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$EVWUDFW

The GALEN Representation and Integration Language (GRAIL) has been

GHYHORSHG WR VXSSRUW HIIHFWLYH FOLQLFDO XVHU LQWHUIDFHV DQG HWHQVLEOH
PRGHOV RI PHGLFDO WHUPLQRORJ\ W KDV EHHQ XVHG VXFFHVVIXOO\ WR GHYHORS W
SURWRWA\SH *$/(1 &RPPRQ 5HIHUHQFH &25( ORGHO IRU PHGLFDO WHUPLQRORJ\

DQG IRU D VHULHV RI SURMHFWYV LQ FOLQLFDO XVHU LQWHUIDFHV ZLWKLQ WKH *$/(1 DC
3(1 3% SURMHFWYV  *5%,/ LV D 'HVFULSWLRQ /RJILF RU )UDPH /DQJXDJH ZLWK

QRYHO IHDWXUHV WR VXSSRUW SDUW ZKROH DQG RWKHU WUDQVLWLYH UHODWLRQV
VXSSRUW WKH *$/(1 PRGHOOLQJ VW\OH DLPHG DW UH XVH DQG DSSOLFDWLRQ
LQGHSHQGHQFH *5%,/ EHIDQ DV DQ H[SHULPHQWDO ODQJXDJH ,W KDV FODULILHG
PDQ\ UHTXLUHPHQWYV IRU DQ HIIHFWLYH NQRZOHGJH UHSUHVHQWDWLRQ ODQJXDJH IR
FOLQLFDO FRQFHSWV W VWLOO KDV QXPHURXV OLPLWDWLRQV GHVSLWH LWV SUDFV
VXFFHVVHV 7KH *5$,/ H[SHULHQFH LV H[SHFWHG WR IRUP WKH EDVLV IRU IXWXUH
ODQJIXDJHV ZKLFK PHHW WKH VDPH UHTXLUHPHQWYV EXW KDYH JUHDWHU H[SUHVVLYH(
and more soundly based semantics. This paper provides a description and

PRWLYDWLRQ IRU WKH *5%,/ ODQJXDJH DQG JLYHV H[DPSOHV Rl WKH PRGHOOLQJ
SDUDGLJP ZKLFK LW VXSSRUWV

Keywords: WHUPLQRORJ\ NQRZOHGJH UHSUHVHQWDWLRQ GHVFULSWLRQ ORJLF FRQF
PRGHOV UH XVH PHGLFDO UHFRUGV
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,QWURGXFWLRQ

&RPSRVLWLRQDO PRGHOV Rl PHGLFDO WHUPLQRORJ\

The GALEN Representation and Integration Language (GRAIL) has been developed to support

HIIHFWLYH FOLQLFDO XVHU LQWHUIDFHV DQG HWHQVLEOH UH XVDEOH PRGHOV RI PHGLFDO WHL
used successfully to develop the prototype GALEN Common Reference (CORE) Model for medical
WHUPLQRORJ\ > @ WKH *$/(1 7THUPLQRORJ\ 6HUYHU > @ DQG IRU D VHULHV RI SURMHFWYV LQ FOL(
LQWHUIDFHV ZLWKLQ WKH *$/(1 DQG 3(1 3$' SURMHFWV > @ &RPPHUFLDO GHYHORSPHQW
FOLQLFDO XVHU LQWHUIDFHY EDVHG RQ WKH *$/(1 PRGHOV DQG *5$,/ DUH LQ SURJUHVV *5%,/ EHJL
experimental language. It is sufficiently well developed and documented that four independent

implementations have been built, validated for conformity, and used for applications.

7KH RYHUDOO JRDO RI SURYLGLQJ D ULJRURXYV IRXQGDWLRQ IRU PHGLFDO WHUPLQRORJ\ LV VKDL
QXPEHU RI RWKHU UHVHDUFKHUV QRWDEOH WKRVH RI WKH &$121 JURXS > @ 2WKHU DXW}
HPSKDVLVH WKH UROH RI VKDUHG WHUPLQRORJLHV | RU PRUH EURDGO\ VKDUHG ©RQWRORJLHV?
UH XVDEOH UHDVRQLQJ VWUDWHJLHV IRU PDQDJLQJ GHYHORSLQJ DQG PDLQWDLQLQJ FRPSXWHL
IRU FOLQLFDO SURWRFROV > @ $PRUHJHQHUDO GLVFXVVLRQ RI WKH JRDOV IRU WKH *5:
ODQJXDJH FDQ EH IRXQG LQ > @ DQG RI LWV XVH LQ WKH *$/(1 7THUPLQRORJ\ 6HUYHU LQ > @ 6HS
SDSHUV GLVFXVV WKH XVH RI *5$,/ IRU PHGLFDO UHFRUGV > @ DQG LWV XVH LQ FRQMXQFWLRQ Z
language in [5]. The relationship of terminology to the Medical Logic Modules for exchange of

FOLQLFDO SURWRFROV FDQ EH IRXQG LQ > @ $VNHWFK RI*$/(12V PRGHO RI DQDWRPLFDO FRQFH.
IRXQG LQ> @

*$/(18V NQRZOHGJH UHSUHVHQWDWLRQ ODQJXDJH *5%,/ LV UHODWHG WR ©GHVFULSWLRQ ORJLF\
FDOOHG ©)UDPH ODQJXDJHV2 VXFK DV ./ 21(> @ &/$66,&> @ /220> @ DQG %$&.> @ $UHYLHZ

RI VXFK V\VWHPV FDQ EH IRXQG LQ > @ ,W LV DOVR UHODWHG WR &RQFHSWXDO *UDSKV > @ DQ
IHDWXUH VWUXFWXUHV > @ ORUH SUHFLVHO\ *5$,/ LV D WHUPLQRORJLFDO ODQJXDJH DQDORJF
WHUPLQRORJLFDO FRPSRQEDWR[2 > @ | RI VXFK VIVWHPV +RZHYHU *5%,/ KDV HYROYHG
VHSDUDWHO\ VLQFH WKH ODWH  V GULYHQ E\ FOLQLFDO DSSOLFDWLRQV DQG WKH QHHG WR SL
UHIHUHQFH PRGHO IRU PHGLFDO WHUPLQRORJ\ ,W KDV GUDZQ ERWK FDYHDWYV DQG LQVSLUDWL
ZRUN RQ UHSUHVHQWLQJ FRQFHSWV LQ 0('6257 > @ HWWmZRWN RQ XVLQJ IUDPH V\VWHPV

DV DQ LQWHUOLQJXD IRU FOLQLFDO WHUPLQRORJLHV > @ DQG 'R\OH DQG 3DWLO? DWWHPSWV'
WHUPLQRORJLFDO ODQJXDJH 1,./ WR UHSUHVHQW PHGLFDO WHUPLQRORJ\ > @ $V D UHVXOW *
WDNHQ GLIHUHQW GHFLVLRQV IURP RWKHU GHVFULSWLRQ ORJLFV FRQFHUQLQJ ZKLFK SRWHQW
in a “terminological component” and how to approach the fundamental trade-offs in the design of a

NQRZOHGJH UHSUHVHQWDWLRQ ODQJXDJHV

7KHVH FKRLFHV KDYH SURGXFHG D VIVWHP ZKLFK KDV D GLVWLQFW IODYRXU DQG ZKLFK KDV SUR
DV D UHSUHVHQWDWLRQ IRU WHBRI @RCRDIVHVVEDVLYV IRU FOLQLFDO DSSOLFDWLRQV VRPH QRZ
DSSURDFKLQJ FRPPHUFLDO H[SORLWDWLRQ ORUH UHFHQW ZRUN RQ WKH IRXQGDWLRQV RI GHVI
DQG WKHLU DVVRFLDWHG FODVVLILFDWLRQ DOJRULWKPV SURPLVHV WKDW IXWXUH VAVWHPV PD\
UHVWULFWLRQV DQG FRPSURPLVHV LPSRVHG WR PDNH *5$,/ SUDFWLFDO ZKLOH VWLOO UHWDLQL
FKDUDFWHULVWLFV +RZHYHU WKH H[LVWLQJ ODQJXDJH KDV SURYLGHG D EDVLV IRU SUDFWLFD(
KDYH VHW WKH UHTXLUHPHQWYV IRU IXWXUH V\VWHPV

This paper describes the key features of GRAIL along with their motivation and use within the

*$/(1 &RPPRQ 5HIHUHQFH &25( PRGHO RI PHGLFDO FRQFHSWV W SUHVHQWY H[DPSOHYV RI KRZ
*5$,/ LV XVHG WR VROYH D QXPEHU RI DZNZDUG PRGHOOLQJ SUREOHPYV DV ZHOO DV WKH OLPLWD\
restrictions in the current version, some of which we hope to remove in future developments.

ORWLYDWLRQ IRU *58,/

7KH JRDO ZKLFK KDV JXLGHG *5%,/2V GHVLJQ LV WKH GHYHORSPHQW RI D PRGHO RI PHGLFDO WHUF

ZKLFK LV

¥  ([SUHVVLYH&DSDEOH RI UHSUHVHQWLQJ WKH YDVW PDMRULW\ RI WKH FOLQLFDO WHUPLQRC
H[LVWLQJ FODVVLILFDWLRQV DV ZHOO DV WKH JUHDWHU GHWDLO UHTXLUHG IRU PHGLFDO U
care. Overly narrow definitions of terminological reasoning such as those explored by 'R\OH
DQG 3DWLO > @ ZHUH WKHUHIRUH XQDFFHSWDEOH

¥  5H XVDEOSXLWDEOH IRU IRUPXODWLQJ D XQLILHG IRUPDO PRGHO RI PHGLFDO WHUPLQRORJ\
FRXOG EH XVHG Owt&@ngua to represent existing and proposed controlled medical

7KH *5%,/ &RQFHSW ORGHOOLQJ /DQJXDJH -XO\



YRFDEXODULHV IRU D YDULHW\ RI DSSOLFDWLRQV LQ D YDULHW\ Rl VSHFLDOWLHV XVLQJ D U
ODQJXDJHV

(WHQVLE®HOH WR EH HWHQGHG E\ XVHUV FRKHUHQWO\ WR PHHW ORFDO UHTXLUHPHQWYV ;
PLQLPXP QHHG IRU UHIHUHQFH WR D FHQWUDO DXWKRULW\

*HQHUDWLYH DQG DEOH WR VXSSRUW GLUHFW GBEOHHYRVXESFRNGMVDEFWXUHG GDWD
HQWU\ IRU DOO FOLQLFDOO\ VLIQLILFDQW LQIRUPDWLRQ LQ WKH PHGLFDO UHFRUG > @
&RPSXWDWLRQDOO\ WUDFWDEGHDIQ®REPOTEIPHG XS WR ZRUNLQJ VIVWHPV ZKLFK FRYHU
ODUJH DUHDV RI PHGLFLQH ZKLOH UHPDLQLQJ HIILFLHQW HQRXJK IRU XVH LQ SUDFWLFDO FC

$FKLHYLQJ UH XVH Rl WKH WD[RQRPLHV KDV EHHQ D SDUWLFXODUO\ LPSRUWDQW PRWLYDWLQJ Il
RI*5%,/ 7KH WZR NH\ VWUDWHJLHV IRU DFKLHYLQJ UH XVH VXSSRUWHG E\ *5$,/ DUH

s

&RRUGLQDWLQJ LQGHSHQGHQWERVHERRPLARPSRVLWH HQWLWLHV DQG FODVVLNLQJ WKHP
DXWRPDWLFDOO\ ,W LV DVVXPHG LQ *5%,/ PRGHOV WKDW PRVW SULPLWLYH HQWLWLHV ZLO
RQH SULPLWLYH SDUHQW $00 RWKHU VXEVXPSWLRQ LV SULQFLSOHG DQG SHUIRUPHG DXW
RQ WKH GHVFULSWLRQV DQG GHILQLWLRQV RI HQWLWLHV )RU H[DPSOH WKH SULPLWLYH SLC
PLIJKW EH §8ERG\ SDUW" | §VWRPDFK" ZHUH GHVFULEHG DV KROORZ WKHQ LW ZRXOG DXWRF
FODVVLILHG XQGHU GHILQHG FRPSRVLWH HQWLW\ 8KROORZ ERG\ SDUW" QR IXUWKHU H[SOL
E\ IXUWKHU SULPLWLYHV ZRXOG EH UHTXLUHG

%ULGJILQJ OHYHOV R\GBWIDRDHDFK HQWLW\ UHSUHVHQW SRWHQWLDOO\ D UDQJH RI FRQFF
WKDQ D VLQJOH FRQFHSW )RU H[DPSOH §VWRPDFK XOFHU" §XOFHU RI WKH ZDOO RI WKH VWV
8XOFHU RI Wiitbsa of the wall of the stomach” might all be considered the same entity

GHVSLWH WKH GLIIHUHQW JUDQXODULW\ RI GHWDLO SURYLGHG

.H\ SUHPLVHV EHKLQG *5%,/2V GHVLJQ LQFOXGH

s

7HUPLQRORJLHV ZLOO FRQWLQXH WR EH GHYHORSHG VHSDUDWHO\ IURP WKH GDWDEDVHV [
VXSSRUW V\WWWHPYV ZKLFK XVH WKHP MXVW DV WKH GHYHORSPHQW RI HILVWLQJ FRGLQJ DQ(
VA\VWHPV VXFK DV WKH ,&' DQG 6120(' KDV RFFXUUHG VHSDUDWHO\ IURP WKH GHYHORSPHQW
H[LVWLQJ FOLQLFDO LQIRUPDWLRQ V\VWHPV 7KLV PHDQV WKDW WKH VDPH PHFKDQLVPV PX
FODVVLN FDWHJRULHV LQ WKH WHUPLQRORJ\ DQG LQVWDQFHV LQ WKH PHGLFDO UHFRUG X\
WHUPLQROROJ\ 3URFHGXUDO DWWDFKPHQWY ZKLFK DFW RQO\ RQ LQVWDQFHV DUH WKHUF

7KH UHSUHVHQWDWLRQ PXVW EH HIHFXWDEOH DQG VHUEMBJRIKHRERJL VHRLY BU2

ORVW UHSUHVHQWDWLRQV IRUFH DSSOLFDWLRQ VSHFLILF GHFLVLRQV RQ LPSOHPHQWRUV [
PDMRU UHDVRQ WKDW UH XVH LV HOXVLYH

(WHQVLELOLW\ GHSHQGV RQ WUDQVSDUHQW ULJRURXV VWUXFWXUH
6XPPDU\ RI GLVWLQJXLVKLQJ IHDWXUHV RI *5%,/

7KH UHVXOW Rl WKHVH PRWLYDWLRQV LV D ODQJXDJH ZKLFK VKDUHV PDQ\ IHDWXUHV ZLWK 'HVFL
and Conceptual Graphs but has a distinctive set of features and restrictions which we summarise
EHORZ DQG H[SODLQ LQ GHWDLO LQ WKH QH[W VHFWLRQ

L

LL
LLL

LY

(WHQVLRQV WR FODVVLILFDWLRQ
D  6XSSRUW IRU ©HVVHQWLDO FULWHULD? RU ©QHFHVVDU\ VWDWHPHQW\V2 DV ZHOO DV Gt

E &RRUGLQDWLRQ RI RWKHU WUDQVLWLYH UHODWLRQV ZLWK VXEVXPSWLRQ XVLQJ WKH
FRQVWUXFW

F  'HILQLWLRQ RI LUUHGXQGDQW FDQRQLFDO IRUPV IRU HDFK HQWLW\
7KH XVH RI PXOWL OHYHO VDQFWLRQLQJ WR FRQVWUDLQ FRPSRVLWLRQ

$ V\QWD[ ZKLFK PDNHV QDWXUDO WKH IRUPDWLRQ RI HPEHGGHG GHILQLWLRQV DQG ZKLFK
FOHDUO\ EHWZHHQ GHILQLQJ DQG HVVHQWLDO FULWHULD

+RPRJHQHRXV FODVVLILFDWLRQ RI FDWHJRULHV FODVVHV DQG LQGLYLGXDOV LQVWDQFH\
Box” in GRAIL in which statements affect the classification of individuals but not categories as
there is in systems such as Loom[31].

Restrictions on negation, disjunction, equality, quantification and co-reference
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1.4  Vocabulary and related systems

*5$,/ )UDPH /DQIXDJH | &RQFHSWXDO &(1 7& 2EMHFW 6PDOOWDON
DQG 'HVFULSW[RQ *UDSKV 2ULHQWHG
IRILFV $QDOWLV
HQWLW\ IUDPH REMHFW W\SH| LQGLYLGXDO | BERBBWLF REMHFW
&DWHJIRU\
FDWHJRU\ FODWV W\SH 6HPDQVIAJDVV FODWV
&DWHJIRU\
LQGLYLGXDO LQVWDQFH LQGLYLGXDO LQGLYLGXDQVWDQFH LQVWDQRH
LQGLYLGXDO LQVWDQFH
DWWULEXWH VORW UROH DWWULEXWH DWWULEXWH VHPDRMUWHR@N UHODWLRQ
DWWULEXWH | LQVWDQFH
YDULDEOH
DQRQ\PRXV DQRQ\PRXV W\SH
FRPSRVLWH
HQWLW\
QDPHG GHILQHG REMHFW GHILQHG W\ASH GHILQHG FRQFHSW  DJJUHJDWLRQ
FRPSRVLWH 5HODWLRQ ZLWK
HQWLW\ LPPXWDEOH
DWWULEXWH W\SHV
Table SRXJK HTXLYDOHQFLHV RI YREDEXODU\ EHWZHHQ UHODWHG VA\VWARRIG TRMWMINERWHNKH
XVHG WR PHDQ D VLQJOH YDOXHG IXQFWLRQDO UROH LQ PDQ\ GHVFULSWLRQ ORJLFV

GRAIL shares much of this basic structure with frame languages, Conceptual Graphs and, roughly,

with object oriented databases, languages such as Smalltalk or C  DQG ZLWK WKH FRQFHSWXDO
IUDPHZRUN EHLQJ SURPXOJDWHG E\ &(1 7& DQG LWV ZRUNLQJ*URXSV> @ +RZHYHU WKH
YRFDEXODU\ XVHG YDULHV DQG FDQ OHDG WR FRQIXVLRQ *5$,/2V YRFDEXODU\ KDV EHHQ VHOHFV
possible to be distinct both from that of the Smalltalk programming language in which it was

RULJLQDOO\ LPSOHPHQWHG DQG IURP WKH ODQJXDJH XVHG LQ WKH &(1 7& DQG RWKHU VWDQGI
bodies — at least as of the time the vocabulary was established. 7DEOHives a useful set of rough
HTXLYDOHQFLHV LQ WKH YRFDEXODU\ EHWZHHQ *5$,/ )UDPH ODQJXDJHV &RQFHSWXDO *UDSKV D
XVDJH LQ 6PDOOWDON DQG 2EMHFW 2ULHQWHG DQDO\VLV

2. 'HVFULSWLRQ RI ODMRU )HDWXUHYV RI *5%,/
6WUXFWXUH DQG 6XEVXPSWLRQ RI *5%,/ (QWLWLHV DQG &RPSDULVRQ RI
9RFDEXODU\
(QWLWLHV VWDWHPHQWY DQG FULWHULD

$*5%,/ PRGHO FRQVLVWYV RI D QHWZRUN RI QRGHV FDOOHG ©HQWLWLHV? DQG GLUHFWHG DUFV FLC
6WDWHPHQWY DUH ODEHOOHG E\ VSHFLDO HQWLWLHV FDOOHG ©DWWULEXWHV? KHQFH D VWDV
a triple of the form:

TopicEntity-Attribute-ValueEntity.

(YHU\ DWWULEXWH KDV DQ LQYHUZMZAVIMAERYKHLYHQ D VHSDUDWH QDPH VR WKDW DQ LQYHUVF
EH FUHDWHG IRU HYHU\ VWDWHPHQW

9DOXH(QWLWA LQY $WWULEXWH 7RSLF(QWLW\

6HH UHIHUHQFH > @

7KH *5%,/ &RQFHSW ORGHOOLQJ /DQJXDJH -XO\



If both a statement and its inverse are present in the model, the statement is said to be “bi-
GLUHFWLRQDO?® RWKHUZLVH LW LV VDLG WR EH ©XQL GLUHFWLRQDO? %\ FRQYHQWLRQ PRVW D
WKH IRURDV;DQG WKHLU LQYHUVH LQ MKH IRURasLocation and its inverse isLocation Of.

For many purposes it is convenient to think of statements as consisting of a topic entity and a
OFULWHULRQ? FRQVLVWLQJ RI DQ DWWULEXWH YDOXH SDLU

TopicEntity-Criterion
ZKHUH
Criterion = Attribute-value.

(QWLWLHYV DUH GLYLGHG LQWR ©FDWHJRULHV2 DQG ©LQGLYLGXDOV? &DWHJIRULHV FDQ EH HLW!
defined.

7KH HOHPHQWDU\ FDWHJRULHV DQG DWWULEXWHV DUH RUJDQLVHG LQ D VXEVXPSWLRQ WD[RQR
DQDF\FOLF GLUHFWHG JUDSK 6XEVXPSWLRQ LV RIWHAQ ZIRNDOHQIE/VXEVXPHV RU LV

HTXDO WR $WWULEXWHV DUH OLNHZLVH RUJDQLVHG LQWR D VXEVXPSWLRQ WD[RQRP\ ZKLFK PX
DF\FOLF GLUHFWHG JUDSK 'HILQLWLRQ RI FRPSRVLWH DWWULEXWHV LV QRW VXSSRUWHG

2.1.2 Composite entities, definitions and essential criteria

&RPSRVLWH HQWLWLHY DUH FUHDWHG XV 2RI FR*KRURSDFSOWRU
%RG\3DUW ZKLFK KDV/DWHUDOLW\ OHIW/DWHUDOLW\
+DQG_ZKLFK KDV/DWHUDOLW\ OHIW/DWHUDOLW\

Each composite entity consists of a “base” and a “definition’. The base consists of an elementary
HQWLW\ DQG WKH GHILQLWLRQ FRQVLVWYV RI D VHW RI FULWHULD

,Q DGGLWLRQ ERWK HOHPHQWDU\ DQG FRPSRVLWH HQWLWLHV PD\ EH IXUWKHU GHVFULEHG E\ ©
ZKLFK DUH QHFHVVDU\ WR WKH HQWLW\ EXW GR QRW IRUP SDUW RI DQ\ VXIILFLHQW VHW RI FULW}
(VWHQWLDO FULWHULD SURYLGH DQ LPSRUWDQW SDUW RI *5$,/2V DELOLW\ WR EULGJH OHYHOV RI
FRRUGLQDWH WD[RQRPLHV )RU H[DPSOH EHLQJ §DQ XOFHU ORFDWHG LQ WKH VWRPDFK" LV VXl
UHFRJQLVH 8JIDVWULF XOFHU" EXW WKH HVVHQWLDO FULWHULD LQFOXGH WKDW LW LV IXUWKHU
WKH ZDOO RI WKH VWRPDFK" 7KH RSHUDWLRQV DUH GHILQHG VR WKDW ERWK WKHVH GHVFULSW
GHVFULSWLRQ ZLWK DQ LQWHUPHGLDWH CHHY BXIORHEHRVEALKH, ZDOO RI WKH VWRPDFK' !

FRUUHVSRQG WR WKH VDPH HQWLW\ (VVHQWLDO FULWHULD HWHQG WKH QRWLRQ Rl ©WHUPLGC
LQFOXGH UHVWULFWHG IRUPV RI LQIRUPDWLRQ ZKLFK PXVW EH UHSUHVHQWHG DVVHUWLRQDOO

$00 FULWHULD DUH LQKHULWHG LQGHIHDVLEO\ DORQJ WKH VXEVXPSWLRQ WD[RQRP\

$Q HQWLWA LQ D PRGHO PD\ WKHUHIRUH EH FRQVLGHUHG DV D IRXU WXSOH FRQVLVWLQJ RI DQ HC
DQG WKUHH FULWHULD VHWV

EDVH GHILQLWLRQDO FULWHULD HVVHQWLDO FULWHULD LQKHULWHG FULWHULD!

7KH VHW RI GHILQLWLRQDO FULWHULD LV RIWHQ UHIHUUHG WR VLPSO\ DV WKH ©GHILQLWLRQ? *
WKRXJKW RI DV UHSUHVHQWLQJ D UHJLRQ UDWKHU WKDQ D SRLQW LQ FDWHJRU\ VSDFH ERXQGH
GHILQLWLRQ DQG DW WKH ERWWRP E\ WKH FRPSOHWH FULWHULD VHW DV VKRZQ LQ

&ULWHULD VHWYV DQG IRUPDO VXEVXPSWLRQ

Definition:
{Fracture,
hasLocation Greater Trochanter}

Cone of equivalence

Complete criteria set:

{Fracture,

hasLocation GreaterTrochanter,
hasLocation Femur
hasLocation Hip}

)LIXUH 7KH FRQH RI HTXLYDOHQFH RI D *5%,/ HQWLW\

7KH *5%,/ &RQFHSW ORGHOOLQJ /DQJXDJH -XO\



One criterion subsumes another if both its attribute and value subsume the other’s. (This definition

LV HHWHQGHG LQ 6HFWLRQ EHORZ 2QH FULWHULD VHW VXEVXPHY DQRWKHU LI HYHU\ FULWHL
VXEVXPHV VRPH FULWHULRQ LQ WKH VHFRQG 7KH JHQHUDOLVHG XQLRQ RU ©PHHW? RI WZR FUL
RI D VHW VXFK WKDW HYHU\ FULWHULRQ LQ HLWKHU VHW VXEVXPHYV VRPH FULWHULD LQ WKHLU X
LQ WKH XQLRQ VXEVXPHV DQ\ RWKHU FULWHULRQ LQ WKH XQLRQ

JRU DQ\ HQWLW\ WKH JHQHUDOLYHB d&irRidn, the essential criteria and the inherited criteria

LV UHIHUUHG WR DV WKH ©FRPSOHWH FULWHULD VHW?2 RU ©FRPSOHWH GHVFULSWLRQ? 7ZR HQV
HTXDO LI WKH\ KDYH WKH VDPH EDVH DQG WKH VDPH FRPSOHWH FULWHULD VHW 2QH HQWLWA\ V>
WKH EDVHV VXEVXPH DGEMBIVRIRIKH ILUVW HQWLW\ VXEVERPSOWKH FULWHUE BevbhAL.

7KH HIIHFW Rl WKH GHILQLWLRQ RI VXEVXPSWLRQ LV WKDW HDFK *5$,/ HQWLW\ PD\ EH WKRXJKW R
UHSUHVHQWLQJ D UHILRQ RU ©FRQH RI HTXLYDOHQFH?2 LQ FRQFHSW VSDFH UDWKHU WKDQ D VLG
VKRZQ GLDJUDPPDWLFDOO\ LEQ\ TXHU\ XVLQJ WKH RSHUDNRWKDW IDOOV ZLWKLQ WKH FRQH RI
HTXLYDOHQFH ZLOO UHWXUQ WKH VDPH HQWLW\ 7KH FDQRQLFDO IRUP LV WKH WRS RI WKH FRQF
7KH FRPSOHWH FULWHULD VHW LV WKH ERWWRP 7KH UDQJH RI JUDQXODULW\ ZKLFK FDQ EH EUL!
LV UHSUHVHQWHG E\ WKH KHLIKW Rl WKH FRQH FRQQHFWLQJ WKHP

'HVFULSWLYH 6WDWHPHQWY DQG WKH FRKHUHQFH RI HQWLWLHV

'HVFULSWLYH VWDWHPHQWY DGG FULWHULD WR DQ HQWLWLHV HVVHQWLDO FULWHULD VHW 'HV
FDWHJRULHV DUH XVXDOO\ NQRZQ DV ©QHFHVVDU\ VWDWHPHQWV? GHVFULSWLYH VWDWHPHQW
NQRZQ DV ©IDFWV2 %RWK HOHPHQWDU\ DQG FRPSRVLWH FDWHJRULHV PD\ EH GHVFULEHG E\ QH
statements. Necessary statements use the keyword necessarily; facts use the keyword really. For

example:

Femur necessarily isComponentOf Thigh
HollowObject necessarily defines Cavity.
John really isObservedToHave Diabetes

JLNH UHVWULFWLRQV LQ IUDPH ODQJXDJHV HVVHQWLDO FULWHULD LQWURGXFHG E\ QHFHVVDU\
WLIKWHQHG HPDGH PRUH UHVWULFWLYH !DV RQH PRYHV GRZQ WKH VXEVXPSWLRQ WD[RQRP\ EX'
EH UHOD[HG

1HFHVVDU\ VWDWHPHQW FRUUHVSRQG WR D VXEVHW RI TXDQWLILHG DVVHUWLRQV LQ RWKHU Wi
+RZHYHU XQOLNH PRVW RWKHU WHUPLQRORJ\ ODQJXDJHV QHFHVVDU\ VWDWHPHQWY DUH FRQ\
LQWHQVLRQDO PHDQLQJ RI WKH FDWHJRU\ DQG DUH XVHG LQ FODVVLILFDWLRQ &RUUHVSRQGLC
VWDWHPHQWV2 DUH UHVWULFWHG LQ WKHLU XVH RI GLVMXQFWLRQ H[LVWHQWLDO TXDQWLILFD'

comparison to general “assertions” in first order logic, Conceptual Graphs or the “A-Box” of Frame
/DQJIXDJHV VXFK DV /220

&RQVLVWHQF\ Rl FULWHULD VHWYV DQG FRQIOLFWLQJ FULWHULD

5RXJKO\ VSHDNLQJ WZR FULWHULD FRQIOLFW LI WKH\ KDYH WKH VDPH VLQJOH YDOXHG DWWULE;
values (see “cardinality” in Section 2.2.3 below). More precisely, two criteria conflict if the attribute

of one subsumes or is equal to the attribute of the other, the subsuming attribute is single-valued,

and one criterion does not subsume the other. A criteria set is consistent if it contains no conflicting

criteria. Any entity with conflicting criteria in its complete criteria set — whether acquired by way

of its definition, necessary statements, or inheritance — is said to be inconsistent. (GRAIL assumes

that sibling entities are disjoint for this purpose. It cannot recognise the existence of a common

subsumed entity in this situation, and in this respect its reasoning is incomplete. In practice, this has

proved a useful simplification.)

1RUPDO IRUPV LUUHGXQGDQRF DQG WKH ©FRQH RI HTXLYDOHQFH?2

(QWLWLHV DUH QRUPDOO\ SULQWHG LQ D QRUPDOLVHG RU FDZRGEESIIUBWR DSIGUNRUPY
FHUWDLQ QRUPDOLVDWLRQV RQ H[SUHVVLRQV ZKLOH FODVVLNLQJ WKHP 7KH UHVXOWLQJ SVHX
SURGXFH WKH QRUPDO RU ©FDQRQLFDO? IRUP RI DQ H[SUHVVLRQ KDV WKUHH VWHSV

L 3ULRUWR FODVVLILFDWLRQ WKH H[SUHVVLRQ LV |DEBM[SHDAE ROMWRIDIGVRUP
% ZKLFK & ZKLFK)  ZKLFIK,
DUH FRQYHUWHG WR WKH IRUP
% ZKLFK && &Q

LL  7KH UHVXOWLQJ FULWHULD VHW LV WDNHQ DV WKH UHYLVHG GHILQLWLRQ DQG FRPELQHG Z
FODVVLlitefatively.

7KH *5%,/ &RQFHSW ORGHOOLQJ /DQJXDJH -XO\



LLL Following classification, the most general equivalent definition is chosen so as to remove
UHGXQGDQFLHV $ GHILQLWLRQ FRQWDLQV UHGXQGDQFLHV LI LW LV VXEVXPHG E\ DQ DOWH
for which the operator ZKLFKeturns the same entity, H J

+DQG ZKLFWasLaterality right isDivisionOf UpperExtremity>
LV SULQWHG VLPSO\ WR

+DQG ZKLFK KDV/DWHUDOLW\ ULIJKW

EHFDXVH KDQGV DUH QHFHVVDULO\ SDUW RI XSSHU H[WUHPLWL YRAMRGFULWHULRQ
8SSHU(WUHPLWUHGXQGDQW

7KHVSHFLDOLVPIEEKDQLVP FDQ LQWHUDFW ZLWK WKH UHPRYDO RI UHGXQGDQW FULWHULD
WKH VWDWHPHQWYV LQ SOXV

GreaterTrochanter necessarily LV'LYLVLRQ2I )HPXU

LW IROORZV KIRDRFDWLRQ )isRXfundant in the criteria set KDV/RFDWEBBDWHU7URFKDQWHU
KDV/RFDWLRQ )HBXHat:

JUDFWXUH ZKLFK KDV/RFDWLRQ *UHDWHU7URFKDQWHU KDV/RFDWLRQ )HPXU!
LV QRUPDOLVHG WR WKH FDQRQLFDO IRUP

JUDFWXUH ZKORKRFDWLRQ *UHDWHU7URFKDQWHU
,Q HIIHFW WKH FDQRQLFDO IRUP LV WKH WRS RI WKH ©FRQH RI HTXLYDOHQFH? GHILQHG LQ

1RWH WKDW VWHS LLL LV DFWXDOO\ SHUIRUPHG DIWHU FODVVLILFDWLRQ 7KLV SUHYHQWY WKH
FLUFXPVWDQFHV WKDQ DQ HQWLW\ LV HPEHGGHG LQ LWVHOI ZKLFK FRXOG RWKHUZLVH OHDG Wi
GHVFULSWLRQ ORJLF VXSSRUWLQJ WUDQVLWLYLW\> @ ,Q WKLV UHVSHFW *5$,/ VDFULILFHV FRI
GHFLGDELOLW\> @ 7KH SUREOHP KDV QRW EHHQ QRWHG WR RFFXU LQ SUDFWLFH

&DWHJIRULHV DQG LQGLYLGXDOV
$Q\ FDWHJRU\ PD\ EH LQGLYLGXDWHG E\ WKH EREZEDGISYLGHDO
3DWLHQW QHZ,QGLYLGXDO -RKQ

'HVFULELQJ DQ LQGLYLGXDO FDXVHV LW WR EH UHFODVVLILHG GHVFULELQJ D FDWHJRU\ FDXVHV
In this respect GRAIL is closer to Conceptual Graphs” view of types as lambda abstractions of
individuals than to the view taken by formalisms from the KL-ONE family.

ORVW GHVFULSWLRQ ORJLFV LQ WKH ./ 21( IDPLO\ UHTXLUH WKH XVHU WR FKRRVH D OHYHO RI VSH
DUELWUDULO\ IRU WKH GLYLVLRQ EHWZHHQ FODVV DQG LQVWDQFH | ©F-DWHJRU\2 DQG ©LQGLYLG
YRFDEXODU\ $V GHVFULEHG GUDPDBilaEB&aA i [11], the choice of the level of specialisation

DW ZKLFK WR PDNH WKH GLYLVLRQ GHSHQGV RQ WKH DSSOLFDWLRQ ,Q DGGLWLRQ WR OLPLWLC(
HDUOLHVW REVHUYDWLRQV ZKLFK OHG WR *5$,/ ZDV WKDW LQ PHGLFLQH VXFK DUELWUDU\ GLVW
XQWHQDEOH HYHQ ZLWKLQ D VLQJOH DSSOLFDWLRQ )RU H[DPSOH FRQVLGHU D GUXJ GDWDEDV
FKRRVH 8DVSLULQ" 8FKLOGUHQ2V DVSLULQ" §FKLOGUHQ2V IODYRXUHG DVSLULQ" §FKLOGUHQ?V |
E\ ;<= FRPSDQ\" §FKLOGUHQ?V IODYRXUHG DVSLULQ E\ ;<= FRPSDQ\ IURP ORW "HWF DV WKH OHY
VSHFLDOLVDWLRQ IRU DQ LQGLYLGXDO" *5%,/ VLGH VWHSV WKLV FKRLFH E\ UHSUHVHQWLQJ RQO\
SDUWLFXODU SK\VLFDO WDEOHWYV DV LQGLYLGXDOV $00 RWKHU QRWLRQV DUH UHSUHVHQWHC

$V WKH JRDO RI *$/(1 ZDV WR VHSDUDWH Rl WKH FDWHJRULHV XVHG WR UHSUHVHQW WHUPLQROR
individuals used in the medical record to allow them to be developed separately, GALEN focuses on
FDWHJRULHV DV GRHV WKH UHPDLQGHU RI WKLV SDSHU

Constraining composition: Sanctioning, genericity and cardinality.
OXOWLOHYHO VDQFWLRQLQJ

6DQFWLRQLQJ VWDWHPHQWY FRQVWUDLQ KRZ FDWHJRULHV PD\ EH XVHG LQ WKH IRUPDWLRQ RI
EXW GR QRW DGG WR WKH FDWHJRU\2V GHVFULSWLRQ +HQFH VDQFWLRQV KDYH QR HIIHFW RQ K
FODVVLILHG 6DQFWLRQLQJ VWDWHPHQWY DUH DQDORJRXV WR FDQRQLFDO JUDSKYV LQ &RQFHS'
7KH\ DUH WKH FRQYHUVH RI UHVWULFWLRQ DV IRXQG LQ W\SLFDO GHVFULSWLRQ ORJLFV RI WKH .
GHVFULSWLRQ ORJLFV WKH PHWDSKRU LV WKDW HYHU\WKLQJ LV SHUPLWWHG DQG LQFUHDVLQJ
©UHVWULFWLRQV2 DUH DSSOLHG DV RQH JRHV IURP JHQHUDO WR VSHFLILF ,Q *5$,/ DQG &RQFHS\
PHWDSKRU LV WKDW QRWKLQJ LV SHUPLWWHG XQWLO LW LV ILUVW VDQFWLRQHG 1HZ VDQFWLF
RQH JRHV GRZQ WKH WD[RQRP\ IURP JHQHUDO WR VSHFLILF EXW VDQFWLRQV FDQQRW EH QDUUF
WKUHH OHYHOV RI VDQFWLRQLQJ VWDWHPHQWV LQ *5$,/

I &RQFHLYDEGHtements that an attribute exists and may be used.

7KH *5%,/ &RQFHSW ORGHOOLQJ /DQJXDJH -XO\



*  *UDPPDWLFDG&tatements that an abstraction is useful for querying but not sufficiently
FRQVWUDLQHG IRU JHQHUDWLRQ *UDPPDU OHYHO VDQFWLRQV DUH URXJKO\ HTXLYDOHQW
‘signatures” and are applied at a similar level to restrictions in other frame languages.

T Semsible | VWDWHPHQWY WKDW WKH FRQVWUDLQWY DUH VXIILFLHQWO\ WLIKW WKDW DOO C
FRPSRVLWLRQV VDQFWLRQHG FDQ EH JHQHUDWHG

(DFK OHYHO RI VDQFWLRQLQJ VWDWHPHQW PXVW EH VDQFWLRQHG E\ WKH RQH DERYH ! JUDPPDL
E\ FRQFHLYDEOH OHYHO VDQFWLRQV DQG VHQVLEOH OHYHO VDQFWLRQV E\ JUDPPDU OHYHO VD(
VWDWHPHQWY DQG FULWHULD XVHG LQ GHILQLWLRQV RI GHVFULSWLYH HQWLWLHV PXVW EH VD(
OHYHO GHILQLWLRQV Rl ©JHQHUDOLVHG2 RU ©TXHU\ HQWLWLHV2 QHHG RQO\ EH VDQFWLRQHG D
D VWDWHPHQW LV VDQFWLRQHG DW WZR RU PRUH GLIIHUHQW OHYHOV DORQJ GLIHUHQW SDWK\
WKH ORZHU OHYHO VDQFWLRQ DSSOLHV

7KH GLVWLQFWLRQ EHWZHHQ JUDPPDU DQG VHQVLEOH OHYHO VDQFWLRQV DOORZV ERWK FRDU'
JUDLQHG FRQVWUDLQWY WR EH GHILQHG 7KH GLVWLQFWLRQ LV XVHIXO EHFDXVH WKH FRQVWUL
GLIIHUHQW IURP WKRVH RQ GHVFULSWLRQV )RU H[DPSOH WKH SKUDVH §/HVLRQ ORFDWHG LQ WL
DV D TXHU\ HYHQ WKRXJK LW PD\ SURGXFH DQ HPSW\ UHSO\ +RZHYHU QRW DOO OHVLRQV FDQ V
ORFDWHG LQ HYHU\WLVVXH 2QO\ VRPH VSHFLDOLVDWLRQV DUH VHQVLEOH DV VWDWHPHQWY D
2WKHUV }.g. §$EVFHVV ORFDWHG LQ EORRG" ! DUH QRQVHQVH 7KLV SDWWHUQ LV UHSUHVHQWHC
VDQFWLRQLQJ §/HVLRQ ORFDWHG LQ WLVVXH’ DW WKH JUDPPDWLFDO OHYHO DQG VDQFWLRQLQ.
VROLG WLVVXH" DW WKH VHQVLEOH OHYHO

&RUUHVSRQGLQJO\ WKH RBKIABMIRUWZR YDULDQWV
ZKLFK UHTXLUHV WKH GHVFULSWLRQ WR EH VDQFWLRQHG DW WKH VHQVLEOH OHYHO DG
VWDWHPHQWY DERXW LQGLYLGXDOV DQG JHQHUDWLRQ
ZKLFK* UHTXLUHV WKH GHVFULSWLRQ WR EH VDQFWLRQHG RQO\ DW WKH JUDPPDWLFDO (
IRU TXHULHV DQG DEVWUDFW VWDWHPHQWYV H[SUHVVLQJ FRQVWUDLQWYV ZLWKLQ

Composite entities returned by ZKLFKre known as “descriptive entities’; composite entities returned
by ZKLFK*DUH NQRZQ DV ©JHQHUDOLVHG HQWLWLHV2 RU ©TXHU\ HQWLWLHV? 7KHUHIRUH WR EF}
the example from Section 2.1.2 should have been expressed as:

BodyPart ZKLFK* KDV/DWHUDOLW\ OHIW/DWHUDOLW\
+DQG_ZKLFK KDV/DWHUDOLW\ OHIW/DWHUDOLW\

6LQFKDV/DWHUBO®\sanctioned at the grammatical level for %RG\3DWB is sanctioned at the
sensible level for +DQG

*HQHUDWLRQ DQG WKH XVH RI VDQFWLRQV

7KH XVH DQG H[DPSOHV Rl WKH WKUHH OHYHOV RI VDQFWLRQ SOXV GHILQLWLRQV DQG QHFHVVD
LOOXVWUDWEH AL WH[W IRUP  7KH GHILQLWLRQV DUH SUHVHQWHG LQ GLDIUDBRBWLF IRUP LQ
the necessary statements in )LJ 2¢. Each statement is sanctioned by the statement above. Every

definition and necessary statement is sanctioned by a sense-level sanction. Sanctions at two levels

may correspond and the compiler accepts abbreviations for such cases — HJin )LJ D ZH PLIKW

KDYH ZULWWHQ )st?¥lyAndNecessarily LV'LYLVLRQ2I 7KLIK

$00 FODVVLILFDWLRQ Rl FRPSRVLWH HQWLWLHV LV DXWRPDWLF 6XEVXPSWLRQ GXH WR DXWRP
VKRZQ E\ GRWWHG DUURZV LQ WKH GLDJUDPPDWLF UHSUHVHQWDWLRQ 1RWH SDUWLFXODUO\ K
VWDWHPHQW LQ FHPRIMIR EH FODVVLILHG DXWRPDVWARGGOWW EK* LV&RPSRQHQW?2I BRLIK
VKRZQLRJ F

:LWK RQO\ VOLIJKW H[WHQVLRQ RI WKH PRGHD VEREQQQHQHUDWH DOO UHOHYDQW FRPELQDWLR
IUDFWXUHV RI WKH YDULRXV SDUWV RI WKH ULJIKW DQG OHIW IHPXU FDXVHG E\ WUDXPD RU RVWH
RVWHRSRURVLV FDXVHG E\ SRVYW PHQRSDXVDO FKDQJHV SDUDWK\URLG GLVHDVH FDQFHU HWF
FDQ FUHDWH DOO RI WKH SRWHQWLDO DEVWUDFWLRQV XQGHU ZKLFK WKH\ PLJIKW EH FODVVLILH
SXUSRVHV DV DQG ZKHQ QHHGH®/LRQ ZKLFK* LV&DXVHGE\ 3RVWPHQRSDKNOBEMEREDUG

FODVVLILFDWLRQV ZRXOG EH XQOLNHO\ WR LQFOXGH VXFK D FDWHJRU\ VSHFLDOLVHG FODVVLILI

The names for the levels, particularly the ‘sensible’ level have been hotly debated over time. What is now
FDOOHG WKH ©VHQVLEOH? RU ©VHQVH? OHYHO ZDV RULJLQDOO\ FDOOHG ©SRVVLEOH2 WKHQ ©SODXVL
FRQIXVLRQ
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type Level Use Example
conceivable | Attribute 7RS7KLQJ FRQFHLYDEO\ KDV/RFDWLRQ 7RS7KLQJ
declaration 7RS7KLQJ FRQFHLYDEOH KDV&DXVH 7RS7KLQJ
7RS7KLQJ FROQFHLYDEO\ LV&RPSRQHQW?2I 7RS7KL
Sanc- | grammatical | Queries and /HVLRQ JUDPPDWLFDOO\ KDV/RFDWLRQ %RG\3DUV
tion- aFSttfact . /HVLRQ JUDPPDWLFDOO\ KDV&DXVH 3URFHVV
e Sratements 3URFHVV JUDPPDWLFDOO\ KD&DXVH 3URFHVV
%RG\3DUW JUDPPDWLFDOO\ LV&RPSRQHQW?2| %R(
sensible *HQHUDWLRQ| Fracture sensibly hasLocation Bone.
\E;SSL\(/;%F\)/E/)SF;N Fracture sensibly hasCause Osteoporosis.
Q Osteoporosis sensibly hasCause PostMenopausalChange.
Femur sensibly LV'LYLVLRQ2I 7KLIK
De- definition Sufficient JUDFWXUH ZKLFK
script- criteria for KDV/RFDWLRQ )HPXU
ive recognition KDV&DXVH 2VWHRSRURVLV ZKLFK
KDV&DXVH 3RVWOHQRSDXVDO&KDQJH
necessary GHVFULSWLRQ RIPXU QHFHVVDULO\ LV&RPSRQHQW?2| 7KLJIK
statement HVVHQWLDO
SURSHUWLHV

JLIXUH D 8VH DQG H[DPSOHV RI OHYHOV RI VWDWHPHQW 1% WKH VWDWHPHQWY XVLQJ FRQH
DXWRPDWLFDOO\ ZKHQ DWWULEXWHYV DUH GHILQHG EXW DUH LQFOXGHG KHUH IRU FRPSOHWH

HL

HQH

care or gynaecology might require it. The decision of whether or not to create such an abstraction
need not be made in advance but can be left to individual applications.

7KH *5%,/ &RQFHSW ORGHOOLQJ /DQJXDJH

-XO\



[
hasCause hasCause hasLocation
TopThing TopThing (<) TopThing Q) TopThing
hl | S | —

4 4

Process [ : ) Process ( : ) Lesion Bodypart
[

i

PostMenop ausal
P Osteoporosis Fracture Bone
Change

L,J @/Eﬂﬂ

Fracture of
Femur

Osteoporosis

cause_d_b_y__@__L
PostMenop ausal Change

L~

Fracture of
Femur caused by
Osteoporosis caused by
PostMenop ausal change

elementary
subsumption

automatic Q composition - "which"
T subsumption

tements

—@—eeﬁ-eeivable-level sanction —( : )—S'E'n?e-level sanction
ar-IeveI sanction —@—deﬁ-rr‘rtion

JLIXUH E ‘LDJUDP RI WKH GHILQLWILRQN VRRZLQJ WKUHH OHYHOV RI VDQFWLRQV IRU HDFK GHILQLWLRQ HL
VDQFWLRQHG E\ WKH OHYHO DERYH 7KH VAPERO LV HTXLYDOBRIW KR QHGIRBIRIWYRGLFDWH
VXEVXPSWLRQV HQWHUHG H[SOLFLWO\ E\ WKH PRGHOOHU 'RWWHG DUURZYV LQGLFDWH VXEVXRPSWLRQ SUF
E\ WKH *5%,/ FODVVLILFDWLRQ PHFKDQLVP )RU FODULW\ FDUGLQDOLWLHV Rl VWDWHPHQWY KD}YH EHHQ RP
QDPHV RI HQWLWLHV KDYH EHHQ JLYHQ LQ WKHLU QDWXUDO ODQJXDJH UDWKHU IRUP UDWKHU WKDQ *58$,/ \

isComponentOf

TopThing TopThing

Body Part Body Part

Component Thigh
of Thigh

@ grammatical composition -whichG

O—[1 vidirectional necessary statement

JLIXUH F 'LDJUDP RI HIIHFW RI QHFHVVDU\ VWDWHPHQWY DQG DXWRPDYIF BOSAPHMUFDWLRQ LY
DXWRPDWLFDOO\ FODVVLILHG DV D FRPSRQHQW RI WKH WKLJK EHFDXVH Rl WKH QHFHVVDU\ VWDWHPHQW
ZKLFK*GLDJUDPPHG DV ZKLFK QHHGV RQO\ WR EH VDQFWLRQHG E\ D JUDPPDWLFDO OHYHO VWOWHPHQW

7KH *5%,/ &RQFHSW ORGHOOLQJ /DQJXDJH -XO\



&DUGLQDOLW\

$00 DWWULEXWHV KDYH D FDUGLQDOLW\ EXW WKH FDUGLQDOLWLHYV LQ *5$,/ DUH UHVWULFWHG
XVHG LQ GDWDEDVH VFKHPDWD ! RQH RQH RQH PDQ\ PDQ\RQH DQG PDQ\PDQ\ 7KLV UHVWULFW
FKRVHQ EHFDXVH LQWHUDFWLRQV RI PRUH JHQHUDO FDUGLQDOLW\ FRQVWUDLQWY DUH NQRZQ
IDFWRU LQ WKH FRPSXWDWLRQDO LQWUDFWDELOLW\ Rl RWKHU GHVFULSWLRQ ORJLFV > @ DQG
IRXQG LQ H[LVWLQJ PHGLFDO QRPHQFODWXUHV ZKLFK UHTXLUHG PRUH FRPSOH[ FDUGLQDOLW\ F

1RWH WKDW LQ WKH ./ 21( IDPLO\ RI \WWWHPV DQG VRPH GDWDEDVH FRPPXQLWLHV VLQJOH YDOXF
FDOOHG ©DWWULEXWHV2 PXOWL YDOXHG OLQNV DUH FDOOHG ©UROHV? DQG WKH ZRUG ©FDUGI
more complex numerical restrictions such as ©! 2 or ©xJ@ 2 *5%,/2V XVDJH FRUUHVSRQGV WR WKDW
commonly used in object-oriented analysis and other parts of the database community.)

224 Interaction of Coherence and Sanctioning

\Coneront cmegorie%\\\\\\w

~

J)LIXUH ,QWHUDFWLRQ RI FRQVWUDLQWY UHSUHVHQWHG E\ FRKHUHQFH DQG VDQFWLRQV

6DQFWLRQLQJ DQG FRKHUHQFH DUH RUWKRJRQDO 6DQFWLRQV FDQ RQO\ EH DGGHG DQG WKHU
OD[ DV RQH PRYHV GRZQ WKH WD[RQRP\ &RKHUHQFH LV FRQWUROOHG E\ QHFHVVDU\ VWDWHPH(
LQGHIHDVLEOH DQG WKHUHIRUH SURYLGLQJ LQFUHDVLQJO\ QDUURZ FRQVWUDLQWY DV RQH JRH
WD[RQRP\ /HIDO FDWHJRULHV DUH WKRVH ZKLFK DUH ERWK FRKHUHQW DQG VDQFWLRQHG DV VI
VFKHPDWLFDOO\ E\ WKH LQWHMMHFWLRQ LQ

2.3 Coordination of taxonomies

$ NH\ VWUDWH\ LQ *5%,/ IRU DFKLHYLQJ DSSOLFDWLRQ LQGHSHQGHQFH LV WR VHSDUDWH FRQFH.
components, classify the components separately, and then recombine them into composite entities

and classify them on the basis of their definitions and descriptions. Many of the taxonomies to be
FRRUGLQDWHG GHSHQG RQ WKH VXEVXPSWLRQ UHODWLRQ | IRU HIDPSOH WKH WD[RQRP\ Rl SURF
kinds of causative organisms. However, many do not.

Many medical concepts are the combination of an anatomy (topography) and a lesion or process —

H J §XOFHU RI WKH VWRPDFK"™ §IUDFWXUH RI WKH IHPXU" | RU E\ D SURFHW DRYGUDEDXVH |
KHSDWLWLV" §GLODHWIWQRSDWKY" 7KH RUJDQLVDWLRQ RI DQDWRP\ LV VWURQJO\ GHSHQGHQW R
whole relations and the organisation of causal structures by causal relations, both of which are

WUDQVLWLYH LQ PDQ\ VLWXDWLRQV 6LQFH DOO UHDVRQLQJ LQ *5$,/ LV E\ PHDQV RI FODVVLILFD\
VXEVXPSWLRQ KLHUDUFK\ WKHVH RWKHU WUDQVLWLYH UHODWLRQV PXVW EH FRRUGLQDWHG Z
VXEVXPSWLRQ KLHUDUFK\ 7KH UHODWLRQVKLS LV QRW VWUDLJKWIRUZDUG WKH §VKDIW RI WKF
WKH IHPXU UDWKHU WKDQ D NLQG RI WKH IHPXU EXW D §IUDFWXUH RI WKH VKDIW RI WKH IHPXU" L
“fracture of the femur” and a “femur with a fractured shaft” is a kind of a “fractured femur”.

7KH EDVLF VFKHPDWD DUH VKRZ®Q DPRQJ ZLWK DQ H[DPSOH DQG WKH XQGHUO\LQJ VHPDQWLFV

7KH VDPH FRQVWUXFW SURYLGHV IRU WUDQVLWLYH UHOD\&igR@VKREMRQVKRZEQRH WKH
FRQVWUXRBWcialisedBy A FDQ EH DEEUHYLDWHEUBRVLWbY H8EQ¥ WUDQVLWLYH'RZQ
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6FKHPDWD
$ VSHFLDOLVHG%\$

LPSOLHV
( ZKLFK$9@
( ZKLFK$ ( ZKLF# 9
DQG
9ZKLFKLQY ¥ @
9 ZKLFK LQY $( ZKLFKQY $ (
([DPSOH
KDV/RFDWLRQ VSHFLDOLVHG%\ LV'LYLVLRQ2I
LPSOLHV

JUDFWXUH ZKLFK KDV/RFDWLRQ )HPXU &
JUDFWXUH ZKLFK KDV/RFDWLRQ $QDWRPLMM1MERQRLFRXU

DQG
JHPXU ZKLFK LV/IRFDWLRQ2I )JUDFWXUH @
JHPXU ZKLFK KDV'LYLVLRQ $QDWRPLEFDOAMRRNAKLRQ?2| JUDFWXUH
6HPDQWLFV
VSHFLDOLVHG$o\ $
LPSOLHV
OV S [N 0% V1 =% []
IURP ZKLFK LW IROORZV WKDW E\ UH DUUDQJHPHQW
Oxyz. Az'l(z, y) DAj'l(y, x) > A]'l(z, x)
>UHVWULRMERQ RU NecialisedBy(Ap, A2 ) |

JLIXUH D 7KH WZR EDVLF VFKHP BRI By FRQVWUXFW ZLWK DQ H[DPSOH DQG VHPDQWLFV 1
SDUHQWKHVHV LQGLFDWH VFKHPD RU VFKHPD IRU ODWHU UHIHUHQFH

6FKHPD
A specialisedBy A
LPSOLHV

E1 which A1-V1 3
E1 which A1-(V2 which A1-V1)

([DPSCOH
isDivisionOf specialisedBy isDivisionOf
LPSOLHV

Part which isDivisionOf Whole 3
Part which isDivisionOf (OtherPart which isDivisionOf Whole)

JLIXUH E &RQVWUXFWLRQ RI WUDQVLWLYH UHODWLRQV XVLQJ VSHFLDOLVHG%\ FRQVWUXFW
WKH UHOHYDQW VFKHPD

LX

+DQG QHFHVVYDULO\ LV'LYLVLRQ2I 8SSHU(][WUHPLW\

)LQIHU QHFHVVDULO\ LV'LYLVLRQ2I +DQG
implies

%RG\3DUW ZKLFK LV'LYLVLRQ2I 8SSHU([WUHPLW\ @ 1
JLQJHU

Fl

YLOKO FP T/ S Oy DRAPRIGWA RV FODBILILFDWLRQ 1XPEHUV LQ SDUHQWKHVHV LQGI




1HFHVVDU\ VWDWHPHQWYV DIIHFW FODVVLILFDWLRQ VR WKDW JLYHQ WKH @H#HdVVDU\ VWDWHPH!
classification shown follows automatically.

In order to accommodate the VSHELDOL\Gd@4uct, the definition of subsumption of criteria must
be generalised from that given in Section 2.1.3 so that one criterion subsumes another if either the
attributes and values subsume each other respectively or there is a path from the subsumed criterion
to the subsuming criterion indicated by the specialisedBy GHFODUDWLRQV

/LNHZLVH WKH UXOHV IRU VDQFWLRQLQJ DUH HIWHQGHG VR WKDW

| A VSHFLDOLVHGY\$
( ZKLFK $( is sanctioned,
then (7 ZKLFK$ ( 3ZKLFK, (  is sanctioned.

For example, in )LJ 4a, the location of a fracture in the “anatomical neck of the femur” is
automatically sanctioned by the sanction for a fracture in the “Femur” because

KDV/RFDWLRQ VSHFLDOLVHG%\ LV'LYLVLRQ2I
)RU FRQYHQLHQFH SDUWLFXODUO\ L) GISHRIDY VHEB\ HOVR EH ZULWWHQdRWedAlong
A

The specialisedBy FRQVWUXFW KDV D ZLGH UDQJH RI XVHV ZLWKLQ *5$,/ PRGHOV )XUWKHU H[DPSOHV
IRXQG LQ 6HFWLRQV DQG

2.4  Classification, Models and Names

&ODVVLILFDWLRQ

&ODVVLILFDWLRQ LV WKH RQO\ IRUP RI LQIHUHQFH LQ *5%$,/ 7KH SULPDU\ RSHUDWLRQ RQ *5$,/ LV V
RSHUDWIRUFKwhich classifies proposed entities on the basis of their definitions. All queries are

SHUIRUPHG XVLQJ WKLV RSHUDWLRQ 7KH ©DQVZHU? WR WKH TXHU\ LV WKH WD[RQRP\ Rl HQWLWI
WKH UHVXOW BA{MAREHUDWRU ,QWXLWLYHO\ WKH UHVXOW LV WKH VLPSOHVW HQWLW\ ZKRVH Gl
VXEVXPHV WKH H[SUHVVLRQ DQG ZKRVH FRPSOHWH FULWHULD VHW LV VXEVXPHG E\ WKH H[SUHV
formally, in the notation of 2.1.2:

% ZKLFK &Where B = <BB, BD, BE, BI> and Cs is a criteria set.
is the simplest entity
E=<BB, D, E, I> such that D3 (Cs JBD)3(D JE [J1I)

Because of the presence of essential criteria, classification in GRAIL is iterative. An entity is first

FODVVLILHG RQ WKH EDVLV RI LWV GHILQLWLRQ LWV FRPSOHWH FULWHULD VHW LV WKHQ GHWHI!
reclassified on the basis of any new criteria inherited; and the process is repeated until no new

FULWHULD DUH IRXQG 7KH UHVWULFWLRQV LQ *5%,/ HQVXUH RRO@RVWRKHFEL) RAKDAY DGGLQJ
additional criteria during the classification process can never cause previously found criteria to be

UHPRYHG 7KLV LV D NH\ SURSHUW\ LQ JXDUDQWHHLQJ WKDW FODVVHWRDWR@WHUPLQDWHYV
GHFLGDEOH

2.4.2 Bases, coherence and equivalence
J)RU DQ\ *5%$,/ PRGHO WKHUH LV DW OHDVW RQH ©EDVLV?2 ZKLFK FRQVLVWYV RI MXVW WKRVH VWDW

required to generate all of the entities in the extended model using ZKLFK$Q\ *5$,/ PRGHO LV VDLG

WR EH DQ ©H[SDQVLRQ? RI EWYREBH#,MPRGHOV DUH VDLG WR EH ©FRKHUHQW? LI D FRPPRQ EDVLV |
be found (up to renaming). Two GRAIL models are said to be equivalent if exactly the same entities
(up to renaming) are returned from each using the operator which.

7KH XVH RIH[SDQVLRQ" KHUH LV HTXLYDOHQW WR ZKDW LV RIWHQ WHUPHG WKH S§H[WHQVLRQ
WKH ZRUG §H[WHQVLRQ" KDV JHQHUDWHG LQWHQVH FRQIXVLRQ ZKHQ XVHG LQ WKLV FRQWH
FRQIOLFW ZLWK XVDJHV VXFK DV §H[WHQVLELOLW\" §H[WHQVLRQ IRU FDUGLDF GLVHDVHV" D
EHWZHHQ WKH §H[WHQVLRQ RI D FDWHJRU\" DQG WKH §H[WHQVLRQ RI D PRGHO RU WKHRU\"
SH[SDQVLRQ" KDV WKHUHIRUH EHHQ DGRSWHG LQVWHDG

7KH *5%,/ &RQFHSW ORGHOOLQJ /DQJXDJH -XO\



)RU SUDFWLFDO SXUSRVHV WKH JRDO RI ©UHXVDELOLW\2 LV WR DFKLHYH D FRPPRQ EDVLV ZKLFK
JHQHUDWH WKH H[SDQVLRQV VXLWDEOH IRU D ZLGH UDQJH RI DSSOLFDWLRQV SOXV GHILQLWLRCQ
entities and interpretations which faithfully reflect the different usages in that range of applications.

,QWHUSUHWDWLRQV DQG QDPLQJ

*5$,/ VHSDUDWHYV GHILQLWLRQ DQG GRPHQWLW\ FRPSRVLWH RU HOHPHQWDU\ FDQ EH QDPHG )R
H[DPSOH

(Hand which hasLaterality leftLaterality) name LeftHand.
(BodyPart which hasLaterality leftLaterality) name LeftSidedBodyPart.

$Q HQWLW\ PD\ KDYH PRUH WKDQ RQH QDPH EXW HYHU\ QDPH PXVW UHIHU WR H[DFWO\ RQH HQW
QHHG QRW EH QDPHG DQG WKH DYDLODELOLWA RI DQRQ\PRXV HQWLWLHY DOORZV HPEHGGHG H[
WKRVH)LQ

1DPLQJ DQ HQWLW\ GRHV QRW LQFUHDVH WKH H[SUHVVLYH SRZH{LRI BRHVERNEGEKDQJIH KRZ
HQWLWLHV ZLOO EH FODVVLILHG QRU WKH UHVXOWV UHEKXEKQHHREHVIHHP RSHGRWRQRW
DIIHFW HLWKHU D PRGHO2 FRKHUHQFH RU HTXLYDOHQFH ZLWK RWKHU PRGHOV

6WULFWO\ VSHDNLQJ DOO QDPHV LQ D PRGHO EHORQJ WR WKH ©SULPLWLYH LQWHUSUHWDWLRC(
WKDQ WR WKH PRGHO LWVHOI +RZHYHU VLQFH WKH SXUSRVH RI DQ\ PRGHO LV LQWLPDWHO\ LQ!
LOQWHUSUHWDWLRQ WKH PRGHO DQG LWV SULPLWLYH LQWHUSUHWDWLRQ DUH QRUPDOO\ FRQV

(WULQVLF VWDWHPHQWY OLQNLQJ WR DSSOLFDWLRQV

$SSOLFDWLRQV PD\ XVH *5%,/ PRGHOV LQ WZR ZD\V 7KH\ PD\ VLPSO\ DVN TXHVWLRQV RI WKH
terminology for their own processing. Alternatively, they may choose to use the terminology as a

conceptual framework on which to hang information. Typically such information will be used in

GHIDXOW VW\OH UHDVRQLQJ )RU FRQYHQLHQFH *5$,/ SURYLGHV DQ RSHUDWLRQ WR LQVHUW VW
the keyword HIWULQVLERDSYously to VHOVLEINFHVVDRI-OExtrinsic statements are ignored by

the classifier. GRAIL provides an operation to return the set of most specific extrinsic statements

DQG WKHLU VRXUFHV I[URP D PRGHO EXW SURYLGHV QR IXUWKHU UHDVRQLQJ WR GHFLGH DPRQJ
FRQIOLFWYV DQG DPELIXLWLHV $Q\ GLVDPELIJXDWLRQ RU RWKHU LQWHUSUHWDWLRQ RI H{WULQ\
WR WKH DSSOLFDWLRQV XVLQJ WKHP

SHVWULFWLRQV DQG RPLWWHG IHDWXUHV

7KH SULRULWLHYV LQ LPSOHPHQWLQJ WKH *5$,/ .HUQHO KDYH EHHQ GHWHUPLQHG E\ WKH H[LVWLC
controlled medical vocabularies and by the needs to keep the formalism computationally tractable.

7KHUH DUH D QXPEHU RI UHVWULFWLRQV DQG VRPH IHDWXUHV RIWHQ IRXQG LQ UHODWHG ODQJ)
deliberately omitted.

*  There is no operator for disjunction nor any operator for conjunction of elementary entities.

*  Cardinality constraints are limited to one or many.

*  Negation is not implemented in GRAIL-1.

In addition, The GRAIL Kernel is terminological, albeit the use of “necessary statements” extends the
meaning of terminological significantly. There is no default reasoning within the language itself,

although the taxonomy makes an effective framework around which to implement default reasoners.
Similarly there are no explicit quantifiers.

For practical reasons, there are also a number of other features not implemented in GRAIL-1.

*  There are no shared variables; cyclical descriptions are not allowed and there is no SAME-AS
operator.
*  Normalisation in GRAIL-1 does not deal with cases such as the equivalence between:
Hand which hasLaterality rightLaterality
DQG

Hand which isDivisionOf (Arm which hasLaterality rightLaterality).
7KLV IHDWXUH LV UHIHUUHG WR DV ©H[WHULRUL]DWLRQ? LQ WKH *5$,/ PDQXDOV

4 1RWH WKDW WKH SKUDVHV ©QDPLQJ? DQG ©WKH XQLTXH QDPH SURSHUW\? DUH XVHG DQDORJRXVO\ W/
VRPH Rl WKH GHVFULSWLRQ ORJLF OLWHUDWXUH
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¥ *5$/ GRHV QRW VXSSRUW V\PPHWULF DWW/ \RXNWHEXWH VXE K QWKDM/J

$VVRFLDWHG:LWK

6WDWHPHQWY DQG DWWULEXWHYV FDQQRW EH WKHPVHOYHV GHVFULEHG

&DUGLQDOLWA LV GHILQHG DW WKH OHYHO RI WKH DWWULEXWH UDWKHU WKDQ WKH VWDWHF

1DPLQJ RI FRPSRVLWH DWWULEXWHV 6HFWLRQ  EHORZ LV QRW VXSSRUWHG

Categories with multiple alternative definitions are not supported although the underlying

VHPDQWLFV LPSOLHV WKHLU H[LVWHQFH IRU H[DPSOH E\ VD\LQJ WKDW §7ULDQJOH QHFHVVL

VLGHV" DQG §7KUHH VLGHG SRO\JRQ QHFHVVDULO\ KDV WKUHH DQJOHV™ (QWU\ RI GHILQLWL

necessary statements which would make two entities equivalent are trapped as errors in the

FXUUHQW LPSOHPHQWDWLRQ

¥ 7KHFODVVLILFDWLRQ DOJRULWKP LV QRW FRPSOHWH ZLWK UHVSHFW WR F\IFOHV LQWURGKXI
UHODWLRQV DQG D IHZ RWKHU UHODWHG VLWXDWLRQV 6WUDLJKWIRUZDUG LPSOHPHQWD'
DOJRULWKP OHDGV WR XQGHFLGDELOLW\

H +H +H e

([DPSOHV DQG ,VVXHV

3.1 Post-hoc classification
&RQVLGHU WKH FDWHJRU\ GIHig_QHG LQ

Fracture which <
KDV/RFDWLRQ
$QDWRPLFDO1HEN ZKLFK
LV'LYLVLRQZ2I )HPXU
KDV&DXVH 2VWHRSRURVLV ZKLFK
KDV&DXVH 3RVWOHQRSDXVDO&KDQJIH !

7KHQ ZH FDQ VHH WKDW WKLV FDWHJRU\ ZLOO EH FODVVLILHG XQGHU PDQ\ GLIIHUHQW DEVWUDF

JUDFWXUH

JUDFWXUH ZKLFK KDV/RFDWLRQ /RQJ%RQH

JUDFWXUH ZKLFK KDV/RFDWLRQ $QDWRPLFY1MERQKL/RQI%RQH
JUDFWXUH ZKLFK KDV/RFDWLRQ 7KLJK

JUDFWXUH ZKLFK KDV/RFDWLRQ +LS

/HVLRQ ZKLFK LV&DXVHG%\ 2VWHRSRURVLV

/HVLRQ ZKLFK LV&DXVHG%\ 3RVWPHQRSDXVDO&KDQJIH

HWF

7KH FKRLFH RI ZKLFK DEVWUDFWLRQV WR LQFOXGH LQ WKH V\VWHP QHHG QRW EH PDGH LQ DGYL
DEVWUDFWLRQV FDQ EH FUHDWHG DV UHTXLUHG DQG WKH FODVVLILHU ZLOO ILQG WKH UHOHYD(
applications can use different abstractions which will, in effect, organise the model along different

D[HV 7KH FODVVLILFDWLRQ FDQ EesEXQWRRSWKH GHILQLWLRQV WR ILW UHTXLUHPHQWYV RI HDFK
DSSOLFDWLRQ UDWKHU EBISYLR[HG

(WHQGLQJ WKH H[DPSOH VRPHZKDW IXUWKHU D FRPPRQ RSHUDWLRQ WR WUHDW WKH FRQGLWL
H[SUHVVHG DV

,QVHUWLRQ ZKLFK
KDV,QWHQGHG2XWFRPH )L[DWLRQ ZKLFK
DFWV2Q )UDFWXUH ZKLFK
KDV/RFDWLRQ $QDWRPLFDO1HFN ZKLFK
LV'LYLVLRQ2I )HPXU
KDV&DXVH 2VWHRSRURVLV ZKLFK
KDV&DX3RVWOHQRSDXVDO&KDQJIH !
DFWV2Q 3LQ ZKLFK
KDV7DUJHW/RFDWLRQ $QDWRPLFDOIHFN ZKLFK
LV'LYLVLRQ2I )HPXU !

7KLV FDWHJRU\ PLIKW EH FODVVLILHG LQ D ZLGH QXPEHU RI ZD\V GHSHQGLQJ RQ WKH DSSOLFDW
from “operations to repair fractures” to “Operations inserting devices” to “hip operations” to

S§RSHUDWLRQV IRU FRPSOLFDWLRQV Rl PHWDEROLF FRQGLWLRQV" 7KH HQWLUH H[SUHVVLRQ RU
FRPSRQHQWYV FDQ EH QDPHG WR PDNH WKH H[SUHVVLRQ DV FRPSDFW DV GHVLUHG E\ SDUWLFXO
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)XUWKHUPRUH DV ORQJ DV WKH XQGHUO\LQJ GHILQLWLRQV DUH WKH VDPH WZR DSSOLFDWLRQ\
XVH GLIIHUHQW QDPLQJ FRQYHQWLRQV

ORGHOOLQJ VWUDWHJLHV DQG FRQYHQWLRQV

Coordination of Taxonomies: the use of roles, signs and symptoms

7KH SULPH VWUDWH\ IRU DFKLHYLQJ UH XVH LQ *5%,/ PRGHOV LV WR VHSDUDWH WD[RQRPLHV > (
VLPSOHVW H[DPSOH LV WKH XVH Rl ©UROHV2 WR VHSDUDWH WKH IXQFWLRQ SOD\HG E\ VWUXFWXI
IURP WKHLU IRUP )RU H[DPSOH FRQVLGHU WKH QRWLRQV RI §YLWDPLQ" §KRUPRQH" §VWHURLG
§SURWHLQ" &OHDUO\ 8YLWDPLQ" DQG §KRUPRQH" DUH IXQFWLRQDOO\ GHILQHG ZKHUHDV §VWHL
“protein” are structurally defined. Roles are used in the GALEN CORE model to separate

VWUXFWXUHV DQG VXEVWDQFHV IURP WKH UROH WKH\ SOD\ SK\VLRORJLFDOO\ DQG WR VHSDUDW
REVHUYDWLRQ IURP WKH WKLQJ REVHUYHG )RU H[DPSOH

&KHPLFDO6XEVWDQFH ZKLFK* SOD\V3K\VLRORJLFDO5ROHBIMWIDRI@MSROH QDPH
&KHPLFDO6XEVWDQFH ZKLFK* SOD\V3K\VLRORJLFDO5ROH HRUPRQHI5ROH QDPH

,Q D VLPLODU ZD\ WKH PHDQV RI REVHUYDWLRQ IURP WKH WKLQJ REVHUYHG WR GLVWLQJXLVK El
symptoms, tests, etc., for example 6\PSWRRind 6LJQure defined by:

3KHQRPHQRQ ZKLFK* LV6KRZQ%\ 3DWLHQWBHERURP QDPH
3KHQRPHQRQ ZKLFK* LV6KRZQ%\ &OLQLFDO([DPLEDWQLRQ QDPH

7KLV XVH RI ©UROHV2 KDV EHFRPH RQH RI WKH IXQGDPHQWDO PHFKDQLVPV RI WKH PRGHO ,W KD
UHSODFHG H[SOLFLW VWDWHPHQWY WKDW DQ HQWLW\ KDV PRUH WKDQ RQH SDUHQW W LV DOl
WR UHSUHVHQW WKH VXEVXPSWLRQ IRUPDOO\ XVLQJ D UROH DV DERYH EHFDXVH \B&KH XVH Rl Wk
WKH RQH HQWLW\ LV VXEVXPHG E\ WKH RWKHU ZKHUHDV WKH XVH RI DQ H[SOLFLW VXEVXPSWLRC
parents does not.

%ULGJILQJ OHYHOV RI GHWDLO

‘LHIHUHQW DSSOLFDWLRQV UHTXLUH GLIIHUHQW OHYHOV RI GHWDLO | *5$,/ VHHNV WR DYRLG IRUFI
RI OHYHO RI GHWDLO RQ GHYHORSHUV 7KH *$/(1 &25( PRGHO VHHNV RQ WKH RQH KDQG WR KDY}
VXILFLHQWO\ GHWDLOHG WHUPLQRORJ\ IRU WKH PRVW GHWDLOHG RI WKH DSSOLFDWLRQV VXSS
other hand, to allow applications to ignore detail which is irrelevant to their specific needs. There
DUH IRXU PHWKRGV IRU EULGJLQJ OHYHOV RI GHWDLO RQO\ WKH ILUVW WZR RI ZKLFK DUH IXOO\
*58,/
¥  Named composite entities allow applications to encapsulate complex descriptions in a single term.
* (VVHQWLDO FulliMHiddXional information to be added to an entity without affecting its
GHILQLWLRQ 7KH QRUPDOLVDWLRQ PHFKDQLVP JXDUDQWHHV WKDW WKLV LQIRUPDWLRQ L
UHTXLUHG )RU H[DPSOH IRU PRVW SXUSRVHV LW LV VXIILFLHQW WR FRQVLGHU §XOFHUV" W
WKH §VWRPDFK" +RZHYHU LQ VRPH DSSOLFDWLRQV §XOFHUV" QHHG WR EH FODVVLILHG XC
Rl WKHPXFRVD" ,Q *5%,/ LI ZH DGG WR WKH PRGHO WKH WZR VWDWHPHQWV

8OFHU ZKLFK KDV/RFDWLRQ 6WRPDF K IHRFAYWDEO\
OXFRVD ZKLFK LV/D\HU2I BWRPDFK
KDV/RFDWLRQ VSHFLDOLVHG%\ LV/D\HU2I
WKHQ
8OFHEKLFKKDV/RFDWLRQ OXFRVD.ZKMFKI2| 6WRPDEK
8OFHU ZKLFK KDV/RFDWLRQ 6WRPDFK

EHFDXVH WKH PRUH VSHFLDOLVHXFRVIVAKL RGD\HU2| 6WRPDEGV QRWKLQJ WR WKH
FRPSOHWH FULWHUBDRHHWZRL FK KDV/RFDWLRQ®BMR REK redundant. Mechanisms to
allow more general specification of such constructs using a construct analogous to SAME-AS in
KL-ONE will be included in GRAIL-1I.

*  1DPHG FRPSRVLWH DVt Bpliditions, similarly, to deal only with a simplified view of
WKH VWUXFWXUH RI WKHIHPRGHO

KDV)HDWXUH 6HYHULW\KDV6WDWH QDPHG$WWULEXWH KDV6HYHULW\

Named composite attributes were initially considered unnecessary and were not supported in
GRAIL-1. However, experience has shown that re-usability requires many attributes to be
H[SDQGHG LQWR DWWULEXWH HQWLW\ DWWULEXWH VHTXHQFHV ZKLOH PDQ\ DSSOLFDWLRC
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DWWULEXWHYV /RFDO XVHU FRPPXQLWLHV KDYH VWURQJ YLHZV RQ ZKLFK IRUP WR XVH $FF
ORFDO XVDJH LV PRUH VXFFHVVIXO WKDQ DWWHPSWLQJ WR LPSRVH D VLQJOH VROXWLRQ

1 ©,QWHULRUL]DWSEREEDO FRQVWUXFW KLGHV DZNZDUG OHYHOV & HREFRGY QU WV

(Lobe which isDivisionOf Lung) which hasLaterality right
WR
Lobe which isDivisionOf (Lung which hasLaterality right)

8VH RI LWHUDWLYH FODVVLILFDWLRQ IRU VLPSOH LQIHUHQFH

Consider the following. All hollow objects define spaces, but not all spaces are defined by hollow

REMHFWV 6WDWLQJ WKDW DQ REMHFW LV KROORZ VKRXOG EH VXIILFLHQW WR VDQFWLRQ WKH .
defined by that object. Furthermore, stating additionally that the object defines a space is redundant.

GRAIL represents these facts as follows. (The keyword WRSLF1IHFHV\{30b¥8% a uni-directional

necessary statement.)

6WUXFWXUH ZKIIFK*RSRORJ\ KROORZ
VHOVLEO\$QG7RSLF1IHFHVVDULO\GHILQHV6SDFH 6SDFH

6SDFH ZKLFK* LV'HILQHG%\
6WUXFWXUH ZKLFK* KDV7RSRORJ\ KROORZ
QDPH &DYLW\

6WRPDEK WRSLF1HFHVVDULO\ KDV7RSRORJ\ KROORZ

JURP WKHVH VWDWHPHQWYV LW IRGRFRZEMNACIDNVLILHG X&YBHXFWXUH ZKLFK* KDV7RSRORJ\ KROOR
and hence defines a 6SDFHamed a &DYLW\

+RZHYHU ZHUH ZH WR UHTXHVW WKHRARFBERZKGFLQHVE6SDFH SMHW\VWHP ZRXOG

VLPSO\ UHWBUWRPDRKLQFH WKH QHFHVVDU\ VWDWHPHQW KDV DOUHDG\ DGGHG WKH FULWHULRQ
definesSpace Space WR WKH GHVFULSW#4IRDQG VLQFH WKH GHILQUDWARQRVLPSO\ WKDW LW LV D
Space GHILQHG E\ D KROORZ REMHFW

6XFK VLPSOH RQH VWDJH RU WZR VWDJH LQIHUHQFHV DUH HVVHQWLDO WR FDSWXUH WKH VHQV!
DQG DFKLHYH LQWXLWLYH EHKDYLRXU IURP WKH V\WVWHP  +RZHYHU WKH\ DUH GLIILFXOW RU LPSI
FDSWXUH ZLWK PRVW GHVFULSWLRQ ORJLFV RU ZLWK &RQFHSWXDO *UDSKV ZLWKRXW UHVRUW \
GRHV QRW QRUPDOO\ DIIHFW FODVVLILFDWLRQ RI FDWHJRULHV 8VH RI VXFK LQIHUHQFH PXVW EF
WR VKRUW FKDLQV RU LW ZLOO KDYH DQ XQDFFHSWDEOH LPSDFW RQ SHUIRUPDQFH

3.24 Levels of specification

Because GRAIL avoids the use of the class-instance boundary to indicate the critical level of
VSHFLDOLVDWLRQ RU ©VSHFLILFDWLRQ? IRU DQ DSSOLFDWLRQ WKH GHJUHH RI VSHFLDOLVDWLF
PRGHOOHG H[SOLFLWO\ LQ *5%,/ UDWKHU WKDQ LPSOLHG E\ WKH FODVV LQVWDQFH GLVWLQFWLR!
DQDWRPLFDO FRQFHSW RI VSHFLILFDWLRQ LV WKH GHJUHH WR ZKLFK D JLYHQ VWUXFWXUH LV X(
WKH §0OLYHU" §ULJKW NLGQH\" §OHIW IRXUWK ILQJHU" DUH HDFK XQLTXHO\ VSHFLILHG DOWKRXJK
DWRPLF DQG WKH UHPDLQGHU DUH FRPSRVLWHYV ZLWK LQFUHDVLQJO\ FRPSOH[ SDWWHUQV RI Vi
VSHFLILFDWLRQ LV DSSOLHG XVLQJ QHFHVVDU\ G#HYHO VWDWHPHQWV

)LQIHU ZKLFK  KDV2UGLQDO3RVLWLRQ 2UGLQDOIDOXH7\SH
KDV/DWHUDOLW\ ODWHUDOLW\9DOXH7\SH!
QHFHVVDULO\ KDV6SHFLILFDWLRQ/HYHO XQLTXHO\6SHFLILHG

7KH DQDWRPLF OHYHO LV LQWHQGHG WR GLVWLQJXLVK EHWZHHQ WKH OHYHO ZKLFK ZRXOG XVX
a retrieval of epidemiological statement — e.g. “injury to finger” — with the degree of specification
required in a medical record or instruction to a surgeon — “injury to left fourth finger”.

In addition, different applications require different measure of the degree of specification for
different purposes. Each application can define analogous application specific levels of specification
without compromising the re-usability of the model, H J

+HSDWLWLYV ZKLFK KDV&DXVH 9LUXV
QHFHVVDULO\ KDV$SSOLFDWLRQ6SHFLILFDWLRQ/HYHO
DGHTXDWHO\WGSHFLILHG ZKLFK LV:LWK5HVSHFW7R $SSOLFDWLRQ6FKHPD
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*HQHUDO ,VVXHV
'XDOLWLHV

0DQ\ PHGLFDO SKHQRPHQD FRPH LQ SDLUV 7KH PRVW FRPPRQ SDLULQJ LV SUREHVV DQG OHVLR(
§XOFHUDWLRQ" DQG §XOFHU" 2IWHQ WKH VDPH ZRUG LV XVHG IRU ERWK RHFSEHIRVRRAKH SDLU
D SURFHVV DQG §HURVLRQ" D OHVLRQ 2IWHQ FRPPRQ XVDJH EOXUV WKH GLVWLQFWLRQ )RU
VSHDN ERWK RI §JDVWULWLV" DV LI LW ZHUH D SURFHVV | ZRUVHQLQJ" §SURJUHVVLYH" §FKURQL
RI 8IDVWULWLV" DV VRPHWKLQJ ZKLFK FDQ EH VHHQ WKURXJK D JDVWURVFRSH KDV D GLDPHWHL
FOHDUO\ D SK\VLFDO OHVLRQ

7KH SKHQRPHQRQ LV TXLWH JHQHUDO DQG QRW OLPLWHG WR SDWisR{dRd i Cokb IdRQV
“secretion” and the “secretion” which is its outcome. Language blurs these distinctions in some

cases and emphasises them in others — H J there is a clear distinction in most languages between

“viral hepatitis” and “hepatitis virus”. A formal model must either mirror this pattern of blurring

and distinguishing or provide formal transformations between the different forms. If it is to be
LQGHSHQGHQW RI VXUIDFH ODQJXDJH LW PXVW GR VR LQ D ZD\ ZKLFK GRHV QRW FRPPLW LW WR
any one linguistic community. The CORE Model uses the attributes KDV6SHFLILF2XWFRPH
KDV6SHFLILF&IXMHd makes an arbitrary, but consistent, choice to treat processes and organisms

DV SULPLWLYH

3.3.2 Interpretation of essential criteria and necessary statements

6WDWHPHQWYV VKEKIDN cessarily isDivisionOf UpperExtremity VRPHWLPHV FDXVH FRQIXVLRQ
4XHVWLRQV DUH DVNHG VXFK DV §:KDW LI WKH KDQG LV VHYHUHG " $ NH\ IHDWXUH RI *$/(12V PRGF
VW\OH LV WR DYRLG VXFK FRQXQGUXPV :KDW LV EHLQJ UHSUHVHQWHG LV WHUPLQRORJ\ RU 8ZK
(YHQ LI WKH KDQG KDV EHHQ VHYHUHG LW LV VWLOO UHDVRQRECQH WRrWEMDN AERKMW LW |

WKH KDQG ZKLFK LV SDUW RI WKH OHIW XSSHU HIWUHPLW\ LV VHYHUHG $FWXDO DWWDFKPHQW
E\ D GLIIHUHQW DWWULEXWH 7KH VDPH SDWWHUQ KROGV IRU DOO DQDORJRXV FDVHV

(WHUQDO UHDVRQHUV 6SDWLDO DQG 7HPSRUDO 5HDVRQLQJ

*5$,/ VXSSRUWV UHDVRQLQJ IRU WUDQVLWLYH UHOBWERQM SREREMIKHXFW 7KHVH FDQ EH XVHG
WR SURYLGH D EDVLF PRGHO IRU SDUW ZKROH UHODWLRQV DQG VRPH DVSHFWV RI WHPSRUDO L(
GHWDLOHG VSDWLDO DQG WHPSRUDO UHDVRQLQJ FRQFHUQLQJ FRQWLIXLW\ PDQLSXODWLRQ R
DQG HYHQWV HWF LV QRW SDUW RI WKH *5$,/ ODQJXDJH LWVHOI 7KH FRQFHSWV UHTXLUHG IRU "
FDQ XVXDOO\ EH PRGHOOHG LQ *5$,/ EXW WKHLU LPSOLFDWLRQV DQG LQWHUUHODWLRQV DUH W
VSHFLDOLWHIBVRQHUV ZKLFK XVH WKH WHUPLQRORJ\ UDWKHU WKDQ RI WKH WHUPLQRORJLFDO U
*5$,/ VHHNV WR SURYLGH DQ DSSOLFDWLRQ LQGHSHQGHQW IUDPHZRUN IRU WHUPLQRORJ\ ZKLFK
E\ VXFK DSSOLFDWLRQ VSHFLILF UHDVRQLQJ V\VWHPV

8VH DV DQ LQWHUOLQJXD VHSDUDWLRQ RI DSSOLFDWLRQ VSHFLILF DQG UH XVDEOH QRWLR

7KH RULJLQDO LGHD RI FRQYHUVLRQ EHWZHHQ FRGLQJ VIVWHPV YLD DQ LQWHUOLQJXD HQYLVDJ
PDSSLQJ ([SHULHQFH KDV VKRZQ WKDW WKH ©EHVW2 VWUDWHJ\ IRU PDSSLQJ GHSHQGV RQ WKH
)RU H[DPSOH PDSSLQJV IRU ELEOLRJUDSKLF VHDUFKHV JHQHUDOO\ VKRXOG EH DV LQFOXVLYH D\
Mappings for automatic encoding for standard returns almost always require an additional

UHDVRQLQJ PRGXOH WR WDNH WKH FDQGLGDWHYV DQG UHILQH WKHP 0DSSLQJ IRU VRPH PHGLFC
purposes requires taking the nearest match based on a count of the number, and perhaps the priority

Rl WKH FULWHULD FRQWDLQHG LQ WKH YDULRXV DYDLODEOH FRGHV ,Q HDFK FDVH WKH ILUVW \
*5$,/ RSHUDWLRQ RQ HWULQVLF VWDWHPHQWYV WR ILQG WKH VHW RI PRVW VSHFLILF PDSSLQJV W
6XEVHTXHQW SURFHVVLQJ LV DSSOLFDWLRQ VSHFLILF

6SHFLOD LVVXHV LQ PHGLFDO DSSOLFDWLRQV

0DSSLQJ WR H[LVWLQJ QRPHQFODWXUHV DQG FRGLQUMFBBIENVXDWLRQV BUEVHQFH
DEVHQAPQGV\QGURPHV"

3UH H[LVWLQJ QRPHQFODWXUHYV DQG FRGLQJ VIVWHPV RIWHQ SUHVHQW VSHFLDO SUREOHPV 7k
RI WKHVH SUREOHPV ZLWK UHVSHFW WR VWDQGDUG FOLQLFDO FRGLQJ VIVWHPV IXUWKHU LOOX'
*5$,/  7KH ILUVW SUREOHP FRQFHUQV FRQVWUXFWYV ZKLFK DUH FRPPRQ LQ WKH ,QWHUQDWLRQD
RI'LVHDVHV ,&' ZKLFK FRQWDLQ H[SUHVVLRQV VXFK DV 8ZLWK" DQG 8ZLWKRXW" IRU HIDPSOH ,&'
§$FXWH JDVWULF XOFHU ZLWK KDHPRUUKDJH DQG SHUIRUDWLRQ" > @ RU 6120("" §*DVWULF XC
with haemorrhage and perforation but without obstruction” [16]. These constructs present two

GLIILFXOWLHV

¥ 7KH\UHIHU WR PRUH WKDQ RQH FRQFHSW
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$  7KH\LQYROYH QHJDWLRQ

7KH *$/(1 &RUH PRGHO VROYHV WKH SUREOHP WKDW ,&' FRGHV FDQ PDS WR PRUH WKDQ D VLQJOH
E\ PDSSLQJ DOO ,&' FRGHV WR FOLQLFDO VLWXDWLRQV UDWKHU WKDQ SK\VLRORJLFDO VWUXFW;
7KH WHUPV 8ZLWK DQG ZLWKRXW" DUH FRSHG ZLWK E\ LQVHUWLQJ §SUHVHQFH" RU §DEVHQFH" D\
880FHU ZLWK KDHPRUUKDJH EXW ZLWKRXW SHUIRUDWLRQ" EHFRPHV

Clinical Situation which <
shows (presence which isStateOf Ulcer)
shows (presence which isStateOf Haemorrhage)
shows (absence which isStateOf Perforation)>

7KH DERYH H[SUHVVLRQ ZLOO EH FODVVLILHG XQGHU DQ\ FRGH VKRZLQJ WKH §XOFHU" §SUHVHQF
KDHPRUUKDJH" RU WKH §DEVHQFH Rl SHUIRUDWLRQ" 1RWH WKDBUENHQ Fd2 VHERD-ERHRZKLIFK
LV6WDWH2I &RQGDWIKRIY VERIELWLRQ ZKLFK KDV6WDWH 3UHVEIFHIREFEYGIQRBRQ

&RQGLWLRQ ZKLFK KDV6WDIRH BFPETHIWKDW §XOFHU™ VXEVXPHV §DEVHQW XOFHUV™ ! ZKLFK VH
DW OHDVW SHFXOLDU

$ IXUWKHU SUREOHP LQ H[LVWLQJ QRPHQFODWXUHV LV WKDW FOLQLFLDQV WUHDW WKH ORRVH |
E\ &OLQLFDOG6LWHKIMARLY from how they treat standard ‘syndromes” — associations of
conditions believed to have a common, but often unknown, cause.

The construct which expresses the idea of ‘syndrome” is shown below.
LV6WDWH2I VSHFLDOLVHG%\ LQFOXGHV
therefore:

SUHVHQFH ZKLFK LV6WDWH2| 8RQGLWLRQ @
SUHVHQEH ZKLFK LV6WDWH2I_6\QGQUHRIXAHKIFRRQGLWLRQ

+HQFH IRU H[DPSOH FRQVLGHU D FRPSOH[ VI\QGURPH VXFK DV ©WHWURORJ\ Rl IDORW?2 FRQVLVWI
DVVRFLDWHG FRQGLWLRQV 7KLV FDQ EH FDSWXUHG DQG UHODWHG WR DQ DSSURSULDWH ,&' FF

Clinical Situation which shows (presence which
isStateOf (Syndrome which <
includes VentricularSeptalDefect
includes PulmonaryStenosis
includes Right VentricularHypertrophy
includes AorticOverriding> ))

Using the first template from )LJ 2, it follows that the above category is subsumed by:
&OLQLFDO6LWXDWLRQ ZKLFK VKRZYV SMBEWBQH2ZEHENYULFXODUGHSWDO'HIHFW
+HQFH WKH FRGH IRU 8WHWURORJ\ RI IDORW' LV VXEVXPHG XQGHU WKDW IRU §YHQWULFXODU VH
:KDW LV D GLVHDVH"

The medical notion of “disease” or “disorder” is difficult to capture in a strongly typed language

VXFK DV *5%,/ EXW HVVHQWLDO WR LQWXLWLYH UHWULHYDO RI PHGLFDO FRQFHSWV §'LVHDVHV |
“disorders of the kidney” or “disorders of circulation” are important, but heterogeneous concepts

including lesions, processes, abnormal features and states.

7R DFKLHYH WKLV WKH *$/(1 &25( 0RGHO LQWURGXFHV WZR VSHFLDO DEVWUDFWLRQV
¥ $Q HQWLW\ ZKLFK VXEVERkWNire, Process, Feature DQGtate, FXUUHQWO\ QORkIBmenon

T  $Q DWWULEXWH ZKLFK VXEMXRAY isFeatureOf, hasLocation, isFunctionOf DQGictsOn,
FXUUHQWO\ NQRZYZIMMKDV/RFDWLYH$SWWULEXWH

YJURP WKHVH FRQVWUXFWV ZH FDQ WKAHD @& ILQH

3KHQRPHQRQ ZKLFBY3DWKRORJILFDO6WDWXV_ SDWKRORMFDO QDPH
'LVHDVH2I7KH+HIDeWbecomes simply:

'LVHDVH ZKLFK* LV2| +HDUW

Note that this still does not completely capture the common notion of “heart disease” found in
H[LVWLQJ FODVVLILFDWLRQV )RU H[DPSOH §SRVW P\RFDUGLDO V\QGURPH" LV FDXVHG E\ D FDUGI
UDWKHU WKDQ ORFDWHG LQ WKH KHDUW :H KDYH VR IDU EHHQ UHOXFWDQW WR HOLGH FDXVDW

7KH *5%,/ &RQFHSW ORGHOOLQJ /DQJXDJH -XO\



WKDW FHUWDLQ ,&' FKDSWHU KHDGLQJV PXVW PDS WR WZR RU PRUH SRLQWYV LQ WKH *$/(1 WD[RQ
FDXVH DQG WKH RWKHU IRU ORFDWLRQ

O©(WULQVLF NQRZOHGJH? :K\ GLDJQRVWLF FULWHULD DUH QRW WHUPLQRORJLFDO

7KH JRDO RI WKH *$/(1 &RPPRQ UHIHUHQFH PRGHO LV WR FDSWXUH WKH ©WHUPLQRORJLFDO? SDL
knowledge. The distinction is not easy to define. Technically, the boundaries are drawn at the limits

of what can be represented within a set of constructs. Organisationally it is set by where consensus

FDQ EH UHDFKHG 3UDJPDWLFDOO\ WKHUH LV RIWHQ D URXJK FRUUHVSRQGHQFH )RU H[DPSOH \
of “rheumatoid arthritis” as an inflammatory arthritis is uncontroversial. However, various

GLIIHUHQW FOLQLFDO JURXSV KDYH HVWDEOLVKHG YDULRXV GLDJQRVWLF FULWHWYIB EDVHG RQ
RXW RI VHYHQ VHW RI VHYHQ FULWHULD IRU RQH VL[ RXW RI WHQ IRU DQRWKHU HWF 7R UHTXLUI
GLDJQRVWLF FULWHULD EHIRUH ZH FDQ DJUHH D WHUPLQRORJ\ LV I[UXLWOHVV  &RLQFLGHQWDO(
LQGLYLGXDO FULWHULD FDQ EH UHSUHVHQWHG LQ *5%,/ QRWLRQV VXFK DV 8ILYH RXW RI VHYHQ"
Hence we take “inflammatory arthritis” as terminological and the diagnostic criteria as “extrinsic’

UHTXLULQJ D VHSDUDWH SRVVLEO\ DSSOLFDWLRQ VSHFLILF UHDVRQHU 7KH RYHUDOO K\SRWKH
WHVWYV PDWFK ZHOO HQRXJK WR EH XVHIXO

'LVFXVVLRQ DQG ([SHULHQFH

&KRLFH RI [IHDWXUHV

*5$,/ KDV EHHQ KLIKO\ VXFFHVVIXO LQ VXSSRUWLQJ WKH SULPDU\ VWUDWHJ\ LQ WKLV PRGHOOLQ.
©FRRUGLQDWLQJ WD[RQRPLHV2 W RYHUFRPHV PDQ\ VKRUWFRPLQJV RI RWKHU ODQJXDJHV LQ V.
VHFRQG NH\ VWUDWHJ\ | ©EULGJLQJ OHYHOV RI GHWDLO? | EXW LW UHTXLUHV IXUWKHU HQKDQFHI
EH UHIDUGHG DV IXOO0\ VXFFHVVIXO LQ WKLV UHJDUG 2YHUDOO LW LOOXVWUDWHY WKDW WKHU
SRWHQWLDO IHDWXUHV WR EH LOFOXGHG LQ WHUPLQRORJLFDO ODQJXDJHV WKDQ PLIKW DW ILL
OLWHUDWXUH

7KH PRVW VXFFHVVIXO QRYHO IHDWXUHV DUH

¥ 7KHH[WHQVLRQV WR FODVVLILFDWLRQ LQ RUGHU WR PDNH FODVVLILFDWLRQ RI FDWHJRULH
HTXLYDOHQW

WKNSHFLDOL\RMHFKDQLVP IRU FRRUGLQDWLQJ RWKHU UHODWLRQV ZLWK VXEVXPSWLR(
proved fruitful in a wide variety of contexts beyond it original intended use in

coordinating SDUWLWLYH DQG JHQHULF UHODWLRQV 2WKHU PHGLFDO UHVHDUFKHUYV KI
SURSRVHG VLPLODU FRQVWUXFWYV > @ DQG LW LV DOVR FGRM)}E8 UHOEBNVHG WR WKH
FRQVWUXFW IURP &\F/> @

The distinction between defining and essential criteria which has allowed levels of detail

WR EH EULGJHG WR D PXFK JUHDWHU GHJUHH WKDQ KDG EHHQ H[SHFWHG DQG KDV GLV
QXPHURXV RWKHUZLVH LQWUDFWDEOH DUJXPHQWYV *58%,/2V HHWHQGHG QRWLRQ RI WHL
UHDVRQLQJ DOORZV PRVW H[LVWLQJ QRPHQFODWXUHV WR EH PDSSHG WR FDWHJRULH'
FODVVLILHG FRUUHFWO\ ZLWKRXW DG KRF SURFHGXUDO DWWDFKPHQWYV RU RWKHU RS

*  The substitution of an explicitly modelled ‘level of specification” for the arbitrary distinction
between category and individual (class and instance) which avoids an important class of
arbitrary application-specific decisions in the model.
*  The ease of forming embedded structures and anonymous types which greatly simplifies the
modelling task.
*  The limitation of GRAIL to a subset of inference and the demand that it be implementable.
This excluded approaches such as that of KIF/Ontolingua tool kit which are designed as a non-
executable means of describing and translating ontologies implemented in more limited
H[HFXWDEOH IRUPDOLVPV > @ /LNHZLVH *5$,/ PRGHOV KDYH QR DPELWLRQ WR EH FRPS!
WKHRULHV RI PHGLFLQH OHW DORQH RI WKH ZRUOG VXFK DV WKRVH IRXQG LQ &F> @

7KH PRVW WURXEOHVRPH RPLVVLRQV WR EH UHFWLILHG LQ IXWXUH YHUVLRQV DUH

¥ 7KH DEVHQFH RI DQ\ FRQVWUXFW IRU GHILQHG DWWULEXWHV GHILQHG UHODWLRQV ZKLFK
WR KLGH WKH FRPSOH[LW\ RI WKH PRGHO IURP XVHUV 7KH QHHG IRU VXFK D FRQVWUXFW LV
WKH PRGHO LV EHLQJ PDGH PRUH JHQHUDO WR DFKLHYH UH XVDELOLW\

1 7KH DEVHQFH RI D FRQVWUXFW DQDORJRXV WKH 6$0( $6 RSHUDWRU LQ ./ 21( RU WR F\FOLFDC
FRQFHSWXDO JUDSKV ZKLFK PHDQV WKDW FHUWDLQ FRQVWUXFWYV FDQ RQO\ EH H[SUHVVHC
&OLQLFDOO\ SODXVLEOH H[DPSOHV RI VXFK FRQVWUXFWV DUH UDUH LI WKH UHSUHVHQWDW
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single level of detail but become increasingly common as models attempt to bridge multiple
OHYHOV RI GHWDLO

$  7KH DEVHQFH RI QHIDWLRQ DOWKRXJK LW KDV SURYHG OHVV Rl D SUREOHP WKDQ DQWLFLSI
WKH GHYHORSPHQW RI WKH ©ZRUN DURXQGV2 LQ WKH PRGHOOLQJ VSUIEMNAIRK DV WKH XVH
DEVHQRRZHYHU DOWKRXJK WKH XVH Rl QHIDWLRQ FDQ EH OLPLWHG LQ IRUPXODWLQJ FRQ
HVVHQWLDO LQ H[SUHVVLQJ DQG TXHU\LQJ HQWULHV LQ PHGLFDO UHFRUGV ,PSOHPHQWLQ
FRQVWUXFWYV IRU QHIDWLRQ LV QRZ D SULRULW\

:KHWKHU RU QRW WKH OLPLWDWLRQV RQ FDUGLQDOLW\ DUH D VHULRXV SUREOHP UHPDLQV FRQ
QR GRXEW WKDW IRU VRPH DSSOLFDWLRQV RXWVLGH WKH LQLWLDO WDUJHW GRPDLQ RI FOLQLF
VRSKLVWLFDWHG QRWLRQV Rl FDUGLQDOLW\ DQG VHWV DUH HVVHQWLDO 7KH QXPEHU RI VLWXI
DUH UHTXLUHG WR UHSUHVHQW QRWLRQV LQ H[LVWLQJ FOLQLFDO WHUPLQRORJLHV UHPDLQV V»
QRQHWKHOHVV D VRXUFH Rl LUULWDWLRQ WR XVHUV

7KH XVH RI VDQFWLRQV WR FRQVWUDLQ FRPSRVLWLRQ VHHPV QDWXUDO WR WKRVH IDPLOLDU ZL
&DQRQLFDO *UDSKYV LQ 6RZD2V &RQFHSWXDO *UDSK 7KHRU\ 7KH XVH RI PRUH WKDQ RQH OHYHO |
JUDSK RU VDQFWLRQLQJ VHHPV D PRGHVW H[WHQVLRQ +RZHYHU WKH XVH RI VDQFWLRQV IRU Fi
VLIQLILFDQWO\ GLIIHUHQW IURP WKH XVDJH LQ WKH ./ 21( IDPLO\ RI ODQJXDJHV DQG H[SHULHQFH
WKDW LW FDQ EH VXUSULVLQJO\ GLIILFXOW WR WUDQVODWH IURP RQH WR WKH RWKHU > @ 7KH
RI WKH VDQFWLRQLQJ PHFKDQLVP LV WR FRQVWUDLQ JHQHULFLW\ WR VXSSRUW VRSKLVWLFDWH
:KHWKHU RU QRW DOWHUQDWLYH DSSURDFKHV FDQ EH IRXQG DQG PDGH HIILFLHQW UHPDLQV WF

6DWLVIDFWLRQ RI ORWLYDWLQJ SHTXLUHPHQWV

5HWXUQLQJ WR WKH LQLWLDO PRWLYDWLRQV IRU GHYHORSLQJ 88,/ OLVWHG LQ 6HFWLRQ

*  ([SUHVVLYHQ#B$Y KDV SURYHG VXIILFLHQWO\ H[SUHVVLYH WR FDSWXUH WKH FRQWHQW RI H[|
medical terminologies with only rare exceptions. It supports modelling conventions capable of
GHDOLQJ ZLWK NQRZQ DZNZDUG SUREOHPV VXFK DV WKH DJJUHIDWLRQ RI FRQGLWLRQV LQ
in existing classifications. In general, it has been possible to work around the most irksome
OLPLWDWLRQV VXFK DV WKH DEVHQFH RI QHIDWLRQ 7KH PRGHO QRZ Fig¥dtitdv DOPRVW DOO
LQWHVWLQDO DQG FDUGLRORJ\ VHFWLRQV RI 6120( DQG ,&' SOXV D ZLGH UDQJH RI FRPPRQ
conditions, signs, symptoms, and associated disorders and is proving sufficient for a
commercial data entry system for common conditions in general practice.

. 5H XVDELOLW\ DQG DSSOLFDWLRQ-LQGESHIRRMAMUDWLRQ RI UH XVDELOLW\ PXVW DZDLW C
UDQJH RI DSSOLFDWLRQV ZKLFK XVH WKH *$/(1 &25( ORGHO +RZHYHU *5%,/ KDV EHHQ
VXFFHVVIXO LQ RYHUFRPLQJ D QXPEHU RI LGHQWLILHG EDUULHUV WR UH XVH LQ RWKHU IRUI

same high level schemata support several different clinical data entry systems and the
GHVFULSWLRQ Rl VHYHUDO GLIIHUHQW H[LVWLQJ FRGLQJ V\VWHPV

¥  Extensibility | 7TKH DELOLW\ WR QDPH DQG FODVVLN GHWDLOHG FRQFHSWV IURP D UHVWULFWH:
forms a powerful method of extension. The strong constraints in the language also mean that
PDQ\ DVSHFWV RI PRGHOOLQJ VW\OH FDQ EH HQIRUFHG VR WKDW QHZ GHWDLOHG FRQFHSW
introduced with confidence.

*  *HQHULFLW\ DQG DELOLW\ WR VXSSRUW GLUHFW GEXSS RIQWV LR EGHOQIHAWIEDNVD HQWU\ DQG
JHQHUDWLRQ LV *5%,/2V PDMRU VXFFHVV 8VHU LQWHUIDFHV EDVHG RQ *5$,/ KDYH EHHQ LPSC
in several areas and are now being developed commercially. Automatic generation as an aid
WR IRUPXODWLRQ RI FODVVLILFDWLRQ V\VWHPV KDV EHHQ GHPRQVWUDWHG LQ SURWRW\SF
practical test on a significant scale in the next phase of the project.

¥ &RPSXWDWLRQDO WUDFWDELQNALMQEDE B3N PHQWDWLRQ LQGLFDWHY WKDW FODVVLIL
WLPH LQ WKH FXUUHQW *5%,/ LPSOHPHQWDWLRQ LV DSSUR[LPDWHO\ OLQHDU ZLWK WKH VL]t
> @ 7KHFXUUHQW *$/(1 &25( PRGHO FRQWDLQV RQ WKH RUGHU RI VHYHQ WKRXVDQG FRQFF
the basis implies the possibility of generating indefinitely many more). Performance in the

RULJLQDO 6PDOOWDON LPSOHPHQWDWLRQ LV QRZ EHFRPLQJ PDUJLQDO EXW SHUIRUPDQFF
YHUVLRQ URXJKO\ WLPHV IDVWHU VXJJHVWV WKDW PRGHOV RI ILYH WLPHV WKLV VL]H RU F
SUDFWLFDO ,Q DGGLWLRQ HPSLULFDO WHVWLQJ LQGLFDWHV WKDW WKH SHUIRUPDQFH LV
affected by the brute force implementation of a few unanticipated constructs such as
&OLQLFDOGLWAHDWKREY VKRXOG EH SRVVLEOH WR RSWLPLVH LQ IXWXUH YHUVLRQV

4.3 Conclusion

*5$,/ ZDV GHYHORSHG EHFDXVH QR V\VWHP ZDV DYDLODEOH ZKLFK SURYLGHG WKH FRPELQDWLRC(
UHTXLUHG DQG EHFDXVH H[SHULHQFH HOVHZKHUH ZLWK H[LVWLQJ VI\VWHPV KDG FRQILUPHG WK}

7KH *5%,/ &RQFHSW ORGHOOLQJ /DQJXDJH -XO\



WKRVH VIVWHPV > @ ORVW DFXWHO\ QR VA\VWHP GHDOW ZLWIigahtitH ¢ @vilritiFWLRQ RI
transitive relations with subsumption. The fact that the initial combination of features in its
predecessor language, SMK [46], proved effective and tractable was gratifying and even surprising,.
The language has developed since to support a style of conceptual modelling which is proving
effective in dealing with medical terminology and, increasingly, broader applications. The basic
strategies of coordinating taxonomies and bridging levels of detail appear widely applicable.

Independently, over the last decade there have been major advances in description logics and

classification algorithms. A number of the restrictions in GRAIL may now be unnecessary, and more

powerful algorithms with provable results on completeness and decidability now exist for many

more combinations of features. Experience with GRAIL has allowed us to make our requirements

for description languages for medical terminology much clearer. Experiments in non-medical

GRPDLQV FRQYLQFH XV WKDW WKHVH UHTXLUHPHQWY DUH UHOHYDQW PRUH ZLGHO\ WKDQ MXV\
NH\ FKDOOHQJH LV WR LQFRUSRUDWH DQG H[WHQG DGYDQFHV PDGH HOVHZKHUH LQ RUGHU WR ¢
language which is more expressive and soundly based while retaining the features which have made

GRAIL successful.
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$SSHQGL]|
VAQWD[

%ULHI VXPPDU\ RI HYVHQWLDO *5%,/ RSHUDWLRQV DQG

JRU FRPSOHWH GHWDLOV VHH UHIHUHQFH PDQXDO DQG WXWRULDO DYDLODEOH DW 85/

http:/ /www.cs.man.ac.uk/mig/ galen/

&DWHJIRU\ QHZ6XE VWULQJ
HJ
%RG\3DUW QHZ6XE 6WRPDFK

Creates a new elementary category with the name VWULQJ
subsumed by &DWHJIRU\

&DWHJIRIDGG6XSHU &DWHJIRU\

Causes &DWHJIRW subsume &DWHJIRUBoth &DWHJIRDQG
&DWHJIRBXVW EH HOHPHQWDU\

SWWULEXWH QHZS\GANMUILEX\EWULQJ
FDUGLQDOLW\

VWULQLWK FDUGLQR@IMANity. cardinality LV RQékeOne,
oneMany, manyOne RUnanyMany.

&UHDWHYV D QHZ DWWULEXWHZANWKIRDEHQYHUVH QDPHG

A

Category necessarily Attribute Value

eg
Hand necessarily isPartOf UpperExtremity

(QWHUV D ELGLUHFWLRQDO QHFHVVDU\ VWDWHPHQW W
FULWHWARGte-Value WR WKH HVVHQWLDO FUICMERdED VH
DQGnw Attr-Category WR WKH HVVHQWLDO FUXAHILD VHW

HUHE\ DGGI
\V RI
R

Category WRSLF1HFHVVDULO\ $WWULE
HJ
+ROORZ2EMHFW WRSLF1HFHVVDULO

KBS0 directional necessary statement thereby adding the

criterion $WWULEXWH S2RWKH HVVHQWLDO FURDWHIRWH
GHILQHV &DYLW\

W RI

&DWHJIRWpositeOp Attribute Value

eg
Hand sensiblyAndNecessarily

isDivision Of Upper extgrentity

6DQFWLRQLQJ RSHUDWRYAHYEBibkPbe combined into
single operations for convenience. The meaning of such
composite statements is the same as if the statements had been

given individually.

Category sanctioningOp Attribute Value

eg
Extremity sensibly hasLaterality Laterality

6DQFWLRQV WKH FISWVHULIRQVH IFLRRM/HIRNG WKH
FULWHUWERQSWWULEXWH SBWHIBRXBW WKH OHYHO LQGLH
VDOFWLROLGRSFWLROLODPZERRQFHLY DEMPPDWLFDQG\

VHQVLEO\

DWHG E\

%DVH ZKLFK2S &ULWHULDG6HW
HJ

+DQG ZKLFK KDV/DWHUDOLW\ ULIKW/

S5HWXUQV WKH FDWHJIRU\ GHBts@HI®ELriteria VHW LI SRVVLH

EDOEHRIWKHIBWPRUS 9 $ 9 $o9d ZKHUH WEM DU
DWHUDOLW\

DWWULEXWHV DQ®WKHQWLWLHV

| WKH UHVXOWLQJ FDWHJRU\ GRHV QRW H[LVW LQ WKH 0
DQG FODVVLILHG ,| WKH UHVXOWLQJ FDWHJRU\ LV FRKH
VDQFWLRQHG DW WKH OHYHO ZRIGIKISWHGeE\rned. If not,

an error is returned and the category is discarded.

OH

%DVH LV D FDWHdRIdYOp FDQ Etdhich RUvhichG &ULWHULDGHW

RGHO LW LV
HQW DQG

SWWULEXWBQVLWLYH'RZQ

Declares SWWULEXWHHransitive downwards as defined in
Section 2.3.

SWWULEXBHFLDOLVHG%\ $WWULEXW,

HHFODUKMWWULEXYRHEH VSHFLDOLBDMGMEILEDYVGHILQHG LQ
Section 2.3
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Appendix 2: Brief Summary of Operational Semantics

7KH IROORZLQJ LV D VXPPDU\ RI WKH RSHUDWLRQDO VHPDQWLFV RI *5$,/ UHVWULFWHG WR ZKDW
LPSOHPHQWHG ZKLFK URXJKO\ IROORZV WKH SUHVHQWDWLRQ LQ WKH SDSHU ,QGLYLGXDOV DU
FDWHJRULHV DUH WKH PDLQ IRFXV RI *$/(18V XVH RI *5$,/  $OWKRXJK HQWLWLHV DUH GHVFULEHG I
WXSOHV LQ WKH WH[W WKH\ DUH KHUH FRQGHQVHG WR WKUHH WXSOHV ZLWK WKH EDVH LQGLFL
SVHXGR DWWUisEX¥ldre P LV D SULPLWLYH )RU EUHYLW\ PLQRU YDULDQWYV VXFK DV WKH GLVWL(
EHWZHHQ RSHURWRIAAD whichG KDYH EHHQ RPLWWHG DV KDV WKH FRQYHQLHQW DEEUHYLDWLR!
allows primitives to be introduced as children of composites. (Note that because GRAIL includes

transitivitity, a strict first-order model theoretic semantics is not possible [3, 4]. Alternative

VHPDQWLFV EDVHG RQ ILQLWH DXWRPDWD KDYH EHHQ VXJJHVWHG EXW DUH EH\RQG WKH VFRSH
6LPLODUO\ WZR DOWHUQDWLYH PRGHO WKHRUHWLF DSSURDFKHV WR WKH VHPDQWLFV RI PXOW
KDYH EHHQ VXJIJHVWHG

ORGHO $ PRGHO FRQVLVWYV RI D WXSOH RI VHWV DV GHILQHG EHORZ
SULPLWLYHV $WWULEXWHV VS VD (QWLWLHV 6WDWHPHQWYV LQYHUVH
VSHFLDOLVH&HeYe

SULPLWLIYAM VHW RI SULPLWLYH V\PEROV

SWWULEXWBIVHW RI SULPLWLYH VIPEROV GLSVIERIQW YHRFP
VSV D UHODWLRQ RONVLNRWPLQJ DRQF\FOLF GLUHFWLYH JUDSK
VOLV D UHODWLRWQLERMAYQJ DQ DF\FOLF GLUHFWHG JUDSK

(QWLWLHD VHW Rl HQWLWLHV DV GHILQHG EHORZ FRQVWUXFWHG IURP
PHPEHUV RULPLWLBR@&WWULEXWHV

Statememts LV D VHW RI VWDWHPHQWYV DV GHILQHG EHORZ FRQVWUXFWH
WKH PHPEHU\BRLPWLLBFR&GWWULEXWHV

LQYHUWD IXQFWLRGVRYULEXWHAWKDW
7% CSWWULEXWHV LQYHUVH LQYHLYWHUVISS B $

FDUGLQDOLIVIXQFWLRQ BRWULEMRADQ\ RQH
VSHFLDOLVNGYAXQFWLRQ BYRW UL EXWEMXVULEXWHV

ORGHO LQGHSHQGHQW 7KH VHAXDOLILHIRRQFHLYDEOH JUDPPDWLFDO VHQDGEOM KHIFHVVDU\'
SULPLWLYHV RUGHULERQFHLYDEOH!JUDPPDWLFDO!VHQVLEOH!QHFHVVDU\

7KH VHW RI FDUGLQDOLW\ {éie R @i/

7KH *5%,/ &RQFHSW ORGHOOLQJ /DQJXDJH -XO\



BWUXFWXUHV In a model M=<Ps As rps UDV (V 6V LQY FDUBeMRllowing structures are

defined:
Criteria 2UGHUHG SDLUV RI WKH (RUBRLV ZKHUI$ [$V ((V
3[BULPLWLWLYHV
(QWLWLHV 7ULSOHV RI WKH IRUR where '1, are all sets of criteria and
there is exactly one criterionin' of the form LV 3where 3 is a
primitive
Complete criteriaset FFV '1,] o1 0o,
of an Entity

Elementary Entities ~ (OHPHQWDU\ HQWLWLHV DUH FRQVWUXFWHG IURP SULPLVAEYHV E\ WKH |
GHULYHG IURP WKH OHPPD WKDW
OSmEV O(ON (ALV3 1, ZULWWHHD3
7KH XQLTXHQHVV RI HOHPHQWDU\ HQWLWLHV FDQ EH SURYHQ IURP WKH
LQYDULDQWY EXW LV EH\RQG WKH VFRSH RI WKLV SUHVHQWDWLRQ

6WDWHPHQWYV DQG )RXU WXSOHV RI WKHARWOR!  where 79 O(V,$ O3V, ,4
LQYHUVHV [1.4XDOLILHUV

LQYHUVH 7$94! 9LQYHUVHS$ 74!

6XEVXPSWLRQ Ina model M=<Ps As USV UDV (V 6V LQY FDUBEXHPSWLRQ LV GHILQHG E\
(QWLWLHV ( @CLuc 1 ,! 0 @FFV(
&ULWHULD 6HWV Cs13Csp LN Ocy OCsy. Oep OCs2 . ¢3¢
&ULWHULD A1-V13A2-V2 LI RQH RI WKH IROORZLQJ KROGV
D A1-V1=is-P1 [JA>-V9o=is-Pp [IP13P2,
E A13A> OV13V>
F 0A3-V3 Oces(V2 ) A2 DVSHFLDOLVHG%®$ P9 [$ O$

)0 9 OFFVY9  LQY HUVHBVSHFLDOLVHG%\ LQYHUVH $
9 @9 0% I%
e)d$ 9 $ 9 0%$9 g% 9 B$9 L

Statements 7 %$ 9 4107 $ 9 4! iff
$ 9 @3%9 [OJLQY$7 OLQY W

(TXLYDOHQFH ,Q D PRGHD 3V $V USV UDV (V 6V LQY FDHBXYKDOHQFH LV GHILQHG E\

;o ox@; L @, O, @; ZKHUH; PD\EH D FULWHULRQ FULWHULD VHW
VWDWHPHQW RU HQWLW\

6DQFWLRQLQJ ,Q D PRGHM=<Ps As rps ras Es Ss inv card sb> sanctioning is defined by:

Statements VDQFWLRQHG 7$94! 0 WUKH
OTOAXDOLILHUV T34
(K7 $9T' [6V 7$9T!'@7%94!
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(QWLWLHV VDQFWLRQHG ( TO WEKHUB LV D PRGHO LII
[1%9 OFV ( VDQFWLRQHG ($9T! 0 WUXH
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&RKHUHQFH In a model M=<Ps As rps UDV (V 6V LQY FDUGol&rence is defined by three
functions, consistency, soundness and irredundancy, defined by:

Consistency FRQVLVWHQW (0 DKBXH{ '1 ! LV DQ HQWLDALIQDOO RI WKH
IROORZLQJ KROG
D ~[A1-V1,A2-V2Oees(E) . A73A2 OFDUGLQDOLW\ $ [RGH
9@$9 0% 9 B$9

ESO%9 $9

$9 [JFFV ([JLQYHUVHS$GFFV9 [J
FDUGLQDOLW\ LQYHUVH $ RQH
§$9 %9 [0%-9 B39

F —0A71-V1 A2-V>,
(A1<A2 LAp<A71) O
A1-V1Lesc(E) [ inverse(A2)-V2 Lees(V1)

BRXQGQHVV HVVHQWLDOO\BVRX®WGXEKHUH  '1,!  isanentity in O iff
0%$9 ($9QHFHVVDUIOBY « $9 1

LQKHULWDQFHBVRXQG @&KAHXH ' 1 ,! LV DQ HQWLW\LLQ
[Oc"E'.E'IEs & E'>E & ¢'Llccs(E') — LElecs(E) . ¢'3¢] [
[Oe. ¢l - (OE'[Es ¢'[.ces(E') . E'>E [ ¢'=c) [J
(~Oc'"'[ON . ¢3¢"')]
,UUHGXQGDQF\ LUUHGXQGDQW (0 ZKUXHH '1 ! LV DQ HQWLOALLQ
SOE'D'I'. E'=<D' N I'> [OD'> D [inheritance_sound(E',M) [J
sanctioned(E'M) [consistent(E') [Iccs(E)?ccs(E')

&RQGLWLRQ F LV DQ DGGHG UHVWULFWLRQ ZKLFK DYRLGV KDYLQJ WR GHDO ZLWK SHFXOLDU FDVHV
H[DPSOH RI VXFK FDVHV KDV EHHQ VXJJHVWHG
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ORGHOnvarants ,Q D PRGHD 3V $V USV UDV (V 6V LQY FDUB/KE!IROORZLQJ LQYDULDQWY DUH
GHILQHG

LQYHUVHBFRPSOHWHLQYHUVHBFRPSOHWHif WUXH
0606V 6 7$941 [0
4 J"FRQFHLYDEOH JUDPPDWLFDO VHQVLEOH
LQYHUVH®/

HVVHQWLDOO\BVRXQ®IVVHQWLDOO\BVRXQGAI WUXH
[( OV HYVHQWLDOO\BVRXQG (0 WUXH

LQKHULWDQFHBVRXQf#heritance_sound(M)=true LIl
[JELIEs. inheritance_sound(E,M)=true.

FRKHUHQFH coherent(M)=true LIl DOO Rl WKH IROORZLQJ KROG
D [X [JEs . sanctioned(E,M)=true [Jconsistent(E,M)=true
b) [IS[Ss . sanctioned(S,M)=true.
) —[JE1,E» [DEs. Ej=<D1 N7 17> [JE2=<D» N2 I»>

[] E18E> [1J- D1%3D2.

irredundancy irredundant(M) =true iff
[JELIEs . irredundant(E,M)=true.

uniqueness uniqueness(M)=true iff
-[EE'OEs.EBE[JE_E'

SURSHUO\BVWUXFWXSHESHUO\BVWUXFWXUHG 0 WUXH
inverse_complete(M)=true [inheritance_sound(M) =true [J
essentially_sound(M) =true [coherent(M) =true [
uniqueness(M)=true [irredundant(M)=true

Operations
new_prim(p', p, M) - M = <Ps As rps ras Es Ss inv card VE!,
M 0 3V $VUS UD (V 6V LQY FDUGW/hsre

3V 3vOAST US UFIASS!E (V (V O{C where( LV3N
I and , is such that inheritance_sound(E,M)

new_attr(a', inva', ¢, c M)~ M =<Ps As rps ras Es Ss inv card sb>; c, c|[J Cardinalities;
M M'"=<Ps As' rpra' Es 5sinv' card' sb> ZKHUH

$V $V JD  UD UD~DD! LQY LQY{<D LQYD!
FDUG FDU® F! LQYD B}

specialised_by(a ,a ,M) - M = <Ps As rps ras Es Ss inv card sb>; ¢, c|J Cardinalities;

M' | error ) 606V 6 7D 9T! 06 7LQYHUVHD T!

7+(1 HUURU

(/6(

0 3V$VUSUD (V6VLQY FDUGZKHUH
VE VEIAD; D"

NB. This is a significant restriction. The natural semantics would allow more than one definition, and it is
expected that this will be supported in future versions.

The restriction to declaring specialisation before any use of an attribute is enforced only by convention in
the current implementation.

7KH *5%,/ &RQFHSW ORGHOOLQJ /DQJXDJH -XO\



0 3V$VUSVUDV (V6VLQY FDUG VE!

QHZBVWDWHPHQW 6 0
0 _HUURU 0 3V$VUS(V 6V LQY FDUG \BHUH
6V 6VO"6 ) LV properly_structured(M')=true
HO\dror.
which(E, Cs, M) — (7 ( '1,) 0 3V$VUSVUDV (V6VLQY FDUG VE!
<E', M'> | error YO( 00 ( 1,1 0" @' 08V @ FFV (7T+(1
(( 00
() O ', ('~ 0@ O@FFV(

LQKHULWDQFHBVRXQG ( @ WUXH
LUUHGXQGDQW ( 0 YWUXH
FRQVLVWHQW ( ONUXH
VDQFWLRQHG ( 0 WUXH

7+1( ( 0 3V$VUSVUDV(V [N 6V LQY FDUG VE!

(/6( HUURU
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