ixTable of ContentsAbstract......................................................................................................................... vAcknowledgments...................................................................................................... viiTable of Contents........................................................................................................ ixList of Tables................................................................................................................ xvList of Figures.............................................................................................................. xvii1 Database Heterogeneity and Decision Support................................................ 11.1 Expert Systems and Patient Data............................................................ 31.1.1 A case study................................................................................ 31.1.2 The data acquisition tradeoff.................................................... 51.2 Query Models............................................................................................ 61.2.1 Query-model components........................................................ 71.2.2 The query-model mismatch...................................................... 81.2.3 Bridging query models.............................................................. 91.3 Addressing the Problem: The TransFER Approach............................ 111.4 Guide to the reader................................................................................... 172 The Shoulders of Giants........................................................................................ 192.1 Terminology............................................................................................... 202.1.1 Basic definitions.......................................................................... 202.1.2 Levels of database description and data manipulation........ 212.2 Accessing Clinical Data............................................................................ 222.2.1 Clinical practice guidelines....................................................... 242.3 Clinical Data Standards............................................................................ 252.3.1 Medical data interchange standards....................................... 262.3.2 Medical knowledge-representation standards...................... 282.4 Contributions of Database and Artificial Intelligence research......... 312.4.1 Heterogeneous database systems............................................ 312.4.2 Standards for knowledge representation............................... 34 x2.4.3 Combining database and knowledge-based research.......... 392.5 Components of the Solution.................................................................... 402.5.1 An abstract data model and query language......................... 402.5.2 A Domain schema for clinical medicine................................. 422.5.3 A query-translation methodology........................................... 433 A Data Model for Resolving Heterogeneity...................................................... 493.1 Components of the TransFER Technology............................................ 493.2 The Functional—Entity—Relationship Data Model................................ 503.2.1 Constructs of the FER model.................................................... 513.2.2 Comparison to previous semantic data models.................... 563.2.3 Formal semantics of the FER data model............................... 583.3 The ReFER Query Language................................................................... 653.3.1 Desiderata.................................................................................... 653.3.2 ReFER syntax and semantics: an overview............................ 673.3.3 Declarations............................................................................... 703.3.4 Terms........................................................................................... 713.3.5 Queries without predicates....................................................... 753.3.6 Predicates.................................................................................... 763.3.7 Queries with predicates............................................................. 793.3.8 Subqueries: terms revisited...................................................... 794 An Automated Query-Translation Methodology............................................. 834.1 Framework of the Methodology............................................................. 834.1.1 A sample attribute grammar.................................................... 854.1.2 Attribute grammars for query translation.............................. 864.1.3 The extended relational algebra (ERA)................................... 904.2 Mapping FER Schemas to Relational Databases.................................. 1004.2.1 Entity-type mappings................................................................ 1044.2.2 Relationship-type mappings.................................................... 1064.3 Translating ReFER queries to SQL queries........................................... 1104.3.1 Translating to the relational algebra: an overview................ 1114.3.2 Site-independent semantic functions...................................... 1164.3.3 A sample translation.................................................................. 1224.3.4 Translating relational algebra to SQL..................................... 139 xi4.4 Optimization.............................................................................................. 1404.4.1 The theory of Project equivalence............................................. 1414.4.2 An application of project equivalence...................................... 1464.4.3 Proving correctness of the optimizations................................ 1484.4.4 The optimization theorems in practice.................................... 1564.5 Summary.................................................................................................... 1585 The Implementation and Evaluation of TransFER........................................... 1595.1 A Controlled Experiment......................................................................... 1595.2 Evaluation Criteria for TransFER Technology...................................... 1615.2.1 Automation................................................................................. 1625.2.2 Efficiency..................................................................................... 1635.2.3 Latitude........................................................................................ 1645.2.4 Performance criteria for TransFER.......................................... 1655.3 Implementation of the TransFER Methodology................................... 1675.3.1 Architecture................................................................................. 1675.3.2 Development environment....................................................... 1705.4 Structure of the Experiment..................................................................... 1715.4.1 Phase 1: Independent clinical database design..................... 1715.4.2 Phase 2: Design of the FER schema........................................ 1735.4.3 Phase 3: Formulation of clinically relevant queries............. 1745.4.4 Phase 4: Mapping the relational schemas.............................. 1755.4.5 Phase 5: Automatic translation of the ReFER queries.......... 1755.5 Results......................................................................................................... 1765.5.1 Database schema heterogeneity............................................... 1765.5.2 Latitude and declarativeness.................................................... 1785.5.3 Expressiveness and correctness............................................... 1795.5.4 Efficiency..................................................................................... 1826 Summary and Conclusions................................................................................... 1856.1 The Essence of TransFER......................................................................... 1856.2 The Meaning of the Evaluation............................................................... 1876.2.1 Latitude........................................................................................ 1886.2.2 Declarativeness........................................................................... 1886.2.3 Expressiveness............................................................................ 188 xii6.2.4 Correctness.................................................................................. 1896.2.5 Efficiency..................................................................................... 1896.2.6 Generalizing the results............................................................. 1906.3 Future Work............................................................................................... 1936.4 Conclusions................................................................................................ 194Appendix A The ERA Mapping Language........................................................... 197A.1 Context-free grammar of the ERA mapping language....................... 197A.2 A sample ERA mapping......................................................................... 200A.2.1 A sample relational database schema.................................... 200A.2.2 The ERA mapping expressions............................................... 202A.3 The Power of the ERA Mapping Language......................................... 207A.3.1 Structural Differences............................................................... 207A.3.2 Naming Differences.................................................................. 213A.3.3 Semantic Differences................................................................ 216A.3.4 Content Differences.................................................................. 220A.3.5 Summary.................................................................................... 223Appendix B The ReFER Attribute Grammar........................................................ 225B.1 The ReFER context-free grammar.......................................................... 225B.2 The ReFER attribute grammar................................................................ 227Appendix C The Evaluation Data Set.................................................................... 239C.1 Call for Participation in Experiment...................................................... 239C.2 Instructions to Database-design Teams................................................ 242C.3 The Clinical Data Set................................................................................ 245C.3.1 Patient #1: Jessica Hepburn.................................................... 245C.3.2 Patient #2: Anna Robik............................................................ 253C.3.2 Physician data............................................................................ 257Appendix D The Evaluation Databases................................................................. 259D.1 Database 1................................................................................................. 259D.1.1 Schema for database 1.............................................................. 260D.1.2 Codes for database 1................................................................. 262D.2 Database 2................................................................................................. 264D.2.1 Schema for database 2.............................................................. 264D.2.2 Codes for database 2................................................................. 267 xiiiD.3 Database 3................................................................................................. 269D.3.1 Schema for database 3.............................................................. 269D.3.2 Codes for database 3................................................................. 272Appendix E The Evaluation FER Schema............................................................. 277Appendix F The Evaluation Queries...................................................................... 285Bibliography................................................................................................................ 295 xiv xvList of Tables4.1 The operators of the extended relational algebra............................................. 925.1 Success rates for mapping the FER schema....................................................... 1785.2 The expressiveness and correctness of TransFER............................................ 1805.3 The complexity of TransFER-generated queries.............................................. 183 xvi xviiList of Figures1.1 A sample dialogue between the MYCIN system and a physician user......... 31.2 Excerpt from a HELP system program.............................................................. 41.3 The components of a query model..................................................................... 81.4 Schematic of the query-translation technology................................................ 101.5 A model for supporting automated data access and portability................... 121.6 A representative FER schema.............................................................................. 141.7 A sample query formulated in the ReFER query language............................ 141.8 Output of TransFER query translator................................................................ 162.1 A database query encoded in the Arden Syntax.............................................. 293.1 A sample FER schema.......................................................................................... 513.2 An FER schema with all relationship functions displayed............................. 553.3 Sample queries formulated in the DAPLEX and EERC languages............... 573.4 A sample database state for the FER schema in Figure 3.2............................. 614.1 An attribute grammar for addition of Roman numerals................................. 864.2 Excerpt of the attribute grammar for the ReFER query language................. 894.3 A relational table named �Doctors.�.................................................................. 944.4 A relational table generated by applying the aggregate operator................. 944.5 A relational table generated by applying the rename operator..................... 944.6 A relational table generated by applying the extend operator....................... 954.7 A relational table called �Fathers.�..................................................................... 954.8 A relational table generated by applying the join operator............................ 954.9 A hypothetical relational database schema....................................................... 994.10 A sample FER schema describing part of the clinical domain..................... 1014.11 Two relational database implementations...................................................... 1034.12 A sample FER schema describing a part of the clinical domain.................. 1224.13 A portion of the parse tree for a sample ReFER query.................................. 1234.14 Two heterogeneous relational database schemas.......................................... 1244.15 The relational algebra translations of the declaration list............................. 1264.16 The parse tree for the Predicate component of the ReFER query................ 1274.17 The relational algebra translations of the term �age-of(pt)�......................... 130 xviii4.18 The relational algebra translations for the predicate..................................... 1334.19 The parse tree for the Termlist component of a sample ReFER query........ 1334.20 The relational algebra translations of the term list......................................... 1354.21 The relational algebra translations of the range expression......................... 1384.22 The results of evaluating the relational algebra translations........................ 1394.24 A site-specific database program...................................................................... 1404.23 Two relations that are project equivalent........................................................ 1435.1 Architecture of the TransFER prototype............................................................ 1695.2 Structural differences in the representation of patient allergies.................... 177A.1 A sample FER schema......................................................................................... 200A.2 Two database schemas illustrating horizontal decompositions................... 208A.3 Two database schemas illustrating vertical decompositions........................ 209A.4 Three database schemas that model the same type hierarchy...................... 210A.5 A database schema illustrating a free-text representation of data................ 211A.6 An equivalent FER and relational schema....................................................... 213A.7 An FER schema that models admissions to a hospital................................... 214A.8 A database schema that models admissions to a hospital............................. 215A.9 An equivalent FER and relational schema with content difference............. 222