obey the following rule pertaining to the introduc-
tion of properties into the vocabulary.

Rule (Uniqueness of Property Introduction): A given property z can be
introduced at only one concept in the CV.

If other concepts also need z, then they must be defined as descendants of the
concept at which z is introduced and obtain it by inheritance. We will be assuming
that any CV to which our methodology is to be applied satisfies the above rule.
Note that this is not overly restrictive because if there is a need to introduce a
property z at several independent concepts, then an “artificial” superconcept of
these can be created for the purpose of defining x [7].
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2.2. Related Research Work

Computerizing natural language concepts has long been a major goal of computer
scientists. Various forms of semantic networks [2, 27, 48, 53], knowledge representa-
tion languages [23, 31, 35], ontologies [38], and semantic data models [19, 20] have
been recruited to tackle this task. While most attempts have been limited to small
domains or “toy” applications, there have been a number of notable exceptions such
as CYC [29] and WordNet [33].

Aside from the MED and the InterMED, the medical field has seen the introduc-
tion of a number of CVs. These include UMLS [49], SNOMED [10], and ICD9-CM
[50]. A descriptive semantic network called Structured Meta Knowledge (SMK),
employing a terminological knowledge-base, has been used to capture the semantics
of patients’ medical records [15].

An object-oriented framework has previously been employed as a modeling plat-
form for thesauri used in (natural) language-to-language translation [12, 13]. TEDI,
a terminology editor, was built in the same context as a tool for extracting rele-
vant information from hypermedia documents [34]. The O, OODB system [11, 47]
has been used to store portions of a general English dictionary based on a “feature
structure” description of its entries [21]. In a similar effort, [55] presents a technique
for storing a dictionary in an ObjectStore database [26, 47).

Database technology has been used as a means for bringing persistence to know-
ledge-based systems. In [22], the EXODUS object manager [4] is used as a subsys-
tem of a frame representation system [23]. A storage model, based on techniques
previously proposed for OODBs [51], has been employed as the basis for storing
Telos knowledge-bases on disk [36]. Both these efforts sought to incorporate their
database subsystems transparently. In contrast, we are directly utilizing a com-
mercial OODB system for the representation of our CV. After the conversion of
the CV into the form of an OODB, the original semantic network version of the
CYV is no longer needed. Users of the vocabulary, whether they be programmers or
casual browsers, can directly access the vocabulary through the various mechanisms
provided by the OODB management system.

A preliminary version of our methodology appeared previously in [30]. In that
paper, we applied it to the InterMED. In this paper, a substantially cleaner way of
capturing our methodology is presented, and some gaps in the original treatment
in [30] are filled in. We also show the application of the methodology to the much
larger MED. In addition, we describe the algorithms which automatically carry out
the conversion of a CV into its OOVR, representation.

3. Representing a CV as an OODB

In this section, we present our methodology for representing a CV as an OODB.
The methodology attacks this modeling problem by extracting a schematic repre-
sentation from the source CV and then assigning the CV’s concepts to appropriate
object classes. In the source CV, there are concepts; in the OOVR, there will be
objects which denote those concepts. Our methodology derives a schema with far
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fewer classes than the number of concepts in the source CV. The tasks are to de-
termine how many classes are necessary, what the classes will look like, what their
relationships will be, and to which classes the various concepts will belong.

In the following, we first present the version of our methodology which is applica-
ble to CVs that do not contain intersection concepts, a notion which will be further
discussed and formally defined below. The extended methodology that encompasses
CVs exhibiting intersection concepts is described in Section 3.2.

3.1. OODB Schema for CVs without Intersection Concepts

The OODB schema produced by our approach is derived automatically from an
overall structural analysis of the CV. It is based on the partitioning of the CV
into groups of concepts that exhibit the exact same set of properties. To be more
precise, we will need the following definition, where we use P(z) to denote the entire
set of properties of the concept x.

Definition 1 (Area): Let A be a non-empty set of concepts such that Vz,y €
A, P(xz) = P(y). For such a set, let P(A) = P(z) for some x € A. That is, P(A) is
the set of properties exhibited by each of A’s members. A is called an areq if there
does not exist a set of concepts B such that Vv, w € B, P(v) = P(w), P(B) = P(4),
and A C B. In other words, A is an area if it is the maximal set of concepts which
exhibit the set of properties P(A). O

By definition, if A; and A, are areas, and A; # As, then A; N Ay = (). That is,
distinct areas are always disjoint. Given this fact, it is relatively straightforward to
define the OODB schema of a CV if one knows all the CV’s areas. For each area
A, a class having the properties P(A) is created. While this description leaves out
some important details, it does capture the essence of the approach. The problem,
of course, lies in the identification of the areas.

In the remainder of this section, we will be describing the process of identifying
all areas in the CV—and, hence, partitioning the CV into mutually exclusive sets—
under the assumption that the CV does not contain intersection concepts, which
will be formally defined in the next subsection. (Informally, an intersection concept
is one that does not introduce any new properties but still has a different set of
properties from all its parents due to inheritance from several of them.) After
discussing the area-partitioning, we will present the details of the OODB schema,
derived directly from it and describe how the CV is stored in the database.

Let us point out that the methodology as presented in this section is sufficient
in itself for a CV whose IS-A hierarchy is a tree. Examples of such CVs include
ICD-9 [50] and AHFS [1]. Even if the hierarchy is a DAG, the methodology will
still be suitable if the CV is devoid of intersection concepts, a condition that can
be detected algorithmically. An example of such a CV is NDC [37]. The main
reason for delaying consideration of intersection concepts to the next section is that
it greatly simplifies the presentation.

The identification of areas follows the pattern in which the concepts’ properties are
introduced into the CV. In this regard, we will need the following two definitions.
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In the first, we use II(z) to denote the set of properties intrinsically introduced or
defined by the concept x (as opposed to those that are inherited by it).

Definition 2 (Property-Introducing Concept): A concept z is called a prop-
erty-introducing concept if II(xz) # 0, i.e., if it intrinsically defines one or more
properties. O

Definition 3 (Direct Property-Introducing Descendant [DPID]): Let v
and w be property-introducing concepts, and let w be a descendant of v with
respect to the IS-A hierarchy. The concept w is called a direct property-introducing
descendant (DPID) of v if there exists an upwardly directed IS-A path (there can
be more than one) from w to v that does not contain another property-introducing
concept. O

The property-introducing concepts form the basis for the areas of the CV. In fact,
in a CV devoid of intersection concepts, we can equivalently state the definition of
area in terms of property-introducing concept as follows:

Definition 4 (Area [equivalent redefinition]): An area is a set of concepts
containing a property-introducing concept v and all of v’s descendants excluding
its DPIDs and their respective descendants. O

Clearly, an area can contain only a single property-introducing concept. Any
descendants that are also property-introducing concepts will define new areas of
their own. From a top-down vantage point, the property-introducing concept is the
highest node in an area, and in this sense it “starts” the area. For this reason, we
refer to that concept as the root of the area and use it when we need to assign a
name to the area.

To illustrate the partitioning of a CV, we show three areas A, B, and C in
Figure 2. The concepts are drawn as rectangles with rounded edges, while the
areas are shown as large rectangles. Note that the root of area A (i.e., the concept
A) introduces the single attribute z. Area A extends down to, but excludes, node
B which is a DPID of A. B defines the attribute y as well as the relationship r
and serves as the root of area, B. Finally, area C has the root C which introduces
attribute z and the relationship 7/, the converse of r. The ellipses in the figure
indicate the omission of additional concepts above the areas A and C.

As concrete examples, we show portions of three areas from the MED in Figure 3.
The concept Event Component introduces the new attribute event-component-
display-name and is thus the root of a new area, “Event Component” area. The
concept Pharmacy Order Component also resides in that area. Drug Or-
der introduces two properties: the attribute drug-role-code, and the relationship
ordered-drug pointing at Pharmacy Item. Drug Order therefore roots the “Drug
Order” area. Finally, Pharmacy Item defines the attribute dose-strength-units
(among others) and the relationship ordered-in, and serves as the root of “Pharmacy
Item” area.

Another example is the area rooted at the concept Entity, which, as we noted
above, is assumed to be the top concept of all CVs. Entity introduces a number
of properties (including name) and is therefore the root of “Entity” area.
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Figure 2. Three areas of a CV

Once all the areas of the CV have been identified, the OODB schema can be
created as follows. For each area A, define a class (called A_Area) whose instances
will be exactly the concepts in A, including A’s root (call it r,). As all concepts
in A possess the same set of properties as r, [namely, P(r,)], it seems natural to
define the properties of A_Area to be P(r,). However, this ignores the fact that r,
may have inherited some of its properties rather than defined them all intrinsically.
In fact, it is only necessary to endow A_Area with the set of intrinsic properties of
r,, II(r,). The rest of the properties can be obtained via OO subclass inheritance.
The root r, inherits from its parents—which reside in areas distinct from A—those
properties that it does not itself introduce. From this, it can be seen that A_Area
should inherit from all the classes which represent areas that contain a parent of
r,. That is, A_Area should be a subclass of all those classes. To characterize this
precisely, let us define the following.
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drug-role-code dose-strength-units

ordered-in

Figure 3. Three areas from the MED

Definition 5 (Parent [Area]): Let B and C be areas. If a parent of r, the root
of C, resides in B, then B is called a parent (area) of C'. O

Continuing, let the areas T1, T, ..., T, (n > 1) be the parents of area A. In other
words, T1, T, . .., T, each contain at least one parent concept of r, . It will be noted
that P(A4) = H( YJUP(T1)UP(T2)U---UP(Ty,). That is, the properties of the area
A are gathered from its root and all its parents. To capture this in the schema,
A_Area is defined with the set of intrinsic properties II(r,), and as a subclass
of all n classes Ty _Area, T>_Area, through T, _Area representing, respectively, the
areas T1,Ts,...,T,. Let us note that it is possible that one of these classes, say,
T;_Area is a parent or an ancestor of another, say, Tj_Area. In such a case, defining
subclass relationships between A_Area and both T;_Area and T};_Area would lead to

“short circuit” (i.e., a materialization of a transitive subclass connection) in the
OODB schema. The relationship between A_Area and T;_Area is clearly redundant
because, in such a situation, P(T;) C P(T};). Therefore, the subclass relationship



CONTROLLED VOCABULARIES IN OODBS: MODELING AND IMPLEMENTATION 11

to T;_Area gives A_Area all the properties that the relationship with T;_Area would
provide. Due to this, the subclass link between A_Area and T;_Area is omitted.

Since all concepts (except for Entity) have superconcepts, r, ’s parents will prob-
ably have their own parents, and so the subclass relationships of the schema will
branch upward in a DAG structure until they reach the class Entity_Area repre-
senting the top area (i.e., “Entity” area) of the CV.

A_Area
X
.
B_Area C_Area
y z
r.i

Figure 4. Area classes corresponding to the three areas in Figure 2

In Figure 4, we show the three classes that represent the areas from Figure 2. A
class is drawn as a rectangle; its intrinsic attributes are listed inside beneath its
name. A subclass relationship is denoted as a bold arrow directed upward from the
subclass to its superclass, and a relationship is represented by a labeled thin arrow.
As we see, A_Area has the attribute x defined by the concept A, the root of the
area. Likewise, B_Area has the attribute y and the relationship r, and C_Area has
the attribute z and the relationship r'. Note that B_Area is a subclass of A_Area
because area A contains the parents of concept B, the root of area B.

Referring back to the sample areas from the MED in Figure 3, “Event Compo-
nent” area would have the corresponding class Fvent_Component_Area, which de-
fines the attribute event-component-display-name. The “Drug Order” area would
have the class Drug_Order_Area with the attribute drug-role-code and the relation-
ship ordered-drug. The class Pharmacy_Item_Area with the appropriate properties
would denote the “Pharmacy Item” area. Lastly, “Entity” area would be associated
with the class Entity_Area possessing the property name and so forth. It should be
noted that Entity_Area is the root class of the schema.

One final aspect of the OODB that warrants special consideration is the repre-
sentation of the CV’s IS-A hierarchy. We have already used this feature and, more
specifically, its inheritance mechanism to derive the subclass relationships of the
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schema. However, it is still required that the individual concepts themselves (at
the instance-level of the OODB) be connected to their parents (and vice versa).
This can be done by once again noting that all concepts in the CV, except for
the root, have parents. Thus, we equip all concepts with two additional generic
relationships, “has-superconcept” and “has-subconcept,” which connect a concept
to its parents and children, respectively. Within the semantic network, these re-
lationships can be seen as being defined by Entity and inherited by every other
concept. Following that, they are defined reflexively at the root class Entity_Area
of the OODB schema. If, in the original CV, concept z IS-A y, then, in the OODB,
the object representing y is a referent of z with respect to the has_superconcept
relationship; conversely, x is a referent of y via has_subconcept.

Because the direct extension of a class in the OODB schema is precisely one area,
we refer to it as an area class. Overall, the schema comprises a collection of area
classes. Since it is an abstraction of the property definitions and accompanying
inheritance that occur within a CV as modeled by a semantic network, we call this
kind of schema a network abstraction schema.

It is important to point out that the area-partitioning described above does not
lead to a proliferation of classes in the OODB schema. There are two major rea-
sons for this: (a) typically, there is a small number of distinct properties in a CV
compared to the total number of concepts; and (b) the “uniqueness of property
introduction” rule. Due to the latter, one does not find redundant property intro-
ductions strewn throughout the CV. Since property-introducing concepts always
start new areas, this helps keep their numbers down.

Point (a) is, fortunately, a general characteristic of CVs which stems from the
fact that they are definitional structures rather than dynamic data stores. In the
InterMED, there are only 51 distinct properties for a total of about 2,500 concepts.
For the MED, the number is 150 properties for approximately 48,000 concepts. As
a consequence of this, very few concepts intrinsically introduce properties; most
properties are inherited. There are just 26 property-introducing concepts in the
InterMED and 57 in the MED. It is interesting to contrast this sparseness of
property introduction in a CV with the denseness of the same in a typical OODB
schema where at (almost) every class we expect to find the definitions of new
properties.

In Figure 5, we show the OODB schema for the InterMED in the case where its
intersection concepts (and their descendants) are omitted. It should be noted that
the subclass hierarchy of such a schema does not necessarily have a tree structure
because a property-introducing concept can have parents in many different areas.
The concept Chemical is an example. See the class Chemical_Area in the figure.

3.2.  CVs with Intersection Concepts

The problem of identifying areas is made more difficult when intersection concepts
are present in the CV. Before formally defining what we mean by this notion, let us
give an illustration. In Figure 6, we show a more complex version of the CV excerpt
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Figure 5. Schema for the InterMED excluding intersection concepts
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appearing in Figure 2. In the following, we will call two concepts ancestrally related
if there exists an ancestor/descendant relationship between them.

A Area

Figure 6. A more complex version of Figure 2 containing intersection concepts D and E

According to our specification of an area in terms of a property-introducing con-
cept given in the previous section, the concepts D, E, F, and G (enclosed in a large
box) should belong to the area rooted at B (i.e., area B) since they are “between”
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it and one of its DPIDs, namely, H. However, on closer inspection, they similarly
belong to the area C. On the other hand, those concepts cannot belong to area B
(area C) since they have extra properties not in P(B) (P(C)) which they inherit
from C (B). In fact, they make up a new area of their own, even though none is
a property-introducing concept. They obtain their properties via inheritance from
two other areas that are, in a sense, independent. Each of the concepts D and E
can be seen to lie at the juncture of some inheritance paths emanating downward
from the ancestrally unrelated property-introducing concepts B and C. For this
reason, we call D and E intersection concepts. While we could formalize this notion
in terms of IS-A paths, it is simpler to do it as follows.

Definition 6 (Intersection Concept): Let z be a concept which is not a
property-introducing concept and which has multiple superconcepts t1,ts2,...,t,
(n > 1). Then z is called an intersection concept if it satisfies the following:
Vi:1<1i<n, P(z) # P(t). In other words, the set of properties of z differs from
the set of properties of each of z’s parents. O

Note that a concept having a single parent cannot be an intersection concept:
Its properties could only differ from its parent’s if it intrinsically introduced some,
in which case it would be a property-introducing concept. Furthermore, at least
two of an intersection concept’s parents must be from different areas. Another
characteristic of intersection concepts, which has bearing on the area-partitioning
of the CV, is that two such concepts having identical sets of properties (e.g., D and
E) cannot be ancestrally related.

For CVs containing intersection concepts—e.g., the MED and the InterMED—
there are two different kinds of areas. The first, discussed in the previous subsection,
starts at a single property-introducing concept and extends downward until other
property-introducing concepts or intersection concepts are reached. The second
kind, defined below, is rooted in one or more intersection concepts and branches
down in an identical manner to that of the first kind. We will call the first kind of
area a property-introducing area; the second will be referred to as an intersection
area. To define these more precisely, we will need the following.

Definition 7 (Direct Intersection Descendant [DID]): Let v be a property-
introducing concept, w be an intersection concept, and let w be a descendant of v
with respect to the IS-A hierarchy. The concept w is called a direct intersection
descendant (DID) of v if there exists an upwardly directed IS-A path (there can
be more than one) from w to v that does not contain another property-introducing
concept or intersection concept. O

In Definitions 3 and 7, we use a property-introducing concept v as the ancestor
with respect to which DPID and DID are defined. It is a straightforward matter
to define both DPID and DID with respect to an intersection concept ancestor, as
well. 'We omit these two additional definitions for the sake of brevity. We will,
however, be utilizing them and referring to an intersection concept’s DPIDs and
DIDs below.
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Definition 8 (Property-introducing Area): A property-introducing area is a
set of concepts containing a property-introducing concept v and all of v’s descen-
dants excluding its DPIDs and DIDs and their respective descendants. O

Definition 9 (Intersection Area): Let E = {ej,es,...,e,} be a set of in-
tersection concepts (as defined in Definition 6) such that Vi,j : 1 < 4,5 < n,
P(e;) = P(e;). Furthermore, let E be maximal, i.e., there does not exist an inter-
section concept s ¢ F such that P(s) = P(e) for some k. Now, Vi: 1 < i < n,
let E; be the set containing e; and all of e;’s descendants excluding its DPIDs and
DIDs and their respective descendants. The set I = E; U Es U---U E, is called an
intersection area. O

The concepts ey, es,. . ., e, will be called the roots of the intersection area because
each starts a portion of it. These portions may overlap. The name of the area can
be chosen arbitrarily (perhaps by the vocabulary administrator) from among the n
concepts.

Referring back to Figure 6, we see that the four concepts, D, E, F, and G,
constitute an intersection area. Both D and E are intersection concepts and serve
as the roots of the area. The concepts F and G are not roots. Indeed, they are not
intersection concepts but happen to reside in an intersection area by dint of their
IS-A connections to intersection concepts.

In the InterMED, only 2 of its 2,500 concepts are intersection concepts. For
the MED, it is 1,332 out of 48,000. An example of an intersection concept in the
InterMED is Water whose parents reside in two areas: “Sampleable Entity” area
and “Chemical” area. An intersection concept from the MED is Chloramphenicol
Preparations whose parents belong to three areas, “Antihistamine Drugs,” “Drug
Allergy Class,” and “DEA Controlled Substance Category.”

In the OODB schema, property-introducing areas are treated in the same manner
described previously. One property-introducing (area) class is created for each
property-introducing area. The properties and subclass relationships of the class
are determined by the area’s root and its parents, respectively.

For an intersection area, a class [called an intersection (area) class] is defined
as we previously defined a property-introducing class for each property-introducing
area. However, this class contains no intrinsic properties. Instead, it gets all its
properties via inheritance—just as its roots do.

The subclass relationships originating with an intersection class are once again
determined by the parents of a root. A subtlety that arises here comes from the
fact that the parents of one root may reside in areas different from those of the
parents of another root. Even so, the union of the parents’ sets of properties with
respect to one root is always the same as the union with respect to any other. If
not, the roots would belong to different areas.

To illustrate this point, consider the six concepts, ()1 through Qg, shown in Fig-
ure 7. Concepts @1, @2, and Q3 introduce the attributes a, b, and ¢, respectively,
and therefore serve as the roots of three different property-introducing areas. (In
this simplified configuration, they are the only concepts in their respective areas.)
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Figure 7. Parents of the roots of an intersection area residing in different areas

()4 is an intersection concept possessing the properties a and b obtained via inher-
itance from its parents. The interesting aspect of the figure involves the concepts
@5 and QQg. Both are intersection concepts and possess all three attributes, a, b,
and c. Therefore, they are roots of the same intersection area. However, ()5 has
the three parents (J1, 2, and Q3 residing in their own property-introducing areas.
Concept (J¢ shares the parent Q3 with (05, but has only one other parent 4, which,
as noted, is an intersection concept. To summarize, we see that the sets of parent
areas of an intersection area are not unique. They can differ with respect to its
various roots.

Because of this, there are potentially many equivalent subclass configurations
(and, hence, OODB schemas) that can be used to represent such an intersection
area. The question is: Which of these should be chosen? Our answer is to select
the root whose parents collectively reside in the fewest areas and define the subclass
relationships with respect to those area classes. This minimizes the required number
of subclass relationships.

To demonstrate this, let us refer back to Figure 7. We would select the root Qg for
the intersection area rooted at both Q5 and Qs because (Q¢’s parents reside in two
areas while (05’s reside in three. The subclass relationships for this intersection area,
class would be directed to two classes, one representing the property-introducing
area of concept (03 and the other representing the intersection area rooted at Q4.

In general, the process of determining the subclass relationships for an intersection
class is as follows. Let I be an intersection area and let r, be one of its roots whose
parents reside in the fewest different areas.? Moreover, let T4, T, ..., T, be all the
areas containing at least one of r,’s parents. Then the class I_Area, the intersection
class for I, is defined as a subclass of Ty _Area, To_Area, through T;,_Area, the
respective area classes of T1,T5, ..., Ty.
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As pointed out above, an intersection concept’s parents must reside in at least
two different areas, so an intersection class will have at least two superclasses. This
demonstrates that the OODB schema, for this type of CV, will exhibit multiple
inheritance.

A_Area
X
A
. H
B_Area C_Area
y z
\r/
D_Area
A
H_Area
w

Figure 8. Area classes for the areas in Figure 6

To illustrate the schema construction, we show the area classes for the areas
from Figure 6 in Figure 8. The ellipses indicate the omission of subclass relation-
ships and additional classes that would appear in an expanded drawing. The three
classes, A_Area, B_Area, and C_Area, are defined as discussed previously. Each is
a property-introducing class. The class D_Area is an intersection class representing
the intersection area containing the four concepts, D, E, F, and G. Both D and E
are roots of the area and are thus viable designations for it. The name D_Area was
chosen because D appears first in a scan of the area. The class does not have any
intrinsic properties. It is a subclass of B_Area and C_Area because D’s parents (as
well as E’s) belong to the areas B and C. H_Area is a property-introducing class
which introduces the attribute w and is a subclass of D_Area.

In Figure 9, we show the entire InterMED-OOVR schema comprising a total of
28 area classes and 30 subclass relationships. Of the 28 classes, 26 are property-
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Figure 9. InterMED-OOVR schema
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introducing classes and 2 are intersection classes. One of the intersection classes is
Water_Area which is a subclass of Sampleable_Entity_Area and Chemical_Area. The
other is Urine_Sodium_Test_Area which has the parents Single_Result_Lab_Test_Area
and Pharmacy_Items_Drugs_and_Nondrugs_Area.

The schema for the MED-OOVR contains 90 classes (57 property-introducing
classes, 33 intersection classes) and 134 subclass relationships. Due to its large
size, it is not convenient to show the entire schema graphically on one page. In Fig-
ure 10, we show only the 57 property-introducing classes. In order to save space, we
have drawn the properties as numbers. The corresponding property names can be
found in Figure 11. Figure 12 contains all the property-introducing classes (with all
properties omitted) as well as the following six intersection classes: Antihistamine_-
Drugs_Area, Chloramphenicol Preparations_Area, Organism_Area, Wucheria_Ban-
crofti_Area, Black_Piedra_Area, and Abnormal_Finding_in_Body_Substance_Area. It
should be noted that it is possible for one intersection class to be a subclass of an-
other intersection class. This is demonstrated by three of the intersection classes,
Chloramphenicol_Preparations_Area, Wucheria_Bancrofti_Area, and Black_Piedra_-
Area. Moreover, Black_Piedra_Area is two levels below the intersection class Organ-
ism_Area. Note also that Chloramphenicol_Preparations_Area has three parents.

An important aspect of our methodology is the compactness of the resultant
OODB schema. For the InterMED, which contains about 2,500 concepts, the
schema has merely 28 area classes—about an 80-to-1 reduction. The MED con-
tains approximately 48,000 concepts and has a schema of around 90 classes—about
a 500-to-1 ratio! Additionally, we find a slow growth rate for the schemas with
respect to the size of the source CVs. The content of the MED is nineteen times
larger than that of the InterMED, yet its schema, is only about three times the size.

In [16], we showed how the compactness of the schema helped a vocabulary ad-
ministrator uncover mistakes that had been introduced into the MED. We also
discussed how this representation can be used as a tool for comprehending the con-
tent of a CV. In fact, deriving an OODB schema for a CV was helpful for us both
by the process and the result. The process of finding a schema gave us a source
for asking intelligent questions about the vocabulary, the answers to which added
insights to our comprehension of its knowledge content. The result, the schema
itself, is a knowledge-rich abstraction that allows us to split the comprehension
process into two steps. In the first step, a person studying the schema gets a good
understanding of the CV’s overall structure. In the second step, a person using
the schema as a road map can then advance to studying selected areas of the CV
in detail. In summary, a schema adds a valuable layer of abstraction on top of
the large and complex content of a CV. We have built a program that utilizes this
separation of CV and schema along with what we call “analogical forms” to provide
an enhanced interface to CVs [18]. Using this program, a traversal of the CV can
begin at the schema level and continue until the proper class is identified; at that
point, the traversal can proceed at the concept level. Further abstraction of a CV
can be achieved by partitioning the set of concepts of an area class into smaller
units, as suggested in [17].
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Figure 10. Property-introducing classes of MED-OOVR schema
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Figure 11. Legend for properties of MED-OOVR schema in Figure 10
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has_subconcept
print_name
cpme_lab_proc_code
cpmec_lab_test_names
measured_by
result_of_tests
cpmec_lab_spec_code
cpmc_smear_code
cpmec_panel_name
cpmec._result_code
cpmec_sensitivity_result_name
site

low_normal_value
male_high_normal_value
normal_ranges_text
icd9_code
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brs_question
dose_strength_number
formulary_code
drug_manufacturer
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Program for Generating the OODB Representation of a CV

We have used our methodology to transform two existing medical CVs, the In-
terMED and the MED, into object-oriented representations. The methodology can
be applied not only to medical CVs but to any semantic network-based vocabulary,
as long as it satisfies the “uniqueness of property introduction” rule discussed ear-
lier. Both OODB representations, called, respectively, the InterMED-OOVR and
the MED-OOVR, are currently up and running on top of the ONTOS DB/Explorer
OODB management system. The creation of each was done automatically by a pro-
gram called the OOVR Generator, which can be used to convert any source CV

into its equivalent OODB form.
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Figure 12. Property-introducing and six intersection classes of MED-OOVR schema
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In this section, we describe the overall architecture of the OOVR Generator. We
will first present the assumed format of the source CV. We will then go on to
discuss the components of the OOVR Generator’s functionality.

4.1. Format of the Source CV

Various CVs can be assumed to be stored in different formats on disk. However, we
will expect that a CV that is to be processed by our technique has a representation
as a pair of text files, each having a specific syntax. If the desired source CV
does not conform to this requirement, then it will first need to be converted. For
this purpose, we include a Preprocessor module in the architecture of the OOVR
Generator (see Figure 13). This portion may need to be modified for different CVs.
To illustrate the necessary format, we will be referring to the InterMED, from which
it was originally gleaned. The MED also employs this representation.

Concepts .
‘ CV source files | Property
3 ‘ Loader
Preprocessor
F Lo |

Schema 0oDB
|| Extractor ™ Schema Program |
Generator|~ ~ -~~~ -~~~ T~ -~ !

Figure 13. Architecture of the OOVR Generator

The two text files making up the disk-resident format of a CV are referred to as
the Property Definition File (PDF) and the Concept Specification File (CSF). The
PDF describes all the attributes and relationship types of the CV. Every attribute
(or relationship type) is described by one line in the PDF. Each line is a triple
whose first component is the property’s number, which is assigned to a property in
order to simplify references to it. The second component is the property’s name;
the third component is the number of the concept which introduces the property.
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1, umls-code, 1 1,1,“T071”

2, name, 1 1,2,“Entity”

3, descendant-of, 1 3,2,“Diagnostic Procedure”

4, is-a, 1 4,2,“Laboratory Diagnostic Procedure”
5, synonyms, 1 28,2,“Finding”

6, print-name, 1 35,2,“Chemical Viewed Structurally”
7, documentation, 1 37,2,“Inorganic Chemical”

8, snomed-code, 1 37,4,35

9, has-result, 3 37,8,“C-10090”

10, result-of, 28 37,14,7

11, has-specimen, 4 38,1,“T'106”

12, specimen-of, 29 38,2,“Element or Elemental Ion”

13, substance-measured, 5 38,4,37

14, measured-by, 30 39,1,“C0037473”

15, has-precision, 5 39,2,“Sodium Ion”

(a) InterMED PDF (b) InterMED CSF

Figure 14. Excerpts of InterMED source files

There are 51 lines in the InterMED’s PDF. Figure 14 (a) shows an excerpt of
the file.?> Note that the fields of a line are separated by commas. The MED’s PDF
contains 150 lines.

The second file, the CSF, describes all the details of the concepts’ properties.
Each line denotes the value for one property of some concept. A line in this file
is also a triple. The first element is a concept number, uniquely identifying one of
the concepts in the CV. The second number is a property number which stands for
one of the relationship types or attributes and is therefore an index into the PDF.
The third element may be another number (for a different concept) denoting the
referent of a relationship. For an attribute, the third element is a primitive value,
represented as a string type.

The InterMED’s CSF contains over 32,000 lines of text. Figure 14 (b) shows
some of its entries. The line 37,2,“Inorganic Chemical” means that the concept
37 has the value “Inorganic Chemical” for the attribute name [property number 2
from Figure 14 (a)]. The entry 37,8,“C-10090” indicates that the SNOMED code
of Inorganic Chemical is “C-10090.” The line 37,4,35 means that the concept
37, Inorganic Chemical, has the “IS-A” relationship (property number 4) to
concept 35, Chemical Viewed Structurally. The MED’s CSF is quite a bit
larger than that of the InterMED because the MED contains about nineteen times
as many concepts having many more properties. In total, the MED’s CSF has
around 1,000,000 lines.
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4.2.  Architecture of the OOVR Generator

Figure 13 shows the overall architecture of the OOVR Generator. The OOVR
Generator is a “second-order” process, with some of its modules being constructed
by other modules during run-time. In the figure, we are using the following graphical
conventions. A box represents a program module. A box with depth indicates that
the module is generated by another module. The creation of such a module A by
another module B is depicted by a dashed arrow from B to A. Ordinary arrows
indicate the flow of data between modules either as files (wavy boxes) or databases
(cylinders).

As we see from the figure, the OOVR Generator consists of five modules: Pre-
processor, Schema Extractor, Program Generator, Concept Creator, and Property
Loader. The Preprocessor is the only module which, as noted above, is CV-
dependent. Hence, for a CV with a different file format from the InterMED’s,
it would need to be modified.

The Schema Extractor is the first module to process the source CV. Its task
is to carry out the area-partitioning and produce the appropriate OODB schema
(as described in the previous section). It takes as its input both the PDF and the
CSF. The output consists of two items, a “Concept/Area File” and the actual
OODB schema for the OOVR. The Concept/Area File simply holds the mapping
between the concepts of the CV and the areas derived from the partitioning process.
Effectively, it is a two-column table, where the first column contains the concept
names, and the second holds the associated area (class) names.

Presently, the OODB schema created by the Schema Extractor is specified in the
DDL of the ONTOS system. Therefore, an OOVR will be an ONTOS database.
We are in the process of updating the Schema Extractor such that it will build a
schema specification in the portable Object Definition Language (ODL) proposed
by the Object Database Management Group (ODMG) [5]. This would make our
software independent of the back-end OODB system, which then could be any one
that is ODMG-compliant.

The Program Generator, as its name suggests, just generates two architectural
modules (as marked by dashed arrows in Figure 13): the Concept Creator and
the Property Loader (drawn as boxes with depth). As we see, to do its work, the
Program Generator requires the OODB schema produced by the Schema Extractor.
Before describing why the Program Generator module is needed, let us discuss the
details of the two modules that it generates.

The Concept Creator and the Property Loader together populate the OOVR. The
Concept Creator first instantiates all concepts. That is, it creates one object in the
OOVR for each concept in the source CV. The class of each object is determined by
the Concept/Area File, which contains the concept-to-area mapping that we have
described in the previous section. Note that the OOVR has all its concepts when
the Concept Creator finishes, but none of those concepts has any property values
(as indicated by the “phantom” OOVR having the dashed cylinder in the picture).
This situation is rectified by the Property Loader which provides the concepts with
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the values of all their attributes and relationships. It obtains these from the CSF
that comes directly from the Preprocessor stage.

The reason that the process of populating the OOVR is divided into two steps is
because relationships are concept-to-concept (or object-to-object) references. In or-
der to establish a relationship at a given object, the referenced objects must already
exist. However, this may not be the case while the Concept Creator is carrying out
its task. Therefore, it is necessary to defer the establishment of relationships until
after all concepts have been created. So, in our architecture, Concept Creator first
creates all the objects, and then Property Loader connects them via the appropriate
relationships (and assigns their attribute values, as well).

The need for the Program Generator is dictated by the differences in structure
that one finds among CVs. While we have set forth general vocabulary charac-
teristics in Section 2, different CVs will certainly exhibit diverse properties and
property introduction patterns. In other words, different CVs will have different
OODB schemas! Both the Concept Creator and the Property Loader utilize the
class definitions contained in the schema to perform their functions in the task of
populating the OOVR. The distinctions in the class definitions (e.g., the diversity
of class names, numbers of properties, and so on) from CV to CV require that the
declaration sections of both these modules be created anew for each source CV.
Fortunately, the modules’ overall forms have been captured as templates, and the
process of generating them is automated. As mentioned above, this leaves only the
Preprocessor open to changes for different CVs.

The complexity of the algorithm carried out by the OOVR Generator is on the
order of the total number of properties occurring within the CV. Specifically, let
Attr be the set of all occurrences of attributes in the CV. Likewise, let Rel be the
set of all occurrences of relationships. Then, the complexity is O(|Attr| + |Rel|).
We omit the details of the analysis for the sake of brevity. It will be noted that:

|Attr| + |Rel] = > |P(z)] = Number of lines in the CSF.
$€CV

where |P(z)| is the number of properties of the concept . Thus, the complexity is
on the order of the CSF’s size.

5. Conclusions

Controlled vocabularies (CVs) organize large groups of concepts into cogent bodies
of knowledge which can be used to unify and integrate different, often independently
created, applications with idiosyncratic terminologies. The semantic network has
proven to be a viable modeling vehicle for CVs. However, designers, administrators,
and users of CVs can be overwhelmed by the inherent complexity and size of typ-
ical vocabulary networks. In addition, semantic-network processing tools have not
enjoyed significant commercial acceptance. This lack of availability is an obstacle
to the wide-spread utilization of CVs.

In this paper, we have addressed these problems by presenting a methodology
for converting a semantic network-based CV into the form of an object-oriented
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database (OODB), called an Object-Oriented Vocabulary Repository (OOVR).
The OODB schema resulting from this process is a valuable layer of abstraction. It
offers a high-level view of the structure of the knowledge which can help the vari-
ous classes of users in designing, managing, and utilizing a CV more effectively. In
fact, in previous work we have described how the schema of the MED, a large CV
from the medical domain, uncovered problems in the MED’s original design. This
eventually led to improvements in the MED’s knowledge content. We have also
constructed a Web-based, CV interface centered around the two view-levels of an
OOVR (i.e., the schema level and the concept level) in order to provide enhanced
access. At the moment, we are investigating additional, useful levels of abstraction
that would enable a user to choose different amounts of detail.

In formally defining our methodology, we have utilized a variety of notions in-
cluding that of property-introducing concept and the completely new notions of
intersection concept, direct property-introducing descendant, and direct intersec-
tion descendant. Using these, it was possible to precisely describe how the CV is
partitioned into areas, how object classes corresponding to these areas are defined,
and which properties need to be assigned to these classes to capture the contents
of the semantic-network input.

To complement the formal aspects of our methodology, we have built a program
called the OOVR Generator which automatically carries out the methodology. We
discussed the architectural details of this program. Interestingly, the OOVR Gen-
erator is a “second-order” process, with some of its modules being constructed
by other modules during execution. Overall, the OOVR takes as its input a CV
contained in two text files, called the Property Description File and the Concept
Specification File, and produces a fully functioning OOVR. No human intervention
in the form of database modeling or populating is required.

To demonstrate our methodology, we have applied it to the mid-sized Inter MED
and the very large MED, two CVs from the medical domain. Indeed, we have used
the OOVR Generator to produce the OOVRs for both of these. They are currently
up and running on top of ONTOS. The InterMED-OOVR is on the Web [43].

While our demonstrations focused on medical CVs, let us emphasize that our
methodology is completely general. It works for any semantic-network CV in any
subject area, as long as it is possible to map the CV into the PDF and CSF formats
which we have described, and as long as the “uniqueness of property introduction”
rule is satisfied. The OOVR Generator contains a module, called the Preprocessor,
which performs any necessary mapping into the required file formats and which
has to be rewritten for different semantic-network formalisms. Other than that,
the OOVR Generator is completely general. In summary, our approach will help
future CV builders to implement large, understandable, maintainable vocabularies,
running on top of well supported database systems.

Acknowledgments

We would like to thank Huanying Gu and Jim Cimino for their helpful discussions
and insights. We also thank Boris Harmeyer for creating the MED-OOVR figures.



CONTROLLED VOCABULARIES IN OODBS: MODELING AND IMPLEMENTATION 29

Notes

. Some typographical conventions: A bold face font will be used for concepts’ terms. Properties
of concepts will appear in italics and will be written strictly in lowercase letters. Object classes
will also be written in italics. These class names, however, will start with uppercase letters.

2. There may be more than one such root. In that case, the choice is made arbitrarily.

3. The actual InterMED PDF contains some additional fields that are not relevant to the conver-

sion process. These are removed by the Preprocessor.
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