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Abstr act

Concept models, or ‘ontologies’ represented in dgison logics are
becoming central to many efforts in re-usable neddierminologies.
Developers of any ontology must make a series oicels concerning how
concepts are represented. These choices are n@adedifficult by the
limitations of the logical formalisms in which ofigies are represented
and the complexity, size and scope of medicineincipdes for ontology
structure to guide developers are still poorly ustted. This paper
articulates the principles arrived at from the exgree of the GALEN
Programme. The complete GALEN Common Reference d\iad
available fromOpenGALEN atwww.OpenGALEN.org
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1. Introduction: Goals and criteria for the success of the ontology

GALEN seeks to provide re-usable terminology resesitfor clinical systems. The heart of
GALEN is the use of an ontology, the Common RefeeeModel, formulated in a specialised
description logic, GRAIL [1]. There are severahet efforts to use description logics or
closely related formalisms in medical terminologycluding SNOMED-RT [2-4], the
pioneering work of the ‘Canon group’ [5-7], and mdanguage oriented work,g. [8, 9],
plus less formal methods of representing the sdosaof terminologies used in the NHS
Clinical Terms (Read Codes) [10]. Ontologies basedelated formalisms play a key role in
attempts to develop re-usable problem solving nathryy Musen and his colleagues in [11-
13]. Outside of medicine, description logics anereasingly being used for knowledge
representation, indexing, and data managemenwidavariety of fieldse.g. [14-18] and for
encoding ‘meta knowledge’ for the Web. [19, 20]

This paper presents a unified approach to the GAbEtdlogical schemas, previously partly
described in [21, 22] which is just one part o thverall GALEN architecture described in
[23-25] High level issues related to Cimino’s diesata for terminologies [26] can be found
in [24]. Further information on the ontology dabed and all these topics can be found on

the OpenGALEN web sitewww.opengalen.orgnd the subsequent paper [27].

The overall aim of th©penGALEN terminology resources is to support clinicgbrmation

systems — to allow information to be recorded ecebnic patient records, abstracted from

them, re-organised to provide clearer views of adividual patient, aggregated for

management, research, and administration, anddinkeknowledge resources — decision

support, bibliographic, and general web-based mé&tion systems. Classification is the key

to abstraction, re-organisation, and re-use. Tég technical criterion for the GALEN

ontology is thereforewhether its definitions and descriptions are correctly and completely

classified.

More generally, we can describe any ontology imteof:

a) Expressiveness — the ability to represent formally the concegisidans use: symptoms,
diseases, procedures, etc.

b) Classification — the ability to infer the correct classificatifindexing) of the concepts

represented.



GALEN'’s idealised goal was an ontology which cowsgpress ‘all and only’ what is
medically sensible. In practice, the ‘all' hasdnkprecedence over the ‘only’, and the goal
has been to have an ontology which is sufficieetpressive to capture the statements and
abstractions used by clinicians and classify themectly while rejecting patent nonsense.
This is essentially a technical, logical and sofevariented goal. The GALEN ontology is
designed as an internal ‘assembly language’ rdacelye seen directly by users or even most
software developers. Intuitive user-oriented prest@n is handled separately [23, 28].

2. Basic Principles

2.1 ‘Logical approximations’, labels, & not ‘lying to the system’

Any logical model for knowledge representation tisbast an approximation of concepts as

used in human language and thought. A ‘logicafraxmation’ may seem an oxymoron, but

logical models of any kind behave very differerftlym language or ‘units of thought’. The

fluid dependence on context typical of thought &mthuage eludes logical representations.

More specifically: :

a) There are well known trade-offs between expressiseand computational tractability in
logical systems [29, 30].

b) Reality is fractal — no matter how much detail épresented in the model, it is always
possible to represent more.

Since any ontology is an approximation, the laketiched to concept representations
internally in the ontology are at best also appr@tions. Arguments such as “Is the hand
still a division of the upper extremity if its beamputated?” or “Is there a difference between
an ‘act’ and a ‘deed’?” are largely futile. =~ Wharguments over the labelling of concept
representations occur, GALEN asks two questions:

a) Does the representation repressmhe concept which most agree is useful and clearly
defined even if they cannot agree on what to tall i

b) Is the label seriously misleading? Ambiguous? Dbewean different things to different
groups?

On the whole GALEN has found that non-understamdnbetter than misunderstanding.

Hence internal labels often appear awkwargl, Intrins callyPathol ogical Phenomenon.

However, the restrictions required to make logmabroximations computationally tractable
raises a more serious problem than mere labellingpgic guarantees only that true



conclusions follow from true premises. If the loaji formalism is not expressive enough,
then users may ‘work around it’ to make statemeititish are not just approximate but false —
they may ‘lie to the system’ [30]. Even if the uésserves well in one application its

behaviour for other applications will be difficuth predict. The most common example of
‘lying to the system’ is the use of ‘is kind of'stead of ‘is part of’ which works for disorders

and procedures but breaks down for more generatigaens of pathophysiology (see [24]).

2.2 Categories, instances, and natural kinds

The GALEN concept model contains ordgtegories (also known as ‘types’, or ‘classes’).
Statements about the real world in medical recoedeesentnstances (‘individuals’) of these
categories. Categories can be abstract, sudAre6menon’ or ‘Disease’, general such as
‘Diabetes’ or very specific such as ‘aspirin’ oodt’. Categories can be specialisece.g-
“aspirin” can be specialised to “children’s asgirifoot” can be specialised to “left foot”,
“‘deformed foot”, “deformed left foot”, etc. Instees can only be described but not
specialised. It makes no sense to say “a kindhieftablet of Aspirin” or “a kind of Alan’s
foot”.

Many ontologies identify instances as being corgeggecialised to the level of detail
required for a particular application (see Brachimdhiving with Classic’ [31]). This
approach is fatal to re-use, since, as Brachmaelesgantly demonstrates, the appropriate
level of detail for one application will almost ta&nly be different from that for another.
However, GALEN must still determine which categerishould be represented as
‘elementary’ and which should by definee. be ‘composite’. There are two issues in
deciding this issue for any given concept:

a) Whether it ispossible to define the concept. A definition must give essaryand
sufficient criteria for recognising that concept. Many intpot concepts defy definition
by sufficient criteria. Such concepts are termeatural kinds’ and include most simple
notions such as “leg”, or “tree”, “process”, “flowetc. Natural kinds can also occur at a
more abstract level. One might be tempted to déefireart valve” equivalently to “valve
in the heart”, and “valve” as a “structure whichnétions as a valve”. But this
combination results in the “foramen ovale” beingssified as a kind of “heart valve”,
since it is undoubtedly located in the heart amtfions as a valve. Hence, in GALEN all
named body parts are natural kinds.



b) Whether it isuseful to define the concept with respect to the needtefipplications to
be supported by the model. Some concepts are simgpiworth the trouble to define even
if definition might be possible.

2.3 Explicitness and orthogonal taxonomies

Potentially, it should be possible re-arrange thelogy along any axis. In a description
logic this corresponds to saying that it should pessible to classify any concept
representation on any of its properties indepemygleniTherefore, all properties must be
represented explicitly and independently, evenhat ¢ost of apparent redundancy. For
example, the indications for a drug must be reprtesk separately from its actions even
though one can often be inferred from the otleeg, that an indication of ‘relief of
brochoconstriction’ be represented separately faoraction of ‘bronchodilatation’.

GALEN formulates this principle as the ‘principlé arthogonal taxonomies’ [32, 33]. In

summary, there are two criteria:

a) Every elementary concept must have one, and ordy @ementary parent. All multiple
classification must be inferred from descriptiond definitions.

b) The elementary children of an elementary concept @mnsidered disjoint but non-
exhaustive —-e.g if the children of ‘Bone’ are a list of specific s and categories of
bones, the bones and subcategories of bones muevedap, but it cannot be assumed

that the list is complete.

Our experience is that the principle of orthogdaabnomies is key to re-use.
2.4 Normalisation and canonical forms

Normalisation is the process of reducing an exjpas® a standard, usually simplest, form.

There are two levels of normalisation which mustibalt with:

a) Logical —e.g. to reduce “long bone fracture located in the fenar‘fracture of femur”.
This is a purely logical operation dependent onrdgresentation of “fracture”, “bone”,

“long bone”, and “femur”.

b) Pragmatic —e.g. to agree whether a particular procedure is to d@esented as the
equivalent of “fixation of femur by means of insert of pins” or “insertions of pins to
fixate femur” [34]. In this case there is no simpdgical solution and the problem must
be solved by conventions and guidelines which atside the formal model.



3. Technical issues for the design of an ontology

3.1 First class entities and modifiers

The concepts in ontologies tend to divide into kvals:

a) Those which represent things which can exist onr tben, e.g. physical objects,
processes, ideas, etc.

b) Those which only make sense when linked to somer atbject as a modifier, modalities,
or collections. Modifiers are notions such as &e¥, or “soft”, or “short” which
describe first class concepts and specialise thethdr. Modalities are notions such as
presence, uncertainty, family history etc. whicketaheir meaning from the kernel first
class concept.  Sowa [35] after Pierce termditsieclass objects simply ‘firsts’ and the

modifiers ‘seconds’.

The most important practical difference betweest filass entities and modifiers in a clinical

ontology is that:

a) Lists of first class entities are almost alwaysenpi.e. they cannot be assumed to be
complete so that it is not legitimate to infer frahe negation of some that one of the
others is present. Lists of diseases, operationtseagen bones and joints, are almost never
complete. Reality is fractal and more detail ckimost always be added.

b) Lists of modifiers may be ‘closed’,e. may be assumed to be complete so that inference
of the form “not raised or normal, therefore depeelS can be justified logically, though

they must be used with care clinically.

GALEN treats all concepts as ‘open’. It never nskderences such as “not absent implies
present” on the grounds that they risk imputing egrde of logical rigour to clinician’s
statements which is rarely intended.

3.2 Nominalised relations or ‘Features’

The choice of what should be a semantic link ahatvshould be a concept is less simple
than it seems, since any semantic link can be raméd into a concept.g. in GRAIL

notation:
Disease which hasSeverity severe
the link can be nominalised to give an expressicdheform:

Disease which hasFeature (Severity which hasState severe)



Given that this transformation is always possibtepne extreme a system could be built with
just two semantic links — hasFeature and hasStae kow should the decision be made?

There are two criteria:

a) Need for further description. In most formalisreemantic links can be organised into a
kind-of hierarchy, but they cannot themselves bscdeed. Therefore, if the ‘fact of
being linked’ may need to be described, even dnly some cases, then the link must be

nominalised to a feature.

b) Consistency of representation. If there are aseasf properties which appear analogous,
it is almost impossible to maintain a system inakhhsome are represented as links and
some as features, therefore if any must be destaben a), all should be nominalised.

3.3 Dualities and qua-induction

If we define “mother” as the “female parent of ald¢h we imply the possibility of describing

a “child with a female parent”. (This process @netimes called ‘qua induction’.) Many
medical concepts come naturally in such dualitesl it is not always obvious which should
be represented as primary. For example the ‘psocEslceration’ produces ‘ulcer lesions’.
Should the process be defined in terms of the hesiovice versa? or should both be treated as
elementary and related? or should both be treatedspects of some broader abstraction
which we might phrase “ulceration situation™? Tdiice is unclear, but it needs to be made
consistently. GALEN has chosen to have just twacepts in all such cases corresponding to
the process and resultant lesion, to make the psoelementary, and to define the lesion in
terms of the process.

3.4 Top level ontologies

The original belief of those developing the GALENt@ogy was that it would be built from
the bottom up. The top level ontology was seemaking little difference to classification
and inference. Experience has largely confirmasl Wiew technically but, paradoxically,
refuted it pragmatically with respect to the depai@nt process. Regardless of its effect on
inference, an agreed top level schema has prosgenhgal to allow groups to co-operate

effectively.

However, just as all ontologies are approximatiaalk,high level ontologies are to some
degree arbitrary. Our conceptualisation of theladvdoes not break down into a sequence of
disjoint partitions. There are several existingrtahg points — PENMAN [36], Cyc [17, 37],



traditional schemes deriving from Shank [38] andeos$ in the Al/Linguistics field, and those

deriving from Pierce via Sowa [35]. GALEN'’s wasginally adapted from that of Cyc [17].

In addition, each major field such as medicine m@guone or two very high level abstractions
which are very broad disjunctions which cut acrtiss traditional boundaries of top level
ontology. In GALEN, the concept representatidimenomenon and attributeinvolves are
designed to cover anything which is or might becantkésease, disorder, or condition.

4. Ontological issues which interact with the semantics of the formalism

4.1 Negation and uncertainty

Negation and uncertainty pose difficulties foresidt four reasons:

a) The meaning of negation and uncertainty in clinfoaldicine is unclear. For example, if
there is no mention of diabetes in the record lawdlat should be the answer to a query
“Does the patient have diabetes?” Most databastersyg would answer “no” on the basis
of a ‘closed world assumption’ and ‘negation atufai — the assumption that all relevant
information about the domain of discourse is comdiin the database and that therefore
failure to find a fact can be taken as equivalemtits negation. In many clinical
applications, neither assumption seems safe. €&wumtbre, if uncertainty is catered for,
should it be included with negation or be a segamitmension?e.g. what are the
comparative meanings of “possibly present” and §iag absent”? .

b) The scope of the negation is often unclear. Asgtltlaree cases must be distinguished: a)
“It is not the case that the patient has X”; bhé&Tpatient has non-X", and c) “The patient
has X but not some specific kind of X”. Cases a e@nare the common ones in medical
records.

c) Adding negation and uncertainty to formalisms iases their computational complexity
and makes normalisation to a unique canonical fdiffiicult. (Note that even if the
formalism supports negation, the designers of thmlogy may decide not to use it.
KRSS which underlies SNOMED-RT supports negatiomt kit is the authors’
understanding that negation is not used in the SEOMntology.)

d) Negation and uncertainty are often representetanriformation systems which hold the
concept representation from the ontology. If niegatan be represented both in the
information system and the ontology, then the nregqmif all possible combinations of

negation in the two systems must be defined.



GALEN uses a formalism without negation and inckid@genstructs such as ‘presence’ and
‘absence’ which can be qualified by a certainty.

4.2 Defaults and indexing

The definition for ‘B is a kind of A’ in all formalogical representations is that ‘All Bs are
kinds of A’. Hence all of the properties in the idéfon and descriptive axioms about ‘As’
must apply to all ‘Bs’ without exception. Addingazptions to such logical schemas has had
little success’ [39]. Therefore, in GALEN or anther system based on description logic,
statements in definitions and descriptions are efadsible’-i.e. must apply to all
subconcepts without exception. This contrasts Wl frame systems from which such
representations were derived, in which default @alfior a slot may be over-ridden.

However, if additional facts are indexed by a diggion-logic-based ontology, that ontology

can still help with reasoning about defaults byhgathg together the set of all the most
specific candidate values indexed. (One candidabeevis more specific than another if the
concept from which the more specific is inherite@ikind of the concept from which the less
specific value is inherited [40]). For examplejrag ontology can be used to index potential
side effects, even though some side effects areduto exceptions [41]. GALEN refers to

such indexed statements as ‘extrinsic’ because dbeyot affect classification and therefore

are not part of the ontology proper.

GALEN'’s experience is that if the taxonomies areparly orthogonal, the set of candidate
values will usually have exactly one member. t Has more than one member, then GALEN
treats this as a signal that other reasoning msthod knowledge are required.

4.3 Normative statements, congenital malformations, and imputed intentions

Many of the descriptive axioms used in terminoleaggdels are actually ‘normative’ rather
than absolutei,.e. they really pertain to our view of ‘normal’ anatgnphysiology etc. This
gives problems when describing congenital malfoionat and mutilations. There are two
complementary approaches to this problem:

a) To adjust the interpretation of the semantic liakel concepts. For example, GALEN
interprets the hasDivision link in such a way tl#dnd isDivisionOf Arm’ is true, even if
the hand is severed from the arm. Since we cdnadklabout the missing hand, this is the
best ‘logical approximation’.

b) To model both normal and abnormal but use thefaxterto limit the normal view only to

the normal conformation.
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Normative statements give more difficulty when #gblto procedures and treatments. To
take the classic example used by O’Neil [34] “In®er of pins in the Femur”. This operation

is almost certainly performed in order to fixate fiemur. To classify this operation under
“Operations to fixate long bone” this informatiorust be added to the description of this
category of operations. However, to do so riskgutimg unstated intentions to the clinicians.
GALEN is cautious about making normative statememtthe Common Reference Model,

but finds some cannot be avoided.

4.4 The attribute hierarchy

In GRAIL, as in many but not all description logicae attribute (role) can be a kind of
another, just as one category can be a kind ofhenotThere are several key uses for the
attribute hierarchy, but three deserve special imenand are supported by naming
conventions in GALEN:

a) To allow single-valued and multi-valued variantsasf attribute. Logically, the single-
valued attribute must always be a descendent ofnthéi-valued attribute, and its
presence is signalled by the naming convention timatsingle-valued variant contains
‘specific’ or ‘specifically’, e.g. hasSpecificCorggence, or actsSpecificallyOn. These
‘specific’ attributes are often used to indicatenain, or primary action, cause, etc. — see
“multiple causation”.

b) To allow direct and transitive variants of an atite. In this case facts almost always
involve the ‘direct’ variant and queries the transi variant.

c) To allow very general queries, such as “disordéreeart”. Theinvolves attribute (see
“constructive attributes” below) is the best exaenpf this.

4.5 Transitive relations

Parts and wholes, causal links, and connectionslateansitive and some characteristics are

‘inherited’ along these transitive relations. Bdihing the pattern of transitive relations and

inheritance along them is a key part of any ontplo§ medicine [1]. GALEN also uses

transitive relationships for a number of other msgs, including:

a) In the representation of syndromes, so that thegmee of a syndrome is a kind of the
presence of each disease in the syndrome.

b) In the representation of procedures, so that aafjlmmcedure acts on all of the structures

acted on by its subprocedures.

11



4.6 Concept constancy in compositions and avoiding ‘Up-to-ism’

If a concept’s representation depends on its ue this limits re-use. Concepts such as
“lobe of the liver” or “fluid in cyst in the kidnéyshould appear the same regardless of
context — whether as aspects of disease, tardetsirgery, substance to be injected or
drained, or specimen in a pathology examinationinceS many of these concepts are
themselves composite, GALEN must allow definitidasbe embedded within definitions to
any degree required +e. GALEN supports expressions such as “upper pfatthird segment

of middle lobeof right lung” to any depth and their subparts appde same in the

composition as when isolated.

Arbitrary limits on the complexity of expressionsalimit re-usability. Arbitrary limits are
sometimes caricatured as ‘up-to-ism’ — you can hapdo’ some limit of a particular option.
Traditional enumerated medical terminologies haviéesed seriously from ‘up-to-ism’ with
limits on the depth of the hierarchy and the nundfetems at any given level. The most
common source of ‘up-to-ism’ in logical knowledggpresentations in medicine arises from
the handling of locations and sitegy. Location-right lung, sublocation-middle lobe, sl
location-third segment. GRAIL'’s support for traive relations means that definitions avoid
the need for such constructions.

4.7 Adjacency, wholeness, and spatial (and temporal) reasoning

“A fracture of the tibia and fibula” makes sensa;ffacture of the tibia and humerus” does
not. Furthermore, “a fracture of the tibia” is reokind of “fracture of the tibia-and-fibula-
combined-structure” — which it would be by GALENTsles if we simply considered it as a
single structure with parts “tibia” and “fibula”Iln an analogous case, “an inflammation of
the ascending colon” is a kind of “inflammation tfe large bowel” but not of an
“inflammation of the large bowel as a whole”. Sueasoning is beyond that available in
current description logics although there are seeperimental ‘work arounds’.

4.8 Numerical conversions, calculations, and other ‘non-terminological’ reasoning

There are numerous services that a user might aigtugxpect to be packaged with a
terminology but which require entirely differentasoning from logical classification based
on definitions and descriptions. The most obviotishese is conversion between different
unit and co-ordinate systems. These require additi reasoners packaged within a

‘terminology server’.

12



5. Discussion

In establishing the principles outlined in this pgpGALEN has been guided by earlier work,
but has attempted to make choices based on evidéndhis context evidence may be of two
kinds:

a) That the classifications inferred were correithwespect to the applications expected
b) That the ontology itself could be understood arantained

Distinctions were motivated by technical considerss and the limitations of logical

representations. Presentation to users was detkédat ‘intermediate representations’ and
‘perspectives’ [23]. The structure of part-whoddationships, and transitive relations more
generally, has required a series of distinctionsveen divisions, layers, components, etc.
which are not obvious. Likewise, the decision ahwlhich information should be represented
in the ontology itself, and which should be indexsdthe ontology through ‘extrinsic’ links,

depends on whether or not a given construct cantrbated as indefeasible for all
contemplated applications or whether its valuestnigs treated as a default subject to
exceptions. This is often as much a question dfwsme engineering as knowledge

representation.

Fundamental to the approach is the ‘principle ahogonal taxonomies’ which forces
developers to make as much information as possdicit. This principle has repeatedly
shown its value, most recently in the developmémt® drug ontology for the UK PRODIGY

project [42]. Other key internal criteria of thepmoach are ‘object constancy’, ‘not lying to
the system’, avoiding ‘up-to-ism’, and a consem@t@pproach to handling negation. Making
it work at all requires accepting the limitationgrinsic to the fundamental fact that any

logical representation is, at best, an approximatibour conceptual and linguistic systems.
These principles are far from a complete solutmmlt the problems encountered. At least
seven major issues remain outstanding:

a) Improved pragmatic normalisation where logicaleri@ do not suffice.

b) Improved handling of congenital abnormalities

c) Improved handling of ‘normative’ statements

d) Improved handling of other patterns for the int&oacof transitive semantic links

e) Improved handling of adjacency and other spatidltemporal notions

f) How to best take advantage of the improvementsescmption logic technology now

becoming available [43, 44].

13



Issues a) through d) concern primarily the ontolbgglf, although ‘pragmatic normalisation’
(a) may be as much a matter of improved tools gsadmed representations. Issues e) and f)
are more closely related to the underlying desomplogic formalism and how to take best

advantage of the extensive advances in the tecnsioce GALEN was conceived.

The subsequent paper [27] examines the GALEN sdgzeriaa the top level ontology,
anatomy and diseases and relates the concreteepr®béncountered to the principles
articulated in this paper. Separate papers desthid schemata for surgical procedures [28]
and drugs [42].
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