Mediators:

Easing the Design and Evolution of Integrated Systems

Kevin J. Sulliv an

T echnical Rep ort 94-08 -01

Department of Computer Science and Engineering

University of W ashington c Copyright 1994

Kevin J. Sulliv an

Mediators: Easing the Design and Ev olution of In tegrated Systems

by

Kevin J. Sulliv an

A dissertation submitted in partial ful�llment

of the requirements for the degree of

Do ctor of Philosophy

University of W ashington

1994

Approved by

(Chairp erson of Sup ervisory Committee)

Program Authorized

to O�er Degree

Date

Do ctoral Dissertation

In presenting this dissertation in partial ful�llment of the requirements for the Do ctoral

degree at the University of W ashington, I agree that the Library shall make its copies

freely av ailable for insp ection. I further agree that extensive copying of this dissertation

is allow able only for scholarly purp oses, consistent with \fair use" as prescrib ed in the

U.S. Copyright Law. Requests for copying or repro duction of this dissertation may b e

referred to University Micro�lms, 1490 Eisenhower Place, P

.O. Box 975, Ann Arb or, MI

48106, to whom the author has granted \the right to repro duce and sell (a) copies of

the manuscript in microform and/or (b) printed copies of the manuscript made from

microform."

Signature

Date

University of W ashington

Abstract

Mediators: Easing the Design and Evolution of Integrated Systems

by Kevin J. Sulliv an

Chairp erson of the Sup ervisory Committee: Professor David Notkin

Department of Computer Science

and Engineering

People b ene�t from tightly integrated systems that can b e designed, realized and

evolved a�ordably

. Unfortunately

, common software design metho ds do not easily ac-

commo date requirements for tightly integrated systems. Indeed, when used to meet such

requirements, common metho ds tend to yield unnecessarily complex structures that com-

plicate design and realization and that inhibit subsequent evolution. After substantiating

this claim, I present the me diator metho d as a solution. This metho d combines b ehavior al

entity-r elationship (ER) mo deling for design with a me diator approach to implementa-

tion. The mediator metho d is b etter than common metho ds for designing, realizing, and

evolving many integrated systems. I supp ort this claim b oth by rational argument from

simplifying mo dels and by carefully re ecting on software development exp eriences in

which the metho d was used. One of these e�orts led to the design of Prism, a system

used to plan radiation treatments for cancer patients, now in clinical use at the Univer-

sity of W ashington Cancer Center. I present Prism as a case study on the use of the

mediator design metho d. The mediator metho d represents a contribution of signi�cant

v alue b ecause it allows ordinary software develop ers to design, realize, and evolve more

e�ective integrated systems more a�ordably|with common programming languages and

without costly or restrictive new mechanisms.

T able of Con ten ts

List of Figures : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : vii

Chapter 1: Intro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1

1.1 Integration : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 2

1.2 Software Design Metho ds : : : : : : : : : : : : : : : : : : : : : : : : : : : 4

1.2.1 Basic Building Blo cks : : : : : : : : : : : : : : : : : : : : : : : : : 4

1.2.2 Putting Blo cks T ogether : : : : : : : : : : : : : : : : : : : : : : : : 5

1.3 Common Design Metho ds : : : : : : : : : : : : : : : : : : : : : : : : : : : 5

1.3.1 Encapsulation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5

1.3.2 Hardwiring : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7

1.3.3 Implicit Invo cation : : : : : : : : : : : : : : : : : : : : : : : : : : : 8

1.3.4 Broadcast Message Servers : : : : : : : : : : : : : : : : : : : : : : 9

1.4 The Mediator Metho d : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11

1.4.1 Applying the Metho d : : : : : : : : : : : : : : : : : : : : : : : : : 11

1.4.2 Prop erties of the Metho d : : : : : : : : : : : : : : : : : : : : : : : 14

1.5 Ev aluating Design Metho ds : : : : : : : : : : : : : : : : : : : : : : : : : : 15

Chapter 2: Integration and Evolution : : : : : : : : : : : : : : : : : : : : : : : : : 16

2.1 A Motiv ating Example : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17

2.2 An Evolutionary Scenario : : : : : : : : : : : : : : : : : : : : : : : : : : : 18

2.2.1 An Initial F amily of Behaviors : : : : : : : : : : : : : : : : : : : : 19

2.2.2 Adding an Asymmetric Behavioral Relationship : : : : : : : : : : : 20

2.2.3 Adding a Symmetric Behavioral Relationship : : : : : : : : : : : : 20

2.2.4 Changing a Behavioral Relationship : : : : : : : : : : : : : : : : : 21

2.2.5 Removing a Constituent Behavior : : : : : : : : : : : : : : : : : : 22

2.2.6 Non-Conserv ative Integration : : : : : : : : : : : : : : : : : : : : : 22

2.3 The Scenario as a Benchmark : : : : : : : : : : : : : : : : : : : : : : : : : 23

Chapter 3: Mo deling Software Structure : : : : : : : : : : : : : : : : : : : : : : : : 24

3.1 Representation in Context : : : : : : : : : : : : : : : : : : : : : : : : : : : 25

3.1.1 Mo dules : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 25

3.1.2 Representation versus Context : : : : : : : : : : : : : : : : : : : : 25

3.1.3 The Submo dules Relation : : : : : : : : : : : : : : : : : : : : : : : 26

3.1.4 References and the T ouches Relation : : : : : : : : : : : : : : : : : 27

3.1.5 The A�ects Relation : : : : : : : : : : : : : : : : : : : : : : : : : : 29

3.1.6 References versus A�ects : : : : : : : : : : : : : : : : : : : : : : : 30

3.1.7 The Visibilit y Relation : : : : : : : : : : : : : : : : : : : : : : : : : 31

3.1.8 The Integrated Relation : : : : : : : : : : : : : : : : : : : : : : : : 31

3.1.9 Re�nement of Integrated Relations : : : : : : : : : : : : : : : : : : 32

3.2 Realization : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33

3.2.1 Background : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 34

3.2.2 Sp eci�cation. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 34

3.2.3 Implementation. : : : : : : : : : : : : : : : : : : : : : : : : : : : : 35

3.2.4 Realization Mapping : : : : : : : : : : : : : : : : : : : : : : : : : : 35

3.3 Evolution : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 38

Chapter 4: Common Design Metho ds : : : : : : : : : : : : : : : : : : : : : : : : : 43

4.1 Intro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 44

4.2 Integration By Clients : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 45

4.3 Encapsulation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 47

4.4 Hardwiring : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 49

4.5 Implicit Invo cation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 51

4.6 Message Server : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 53

4.7 Synopsis : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 56

Chapter 5: The Mediator Metho d : : : : : : : : : : : : : : : : : : : : : : : : : : : 57

5.1 Behavioral Entity-Relationship Mo deling : : : : : : : : : : : : : : : : : : : 58

5.1.1 The Empirical Claim : : : : : : : : : : : : : : : : : : : : : : : : : : 58

5.1.2 The Analytic Claim : : : : : : : : : : : : : : : : : : : : : : : : : : 59

5.2 Requirements for a New Design Metho d : : : : : : : : : : : : : : : : : : : 59

5.2.1 Op erate in Same Design Space : : : : : : : : : : : : : : : : : : : : 60

5.2.2 Relieve Clients of the Integration Burden : : : : : : : : : : : : : : 60

5.2.3 Use Existing Representations Without Change : : : : : : : : : : : 60

5.2.4 Represent Behavioral Relationships as Separate Mo dules : : : : : : 60

5.3 Realizing Behavioral Relationships as Mediators : : : : : : : : : : : : : : 62

5.3.1 The Basic \Design Move" : : : : : : : : : : : : : : : : : : : : : : : 62

5.3.2 Structural Statics and Dynamics : : : : : : : : : : : : : : : : : : : 64

5.3.3 The Protot ypical T rigger Mediator : : : : : : : : : : : : : : : : : : 65

5.4 The Abstract Behavioral Typ e : : : : : : : : : : : : : : : : : : : : : : : : 66

5.4.1 Shortcomings of the Abstract Data Typ e : : : : : : : : : : : : : : 66

5.4.2 Making Events Dual to Op erations : : : : : : : : : : : : : : : : : : 67

5.5 Implementing Behavioral ER Mo dels Using ABTs : : : : : : : : : : : : : 68

5.5.1 Designing and Representing Behaviors as ABTs : : : : : : : : : : : 68

5.5.2 Designing and Representing Behavioral Relationships as ABTs : : 68

5.5.3 Organizing the Evolution of Integrated Systems : : : : : : : : : : : 71

5.6 Conclusion : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 73

Chapter 6: V alidation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 74

6.1 Rational : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 75

6.2 Empirical : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 75

6.2.1 Parallel Programming Environment : : : : : : : : : : : : : : : : : 76

6.2.2 Computer-Aided Geometric Design System : : : : : : : : : : : : : 77

6.2.3 Semantics-Preserving Program Restructuring T o ol : : : : : : : : : 79

6.2.4 Radiation T reatment Planning System : : : : : : : : : : : : : : : : 80

6.2.5 Large Address-Space Op erating Systems : : : : : : : : : : : : : : : 81

6.2.6 Multi-Scale Geographic Information Browser : : : : : : : : : : : : 82

6.3 Conclusion : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 83

Chapter 7: Prism: A Case Study : : : : : : : : : : : : : : : : : : : : : : : : : : : : 85

7.1 Intro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 85

7.2 Radiation T reatment Planning : : : : : : : : : : : : : : : : : : : : : : : : 86

7.3 Prior Art : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 88

7.4 Requirements for a New Environment : : : : : : : : : : : : : : : : : : : : 89

7.4.1 Image Studies : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 90

7.4.2 Master Control: The Patient Panel : : : : : : : : : : : : : : : : : : 90

7.4.3 T o ol Invo cation: The Plan Panel : : : : : : : : : : : : : : : : : : : 92

7.4.4 Physical Mo deling: The Easel Panel : : : : : : : : : : : : : : : : : 92

7.4.5 Visualization: Views and View Panels : : : : : : : : : : : : : : : : 94

7.4.6 Integration: Easels and Views : : : : : : : : : : : : : : : : : : : : : 95

7.4.7 Integration: Views with Views : : : : : : : : : : : : : : : : : : : : 95

7.4.8 Physical Mo deling: The Beam Panel : : : : : : : : : : : : : : : : : 96

7.4.9 Integration: Beam Panels with Beams and Views : : : : : : : : : : 97

7.5 Analysis, Sp eci�cation, Implementation : : : : : : : : : : : : : : : : : : : 97

7.5.1 The Dialb ox Widget : : : : : : : : : : : : : : : : : : : : : : : : : : 98

7.5.2 Multiple Selection List : : : : : : : : : : : : : : : : : : : : : : : : : 104

7.5.3 Selectors : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 106

7.5.4 Lo cators : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 111

7.5.5 Graphics : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 114

7.5.6 Beam Panel : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 115

7.5.7 W rap-Up : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 117

7.6 Development E�ort : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 117

Chapter 8: Ev aluation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 119

8.1 Scaling Up : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 119

8.2 Limitations of Implicit Invo cation : : : : : : : : : : : : : : : : : : : : : : : 121

8.3 Concurrency

, Distribution, Asynchrony

, Etc. : : : : : : : : : : : : : : : : : 122

8.4 Non-Conserv ative Integration : : : : : : : : : : : : : : : : : : : : : : : : : 123

8.5 The Mo deling F ramework : : : : : : : : : : : : : : : : : : : : : : : : : : : 124

8.6 Subtyp e Polymorphism : : : : : : : : : : : : : : : : : : : : : : : : : : : : 125

8.7 Reasoning in the Presence of Implicit Extension : : : : : : : : : : : : : : : 126

8.8 Information Hiding : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 127

8.9 Alternatives to Abstract Behavioral Typ es : : : : : : : : : : : : : : : : : : 128

8.10 Anticipating Event Interfaces : : : : : : : : : : : : : : : : : : : : : : : : : 130

8.11 Do es the Mediator Metho d Ease Design? : : : : : : : : : : : : : : : : : : 130

Chapter 9: Connections to Related W ork : : : : : : : : : : : : : : : : : : : : : : : 132

9.1 Behavioral Entity Relationship Mo deling : : : : : : : : : : : : : : : : : : : 132

9.1.1 Entity-Relationship Data Mo deling : : : : : : : : : : : : : : : : : : 133

9.1.2 The Ob ject-Relationship Mo del : : : : : : : : : : : : : : : : : : : : 134

9.1.3 Contracts. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 135

9.1.4 Constraint Programming : : : : : : : : : : : : : : : : : : : : : : : 136

9.2 Mediators : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 138

9.2.1 AP5. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 138

9.2.2 APPL/A : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 139

9.2.3 Chiron : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 140

9.2.4 Views for T o ols : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 141

9.3 Implicit Invo cation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 142

9.4 Structure and Evolution : : : : : : : : : : : : : : : : : : : : : : : : : : : : 143

Chapter 10: Conclusion : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 145

List of Figures

1.1 Concrete software artifacts represent abstract b ehaviors. : : : : : : : : : : 2

1.2 Behavior and software integration. : : : : : : : : : : : : : : : : : : : : : : 3

1.3 The encapsulation approach to b ehavioral integration. : : : : : : : : : : : 6

1.4 The hardwiring approach to b ehavioral integration. : : : : : : : : : : : : : 7

1.5 The implicit invo cation approach to b ehavioral integration. : : : : : : : : 9

1.6 The broadcast message server approach to b ehavioral integration. : : : : : 10

1.7 Schematic of a mediator-based realization of the programming environment. 12

1.8 Mediator/ABT implementation of the integrated programming environ-

ment. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13

2.1 Graphical representation of a simple evolutionary scenario. : : : : : : : : 19

3.1 B 1 � B 2 in its context of use. : : : : : : : : : : : : : : : : : : : : : : : : : 26

3.2 A representation with a non-trivial submo dules relation. : : : : : : : : : : 27

3.3 The reference relation over mo dules. : : : : : : : : : : : : : : : : : : : : : 28

3.4 The touches and a�e cts relationships for B 1 B 3: : : : : : : : : : : : : : 30

3.5 The a�e cts

+

and inte gr ate d relations for B 1 B 3: : : : : : : : : : : : : : 33

3.6 Realizing a multi-representation system implementing B 1 � B 2: : : : : : : 37

3.7 Mo del of a multi-representation system implementing B 1 � B 2: : : : : : : 39

3.8 Evolution morphism with resp ect to the references relation. : : : : : : : : 40

3.9 Systems are integrated to represent integrated b ehaviors. : : : : : : : : : 42

4.1 An evolutionary family with clients resp onsible for integration. : : : : : : 46

4.2 Mo del of an evolutionary family designed using the encapsulation metho d. 48

4.3 Mo del of an evolutionary family using the hardwiring design metho d. : : 50

4.4 Mo del of an evolutionary family designed using implicit invo cation. : : : : 52

4.5 Mo del of an evolutionary family with broadcast message server designs. : 54

5.1 The mediator metho d organizes the evolution of implementations. : : : : 61

5.2 The mediator metho d analyzed as a set of design decisions. : : : : : : : : 63

5.3 The direct realization mapping b etween a b ehavioral ER mo del and a

mediator implementation of the mo del. : : : : : : : : : : : : : : : : : : : : 65

5.4 Outline of an abstract b ehavioral typ e for the switch b ehavior. : : : : : : 69

5.5 A mediator implementing the b ehavioral relationship �. : : : : : : : : : : 70

5.6 A mediator-based implementation of the system B 1 � B 2. : : : : : : : : : 70

5.7 A mediator-based implementation of B 3 B 1 � B 2. : : : : : : : : : : : : 71

5.8 A mediator implementing the b ehavioral relationship �. : : : : : : : : : : 72

7.1 A Prism screen. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 87

7.2 A transverse slice. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 91

7.3 A second Prism screen. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 93

7.4 The architecture of the dial b ox \integrated environment." : : : : : : : : 99

7.5 Mediator-based design of the dialb ox widget. : : : : : : : : : : : : : : : : 100

7.6 Common Lisp/CLOS implementation of event ob jects in Prism. : : : : : : 102

7.7 Key features of the implementation of the dial ABT. : : : : : : : : : : : : 103

7.8 Key features of the implementation of the dial/text line mediator. : : : : 103

7.9 Simpli�ed mo del of a multiple selection list. : : : : : : : : : : : : : : : : : 105

7.10 Simpli�ed mo del of the Prism selector subsystem. : : : : : : : : : : : : : : 107

7.11 The Prism lo c ators subsystem. : : : : : : : : : : : : : : : : : : : : : : : : 112

7.12 The Prism gr aphics subsystem. : : : : : : : : : : : : : : : : : : : : : : : : 114

Ac kno wledgemen ts

I have many p eople to thank and acknowledge. My advisor David Notkin was gener-

ous b eyond any reasonable exp ectation with time, advice, ideas, supp ort, and patience.

I thank Ira Kalet and the Department of Radiation Oncology for allowing me to design

Prism, the department’s new radiation treatment planning integrated environment, as

a way to test my research results. The other memb ers of my dissertation reading com-

mittee, Craig Chamb ers and Alan Borning, provided v aluable feedback, guidance, and

supp ort. I thank Steve Hanks and Eve Riskin for b eing on my sup ervisory committee.

Among current and former graduate student colleagues, Bill Griswold, T om McCab e,

John Maloney

, Kingsum Chow, Mike V an Hilst, and Gail Murphy were esp ecially helpful

with ideas and editing. Resp onsibility for remaining errors and omissions rests entirely

with me. The Department of Computer Science and Engineering has b een wonderful:

faculty

, sta�, students, and visitors. I also wish to acknowledge supp ort I received under

a fellowship provided by GTE.

Finally

, I thank my family and friends. My parents Bill and Marilyn Sulliv an have

encouraged me for many years. Molly Knox and Parker MacCready were esp ecially

go o d friends while I was in graduate scho ol. A very warm thanks go to my companion

Anne Knox, who supp orted me with kindness and generousity through my �nal year of

dissertation writing.

Chapter 1

In tro duction

Software designers often have to integrate the b ehaviors of separate software comp onents.

The problem I address in this dissertation is that common software design metho ds un-

necessarily complicate the design, realization, and evolution of such integrated software

systems. With common metho ds, integration generally requires changes to the comp o-

nents to b e integrated or to their clients|changes yielding unnecessarily complex soft-

ware structures. As evolving integration requirements continue to b e met, unnecessarily

structural complexity accumulates, driving up the cost of change. Eventually|often

quickly|the cost b ecomes prohibitive of further integration or evolution [Lehman 80].

This dissertation makes two contributions to the software engineering �eld. The �rst

is a new design metho d|the me diator metho d |that overcomes the problems with com-

mon metho ds without costly new mechanisms. The mediator metho d views b oth b ehav-

iors and the b ehavioral relationships needed to integrate them as �rst-class abstractions;

and it implements b oth as �rst-class, imp eratively programmed comp onents|instances

of what I call abstr act b ehavior al typ es. The second contribution is an analysis of software

design metho ds that helps to explain how these metho ds a�ect the ease of designing,

realizing and evolving integrated systems. The analysis characterizes the design spaces

in which the metho ds op erate, key design choices that they promote, and certain static

and dynamic structural prop erties that result from the use of these metho ds.

2

Figure 1.1: Concrete software artifacts represent abstract b eha1.1 Software represents b ehavior, much as numerals represent numb ers|as diagramed Figure 1.1. The client of a software system ultimately b ene�ts from its abstract b ehaHow that b ehavior is realized by the software representation is not directly relev ant the client. Y et the software engineering prop erties of the representation a�ect the v obtained by the client by a�ecting the cost of the software. This dissertation the impact of integration on these prop erties, and hence on cost and, ultimately , v By ation I mean a combination of separate parts into a whole in which the remain distinguishable. Both b ehaviors and software artifacts are sub ject to integration.

Behavioral integration combines simpler b ehaviors into a more complex b ehavior in whicthe simpler ones remain distinguishable. Software integration similarly combines software representations into a more complex represenT o make the idea of b ehavioral integration concrete, consider the integration of twb ehaviors familiarto most programmers. An editor b ehavior supp orts the creation editing of source co de. A compiler b ehavior supp orts the translation of source co de inob ject co de. Instead of two separate b ehaviors, a programmer may want one b ehain which the two are integrated: an integrated programming environment with the erty that whenever the editor saves a source co de �le, the compiler runs to up date corresp onding ob ject co de. The b ehaviors are distinguishable but they work (See the top part of Figure

1.2: Behaand software integratiThe toppartofthis �guredepicts the integrationoftwob ehaviors, denoted by theb ehavioral relationship

�indicatesthatwhentheeditorsavesasource�leup dates the corresp ondingob jectco b ottompartofthe�gurethe integrationof software artifacts representing the b ehaviors, denoted by Theresultisanintegrated software artifact representingtheintegrated b ehao make the idea of software integration concrete, consider how one would implementhis integrated b ehavior if one already had representations of the separate b ehaexample, one has source co des for editor and compiler, then integrating these ware artifacts is an obvious p ossibilitOne could pro duce source co de for the inb ehavior by integrating the sources for the separate b ehaIndeed, this approach often the only economical way to represent integrated b ehaFigure b ehavioral integration is indep endent of software integration in (since b ehaviors are indep ende nt of particular representations), b ehavioral integratiand software integration are tightly intertwined in particular, software often represent integrated b ehaviors as integrated software systems in whiccomp onents representing the constituent b ehaviors are integrated to pro duce a senof the overall,integrated b ehaThis dissertation addresses the b etween b ehavioral and software in

Designoftheprimarygoals ofthiswork istocharacterize howthesoftware engineer’scdesignmetho da�ectsthedi�culty ofdesigning,realizing,andevolving inb ehaandintegrated software artifacts to representa designan approach to decomp osing b ehaviors into or comp osing them from simpler b ehaa way of representing b ehaviors as software artifacts; and a way of integrating softwaartifacts in order to integrate the b ehaviors that they represenBuilding All of the design metho ds that I consider in this work take cts, broadly sp asbasicb ehavioral andrepresentational building blo can ct Imean either instance of an abstract typ e or a software representation of suchan

The design metho ds di�er fromeach other in twoimp ortantofabstracttyp eused todesignand represent b ehaviors; and the wayinwhichgivrepresenare integratedto integratetheir resp ective b ehaOnekindof abstract typ ethat iswidely usedto characterizeandrepresent b ehathe abstract typ (ADT). An ADT de�nes a class of ob jects in terms of spacesof the ob jects, p ossible initial states of ob jects, andop erations that can b applied to observe or changethe state of ob jects

[Liskov andZilles 75, Meyer I will argue that there is a second kind of abstract typ that augments the with the means for one ob ject to implicitly extend certain b ehaviors of mecnism that supp orts implicit extension is implicit ation , or event noti�cation

[GarlNotkin such a mechanism, an ob ject m extends the b ehavior of an ject nby registering an op eration to b e invoked by an eventannounced by n announces the event, the op eration is invoked implicitladdition to op ob jects of this kind are characterized by events that make some b ehaviors

\audible" event announcements that other ob jects can listen for and to which they can resp ks way design metho ds di�er from each other is in the way they integrate givsoftware artifactIn one approach, based on hierarchical comp osition of ADTs

[LiskoZilles

75], one represents an integrated b ehavior as an ob ject that and manages ob jects representing the b ehaviors to b e insecond approacintegrates

\p eer" ob jects by having them communicate through implicit or explicit vo One represents an integrated b ehavior as a network of ob jects that representhe constituent b ehaviors and that communicate with each other as Design The �rst metho d I consider uses hierarchical comp osition to achieve integratithree metho ds structure systems as networks of communicating ob describ es these common design metho ds and discusses how they complicate design, realization, and evolution of integrated encapsulation metho d takes the ADT as its basic building blo ck and takes a erarchical encapsulation approach to integratirepresents integrated b ehaviors of what I will call

\encapsulating wrapp er" typ b ehaviors of instances given typ es are integrated by incorp orating them as hidden comp onents of a new p er" typ make the b ehaviors of these now hidden instances accessible, the wrapp the op erations of the encapsulated ob exp orts op erations mimicthose of the encapsulated ob jects.

The promoted op erations mimic the op erations by invoking promoted op erations may also extend those op ations, to ensure prop er integration, by invoking the op erations of other ob

use the term omotion in the same way as it is used to describ e similar structures in sp written in Z [Spivey

The encapsulation approach to b ehavioral integratThe wrapp er ob ject

System encapsulates editor and compiler ob jects, shaded to they cannot b e accessed directly by clienArroindicate invo catioforces clients to use the wrapp er, ensuring integratimake this clear, supp ose one has ADT representations of compiler and b ehaand one wants a system in which the editor and compiler work describ ed earlier.

encapsulation metho d is often used in such situations.Figure illustrates.de�nes anewtyp ethataggregatesandencapsulateseditorandtyp incorp orates the given b ehaviors as parts of a larger Encapsulationpreventsdirect access tothe editororisneeded b direct access could leave the b ehaviors not prop erly ineditor could b to save a source �le without the compiler b eing comp ensate for hiding editor and compiler, the wrapp er promotes their encapsulated op Thif editor has an op eration Editor.Save, the wrapp er, System, exp orts implementation of this op eration calls the editor b ehaas a constituent part of the integrated b ehavior); then, b efore returning, it Compiler.Compile to regenerate the corresp onding ob ject co de, satisfying the integratirequiremen

The hardwiring approach to b ehavioral integratiThe dot in the editor ob ject and the arrow from it depict a reference from the editor the compiler ob ject, which is used by the editor to call the This approach has the adv antage of not requiring changes to the given artifacts.stances of the editor and compiler typ es are used without cclientshavetoccan no longer use the editor save op eration , mustusethewrapp ermetho d alsohas thedisadv antageof pro typ wrapp er ends up representingb oth the editorand compilerb haviors andtheb ehavioral relationship thatintegrate

When more b ehaviors are required, this approach leads to large wrapp ers whose complex inand implementation structures complicate integration and evdesign metho d thus scales p o orly as integration requirements evolvhardwiring metho d uses explicit invo cation as a communication mechanism to ingrate the b ehaviors of ADT-based ob is a very common metho inob jects,one changestheob jectstomakethemcalleachother.

orexample, ifgiveditor and compiler ob jects and an integrationrequirement as ab ove, many would change the editor save op eration by inserting a call to the compiler’sop Figure 1.4 illustrat

ject-oriented languages allow these changes to b e isolated in sub class or subtyp e inability of subtyping and subtyp e p olymorphism to overcome problems with common design metho is discussed in Chapter b ene�t ofthisapproachisthatclientsofthe givenob jectsdonotnecessarilyhavchangewhenob jectsareinis no encapsulation,nor dothe ob interfaces necessarily ckey changes are in the implementations of op from which clients are generally insulated by information hiding mecthis metho d su�ers from serious

�rst is that the ob jects b ehaviors are to b e integrated themselves have to cthese changes plicate the ob jects, and sp eci�cally create reference dep enden cies b etween ob must invoke each other and therefore must each other (or at least inmediate ob Moreovas integration requirements evolve, each ob ject may have manageinteractionswithmoreand moreotherob thismetho d neither separateconception nor representationofb ehavioralco de and data needed to implement required relationships are distributed among ob jectstob e integrated. makes it hard not only to �nd the representations of lationships but to up date them when b ehavioral relationships cTheco defor relationship may b e commingled in the co de of several ob jects, along with co de for in which the same ob ject complexity of ob jects groin prop ortion to the richness of the integration of their b ehato or the addition of new ones requires handling of ever more complex ob The cost of change mounts quickly as integration requirements evolvTheimplicitinvo cationdesignmetho dissimilartohardwiring,but providesthesigner with a di�erent way to structure dep endenc ies b etweencommunicating ob In addition to explicitly invoking each other, ob jects can register to b e invoked by eacother’s evenof the editor calling the compiler, the compiler can register editor to b e noti�ed when the editor announces a �le-saved evenob ject dep ends on the editor ob ject, even though it is the b ehavior of the editor a�ects the compiler. See Figure

1.5: Theimplicitinvo cation approachtob ehavioralintegratiImplicit invo cation is an old Mansystems supp ort sp ecialized event mecnisms, including Smalltalk-80[Goldb ergand Robson 83], LOOPS [Ste�k, Bobrow, Kahn 86],APPL/A [Sutton, Heimbigner,and Osterweil90],and many this long , a precisecharacterization of implicit invo cation and its b ene�tsonly recently emerged

[Garlan and Notkin 91, Sulliv an and Notkin basic v antage of implicit invo cation is that it provides engineers with the exibly to cho the orientations of reference dep enden ces b etween comp onents that invoke each

Despite this added exibilit, the problems with the implicit invo cation metho d basically the same as with hardwiring|with some dep ende nciesrevAcintegratiocompromisestheindep ende nce ofthegivenob isnomorethecompilertoreferencetheeditorthantheotherwayintegratirequiremenevolve,thelevelofunnecessarycomplexitymoundetails static anddynamic structural prop erties are ab out the same as with

Message The broadcast message server

(BMS) metho d,pioneered by Reiss

[Reiss

90], sp izes the implicit invo cation metho d by using a distinguished broadcast message servcomp onent to co ordinate communication among other comp onenEaccomp oneninforms the BMS of the op erations it supp orts;

sends messages to the BMS to invokop of other comp onents;

sends messages to the BMS to announce its own even

The broadcast message server approach to b ehavioral integratiBMS records registrations of op erations with evencompiler registered as depicted, causing BMS to implicitly invoke when editor explicitly invokes the BMS to announce that it saved the source co de �le registers with the BMS to b e noti�ed of events announced by other comp onenA BMS supp orts designs similar to blackb oard systems, in which multiple clients noti�ed of changes made to central information rep ositories.Figure 1.6 illustratA b ene�t of this approach is that the added level of indirection b etween comp onendecouples comp onent interfaces from implementations, providing for a kind of p phism that enables

\plug compatibility"of to One compiler or con�guration can b e replaced by another so long as the message proto cols are Unfortunately this metho d has problems similarto those of hardwiring and invo cation.

Integration requirements are met by changing existing comp onents to makthem communicate with each other; and these changes compromise the simplicity indep enden ce of the comp onenthe comp onents do not have to each other , they come to dep end on each other’s interfaces and proto is there an imp etus to represent b ehavioral relationships problem addressed in orest

[Garlan and Ilias

90], but not in great generalit areotherproblems,to BMSisamonolithic comp onent,representingglobal union of the interfaces of all system comp onenmay have serious It may b e hard to de�ne a system with two instances of the same kind of comp onenb ecause the two interfaces would con ict within the shared BMS. Another problem the events and op erations that ob jects supp ort may not b e declared, making it to understand the abstractions that ob jects supp ort [Meyers Mediator dissertation presents a new design metho d that largely overcomes the problems common design metho ds to ease the design, realization, and evolution of integrated basic idea is to view b oth b ehaviors and b ehavioral relationships as abstractions and to represent b oth using �rst-class ob is esp ecially imp ortant consider and to represent b ehavioral relationships as ob jects separate from the ob whose b ehaviors they relate, separate from clients of those ob jects, and separate other ob jects representing other b ehaviors and relationships in the same inb ehavior is represented as a set of indep enden t b ehaviors integrated in a work of externalized b ehavioral Chen’s entity-relationship mo deling [Chen 76], I call these networks al elationship (ER) dels.

the The top part of Figure 1.7 depicts a b ehavioral ER mo del of the b ehavior of the tegrated programming environmenHapro duced this mo del, the second step the mediator metho d pro duces an implementation whose structure follows that of b ehaER mo b ottom part of Figure 1.7 illustrates this Eacb ehaand b ehavioral relationship in the mo del is realized by a corresp onding, �rst-class mentation ob b ehavioral ER mo del as a whole is realized by the corresp collection of implementation ob

I discuss the connection of b ehavioral ER mo dels to ER data mo dels in Chapter

Scofamediator-basedrealizationofthe programmingenvironmentoppart ofthe�gurepresentsa b ehavioral

ERmo delof theb ehavior ofthetegrated environment, decomp osingit into two b ehaviors

(editor andcompiler) andb eharelationshipthatde�nes howtheb ehaviorsworkb ottom of the �gure depictsthe structure of a mediator-based implementation of the b ehaERmo Not only is the staticstructure of such an implementation similarto that of a b havioralER mo del, but alsoitsdynamic pattern of structural change evolution|or even execution|o as b ehaviors in b ehavioral ER mo dels integrated by adding relationships, integrating the b ehaviors of given implementatiob is done by adding ob jects that represent the relationships needed for integration.

These b ehavioral relationship ob jects are what I call mediators. They are by their purp ose|to integrate the b ehaviors of otherwise indep enden t ob jects|and ba stylized used of implicit and explicit invo cation mechanisms (which I discuss b eloOne insight of this work is that ob jects based on ADTs communicating by invo alone do not supp ort this approaccannot obtain the desired integratiand the desired indep endence at the same do es subtyp e p olymorphism promucrelief, as discussed in Chapter Instead, the ob jects on which I base mediator implementations are instances of I will call act al es (ABTs). contrast to an abstract data typ e, whiccharacterizes a class of ob jects primarily in terms of the op erations that can b e implementationof the integratedprogrammingenvironmeneditor isnowconceivedasanob jectwith anop eration forsaving

�lesandevenabroadcastannouncement ofwhichindicatesthesavingofthe indicatedis similar, butwithout aneventinthis mediator resp ondstheevent by calling the externalizes and mo dularizes the required b ehaan abstract b ehavioral typ e characterizes a class of ob jects b othby theapplicable op ations, and by the events announced the ob jects to make selected, b eha\audible"so thatotherob jects canlisten forandresp ondto

1.8illustrates howsuchob jectsareusedinamediator implementation theb ehavioralER mo delfortheprogrammingenvironmeneditorb ehavior realized by an with an op eration to save a �le and an event announced whenever the save op eration b ehavioral relationship is by the Haregistered its onSave op eration with this event, it is invokwhenevthe event is so invoked, the op eration explicitly invokthe compiler to regenerate the ob ject co key is that the indep endent b ehaare realized by indep enden t ob jects and that the b ehavioral relationship is realized by separate mediator external to the ob ject whose b ehaviors are in of the In general,thefactthatmediatorsare�rst-classob jectsallowsonetorealizeb ehavioral relationships as heart of the mediator metho d lies in b ehaviors and relationships as abstract, mo dular, imp eratively comp onencontrast with common design metho ds, this metho d overcomes of integration and evolution b ecause it promotes software mo dularizations anticipate evolving integration requirements, in analogy with

Parnas’s information metho d, which fo cused on anticipating the evolution of data representations algorithms

[Parnas o see b etter how this metho d eases evolution consider two evolutionary cThe

�rst is a change in the way that the editor and compiler work together, so that compiler regenerates ob ject co de when the editor saves a �le only if the system load low [Garlan and Ilias handle this change in the sp eci�cation requires conly the b ehavioral do not have to change the editor or compiler their cliencorresp onding implementation change is a lo calized up date of ob Second, supp ose that we want to integrate a new to ol, a con�guration manager, that when the editor saves a source co de �le a copy of the source co de is checked in a rep mo del this change by adding a con�guration manager b ehavior another b ehavioral relationship to integrate this to ol with the In the tation, we similarly add an indep ende nt con�guration manager ob ject and a to integrate it with the In , b ehavioral ER mo dels provide a framework that helps the software gineer to think clearly ab out b ehavioral integration and to express these thoughts in e�cient, imp erative computer b ehavioral ER mo dels orca graceful evolution of integration requirements, and b ecause mediator implementatiopreserve the static and dynamic structures of b ehavioral ER mo dels, such implemenare themselves robust with resp ect to integration and evmetho d do dep end on sp ecial-purp ose, ,unfamiliarmechanisms,nor onsp eci�c Whereas the negative contribution of this work shows that common design metho ds herencomplicate design, integration, and evolution, the p ositive conmetho d|solves these problem for a wide range of Design the claims made in this work requires a careful ev aluation of design metho I take a two-pronged approacFirst,argue intellectuallythat common metho ds plicate design, integration and evolution and that the mediator metho d should p b tosubstantiatethe claimthatthe mediatormetho d isb etter, I rep onexp eriencesusingChapters

2through5 presenttheintellectual caseasa rigorous ev aluation ofmetho ds with resp ect to ease of integration and ev2 de�nes an lutionary enario that characterizes b ehavioral integration and evolution.Chapter presents a framework for mo deling design metho ds and the structures they pro Chapter 4 uses the framework to explain why common metho ds handle evolving quiremenp o 5 uses the framework and scenario to present the metho d and to explain how it overcomes this The question remainsas to whether the mediatormetho d solves these problems in world|whether problems were overlo 6 and 7 address this by discussing systems built using brie y summarizing the intellectual

arguments, Chapter 6 discusses prototyp e and pro duction systems in which wsystematically employ7 expands on one, the Prism radiation treatmenplanning system, presenting it as a case study [Sulliv an, Kalet and Notkin ,Chapter 8 ev aluates this wwhether the problem is imp ortant,thedatasupp ortthe conclusions,the v alidityandlimitationsofthe metho dsused, so 9discussesconnections torelatedw10summarizesdissertation andoutlines directionsfor futurew

In and Ev Discovhowsoftware designmetho dsa�ecttheeaseofdesigning, realizingevintegratedsystemsrequiresacarefulcharacterizationofintegratedb ehatheways in which integrated b ehaviors evolve;

thedesign metho dsto b estudied;erties of softwarestructure that are a�ected by design metho ds and that are relev anto easeof design,integration, andevolution;

andtherelation of thesestructuresto di�culty of these chapter addresses the �rst two of these concerns, inb ehaviorsandtheirevcharacterize b ehavioral integration andevolution usinganevolutionaryas a prototypical scenario comprises three simple, initially indep endenb ehaviors sub jected to ongoing changes in integration requiremenBehaare ingrated; the relationships that de�ne how the b ehaviors work together are changed;

b ehaviors and relationships are removabstracting from application-sp eci�c complexity while preserving the essenasp ects of integration and evolution, the scenario characterizes key asp ects of evintegration requirements in the real wThe scenario thus provides a b enchmark ev aluating how well design metho ds handle evolving integration requiremenuse scenario this way in Chapters 4 and The scenario also circumscrib es the scop e of work by characterizing the kinds of b ehaviors, integration and evolution that I ating The evolutionary scenario b eginswith three simple switch b ehaviors, eachused by corresp client. Thescenario then imp oses a sequenceof integration requirementhatcall fortheswitchestowork together,indi�erentways atdi�erent times,asare usedby their clienEven though this scenario involves only the co ordination of binary digits

(switches),

it still captures key asp ects of integration and evgive a sense for how the nario relates to realistic systems, I present an example adapted from the literature et 99{100].

switch-based scenario directly mo dels this but without the trappings of the sp eci�c application

Imagine a shop in which e subsystems are designed and inis a transmissiocan b e engaged or second is a do or lo cactiv ated it lo cks all four car do third system is an interlo ck. on (and when integrated with the ignition) it prevents the ignition starting;

when the interlo ck is o�, the ignition is enabled to start the is yet another system that can b e turned on and o�. These are the separate b ehatransmission and do or-lo cking system are the �rst to b e integrattransmission b ecomes engaged, the do or-lo cking system is to b e activ ated to lo cdo do ors can b e freely lo cked or unlo cked thereafter without the transmissiothe transmission is integrated with the ignition interlo cinterlo cis to b e o� (so the ignition can start the car) if and only if the transmission

Subsequen, we are asked to add an interlo ck override, as a sp ecial kind safety the override is turned on, the ignition is allowed to start the car evwith the transmission enables moving the car for short distances the battery to p ower the starter motor., to cut unexp ectedly high management decides to cut the automatic do or lo cking feature; so, that system has b e removed from the are the evolving integration requiremen olutionary o reasongenerally ab outintegration andevolution on thebasis of anevolutionardemandsapreciselyde�ned scenario(its structure,b ehaviors, andintegratirequirements);

that the scenario abstract from irrelev ant details; and a clear of the sp ecial cases in the scenario to the general case in rest of this chandles these An evolutionary scenario de�nes a partially ordered family (a directed, acyclic b ehaviors for which software representations are to b e Figure no represent requirements for b ehaviors to b e realized; the edges represent steps the evolution of these requiremenparticular edge indicates that the b ehavior the source no de is mo di�ed, giving the b ehavior at the destination no de; or that b ehavior at the source is incorp orated as a constituent into the integrated b ehavior the the scenario presented b elow, a no de on which one edge is incidenrepresents a b ehavior di�ering from the one at the origin in one of two waeither ba change in the way that constituent b ehaviors are integrated, or by the remov al of constituent b ehaof two edges on a no de indicates that the b ehaviors the source no des are integrated with each other in the b ehavior at the scenario presented b elow starts by de�ning three separate b ehaswitc12and are toggled by resp ective clienFigure step in the evolutionary sequence integrates and in a b ehavioral relationship that de�nes how the switches work together when either one is are presented b elois integrated with

(which is now part of the 1 � B in the b ehavioral relationship the relationships , which de�nes hoand work together, is slightly changed, yielding a new relationship

: ,

is removed from the system, along with the relationship � integrating with that this scenario mo dels the static and evolutionary structure of the example, ab ove|except for the ignition, which is addressed at the end of this

representationof a simple evolutionaryEaclab eledb oxrepresentsarequiredb ehadirectedgraphrepresentsintheevolution of therequirements. three b ehaviors 1; B 2and are integrated in the b ehavioral relationship �: Next integrated in the b ehavioral relationship with (now a constituent of 1 � B 2:next step changes the way that and work together by changing to

,

the b ehavior and the relationship � are removed from the Clienare depicted in this Initial of Thethree central b ehaviors in thescenario are switches, and3o b e ab out their b ehaviors,

Imo del each as an instance of an abstract typ e called state space of an instance has two v alues, On and initial state is op can b e applied to IsOn is always returns true instance that is in the On state, and false for one that is O� : T urnOn is applicable if the switch is turns the switch

On : T Eacswitch has a client, resp ectively

12and

3Each client o checks the state of its switch using

IsOn , then toggles the switch using T urnOnT urnO� assume that clients apply these op eration pairs in a way is atomic.

I intro duce clients b ecause in practice the impact of integration on clients b e characterize how designmetho dsaccommo date the evolution of integratirequirements,itisnecessary tocharacterizehowclientsarea�ected byintegration.editor user may b e a�ected when the editor is integrated with a clieninthisscenario abstractly representsuchclient

One may even view this situation as a single client using distinct switches: == anAsymmetric vioralThe�rst integration step in thescenario calls for theintegration of and in b ehavioral relationship

�de�ne this relationship � as requiring to b e turned whenever is turned relationship imp oses an \edge triggering" b ehavior the Whenevmakes a transition from

On(owing to the invo of 1:T urnOn ),B must also b e On b efore

1:completes. can then indep enden tly of and can b e turned o� without a�ecting but as so on as turned on again, so must relationship characterizes the class of b ehavioral relationships that require metric propagation of b ehavioral e�ects b etween practice, many inrequirements call for such asymmetric propagatiothe automobile, the transmission requires the do ors to b e lo cked|but not vice vthe ming environment, saving the source co de causes ob ject co de to b e up Smalltalk-80MV[Krasner and Pop e 88], changing a mo del up dates its a Symmetricvioral Another common class of integration requirements call for b ehavioral relationships volving symmetric or multi-directionalpropagation of e�ects|often to maintain an v ariant over several ob the automotive case, the ignition interlo ck can b e if and only if the transmission is disengaged; so if either is toggled, the other must b toggled, to In a graphical user interface text window, the p osition and size of the and the p osition and size of the scroll bar thumb are kept consistent as either is cThis class of b ehavioral relationships is abstracted in the second step of the evary scenario, where is integrated with in the new b ehavioral relationship : relationship requires andtoop erateinwheneveitheroneisturnedor o�,the other mustb e turned on or o�b efore the initiatingop erationNotethat is b eing integrated here with which is already integrated with 2addition to characterizing relationshipsthat require symmetric or multi-directional ofe�ects, this example alsocharacterizessystems in whichb ehaviors in multiple b ehavioral works with and with in di�erenillustrate how this system op erates, supp ose turns on requires that 1which was o�, b e turned on. in turn requires b e turned on if it is not already on|owing to the presence of �in automobile, if the transmission is engaged the do ors are lo cked and the interlo ck is ,the scenario as de�ned so far characterizes integration in the dimension. The set of relationships in which the given switch b ehaviors participates changed twice so far, and the set of relationships in which the b ehavior has also changed twice. Because changes in the sets of relationships in which b ehaare integrated are fundamental, software design metho ds should accommo date this of change without undue a vioral Not only do sets of b ehavioral relationships tend to change over time, but b ehavioral relationships change, to next step of the scenario abstracts evof this illustrate,consider changing the b ehavioral relationship to

, a relationship with two states, eager and in eager mo de, b ehaves like and toggle in in lazy mo de, however, and are p to toggle indep enden , as if they were not inthe relationship is toggled from lazy to eager state, it reestablishes consistency of and if by turning on or Thereafter, it makes the two switches toggle in This part of the scenario illustrates one characteristic way in which b ehavioral lationships cthe tightness with which consistency constraints are mainThe addition of a safety override in the automotive system is when the ovis engaged, the link age b etween the transmission and the ignition interlo ck is Another way in which a b ehavioral relationship might change is in the way in whican undersp eci�ed constraint is resolved|e.g., how changes to \views" are re ected

caremadetomo delsfromwhichviewsarederivinb ehaviorallationships ofmanykindso ccurofteninintegratedSoftwdesign metho thereforeaccommo datesuch changes withoutsigni�cant,unnecessary complexita t et another common kind of change to integrated b ehaviors is the remov al of a stituenb ehathe automotive example, the lo ck subsystem was removed b it was to o exp ensivRemov of an imp erfect or old to ol from a programming enment (p erhaps to replace itwith a new to ol)involvesthe same basic op of a graphical view at runtime is also similar, although it is a matter of a change execution, not evolution.

2

This kind of change is abstracted in the �nal step of the evlutionary scenario, in which isremovedfrom thesystem,along withthe� that integrates it with software design metho d should not make it hardtoaccommo datethiskindofcNon-Conserv

I conclude this section by observing that all the b ehavioralrelationships ab ove are a particular, restricted of the relationships givb ehaviors tomakthem work together, but the b ehaviors themselves are left

Eacb eharemains present in its entirety within the integrated b ehaBehaare conservintegration.Switch clients continue to treat the switches as switches even switches work userof an editor integrated with a compiler uses it an editor. I call b ehavioral relationships of this sort A di�erent kind of relationship o ccurs in the automotive the interlo ck is on, the ignition switch cannot b eturned b ehavior of the switchisnotconserved whenitisintegratedwiththe b ehavioroftheignitioninlo ck switcthis relationship estricts the b ehavior of ignition switc

the distinction b etween changes during execution and evolution blurs. The basic that I discuss in this work apply to b oth evolution and execution b ehaof theignitionswitchisnotconservcallb ehavioralrelationships ofkindwork fo cusesonb ehavioral integration inconserv ativedeferthediscussion ofnon-conserv ative integration to Chapter

8,whicev aluates this wScenario as a evolutionary scenario presented ab ove characterizes several imp ortant kinds of ingration requirementsandevolutionary cscenario will also serve as a b encmarkforev aluatingdesign metho ds|i.e., tohelp assess howwelltheyaccommo evolving integration requiremendesign metho ds make it is easy to artifacts representing the separate b ehaviors, and 3The question is how wdo they do in allowing one to adapt the artifactsas the integration requirements cAfter discussing software structure in the next chapter,

Chapter 4 characterizes mon design metho ds and ev aluates each one by assessing how well it handles this

Eacmetho d is used to create artifacts for individual switches, and then to inthese artifacts to create artifacts for the integrated b ehapro cess yields evolutionary family of artifacts,one for each b ehavior in the no des scenario give b ehavioral sp eci�cations to b e realized as imp erative programs by eacgivdesign metho then assess each metho d by ev aluating the structure of evolutionary family of sp eci�cation/implementation

Mo Soft w are help characterize design metho ds and their impact on the structures of insoftware systems,this chapterpresentsa framework for mo deling imp ortant softwastructures ina language indep endentwamo delthestructureofarealsoftwasystem,one selects amo del built using this framework thestructure of whichoftheavoid mathematical

\hair,"Idonotde�netheframework .

Mostof theEnglishde�nitionscan b e formalized,ifsomeplaces,Iamcontenjust to sketch a formal framewframeworkis designed to mo del three dimensions of software is the mo dularstructure of a representation,e.g., sp eci�cation or implementation,

in a context in which it used by cliensecond is the structure of the b etween two representations, where one alizesthe other (an implementationmay alize a sp frameworkmo dels software as b eing The thirddimensionmo delsthe structureofthe mappingb etween versionsofamrepresentational system, where one version is a direct evolutionary descendent of other. example, one might mo del the mapping from a text editor b efore its intion into a programming environment to the editor after integration.

in �rstdimensionofsoftwarestructuretob e mo deled isthemo dularstructureofindividualrepresentation in acontext in which mo dules of the representationare by clientherefore de�nethe typ eesentation inontext a mo deling An instance c of this typ e can b e taken to mo del a real-world representation in conattributesof this typ e provide a basis for mo deling attributesof real softwarepresenattributesarede�ned in termsofentitiescalleddules and es, intermsofrelations overmo dulesandreferences,andintermsofaxiomsgovern con�gurations of these elemencon�gurations mo del structures such as cursivemo duledecomp osition;ownership ofreferencesbymo dules;naming ofmo by references;visibility of mo dules;

direct links b etweenmo duleswherethe b ehavior one directly a�ects the b ehavior of the other;

indirect b ehavioral links; and the of complex b ehavioral relationships

(such as �) b etween theb ehaviors of mo Mo dularitisakeyprop ertyofsoftware representationsb ecause itisessentialforhmanagecomplexity

[Dijkstra

65,Dijkstra

Evif the clients of a represenviewitasamonolithic mo dule,itwillalmost inv ariably b e implementedinternally astructuredsetofmo dularsupp ort mo delingof mo dular structureIthe duleas a basic typ e in the mo deling framework; and I de�ne a representation context c as having a set of mo dules dulesan ersus It is imp ortantto consider how satisfactionof integration requirements a�ects clieno ignore such an impact is to ignore what can b e a signi�cant ThI mo separation of a representation in context into representation and conpartitidules into two disjoint,exhaustive and dules latter set contains one duleto mo del each

(real-world) mo dule in the

3.1: 1 � in its context of This representation in context contains �ve mo squares represent mo considered part of the system; unshaded circles represent clients in the context of tation b eing mo former set contains one dule to mo del each client of represenMo clients as mo dules|even though they may b e p eople, cetc.|eases the mo deling task by p ermitting one to mo del asso ciations b etwclients and representations in the same way as asso ciations b etween mo dules of the resentation Disjointand exhaustiveness of the subsets mo del the b b etween what is considered the system and its cono see how the framework as presented so far can b e used to mo del systems, mo del of the sp eci�cation for the system � (from Chapter 2) illustrated Figure that and sp ecify switches toggled by clients and � sp eci�es a b ehavioral relationship requiring to b e turned on when is turned Thissystem ismo deledas aesentationinontextc withdules=fC 1; C2dules=f

1; B

2;gsetdules is theunion of thesesets bis mo deledas a dule b ecauseit is a distinct part of the sp Another way to mo del b ehavioral relationships is provided b elodules Of course, systems are not generally organized as \ at" sets of mo key in which mo dules participate is recursive decomp one mo dule may b e a child parent of extend the framework to mo del this structure by de�ning the partial

relation $ dules, to b e an attribute of a represenin context pair (; N in this relation mo dels a structure in which a real mo mo deled by a child of a real mo dule mo deled by I take dule as

A representation with a non-trivial submo dules and are encapsulatedsubmo dules of themo dule

�relationalinverseofdule a partialfunction mo that decomp ositionishierarchical (a mo dulehasat most oneparenIt is sometimes necessary to discuss a mo dule and all of its submo dules as a I do this by de�ning c :dules $ c :as a relation that takes mo the mo dules in the set f [ c :dules

(M )where c :is the transitive closure of c :dules ensure that a submo dule of a system client mo dule is itself a system or client mo dule, I require that dules dules b e closed under 3.2 illustrates these concepts with a mo del of a p ossible implementation of b ehavior � 2The nesting of the mo dules and inside � mo dels the child mo dules and in a parent �; with � resp onsible for co ordinating b ehaviors of and Thc :dule = f (1; �); (B 2; �ga partial function; atten (�) = f �B 1; B gdules (con1; B 2and �) is closed under and the Another feature of mo dular representations is the presence of references b etween mo ules. familiarsoftware engineering idea of coupling of mo dules [Stevens, Myers, Constantine 74] is based on the idea of references b etween mo supp ort mo of the reference structures of systems I extend the framework in several First,de�ne e as a typ e of mo deling entitinstance of this typ is intended to mo del an actual reference (e.g., a name or address) emb edded in

The reference relation over mo The arrows in this

�gure represent elements of the esrelation.The b oxes at tails of the arrows represent mo dules containing references to the mo dules at the mo that may denote some other mo to a esentation in c, I asso ciate a set of references enc es. set mo dels all references app in all mo dules in dules

Third, to mo del that any given e is owned by mo dule and that the reference may denote another mo dule, I de�ne two function enc eOwner:! dules asso ciateseverywith an owning mo partialrelation esasso a reference with the mo dule it names, if there is do es not denote any mo ,a shorthand for mo deling that one mo dule names another by way a reference,I de�ne the partial relation c ::

c :dules $ c :dules as attribute of c, with the requirement (or axiom) that for any two mo dules in dules, the pair (; N is in c.touches if and only if there is a reference R essucthat eOwner(R,M) and e(R,N). In other wtoucand only if a reference R that refers to this case I will say that illustrate,Figure 3.3 depicts a mo del of the sp eci�cation 1 � B clients mo as referencing the switcis justi�ed b ecause the client sp to the switch sp state that the clients check and toggle the switcChapter switch de�nitions do not reference each other, the clients, or � references and b ecause the sp eci�cation of � refers to the sp of and

A�ectsnextstructure that

Imo delis of directb ehavioral connectionsb etweenmo execution b ehavior of a mo duledirectly a�ect that of another mo dulesevwaM writev alues tocallpro cedures oforread v from register its op erations to b e invoked by events of for wI address synchronous connections, where a b ehavior o ccurring in execution of mo dule synchronously invokes a execution in the In the imp erative implementation frameworks I consider, such b ehavioral result from pro cedure calls or event mo del these semantic connections, de�ne the relation $ Mo indirect where b ehavior propagates through chains of mo dules|is done in terms of the closure of c :cts , denoted by c :the cts relation for a softwarepresentation is generally not computable from the representation, it is nevertheless useful to ol for mo deling how b ehavior do es or should propagate through Note that b ehavioral connections mo deled by elements of cts are not the as b ehavioral relationships such as as discussed ab ovBeharelationships ingrate b ehaviors; the cts relation relate mo connection b etween b eharelationships and cts do es o ccurs when some b ehaviors to b e integrated are selves represented as mo mo dules will have to a�ect each other directly indirectly in order to work This connection is discussed in more detail b eloFigure 3.4 illustrates a mo del of the cts and touches in a p ossible plementation of the system 1 B (in which toggling either switch toggles the Clients are mo deled as a�ecting switches b ecause clients turn the switches on and The switches a�ect the clients b ecause clients read switch states to decide which way toggle Switca�ect the relationship mo dule b ecause the y of a switcmo may require the � mo dule to act to maintain mo a�ects the switches b ecause consistency maintenance involves toggling

The ctsrelationships for 3solid arrows represent elements of the dashed arrows, elements ersus is the connection b etween the cts relation and the relation?mo dulesa�ect eachother intheways describ edab ove|e.g.,bycalling or registering eacother’s op erations andevenparticular connectionsrequirethat mo each onemo duleto a�ect another bycalling it,the�rst mreference(i.e.,touch )the amo duleb ea�ectedbyanotherbb registered with mreferencegives theconnectionwemo cts then touches N touches other words, cts ([ �relation is imp ortant in this wcharacterizes the syntactic needed to obtain a given semantic also provides a basis for an imp ortant design subspace|that of classical ob ject-oriented

(OO) metho kprop erty of these metho ds is that ob jects interact by only explicitly invoking each

Classical OO metho ds

\constrain away"implicit invo cation as a way to obtain relations, and so require wherever cts relations are subspace is mo deled by strengthening the axiom given ab ove to state cts � es:

Cho osing classical ob ject-orientation as an implementation framework seriously the reference structures of b ehaviorally integrated such straints,encapsulation and hardwiring are entirely reasonable design metho unduly constrains the software

Visibiliy

The next structure to b e mo deled is Visibilitde�nes what references p ermitted, as opp osed to those that actually o mo del visibility as a c.visibility: dules $ duleswith an axiomthat relates visibility to relation: do not have y to then touch touches � Combining this axiom with the earlier one gives � ([ �) contrap e then saysif mo dules (; N are not in (visibility [ �)

(; N is not in : By restricting references, y thus indirectly stricts a primary use for control of y is to help avoid unwanb ehavioral the encapsulation design metho d

(discussed in Chapter 1 next chapter), visibility of external mo dules to mo dules encapsulated by an integratiwrapp er is Comthis with the classsical ob ject-oriented restriction to plicit invo cation ensures that external mo dules do not a�ect the encapsulated mo directly

(which would bypass integration co de in the wrapp er mo tegrated

This section has presented in a b ottom-up manner a framework for mo deling subsection presents the �nal element of this part of the framework:over mo dules called for mo deling requirements for the integration the b ehaviors of mo dules, such as those given by the � b ehavioral relatioI de�ne c :gr d : c :dules $ c :dules as an attribute of a representation context c ; the elements of which are intended to mo del requirements for the integratiof the b ehaviors of a pair of mo dules.

If the indep endent switch b ehaviors and mo deled as mo dules b 1 and b 2;

then the b ehavioral relationship � could b e mo an element

(b 1of the d relation, in contrast to the mo deling of as a mo dule, as was done earlier in this c

Chapter 8 discusses the arti�ci<al restriction of ated to a binary

d provides an abstract way to mo del representations as b ehavioral ER mo dels: as sets of b ehaviors (the mo dules) connected in a netwof b ehavioral relationships (the elements of the d relation). Ththe framewproabstract concepts useful for thinking ab out and expressing the structures sp eci�cations of integrated systems given in the form of b ehavioral ER mo of tegrated By de�ning axioms that relate the d to \lower-level" relations de�ned (e.g., ) I provide a framework for characterizing and exploring the lowlevel structures that are compatible with a given b ehavioral ER mo del, investigatdesigns consistent with requirements for integration of the b ehaviors of given mo In this work, I consider it necessary for the b ehavioral integration of two mo dules causing one mo dule to engage in some b ehavior causes the other one to engage in b ehavior, to I thus incorp orate the d into the framework by an axiom that captures this integration of mo dules that anmo dule that a�ects or indirectly) also a�ects or requirement that a compiler up date ob ject co de whenever an editor saves a source co �le illustrates the any client causes the editor b ehavior, then a compiler b ehais also One way to meet such a requirement is to require editor clients to run the whenever they use the editor to save a source one could have the \trigger" recompilation by the compiler without any e�ort by the editor client b eythe b oth cases, the editor client directly or indirectly a�ects the satisfying the requirement for integratiomo del this choice with the axiom that, for a representation in context c mo (; N b eing in c :ate d implies that, for at least one of N (safor every mo dule c :dules such that (; M is in :(C ; Nalso in :Figure 3.5 illustra

3.5: Theandd for 1 3this �gure, the dashed arrows represent elements of ; the transitive of the cts solid arrows represent elements of This illustratthe implications for the relation of the integrated and b in the integrated relation implies either that the client integrates and ba�ecting b oth of them directly or indirectly (left); or that the integration of is realized by the switch mo dules directly or indirectly a�ecting each consequence of this axiom is that � ([�)

: Combining with previous results gives � (�)

(�)

(visibility �)

That is, integration requires a�ects requires references visibility; but many design choices are p ossible for any given integration requiremenpractice, software systems are system comprises several resentations of a desired b ehavior, each one suited to a particular purp sp may supp ort human reasoning and communication by b eing written in an expressive tation and by avoiding commitments to implementation implementatithat alizes the sp eci�cation may emb o dy commitments to implementation and may b e cast in a less expressive but more easily executed complex software systems, engineers must consider multiple representations|b oth vidually and collectively|including structural corresp ondences b etween them by the need for one to alize another. section extends the mo deling framework mo del systems consisting of multiple, related represen ideaofsoftware asmulti-representational andtheexistenceofcorresp ondences b twthe structures of adjacentrepresentationshave long b een Bo [Bo 88, p.251] implicitly traces the idea to Bennington’s stagewise pro cess mo del ton 56], an early view of software development as a sequence of transformations higher to lower level represen[Lehman 81, �nds the same in the transformational mo del of Zurcher and Randell [Zurcher and Randell app ears again in the waterfall mo del [Royce inv ariant across all pro mo dels (and many others) is the view of software as multi-representational, corresp b etween represenmakes the idea of structural sp ondence explicitin discussing formaltransformationaldevelopment pro Eachstep:transforms thestructureandnotationoftheinputmo dela form suitable for conveying understanding ab out the previous step of pro cess intoa amework in which, for the current step, the design and mo del re�nements may b e made and , retriev ably and standably thesource and ob jectmo delsof thistransformatare b oth formally describ ed and if a veri�ed mechanical transformation used, the precise corresp ondence b etween the representations may b e anteed[Lehman81,483{484Evinthe absence offormal transformations,theexistence andimp ortanceoftheofcorresp ondences b etweenrepresentationsiswidelyJac[Jacemphasizesthataclosecorresp ondence b etween problemandsolutionstructureisktoreducing the di�cultyofevolution; Meyer[Meyer88], DeChamp eaux [de Champ Lea and aure 93], and many others echo similar b egin, I take b ehavioral ER mo dels as high-level represenrepresenare abstractin the sense that they are not intended to sp ecify the low-level animplementation,but onlytorecordwhatb ehaviorsandb ehavioralare to b e realized. emphasize their abstractness, I mo del b ehavioral ER mo dels in terms of the high-level asp ects of the framework.I mo del constituent b ehaviors mo dules; andb ehavioralrelationships,aselementsofthe d relation. BehaER mo dels, in this view, do not sp ecify the cts or es of an implemenlow-level representation, such as a C++ program that realizes a b ehavioral ER mo decisions ab out low-level program emb o dies choices ab out relation (whether clients realize integration requirements or whether they relieved of this burden); how relations are realized as chains of cts (e.g., whether intermediate mo dules are interp osed); and how cts relations implemented in terms of implicit or explicit invo cation is I mo del that a software system comprises multiple representations with a new mo typ system system has several isarepresentationincon:cation ;

another is a representation in context,

:implementation : The third tribute of the system

:alization , a mapping from elements of the implementatielements of the sp assume that

:cation sp eci�es mo dules d relatiobut leaves lower-level structures

(such as the relation) sp that

:implementation sp eci�es mo dules, , and the other lower-level

structures; and that the realization mapping links the higher and lower level of the two represenrest of this section elab orates on the realization realization mapping is determined by a sequence of design decisions, some which may b e forced by the use of a particular implementation framework or metho �rst design decision comes in crossing the gap from the sp

(whicmo delsab ehavioralERmo del)totheimplementation(e.g.,aC++ program).

Each b ehavior in the b ehavioral ER mo del is mo deled by a sp eci�cation mo that each such mo dule is realized in a corresp onding implementation mo Therelationships intheb ehavioralERmo delaremo deledaselementsoftheofthe sp questionthen ishowarethese d in the implemenConsider an example. Supp ose sp eci�cation mo dules and that (; N in the relation :ci�ation :inte

,furthermore that and n are mentation mo dules that realize resp ectiv(m M and (n N are :alization require|as an axiom governing the system

|that m and n in the :implementation :relation in a way consistent with participatiin

:implementation :in.m and n realize and inwe require that and n b e inUnder the axioms of Section

3.1.9

(see

Figure

3.5) there are two p ossible

Either every client cthat n ;or, , m n choice allowsthe designer to make clients resp onsible for integration,or to some other integratingstructure b etweenthe mo dulesthemselvdesigner’scb etween thesealternativesdetermines apartofthemapping2whichasso ciatesselected relationswiththe givend relation. The toppartofFigureillustratesthis The next lower part of the �gure takes us a step lower in the abstractionhierarchtherelation is realized interms of the cts relation. is, the actual ccts relations yielding the sp eci�ed elements of the transitive closure are b Again, this design decision induces a corresp ondence b etween eaclink sp eci�ed to satisfy a given link is asso ciated to that call this 2a 2a mapping is not always so relation b e realized by a chain of cts relations passing indirectly through several mo case, each such mo dule also asso ciates to the given element of the relation.

Realizing a multi-representation system implementing � 2�gure

\explo des" a mo del of a system to show its sp eci�cation, implementation,

the design decisions that lead to the realization mapping b etween the twsp i�cation(b ehavioralER mo del)ismo deled inthe topb oelements of thed relation. Thenext threeb oxes show thelowel resultingfromdesigndecisions madebythe implementor. The annotationselementsoftherelation;

elementsofs,elements references;containment ofdots in b oxes,thedBt and elemenof the e relation. The mappings b etween these relations are by dashed arrows. overall realization mapping from implementation to sp is the comp osition of these individual relatio

�nalpartofthe �guremo delsthe realizationofcts relationsintermstouches each of which requires a reference, anelement of the dBy (placing the referencein thereferencingmo dule), anda tuplein theethereference torefertothereferenced mo key constrainton designer at this level is the need to cho ose implicit or explicit invo cation|i.e., one tworientations of realize the given cts relation. Section 3.1.6.)I the asso ciation induced by this decision a 2, since it reduces cts relations to an implementation framework based on classical ob ject-orientation,choiceisoftencts implies The relation mapping :e alization b etween the sp eci�cation and implementation noessentially the comp osition of these 3.7 illustrates this for ab ovinteresting p oint is that the choice of explicit invo cation from b 1 to a realization mapping in which b 1 realizes the integrated relation �: (This is the wiring design metho d, discussed in Chapter 1 and in the next cAn choice of implicit invo cation (as in the implicit invo cation design metho d) would havput the reference in b 2 and the realization arrow from b 2 to � rather than from b 1:

illustrates how design metho ds a�ect not only the structures of implementations but those of the mappings that link implementations to the sp eci�cations that they di�erent kind of structural corresp ondence arises b etween versions of a Evmappings relate di�erent versions of multi-representational

to each outlined ab ove, each such system contains several senconnected by realization

Evmappings have corresp structures.

particular,an evolution mapping asso ciates corresp onding parts of b and after a csp eci�cation b efore a change to the sp eci�cation the implementation b efore to the implementation after; and similarly for the realizati

3.7: Mo delofamulti-representationsystemimplementing1 � 2�gure depicts a mo del of a system comprising a multiple representations in the b oxes) along with realization mappings that connect them together (depicted bdashed arrows b etween the b oI fo cus on the constituent mappings from one representation to another, e.g., from implementation b efore integration to the one idea of such mappings is evidenthe de�nition of the evolutionary scenario in Chapter in the evolutionarscenario graph basically denote evolution mappings b etween adjacent b ehavioral mo representations themselves have structures (mo dules, references, v arious lations) evolution mappings b etween representations also have �ner, internal This section sketches a mo del of this asp ect of the overallevolution depicts a simple example detailing the corresp ondence b etween the structures of a p ble implementation of the b ehavior 1 � B b efore and after the integration of the twswitches by the � horizontalarrows in the �gure denote elements the relation. Theupwardarrows depictthestructureoftheevolution b etweenthetwo represenIn this case, the structure of the implementation b efore the integration step is emb into the structure of the implementation b ecause it is cheap to mo dify representations when changes are required than to reimplement

Evmorphismwith resp ect to the references This�guredepictsevolutioninvolving integrationofand by the additionof � the descendant represenwe exp ect strong corresp ondences of this sort to arise frequenPof the original

implementation are used without change in the new vcases may parts tob e added, changed, orextendthemo delingframework tomo delevolutionmappingsb etweentationsas evolution evolutionmorphism (; de�nes an elation maps mo dules of one representation (the to the mo dules another (the ), and an asso ciation R b etween corresp onding relations the tworepresenexample,R asso ciates thetouches b efore evwith the touches mo del provides a basis for comparing mo dular structures b efore and after given cmight ask whether a mo dule after an integration step is the as the mo dule b requires a de�nition of the purp oses of work, I consider two mo dules to b e the same if they hold the same fo cus attention on the referential indep enden ce of mo is how corresp onding relations over mo dules relate to each other b efore and after change. are useful constructs for capturing such particular, if mapping from mo dules b efore a change to those after is bijective, then one asks morphismisanisthe analogofsame forrelationsinframewintegrationoftwo representationsisthechangeb eingconsidered, one maseek notisomorphismbut emb edding|or isomorphismwithresp ect toa partofinthese ideas precise is imp ortant;but it is b eyond the scop ofthiswI will not b e any more rigorous at this p oinRather,Iextendthe mo deling framework to mo del evolutionary families of mrepresensystemsasevolution aphs havingsystems attheverticesandmappings onthe3.9illustrates thisconstruct delineates theviewofsoftwarestructurepresented inthiswextends inthree through evolutionarychanges b etween systems, through realization within systems, within representations of This mo del provides the basis on which I ev aluate designs and design metho ds the wing cparticular, for each of a range of design metho ds, I takthe evolutionary scenario from Chapter 2 as de�ning a family of sp eacmemb er, I apply a given design metho d to pro duce an implementation and corresp onding realization mo del these triples as systems; and I mo del family of systems as an evolution then ev aluate how well the design metho with resp ect to evolving integration requirements by ev aluating the structure of three dimensional mo

3.9: Systemsareintegratedtorepresentintegratedb ehaThe shaded rectangles represent the systems are depicted b ehaER mo delsforpartoftheevolutionary scenariofromChapterOv representmentations that realize the sp dashed,upward arrows denoterealizatiHeahorizontal arrows b etweensystems denoteevolution mappingsb etwLigharrowsb etween comp onentsofsystemsrepresentthosepartsofevtion mappings that asso ciate corresp onding elements of the b ehavior 1; B 2

b switches are present in the system but they do not work the sp cation evolves and the switches are integrated, corresp onding implementations may b e integrated to realize the integrated b eha

DesignMetho chapter mo delsand ev aluates�ve generalsoftwaredesignmetho ds thatareused building integrated �rst metho d I discuss provides a baseline by clients resp onsible for integratireal fo cus in this work is on the other metho which are widely used to design systems that relieve clients of the integratiI view a design metho d as b eing characterized by a design space and by constrainimp osed on the design decisions av ailable to designers within the design metho is intended to help lead designers away from p o or designs, toward go o d metho that do es this well is go o d; one that leads designers away from go o d designs is metho ds studied in this work op erate either in the design space mo deled bthe framework presented in Chapter 3 or in the classical ob ject-oriented design mo deledbytheframeworkwithoutimplicit invo This chapter characterizes eacmetho d by identifying the space in which it op erates and the design choices institutionalizes.

Sp , di�erent metho ds are characterized by di�erent choices cts and touches each given d relation. choices signi�canthe staticand dynamic structures of the resulting systems, and signi�canthe ease of realizing and changing such metho dsemploycertaindesignspacesand \institutionalize"certaindesigncwithin those a metho d constrainsawaya \go o d" part of the space, users of metho d are metho dically led away from go o d designs; so the metho d is p o orer than that do es not constrain away the would b e quite bad if all common metho ds constrained away a go o d part of the design unnecessarily p o would b e the and the next chapter argue that this is largely the the common metho ds that I address all unnecessarily complicate design, realization evolution of integrated systems by constraining away mediator-based o supp ort this claim, I identify and ev aluate common design metho describ at the end of Chapter 3, I ev aluate each metho d in three I apply a metho to design a family of systems meeting the requirements of the evolutionary scenario Chapter I mo del each family in terms of the framework from Chapter ,

I ev aluate these mo dels in relation to accepted software engineering criteria, such indep enden and separation of a simple, abstract evolutionary the basis for this exploration clari�es how the metho ds systematically softwengineering rest of this chapter addresses �ve common metho �rst is integratiby clienremaining four metho ds relieve clients of the integration kfeature of the �rst two of these metho ds|apsulation and |is theyusedesignspacesthat

\constrain away" designsthat useimplicit invo second two metho ds|the implicit ation and the ast message server metho ds|alloimplicit invo cation.

This chapter characterizes these metho ds and shows how they complicate chapter shows that the complications are unnecessary by exhibiting a metho mediator metho d|that uses the same design space but leads to designs that are icantly b etter with resp ect to ease of design, integration and evmetho d reveals an imp ortant but neglected subspace of integrated system

Byway to meet requirements for the integration of given software systems is to resp onsibilityforintegrationon the clientsof the thesystemofswitc3 B1 � Bone couldrequire thatwhen clientturnson switchitalsoturn and 3This pattern arises often in a p o orly integrated programmienvironment, for example, the programmer may have to run thecompiler manually savingchangestoasourceadv antageofthismetho d isthatitp ermitsthe b ehaviorsofgivensoftwareb eintegrated withoutchangesto those12andco ordinate activities of 1; and 3the switches do not have to b e ca programmienvironment, neither the editor or compiler have to b e changed if the user co their activitithis metho d reduces the v alue of systems to may even imp burdens on them aylor88, Hab ermann and Notkin Manco dinating to ols in a programming environment is tedious and error-prone, and from building softwarManup dating graphical views as computerized mo change and manually translating and transferring data b etween to ols in design (CAD) systems may also unduly burden the scop e and complexitof systems grow, manual integration b ecomes un4.1 shows how this metho d and its static and dynamic structural can b e seen using the mo deling framew�gure shows three steps in the evof the system B B 2Before integration,the clients of the switch implementatio(low) need only reference their resp ective switc�rst integration client c 1 to realize the requirement for the integration of b 1 and b 2 by b 2: That in turn is achieved by having the (now changed) client c 1 explicitly invokb 2:T urnOn, which leads to c 1 referencing b the second integration step, client (now c 1

) realizes b oth b ehavioral relationships, co ordinating (and b 2 and b 3 in addition to b 1: This metho d scales p o orly from the client’s p oint of

4.1: Anevolutionaryfamily withclientsresp onsible forintegratioThepanels, from left toright, mo delthree p oints ina system’s evThe top mo del sp eci�cations from the scenario of Chapter 2 b efore the �rst integration step, the �rst, and after the b ottom parts of the �gure mo del implementations.

The black dots denote arrows coming from them represent elements the touches relation. The other light arrows

(from clients to switches in this case) elements of cts (and thus also dashed arrows from the implementatimo dules to sp eci�cation elements indicate divergences of the alize relation from a corresp such arrow indicates a divergence in the system at the second client c 1 realizes something other than namely

�marks (’) cto mo dules made b etween v contrasttotheclient-centereddesignmetho doftheprevioussection,themetho discussed in the rest of the chapter relieve clients from the burden of insection addresses the encapsulation metho d, which largely relieves clients this burden while retaining a key b ene�t of the client-centered metho ability integrate existing implementations without cas discussed b elometho d do es not solve the problem of clients having to change, and it leads to structures that unnecessarily complicate integration and evThe encapsulation design metho d has its ro ots in the theory of hierarchical comp tion of abstract data typ es

[Liskov and Zilles strategy is to implement inusing given systems as hidden implementation comp onenOne integrates b ehaviors of given mo dules by interp osing mo b etween mo dules and clienResp onsibilitfor integration is then placed with the wrapp er mo clienof the mo dules that were integrated are a�ected in that they can no longer the mo dules , but must use interfaces provided by wrapp er mo A wrapp er makes the b ehaviors of the mo dules it encapsulates accessible to clienthat require those b ehaviors through its own wrapp er interface. The implementation this interface exp oses the required b ehaviors and also ensures the integration of b ehaintegrate the editor and compiler, one would de�ne a wrapp er that them, exp orts op erations providing access to editing and compiling de�nes the exp orted op erations as taking any additional actions needed to prop er integratia client calls the wrapp er to save a source

�le, the wrapp �rst calls the save op eration of the encapsulated editor, but then calls the compiler to regenerate the ob ject co b ehaviors of the encapsulated comp onenare extended as needed for integration by the op erations of the wrapp er mo Figure 4.2 assesses the p erformance of this design metho d in the face of evintegratiorequirements by using part of the evolutionary scenario as a b enc�rst integration step results in the switch implementations b 1 and b 2 b eing in

Mo del of an evolutionary family designed using the encapsulation metho The interpretation of the elements of this

�gure is as in Figure The nesting of b ohierarchical encapsulation of mo ones are parts of enclosing and not visible to mo dules further out in the nesting banewwrapp er, whichc 1and c 2haveb een changedtosecondstepaccomplishedby intro ducing asecondwrapp er|onethat integrates the thirdswitcthewrapp erthatintegrates the�rsttwo switcThe clients c 1c 2and c 3 havb een changed to use the new wrapp Noconsider what happ ens when c 1

00

asks second wrapp er to turn on b 1 : the second wrapp er asks the �rst wrapp er to turn on b 1which turns on b oth b 1 and b the second wrapp er turns on b 3: The integratirequirements are thus

This approach has at least three serious each integration step clients to b echangedto useanewwrapp er mo the resulting havmonolithic is re ected in the realization mapping, which shohoa single wrapp er mo dule realizes every asp ect of each sp engineer wants to �ndasp ects of the implementation that realize a given part of the sp is led to the outermost wrapp er in which allparts of the sp eci�cation are reversedirection,agivenpart oftheimplementationcorresp onds toseveral,tually separate parts of the sp Ththe outer wrapp er in this case conco de related to b oth and � (the call to the inner wrapp Third, this metho d has the prop erty that the system structure after a sequence integratiosteps dep ends on the arbitrary order in which the steps were taken, not on the conceptual structure of the requiremenwe had integrated with b integrating with 2we would have a di�erent nesting with di�erent evolutionarprop erties. structure here, for example eases remov al of but not �: The is the opp osite in this key software engineering prop erty of of evolution should not dep end on arbitrary assembly encapsulation metho d do es not handle evolving integration requirements very contrast to the basis of the encapsulation metho d in hierarchical comp osition of stract data typ e interfaces, the hardwiring design metho d is ro oted in classical ob

4.3: Mo delofanevolutionaryfamilyusingthehardwiringdesignmetho The �rst panel shows the structure of the system after the �rst integration panel showsthe system afterthe second integrationbased and ob ject-oriented programming, a style in which systems are not organized encapsulating trees of abstract data typ e instances, but rather as networks of exp ob jects that invoke each other by explicit pro cedure invo cations tie implementations of the ob jects into b ehaviorally integrated integrate editor and the compiler source co des using this metho d, one changes the editor co de by emb edding a reference to the compiler and a call to its compile op resulting, intertwined pairof source co des isthe source co de for the new, inb ehaFigure4.3illustratesthis approachin a mo del of partof the evolutionaryfrom

Chapter the implementation of the system version on the right

(lower of the �gure), when c 3 calls b 3 to turn b 3 on, b 3 calls b 1 to turn it at evolutionary stage b 3 has a reference to b 1 b 1 calls b 2 to turn it on, satisfyithe sp eci�ed integration requiremen additionalcomplexit,not depicted in the �gure,willb e needed toprevent cycle of calls b etween b 3 and b 1

00

: In particular,some stateis needed to keep tracof whether a change has already b een example, when b 1 is turned it might �rst query b 3 to determine if that switch needs to b e turned on b efore trying to turn it client and encapsulation approaches avoided this complexity bnot creating relations b etween switch ob jects; in those metho ds the of calls was factored out of the ob jects themselves, into the client or wrapp er mo key adv antage of the hardwiring approach is that clients of mo dules to b e innot necessarily cis illustrated by the lack of changes to c 1c or c 3 the Requiremenfor integration of the b ehaviors of given mo dules are in terms of the implementations of those mo dules, not in terms of their interfaces, as the encapsulation approacThthe clients, which dep end only on interfaces, did have to c, this design metho d has several serious problems with resp ect to evintegration requiremenit merely transfers the need for change from clients of the mo dules (as in the earlier metho ds) to the mo dules themselvchanges to these mo dules compromise their simplicity and indep enden compromisessimplicityby placingresp onsibilityforintegrationwithinthe mo dules b e inis shown (see Figure 4.3) in the realization b 1 onlythe switchb ehavior 1but also b oth b ehavioral relationships.The is made even worse b ecause the symmetric relationship is realized in several mentation mo dules (b 3 and b 1 compromises indep endence by that the mo dules to b e integrated a�ect, hence call, and thus reference each implicitinvo cation design metho d is similarin spiritto hardwiring,but it op in a design space that admits implicit invo cation as a communication mecinthe editor and the compiler, one would change the compiler source co de

Mo del of an evolutionary family designed using implicit invo cation.

the editor for events that signal that it has saved a source co de of such an event, the compiler resp onds by recompiling the source co Manyimplicitinvo cationmechanisms have b een built; and several imp ortantdesign metho ds are based on implicitinvo metho dsincludetheMo View-Controllmetho d, supp orted by Smalltalk-80,which isoften used forintegratigraphical user interfaces with underlying ob ject-oriented mo diversity of plicit invo cation mechanismsandtheimp ortance andwidespreaduseofdesignmetho based onthemsuggestthere issomethingfundamentalinimplicitinvo This work provides one ininvo cation is a dual to explicit vo cation. invo cation enables the implementation of an cts relation from to a mo dule a relatiofrom design space that supp b oth implicit and explicit invo cation gives the designer a choice in the orientation the touches needed for a given cts is the fundamencapabilitprovided by of implicit invo the implicitinvo cationmetho d do es not avoid unnecessary ity in the design, realization or evolution of integrated 4.4 illustrates.

The �rst panel mo dels a system of switches after integration integrationquirementimplies ancts relation from b 1to b 2:

Thisneedis metbychanging b 2b 2

|into amo dule that registerswith(hence references) b Nob 2 willb e when b 1 is turned sonoti�ed, b 2 turns itselfsatis�esthement of �: Butthis design is not clearly b etterthan the hardwiring the comp onents to b e integrated have to b e changed, and in ways that compromise simplicitand indep endenc e; nor are the b ehavioral relationships expressed in a allows them to b e identi�ed or changed, added, or removed as The broadcast message server

(BMS) metho d was pioneered by Reiss in the pro [Reiss

90].Conofthe pro jectinclude the BMS mechanism,an asso ated design metho d, and a family of Unix-based [Ritchie and Thompson 78] inprogramming environments designed using this metho FIELD metho d is nosupp orted, e.g., by Hewlett-Pack ard’s Softb ench [Cagan undamen, the BMS metho d sp ecializes the implicit invo cation metho d by quiring communications b etween integrated mo dules to pass through a sp ecial comp nent, the BMS. This relives the mo dules to b e integrated (e.g., Unix to ols) from hainvoke or reference each other visibility of to ols to each other denied by the mechanisms of the Unix op erating systems on which the to ols

Figure 4.5 depicts a mo del of an evolutionary family of switch systems designed this metho Eacswitch intheimplementation referencestheBMSin orderto it orto b ea�ectedbySwitcb 1 referencestheBMStoexplicitly invoke thetoindicatethatb 1 hasb een turnedSwitcb 2 references the BMS toregisterb e implicitly invoked when the BMS receives such messages from b 1 so b 2 turns itself

Mo del of an evolutionary family with broadcast message server adv antageoftheBMSdesignmetho disthatitrelievesthemo dulestob e tegrated from having to reference each accomplishes this through allcommunicationpasses throughBMS.In practice, thisisimp ortantforsupp substitutabilitof to ols in integrated environmenGivan environment in which editor and a compiler are integrated, it enables easy replacement of the either one as the exp ected editor and compiler proto cols are upheld by the replacement to , this metho d do es not resolve the problems with the general invo cation stmost obvious problem is that given mo dules have to b e changed b e into the switch implementations are already indicated (by marks) in the �rst version presented in the �gure, re ecting that the switches had to b changed from their original states (not depicted) to b e integrated. editors compilers have to b e changed in practice to b e integrated using the BMS metho switcb 1 has to b e changed a second time for the second integration step, to make resp ond to noti�cations regarding activities of b 3These changes also compromise the indep ende nce and y of mo dules to b integrated. terms of indep enden ce, mo dules come to dep end on each other’s inand proto cols (although not on identities). In terms of , comp onents are plicated by the need to call or resp ond to noti�cations from each other, and in practice manage other data and control related to integratiocompiler, for example, might b required to register with the BMS to b e noti�ed of events from an editor, and to resp those noti�cations with \knowledge" that they come from an as the hardwiring and implicit invo cation metho ds, the structures of the implementatiand realization mapping b oth are skewed by the spreading of the realizations of b ehaioral relationships over the mo dules to b e inBeharelationships are represented as its p opularit, the BMS approach creates costly

widerangeofcommondesignmetho ds,characterizedinanabstractwayinthiscter, complicate thedesign,realization andevolution oftightly integrated metho ds institutionalize design choices that lead to often inappropriate realizations integration requiremenimp osed integration requirements are generally by changing the implementation mo dules that realize the b ehaviors to b e integrated, bchanging the clients of these mo changes are not only costly in present, but they compromise the simplicity and indep endence of the mo dules, the cost of future handling of the mo the other hand, b ehavioral ships are not realized as separate mo dules, but as co de and data sometimes spread ovmultiple implementation mo dules, or intermingled with co de for other relationships wrapp er mo complicates subsequent changes in b ehavioral brief, common design metho ds signi�cantly and unnecessarily raise the of realizing and evolving integrated systems|even the rate at which costs a�ect is that tightly integrated systems that are broad in scop e and to evolution tend not to b e built; and clients are often left with the , uninand error-prone task of integrating b ehaviors themselv

MediatorMetho chapter presents the diator design comparisonwith commonmetho ds,themediatormetho deasesintegrationandevolutionwhileretainingkeyb ofcommonmetho foundation for themediator metho d|b ehavioralmo with their evolutionary prop erties|was laid inChapters 2 e already have a framework for thinking clearly ab out and designing integrated b ehaframework also provides a basis for structuring implementations that accommo evolution of integration requiremenThe diator d proa way to implement b ehavioral ER mo dels as ob based, imp erative programs having static and dynamic structural prop erties that lelthoseof b ehavioralER mo mediatormetho d op erates inthe samespace as common design metho ds, and can b e applied using many common minglanguages andplatforms, without complex,unfamiliar, orsemantically restrictivmecThe one p ossibly unfamiliar construct that is central to the metho d is act al e;but it just generalizes the ADT. The mediator metho d from common metho ds not in mechanisms, but in basing the design, implementation,

and evolution of integrated systems on b ehavioral ER mo y-RelationshipWhbasethe architecturesofintegratedsystemsonb ehavioralERmo is that b ehavioral

ERmo dels usefullyorganize b oththestatic anddynamic structures integrated second reason is that b ehavioral ER mo deling provides a workthathelps p eople think clearlyab outintegratedb ehaviors|toanalyze, conceivand synthesize complex b ehaviors from simpler, indep endent b ehavioral constituensecond claim, ab out ease of design, is empirical, in contrast to the �rst claim, ab structure, which is EmpiricalI b elieve the empirical claim|that b ehavioral ER mo deling eases design|for sevis exp BehaER mo deling has help ed me to think ab out integrated b ehaviors, and it has also help ed others whom I know who havused it enough to b ecome facile with 6 and 7 describ e the results of exp eriences and discuss their v alidity as evidence supp orting the empirical I do not havescienti�c evidence, I can o�er the wingexplanationfor whyI b elievb ehavioralER mo delingeasesdesign|conception intheBehavioral ER mo deling helps by elev ating b ehavioral relationships to the level �rst-class semantic constructs, even very complex ones; and that provides a basis the e�ective decomp osition of complex b ehaviors into simpler (but still p ossibly complex),indep ende nt b ehaviorslinkedby richb ehavioralEndob ehavioralrelationshipswith\semanticcapacities"commensurate of the entities tob e integrated providesa frameworkfor thinking ab out integration semantics in separate, cognitive chenlarged capacity also enough \ro om" in relationships to relieve the b ehaviors to b e integrated and clients from managing integratib ehavioral relationships �rst-class promotes an e�ective separation of integration

Analytic rest of this chapter addresses the technical reasons for using b ehavioral ER mo toarchitectintegratedmain adv antage of b ehavioral

ERmo deling isitorganizesb oththestaticand dynamicstructuresofintegratedsoftwaresystemsinuseful wastructures are those of Aanygivenp oint intime, ab ehaERmo delresolves acomplexb ehaviorinto separateb ehaviors(vertices) integrated innetwork of b ehavioral relationships b ehavioral ER mo del organizes changebasedonop erations natural forThat is, b ehavioral ER mo dels evolve as graphs evolvdissertation fo on the addition, deletion, and mo di�cation of b ehaviors and b ehavioral as the op erations by which b ehavioral ER mo dels evolvIna new b ehais reduced to adding the b ehavior (a vertex) and relationships (edges) to integrate b ehavior with others present in the how b ehaviors are integrated reduced to changing b ehavioral relationships separately from the b ehaviors themselvBehavioral ER mo dels provide a basis for representing integrated systems in a wais robust with resp ect to integration and evolution,as exempli�ed in the evolutionarchapters show that common metho ds do not structure implementions this warest of this chapter shows how the mediator metho d do of this chapter and the next two show how the approach can b e pro�tably used to and implementing real-world for a New Design This section asks what prop erties we want in an implementation metho krequirement isto preserve the staticand dynamic structuralprop ertiesof b ehamo delsthroughrealizationofthesemo delsasimp erativeimplementations.Then wobtain implementations that are robust with resp ectto evolving integration requirementhe same way as b ehavioral ER mo inSameDesignwe have a strongpreference for a design metho d that op erates in the same as common design metho haveinvestedheavilyinthesemetho Evenhancement isthus tob e preferred tocostlymetho dologicalrevolutiosatisfyingdesignmetho dcanb e foundthatop eratesinthe samebasicdesignascommonsmetho ds, then, in theabsence ofotheroverridingconcerns, thatmetho should b e Relievts ofthe tegration we requirethat thenew designmetho d relieve clients of the burdenof integration.

is often required inpractice,since resp onsibility for integration undulyclients. requirementthatob jectco de b e regenerated when sourceco de iscin a programmingenvironment should not require users of the editor to run the pilerwhenever they savea source d system I mean a systemin whicintegration isautomatic. ewanta metho dto buildintegrated

Existing tations

Without

Another requirement is that the metho d should p ermit integration of the b ehaviors givcomp onents without changes to those comp onenalternative|that the p onentsb emo di�ed|increasestheimmediate cost of integration and,by structure,furtherincreasesthecostoffuture changes. Thso far, we want to b e to b e able to integrate the b ehaviors of given comp onents without changing either comp onents or their clienvioral Relationships as Separate the way that b ehaviors are integrated changes indep endently of the b ehathemselves, we want to lo calize the implementations of b ehavioral wanto implement them as separate ob we put these requirements

5.1: Themediatormetho dorganizestheevolutionofimplementatioThis �gure illustrates one step, from left to right, in the evAsp level (top ) and are integrated by the of the �Athe implementation level, this change is realized exactly by the of corresp mo dule|a we �nd that we wanto b e able to comp ose and decomp ose software implementatioas b ehaviors are comp osed and decomp osed in b ehaER mo integratib ehain a b ehavioral ER mo del requires exactly the addition of b ehavioral ships, so should it b e p ossible to integrate the b ehaviors of given software represenjust by adding ob jects representing the desired b ehavioral 5.1 illustrates this idea for a simple presents two versions of 1 � b efore and after the integratiof the switches. The key feature of example is that the b ehavioral relationship � is realized by a separate implementatiob next integration step, implementhe system � (which shown in the �gure) would b e handled in the same wa, namely by adding switch mo dule, and another mo dule for the mo dular separation integration concerns eases design, realization, and evolution of the integrated vioral Relationships as sectionpresents a metho d for realizingb ehavioralER mo dels that satis�esprecedingrequirementheevolutionofthe precedingsystemfrom1; B2

the switcare not integrated) into the system � (where the switcinprototypical example of evolution by integration is handled by theb ehavioral relationship �to theb ehavioral

ERmo del. issue addressed b elohow this change accommo dated at the imp erative implementation levSupp we already have ob jects b 1 and b implementing b ehaviors Hodo we evolve these ob jects into an implementation of � 2The this section combines the requirements given ab ove with the of the mo framewto derive a metho d that pro duces implementatiin which such changes realized by the addition of mediator ob jects to implementations, as Basic \Design Figure 5.2 presents the \kernel" of the mediator metho d by diagraming the sequence design decisions leading from the b ehavioral ER mo del � to a implementhat realizes this integrated the b ehastart by using the framework to mo del and as mo dules and � as an elemenof the d (incident on the mo dules and One requirement on design metho d we seek that it relieve clients of the burden of inis by drawing the needed integration b etween b 1 and b need cof cts relations (invo cations) from b 1 to b 2second requirement (imp osed by the de�nition of e closure) is that b e by a chain of cts from b 1 to b Comthis with requirement that the design metho d relieve the ob jects to b e integratfrom the of integration leads the conclusion that the chain must start with an implicit invo b 1 a reference the invoked mo dule would have to b e added b ,the invo chain must end an explicit invo cation of b 2 (since

The metho d analyzed as a set of design invo wouldrequire additionto b 2of a reference some announcing mo thus driven to add a new mo dule to the implementation with the chain of through add one such mo dule that is implicitly invoked by b 1 and explicitly invokes b 2: It thus references b oth b and b 2This is the mo that realizes the b ehavioral relationship �Statics and key static structural feature of this implementation is that neither switch ob ject has reference any another mo dule or manage information related to integration. Inis achieved compromising the indep ende nce simplicity of the switch ob the required references and other co de and data are held by the m b ottom panel in Figure other words, this design separates and mo integratioconcerns in the implementation in a manner that parallels the separation the b ehavioral relationship in the b ehaER mo separation of the relationship in the implemencorresp onds a direct alizatiomapping b etween the implementation and the b ehavioral ER mo ollowichains of arrows representing realizatirelations upward in Figure 5.2 shows the mediator realizes the relationship � a comp of the arroi.e., the realizatimapping|is shown in Figure metho d pro multi-representatiosystems having this kind of \continuity" in their static This mediator metho d yields implementations whose dynamic structures of the corresp onding b ehavioral ER mo case, the switch and clienob of the unintegrated system are used and without change in the inand the addition of � the sp eci�cation is paralleled by the of mediator the implementatio

directrealizationmappingb etween ab ehavioralERmo del andaatorimplementationofthe mo This example illustrates b oth a prototb eharelationship, when d on, turn on 2a trigger mediator that implements this relationship a separate, external ob make the prop erties of this design concrete, it helps compare it with designs pro duced using common metho hardwiring, a cliencalls b 1; and b 1 calls b 2 to turn it the implicit invo cation style, b 2 b 1 tob e implicitlinvoked by a message server design, b 1 explicitly invokes BMS, and b 2 references the BMS to b e implicitly invoked by encapsulation requiresclientstocallawrapp ercomp onent w explicitly invokes b 1 then b In the mediator design, by contrast, the mediator is implicitly invoked by b 1, the resp onds by explicitly invoking b 2: undamentally the mediator metho the indirection a�orded by a separate mediator ob ject with the careful of implicit and explicit invo cation to preserve the indep endenc e of the ob jects b inis more to mediators than mediator metho d is only one of the metho ds discussed to realize the b eharelationship as a mo dule, to preserve the indep ende nce b 1 and b 2, and to relieve their clients of of integrati

Abstract vioral section addresses the claim that the ADT combined with the exclusive use of invo cation for communication is an unduly basic building blo ck for ing integrated will refer to this basic building blo ck as the This section presents the b ehavioral typ e (ABT) as an enriched basic blo ck that do es supp ort the mediator metho d in designing real-world integrated of the Abstract Data The problem with the ADT is that it essentially abstracts b ehaviors solely in op erations applicable to typ e instances; and in practice this seems to lead to pro call as the primary means of linking ADT-based ob invo cation the primary or only supp orted mechanism for communication among ADT-based ob many programming languages and the ADT do es not makdynamic b ehaviors that ob jects undergo \audible" to external observer ob jects, even some of those b ehaviors are abstractly meaningful; do es it provide any means external ob jects to resp ond the dynamic b ehaviors of other ob Given the restrictioimp osed by a lack of supp ort for extension b ehaior, hardwiring and metho ds are sensible approaches to integratiwith these metho ds (discussed ab ovsuggests there is something wrong or missing from the concept of the ADT. The missing ingredient is implicit the audibilitin the external environment of abstractly meaningful b ehaviors in whicob engage, and the abilitfor other ob jects to resp ond such b ehaOf course, supp orting invo cation is not enough by to ease the integrated metho ds supp ort implicit invo cation tend the SmalltalMVC metho d, example, ob invoke and register with mo ADT idea haunts indesigners, discouraging use alternate architectural styles even when they are at tsDualtoDespiteitsshortcomings, theADTprovidesarichframewfor conceiving and resencomplex b ehawe would b e to give up its adv anthpresentwhatI the b ehavioral typ e as a b etter basic building blo cone that repairs the shortcomings of the ADT rather than abandoning the ADT in favof a more radical alternativThe ABT extends the ADT by placing events (audible b ehaviors) at the same levof abstraction as op op erations are �rst-class; and so in the ABT, evenare also ABT interface de�nes b oth op and evenop erations have names, signatures, and semantics, so do ABT evenThan ca class of ob jects in terms of b oth the applicable op erations and the events; and in addition to explicitly invoking each op erations, ABTs p ermit op to b e implicitly invoked by other ob jects’ event announcemenIn conto the ADT, the ABT encourages the designer to think and to thoughts in terms of ob jects characterized not only by applicable op erations but also baudible (but abstract) b ehaTha switch ob ject can not only b e turned on o�, but other ob jects can observe and resp ond to a switcgoing on and The implicit invo cation as found in FIELD and Smalltalfrom the status of low-level

imp erative communication mechanism to that of high-level abstraction mecWhile this extended basic blo ck prothe designer with a more material from which to comp ose complex systems, by itself, it do es not overcome problems with common design approacprovides a rich abstraction mechanism implementations,but it do es not encourage the designer to analyze complex b ehain terms of simpler b ehaviors and b ehafull b ene�ts ABTs when one thinks ab out integrated systems in terms of b ehavioral ER mo and when one then uses ABTs to realize b ehavioral ER mo dels in implementations corresp onding static and dynamic comof ideas is at the of this w vioral ERdels UsingThe key prop erty of the ABT, in contrast to the (with resp ectthiswtheABT supp ortsconception andexpression b oth b ehaviors and b ehalationships as ob Thb ehavioral ER mo dels can b e implemented , one ABT instance each b ehavior and one ABT instance each b ehaioral relationship in the mo only do es the static structure of the implementatifollow that of the mo del, but the dynamic structure do es, as wb ehaviors relationships are added to, deleted from, and changed in the b ehavioral ER mo del, corresp onding addition, deletion and mo di�cation of ABTs su�ces keep the mentation consistenThis section illustrates this key and ting viors as Figure 5.4 de�nes Switch ABT in a resembling C++ [Stroustrup of this typ e has the exp ected op erations; but it also has two events announcementransitions b etween the on and o� states (caused by the tion of the T urnOn and T op the op erations and events given names, parameters, and return v semanare T urnOn ()

op eration, applicable when the switcis o�, turns the switch on and \announces" WentOn () evenWentOn is announced if and only if the switch state toggles o� to The T op eration and evenare symmetrical. This b ehais implemented in an imp erativstyle by implementhe T urnOn op eration as Figure 5.4 (similafor T and ting vioral Relationships as Having conceived of and implemented the switch b ehaviors as ABTs with the op erations and two audible b ehaviors, we now devise a completely separate ABT to implement the b ehavioral relationship �: See ABT is Initialize op eration of the ABT places the given switch ob jects into

Switchbool void State= WentOn(); void { State = WentOff(); bool return SwitchState; void void 5.4: Outline of an abstract b ehavioral typ e for the switch b ehaThis co de declares a class of switch ob jects having a state, either on or o�; op erations toggle and observe the state; and events when state go es on or implemenof T urnOn is presenchanges the switch state then announces evenAis a keyword for announcing the designated event (therebinvoking op erations registered with the evenrelationship by setting v ariables and to reference the ob jects, and by 1WentOn to b e invoked implicitly by the announcement of the WentOn () evenb 1 (referenced by announcement of this event implicitly invok1WentOn ()which implements the relationship by calling b 2 (referenced by turn b 2 This metho d inthe b ehaviors of the ob jects without imp osing on either ob jects themselves or their clienthe fragment in Figure b ehaof b 1 and b are integrated by the mediator op : When any client turns on b (in this case the main program )the mediator turns on b 2In to a hardwired design, this example moves the invo cation of b 2 by b out of b 1 and into a mediator, thereby the explicit invo simplicity of this example, its strength is that it provides a template, a that can b e used organize representations of much more complex b eha

OplusSwitch*Switch*void UponS1WentOn(){S2->TurnOn();void Initialize(Swb1, Switch* b2) S1 = b1; S2 = REGISTER(UponS1WentOn,S1->WenAmediator implementing theb eharelationship�main()SwitchSwitchOplusb1->TurnOn();

A mediator-based implemenof the system � C++-like program implements theintegrated b ehavior � by integratirepresenof the individual b ehaSp the presence of op ;

which sents theb ehavioral relationship

�;is su�cient to integration theindep endentswitcb 1andb main()SwitchSwitchOplusb1->TurnOn();

SwitchOtimesb3->TurnOff()A mediator-based implemenof � C++-likeisa version to the implementation of � 2representation di�ers precisely by the of new \mo corresp onding to b ehavior and b eharelationship.

the of tegrated In to organizing the static structure of the integrated system implementation,

the metho d organizes its dynamic structure|the wathe structure changes execution and evthe step taking the 1 � B to 3 B 1 � B 2:

that switches and to op erate in tandem.) The b ehamo del evolves by addition of a vertex for and an edge for : The implementatievolvby the corresp onding of a third switch ob ject and a second ob ject. The third switch is a new instance of the existing Switch ABT. The an instance of a new mediator ABT See Figure Figure 5.8 outlines the Otimes Lik, this mediator references ob whose b ehaviors it integrates.It has an bit, , that it uses to avcircular up dates, explained b elofour op erations (whose names start with on ) that it to b e implicitlinvoked by the events of the switcob jects. de�nes initialization op eration that makes the switch ob consistenwhen they enter the relationship. It do es this by changing the state of the switcif , to ensure that the required inv arianholds to initiali

OtimesSwitch*Switch*bool void UponS1WentOn()if (busy== busy= busy= void UponS1TurnOffvoid UponS3TurnOn(void UponS3TurnOffvoid Initialize(Swb1, Switch* b3) S1 = b1; S3 = if != if S3->TurnOff(S3->TurnOn()Register(UponS1WentOn,S1->WentORegister(UponS1WentOff,S1->WentRegister(UponS3WentOn,S3->WentORegister(UponS3WentOff,S3->WentA mediator implementing the b eharelationship �Theop eration places the given switchABT instances into the desired b ehastate v ariables and are made to reference the given switc1WentOn to b e registered to b e invoked by 1

WentOn ()evenannouncementof1>WentOn () implicitlyinvokes

1WentOn ();

whicturns on op erationalsop erformsthe registratiand other such to establish relationship. this is done, the then automaticallmanages the b ehao see hothis implementation works, supp ose b 1 is o� and is gets turned causes b to announce WentOn event. b oth mediators have op registered with that event, each invoked, in some unsp eci�ed sequential (Evenannouncemenare � mediator turns on b 2; while the on b latter action then causes b 3 to announce its WentOn event, which re-invokthe Howevthe mediator op erations are guarded in a way that prevencircular actions from b eing tak�rst invo of the Otimes sets busy ag, so when the second event is received from b 3, the event is Control

to b 3, then back to , and �nally to b 1; from which the initiatop returns with the whole system in a globally consistent Now consider further evolution:the change of

: (Recall that when in mo de requires and to act in b ehaER mo del changes bmo di�cation of the make the implementatioconsistent requires conly to the corresp onding Otimes mo add an eager/lazy comp onento the mediator’s state; we add op erations to its interface to p ermit clients to toggle state; and we add co de the op erations implicitly invoked by and to this state. When it is , the op erations just return taking any mediator-based implementation of the b ehaER mo del 3 B 1 � B an archetypal example of the mediator metho illustrates how b oth triggers inv ariants can b e thoughab out and implemented in this followitwo chapters show the extent to which the ideas presented in this chapter can b pro�tably used in the design of much complex

claimsfor softwaredesign metho ds is workpresents a metho andclaimsthatitisb etterthan commonmetho Hocan such a claimb v onlyishard tocomparedesignmetho ds onintrinsic,technicalthepracticalv alueofanynewmetho ddep end s onthecontextofpracticeintowhicisintro ofthe p eople whomightuse themetho d isakey the success of the metho d|indep end ently of its intrinsic, technical Thaddition to demonstrating technical merits, one should show that a prop osed metho canb e intro duced insituation of practice and then b e used in a consistenpro�table waI therefore take a two-pronged approach to v alidating the claim that the design metho d is b etter than common design metho ds with resp ect to ease of realization, and evolution of integrated �rst prong is rational. It v mediator metho d by arguing for its intrinsic, technical prop erties, as revealed bintellectual reasoningfromsimplifyingmo delsandsecond is p eriential. v alidates the mediator metho d through thoughre ection on a range exp eriences which the metho d was used in practice|by myself and others. exp eriences do not \prove" anything, collectively they provide convincing for b oth the novelty and v alue added by the mediator metho wholeprecedingpartofthisdissertationpresentstheinarguments for claims that common design metho ds integration and evand that mediator design metho d overcomes this foundations on which the menare based|namely the evolutionary scenario, the structure mo deling framework,

and the characterizatiof design metho ds and their evb ehaviors|have b and presented rigoroenough to b e carefully checkpredictions ab design metho ds match exp the framework and evolutionary mo reality well enough to b e useful for the intended purp Twprimary accomplishments help v alidate the mo deling framewand evscenario as mo deling they enabled useful characterizatiof common metho ds and the that these metho ds unnecessarily integration and evSecond, the framework and scenario supp orted deriv a new design metho d overcomes the problems with common metho The preceding chapters have shown that common software design metho ds and signi�cantly complicate integration and evolution. metho ds imp large lower b ounds on the complexity of the static and dynamic of integrated systems|from the ones, as exempli�ed by the evolutionary nario, on preceding chapters have also de�ned a new design metho d into avoid these complications;and they framed a hyp othesis ab out that metho provides signi�cant help in preceding chapters, however, have not sented evidence based on real world exp erience to substantiate this is task of the wing on the inarguments alone as a basis for investing in new softwadesign metho ds is dangerous, and|given the p otencosts and liabiliinvolv evfo of developingreal integratedsystemsare great thatitiseasy forabstracttheoriestooverlo okor underestimatetechnicaland hmatters that are critical in Asinanydesigndisciplineitiscritical toshowthatanewmetho d really worksintendedcontextofDo themetho d reallyease the lowerb oncomplexitywhen appliedtorealintegratedDo it reallyhelpp eopleb b designers bygivingthemawaytothinkmoreclearlyab outthe b ehaviorsimplementations of integrated answers to these question require that ideas b e tested in practical application to the design of real integrated The pro of is in the pudding, thesago \pudding," date, a set of integrated systems designed and plemented using the mediator metho of these were built by me; others bcolleagues. Theinclude a prototyp eparallelprogrammingenvironment,a totyp e computer-aided geometric design environment; a semantics-preserving restructuring to ol, a pro duction-qualitcomputer-aided treatment a prototyp e computer-aided design system running under a large space op erating system, and a commercial, multi-scale geographical information brosubsections provide brief overviews of these each one, discuss the ways in which the exp eriences building the systems help ed v made for, and to illuminate asp ects of, the mediator approacThe next cpresensome of these argumenin depth, in the context of a detailed of the mediator metho d, as it was used designing the Prism radiation treatmenplanning Programming �rst system in which I applied the metho d was a prototyp e environmenprogramming large-scale, nonshared-memory parallel computers [Snyder 89]. At level, a in this environment is structured as a sequential comp osition

Eacphaseisstructuredasaaphthatrepresentsaparallel programto b e on a network of computing no Eacvertex in the graph sp eci�es a sequential to run on a single pro representcommcthree-tieredprogramsarerepresented ascollectionsofob jectsinthe C++ programmienvironment supp orts four interactiveto olsfor manipulatingand to ols are graphical depict programs as ow-charts and inand allow the user to build and mo dify programs in a direct manipulation,

graphicalstpro cessto ol,whichis usedtowrite thesequentialprograms, fourth to ol provides a top-level user inthatalloinstances other to olsto b e created and deleted The phase,graph, andpro cessto arerelatedtotheirresp ectivepartsofa(represented as a set of ob jects) by that keep the depictions and the consistenthe three levels of the program are related to each other bmediators. the name of a sequential pro cess changed, graphs having pro that execute that pro cess are up dated . up dates are then to the interfaces of all active graph to ols by This structure allowed separate designers indep endently develop the of base and the to ols that op erate on the to and their resp ectivparts of the bases had b een develop ed and tested, we integrated them by mediators to keep related representations consistenGeometric Design om McCab e develop ed a prototyp e \kernel" for a computer-aided geometric (CAsystem [McCab e 91], supp orting interactive, multi-view editing of a mesh is a discrete representation of a surface|technically a two-manifold|emb edded an n-dimensional Euclidean mesh is similar to a graph, but it has top ology:

are ordered around vmesh represented as a vertex set and setanob jectintegrateserticesinhavprop ertliststhat storeinformationsuch as vertex geometryand lab els. ES a top ological

set of edges plus several ordering relations over this Sp implemena v ariant of the dge structure [Guibas and The complex structure of this representations made it useful for the consistency-maintenance capabilities of McCab e’s system supp orts viewing of a mesh n-dimensional geometry (n > a set of 2-D views presenting orthographic pro are integrated with mesh in that ensures that as a mesh changes, views are up dated, and elements are moved in views, the mesh is up views are not inherentied to meshes, in this system, as a vertex is moved, the views animate the motion their own p ersp ectives, owing to the presence of v arious mediators of several kind of mediator pro jects n-dimensional meshes intwo dimensional in2-D meshes views based on the InterViews to olkit[Linton, Vlissides, Calder third kind of mediator keeps on the screen consistenwith vas either cThis system has sevstructural prop erties help to v alidate the for the mediator metho One prop erty is that top ological and geometrical informatiis separated in b oth conception and implementation. This decomp osition simpli�es task of designing more to to ol to manage top would op erate on could sp ecify , e.g., layout,op on third smo oth surface representations (requiring top ology and using useful is the isolation of the relationships b etween the 2-D vthat are displayed and the corresp onding n -D vertices in mapping n to twdimensions discards information, the reverse mapping from twto n is amThe question is how to change the n -D vertices when the 2-D vertices are cMcCab e solved this by de�ning the to \�ll in" the missing informatimap 2-D movemento n -D movements that are in orientation to viewingprovideaplace encapsulate designer-de�ned p ambiguity in such \back approach increases exibility ovthat constrain designers by �xing a p olicy for handling ambiguit.

tics-PreserviProgram Restructuring Griswolused the mediator metho d to design in sev�rst was a to to ease softwenhancement bsupp orting meaning-preserving restructuring of [Griswold The to helps the software engineer by decomp osing enhancemeninto two claim is that prior restructuring decreases the of subsequensemanenhancement more than enough o�set the up-front restructuring One transformation changes the order of parameters in a pro cedure tion. When the to ol applies this op eration, the to ol preserves meaning by swapping actual parameters at all call sites, unless change would not restore the e.g., if ev aluating the parameters has side e�ects whose order would b e changed. In case, the to ol ab orts the op eration, leaving the program uncThe heart of this system is an integrated pair of program represensyntax tree (AST) represents the syntactic program A dep end graph (PDG) represents static semantic representations are inba that keeps them consistent and that makes the relations b etween av ailable for use by the higher levels of the to Ththe to maps from a pro no de in the AST to a corresp onding PDG no de, from which call sites can b found by traversing the p oint relev ant from the p ersp ective of this dissertation is that the metho help ed Griswold �nd his design|with the semancomplex b etween represenexternal to b oth of them and to the higher-level asp ects of to ol. mediator metho d allowed Griswold to reuse a substantial, existing softwacomp onenov10,000 lines of Common Lisp/CLOS [Bobroet al. 88] comprising PDG, which was built by Jim Larus part of his Curare system [Larus

Lo the b etween the AST and the PDG in the mediator walsousefulin proa place for the co de and data that implemented a complex approach to propagating changes the AST the The caches noti�cations from the AST and computes and propagates changes to the up on demand from the higher levels of the to illustrates the implementatiof age in mainthe consistency of representations (as in the relationship � describ Chapter the is a ob ject, it is easy have maintain an \inconsistency the AST and PDG are inconsistent at p oints in the system as a whole is consistent in that mediator has stored and thus resolve the Planning In the e�orts discussed ab ove, either I or close colleagues controlled the requirements systems to b e built, leasome doubt as to whether the requirements for whicthe mediator metho d appropriate are limited to those carefully crafted for a implementation.exp eriences with Prism and with the geographical informatidiscussed b eloallay this in particular [Sulliv an, Kalet and is a do cumented, substanexample of a system for which requiremenwere �xed to initiation of contact with the metho In this case, Ira Kalet|a researcher in the University of ashington Radiation cology Department and an accomplished designer radiation treatment planning tems [Kalet and Jacky 82, Jacky and Kalet 86, Jacky and Kalet 87b]|had requiremenfor a third-generation, integrated treatment planning was to b e more exible and tightly integrated than any such system previously Kalet saw that common design metho ds would lead to an artifact far to o complex costly to b e on the limited budged av when he heard ab out the metho d, he decided try b egan to work with Kalet ab out once a week over a p erio of ab out a year analyzing the requirements by crafting b ehavioral ER mo

(e.g.,graphicaluser interfacewidgets,an invo cation mecand basic ABTs and [Kalet 92]), and advising on details of implemenMy contribution was the architecture of I wnotalways involved inor implemenin addition to providing a fair test of the mediator metho Prism also providedexp erience transferring themediator metho dtoanotherexp andhisthesystemandtransferwerecpresentsPrism asanin-depthcase,soInot discuss itfurther Address-Space erating Chase et the approach in the context of a single, large, address-space op system, Opal [Chase et 94]. system, address and protection are of this kind of system is e�ciensupp ort computer-aided design of such complex artifacts as passenger Chase et observthat by tightly coupling address spaces and memory common op erating systems imp ose unnecessarily costly tradeo�s among integration, to ols running them in separate pro cesses increases cost of integration (in b oth co de complexitand runtime e�ciency) by requiring address space invo catiofor The arriv of inexp ensive micropro cessors op ens opp for op system structures that ease this key adv ance is that 64-bit virtual are large enough to accommo date many to ols op erating on large data example, CAD systems working on complex artifacts such as passenger The idea is to run all the CAD to ols to b e inin the same address space but di�erent, and p ossible overlapping,protection in the same address makes it p ossible for to ols to reference each others’ data , which lowers complexity and p ossibly runtime ovto ol running in one domain that has another domain can get data from to ols in domain without exp ensivchec demonstratethe p otenfor this approach, Chase et a prototyp e vironment with two to ols are integrated by a changes are made to \CAD database," the mediator, which runs in its own protection domain, is invokThe in turn, up dates a \derived to ol running in a third avoid the need the CAD to ol to know ab out the mediator, the invo cation system underlying this prototyp e gives the domains in which \CAD database" to ol runs write access to the mediator, allowing the to ol to implicitlinvoke the mediator using a lo cal pro cedure has read access to to can fetcdata needed recompute the \derived" data, again using a lo pro cannot corrupt the CAD to ol, however, b ecause it do not have write p do es the mediator have access to the domain in whicthe derived to ol runs, so it uses an exp ensive protected pro cedure call to commwith it. Howevthis solution is b etter than any of those av on more traditional

op erating How do es the exp erience of Chase et v alidate the work in this are two basic answit do cuments a case in which designers other than of the metho d successfully used the metho d to decomp ose an ininto a system in which twseparate to ols are tightlinproan example of how the approach can b e employed in op erating systems condi�erent from the of the exp eriences rep orted here|where \to ols" run in a Unix pro e�orts in this direction would b e Geographic Information C. Brett Bennett, an exp erienced commercial software develop er in Seattle, used metho d to architect a multi-scale geographic data browser for the real .

The system supp orts several to ols for exploring the prop erties for sale large, metrop olitan system presents the user with an ovstreet

Personal communication with C. Brett allowzo oming and panning to explore the displayAdi�erent di�erenkinds of information are presenlarge roads app ear in wide angle for example, while small streets and prop erty icons app ear when the user zo oms mouse passes over icons, corresp onding addresses, other textual information,

and images are displayBennett claims that the mediator metho d led to a signi�cantly b etter arcthan he would have obtained without He v alues the decomp osition of his system inindep endent, reusable parts, and the highly exible structure of the b elieves he has devised a set of generic b ehavioral and ob that will enable him to e�ciently assemble a range of follow-on pro On the cost side, Bennett claims that the mediator metho d requires greater care the semantics of comp onents|esp ecially the creation and deletion of runfound that lack of care at the design stage led to di�cult problemslaterd|problems harder�x than those thatarisein Eacof these development e�ortswasBehaER mo deling wasdesign mediator-basedimplementationsthatmet the requirementsgivenfor tightlintegratedb ehaMoreoveachofthe systemshad the desired, b ene�cial and dynamic structural prop erties|a clean decomp osition and a exible In terms of static structure, each system comprises separate b ehavioral ob jects, directly by clients, and integrated by separate mediator ob execution generated b ehavioral ob jects are integrated by dynamically instantiatialthough the data is sparse, the systems built this way app ear have the exp ectedevolution dynamics as wexample, at least one ma jor to was not originally sp eci�ed for the Prism system, was built and inin exp wa.The to was built as an indep endent entitwerethento integrateits b ehaviorwith the b ehaviors of the rest of the anecdotalcharacterof these rep orts|the lackofprecise hyp otheses, cisely de�ned measurements, exp erimental designs, carefullycollected quantitativestatisticalhyp othesistesting|despitethese shortcomings,therep orted exp the mediatormetho d lend signi�cancredibility to the claim that this metho d do ease development of serious (alb eit not immensely complex) integrated ovthe design, realization, and evolution tasks are eased in the ways predicted by reasoning presented ab ovmetho d is no \silver bullet [Bro oks 86]," it provides signi�cant v alue by helping softwdesigners to think more clearly ab inb ehaviors and to avoid unnecessary complexitin the design and evsoftware systems that realize those b eha

Casechapterpresentsacasestudydescribinghowb ehavioralERmo delingandwere used in designingand implementingPrism,an integratedsystem forradiationtreatments for cancer patients in clinical use at the University of Cancer Center [Sulliv an, Kalet and Notkin 93, Kalet et Kalet et 92]. purp of this chapter is to substantiate the that the mediator metho d can stantially ease the design and of integrated has not b een long enough to provide a basis for strong claims ab out ease of evwas develop ed in an incollab oration b etween softwresearc(David Notkin and m) and oncology researchers (Ira and his Eacgroup had its own had sp eci�ed requiremena radiation treatment planning TP) system that would b e richer and more tightlintegrated than any previously built; and he needed to realize this system on a mo Sulliv

(with Notkin) sought exp erience help v the that b havioral ER mo deling and do ease the design, realization,and evintegrated goalsweresubstantiallymet as noted ab ove, data on the evof the system is stillmediator metho d provided Kalet with leverage needed e�ectively design and implement a system more ambitious than could havb een a�ordably built using common design metho success supp orts the of this wimplements Kalet’s original sp eci�cation, with minor changes during detailed to ols supp ort diverse planning tasks, including mo of patient cases (anatom, images, treatment plans), computation of target vof radiation dose distributions, visualization, and database managemento work together in �ne-grained, dynamic interactions.Kalet attributes the of the e�ort to the conceptual and b ene�ts of b ehavioral ER mo deling mediator o give a sense what a dosimetristmighsees when using Prism, Figure 7.1 presenscreen view of the workstation during system use pictures a set of displayed at one p oint during a Sevvisualization panels display the anatoma patient in v arious cross sections, with two radiation b eams passing through diverging pairs of to ol panel for changing the parameters of one of the b is also displayed (the panel the the user moves the dials, the b parameters are cthis happ ens, graphical views are up is discussed in more detail b elonext section addresses background the radiation treatment planning domain, and the of the art b efore An TP system is a set of software to ols used by a dosimetrist to design radiatitreatmenfor cancer patients. are exp erts in designing radiation treatmenis intended to deliver a prescrib ed of radiation to target regions concancerous tissues without overdosing surrounding treatmenplan �nes three-dimensional con�guration of radiation b eams (and other sources) in to a patient’s anatomy crafted to deliver the prescrib ed

A Prism

Designing e�ective treatments can b e spacetreatmentplantionsishDi�erenp eoplearedi�erentlyshap Pmoveduringandb etwtreatment typ es and lo cations v reatmenmachinery di�ers installatcases require careful orientation of sourcesrelativto patient anatom, visualizatiof the resulting con�gurations, computation of �elds generated, and adjustment of plans based on this feedbacmanually or using p o orly integrated to ols is unnecessarily lab orious and By providing computerized to that automate treatment design tasks, a TP not only increases the e�ciency with which treatment plans can b e designed, but lead dosimetrists�nd treatment plans that they would otherwise miss man et al. 89]. o ols in such an environment may supp ort management of mo deling of equipment, patients, treatments plans; computation of the dosages delivered by treatments; visualizatiof anatomies,plans, machines, dosages; management of patient and hospital data; and goalof is not only to provide to ols to supp ort these tasks , to provide an environment in which all the to work together to give the dosimetristp owerful, exploratory planning Di�erenviews should work together to p ermit of their relative spatial orientatiomo dels cviews should b e up dated and dose distributions inv system mb e broad in the scop e of tasks it supp orts, tightly integrated, and exibly b oth at runtime and ovthe longer, evolutionary Many TP systems have b een built, including several at the Universitof ton [Kalet and Jacky 82, Goitein et Jacky and Kalet 86, Jacky and Kalet raassetKutcher Rosenman et al. 89]. problem is that these e�orts achieve the critical combination of breadth of scop e, tighintegration,and exibilit.

This is not surprising in lighof the observ of aylor et al.: :well-integrated environment is easiest to achieve if the environmenlimited in scop e and static in its contents and organizatiConvand dynamic environments are typically lo osely coupled and p o integrated. p o orly integrated environments imp ose excessivup on users, and small static environments are quickly outgrown a88, aylor’observ ation has b een b orne out in the treatment in many systems, di�erentasks are handled by stand-alone, likto ols that run separate pro cesses and are lo osely integrated through shared �rst system [Kalet and Jacky 82] integrated anatomy mo deling, b eam sp cation, dose computation, and visualizatto ols this wamo dify an anatomical

mo del, the terminates the dose displa, runs then terminates the anatommo deling to runs the dose computation then the dose displa manysystems providerigiduserinIn second system

[JacandKalet86,JackyandKalet87b], theusertraverses abroad,deep, �xedmenuto change plans, up date mo tailor visualizations, usepatientdatabase,visualizatioto ols arein exible,to system displays a �xedof in a �xed layout on the Theselimitatiomakeithard quicsimulate Third, to the extent that existing systems are tightly integrated, their arcoften so in exible as to severely complicate evexample, despite ob ject-oriented architecture of Kalet’s second system [Jacky and Kalet 86, Jacky 87b], tighintegration of prototyp e AI-based to ols [Kalet 92c, Pis prohibitively exp ensivarchitectural in exibility makes it hard to the results of research by making it hard to integrate new to ols, and ultimately <research on software supp ort for radiation treatment for a this context, Prism serves twpurp it supp orts treatment planning in ical Second, itprovides a platformfor research on uses of softwaretecin treatment In the second Prism is something like a framew[Johnson provides basic environment can b e extended with additional to to that computes radiativolumes based on mo dels of tumor shap e and typ e and patienmovement|a to ol not foreseen in the originalsp eci�cation|was recently inIntegrating this to ol was , owing to the use a mediator-based arcto examines a patient mo del and computes and up dates target volume ob ject All other Prism to ols resp ond Both roles|pro duction environment and research platform|demand a comof tight integration and arc exibilit.Tight integration is needed for e�cientreatment exible architecture is imp ortant to supp ort dosimetrist should b e able to invoke to ols and con�gure the environment at run needed toe�cientlyplantreatmensystemmustsupp ortinstantiationintegratioofto olsduringaplanningArc exibilityisalsoneeded accommo the integration of new to over the lifetime|as research are tested and then adopted or The strength of Prism is that is combines architectural exibility|in b oth and evolution|with tight integration during simple but p owanatomy mo deling to ols can staon the screen with dose displato anatomis up dated, the dose distribution to ol is computes and display the new distribution. o help users understand three-dimensional treatment plans, Prism allows

any numb er of views of a given plan; any given view can either b e displayed or not; each view display hints to help the user its relative p osition with those of hard to give a sense how dynamic Prism is in the written wanting a more dynamic exp erience, the source co de is freely av ailable.

Patienmo dels in Prism are derived from image study is a sequences two-dimensionalimages|usually computed tomography or magnetic 7.2 presents one slice in an image build mo dels of anatomy and tumors by tracing contours of organs, tumors, and targets ovadjacent contours tagged as b elonging to a given entity de�ne mo del of that entitmo dels, augmented with information such as densit, typ e, and radiation tolerance, are the basis for planning in t to ols are presented in atient anel is the \master control" for It is presented to the user when is started. See the upp er of Figure to is used to select a patient case from the Prism database or to op en new

F or information on obtaining Prism, contact Kalet by electronic mail (ira@radonc.washington.ed

7.2: AtransverseThis �gure the patient co ordinate system, and shows a transvthrough the patient. Images in image studies are oriented in this wa isop ened, asso images can b e loaded; e data can b e edited name, hospital ID numb er); and mo deling and planning tasks can b e undertakMo deling and other planning are supp orted part by the menus (the mselection lists that Kalet them at the b of the Eacelements p ertaining to one asp ect of the patientumors, p oin(whicare lab els a�xed to anatomicalp oints of interest), and treatment allow these elements to b e added, deleted, selected the button ab ove a selector adds a new element to the asso ciated collection in the patiencase mo an item with the middle button deletes the element. Selecting element with the button invokes a to ol to display and edit the selected ob Plan Selecting a plan, for example, instantiates and displays a plan to display and the designated plan, de�ned part of the patient highlighof in the selector ab ove the easel in Figure 7.3 indicates that the plan has b een selected that there is a plan panel for editing it active on the displaThe panel is in the lowof the �gure obscured b elow the patient panel and b eam panel with the Prism to ols are invoked this wap oint-and-click invo cation prowith the abilitto exibly and tailor their planning environmendeling: Easel The large panel in the lowleft of Figure 7.3 is an asel invoked to edit a veasel has several side is for editing attributes such as in which contours are displayed and the co of the current the top is the �lmstrip Eacame presents a slice of the mo for is in the bacConfor organs, tumors, and targets are ovprovides a scrollable menu for selecting slices for area in the is the canv as, on which geometric editing o

A second o edit a slice, the user through the �lmstrip to �nd the desired slice clicksonthedesired frame. third frame is selected here (indicated by highlighting,

which is hard to see in this window image and contours for the frame are then displayed on the canv contours de�ned for any organ, or target for that slice are displayed but only the one for the entitb eing edited b changed|in case, the volume, whose contour is outlined with squares supp ort editing. The user can add, delete, and move these to change the volume conar button b elow the �lmstrip deletes the enconto a dramo de, the easel supp orts automatic contouring using pro cedure follows edges on the background editing op change a copy of the contour de�ned the patienmo the user ept button, the edited contour is then inserted into the patient mo del, the old andViewsupp ortvisualizationofpatientcases,tumors,targets,b eams,andsoallowstheuser de�ne any numb er of views of a given or p ersp ectivviews come in three kinds, called transverse, sagittal,p erp endicular to the ; Y and of the patienco ordinate resp ectivlower right of Figure supp orts p ersp ective takfrom the of given radiation b lower right of Figure Eacplan panel includes a selector that views de�ned the a view, the user is queried the kind of are p ersistent, in they are de�ned listed in the selector even when not displaya view the selector causes the view to b e displayselecting invoka view which displays the view and alloits parameters to b e The parameters include the p osition of viewing plane along the view axis, whether background radiographic image displayed, the contrast setting for that image, and on. Eacview displays ators to help the user correlate the orientatiof the with the orientations of other de�ned views. (Lo cators are discussed further, b eloFigure 7.1 presents �ve orthographic views The one in the upp er righis a transverse presents the same slice as in the easel in Figure 7.3, but displays two radiation b eams|as pairs of diverging b eam enters from upp left; the other, from upp er righvolume is in the intersection of b is imp erfectly b eams hit other organs, including kidneys ov als) and spinal cord (white, irregular shap information and ability to see and change it easily are to the treatment plan two smaller panels, b elow, displatransverse slices ab ove and b elow the in the large panel in the lowright presents a sagittdepict inof contours (parallel to the transverse views) with the sagittal

panel to the left displays a coronal ovparallelograms depict intersections of the b eams with viewing

,lowerrightpanelinFigure7.3presentsap ersp ective, b eam’s-eyethep ersp ective ofthe b eamthatentersfromtheupp er leftin thetransverseab ovview depicts the sequence transverse slices through the patient seen the Thecontours represent skin; inner ones, others elements,e.g.,and Mo deling and viewing to ols are tightly integrated with each other as they are instanthe user presses epton an easel, new data is inserted into the mo causesall graphics to b eup dated to re ect the cin easel are up a�ectedviewsareredraIf a dose distribution is displayed the is inv alidated and erased from all views in which it app changes the mo del cause changes theenvironmentto maintain with three-dimensional con�gurationsfrom asetoftwo-dimensionalviewsis

Visualhints that indicatehow views relateto each other can help. provides hinin the form of A lo is a line app earing in one view the inof the viewing plane of that view with that of some other Lo show how views are oriented relative to each other, which helps to fuse views into a three-dimensional the sagittalview in the lower right of Figure 7.1, for example|a a slice that divides the patient into left and righvlo in the transverse view corresp onds to the viewing plan of this sagittalThsagittalview is down the middle of the patienthe horizontal lo in the sagittal view show the relative p ositions of the three transverse Horizontal

lo cators in the transvviews depict the intersection of the coronal view (loer The vline in the sagittaview shows the inof the view; and horizontal lo cator in the view depicts the intersection of the are thusintegratedwitheach otherthrough lo the viewingofviewscanb e cand since lo can b e dragged, a problem is to keep lo views consistent with each p osition of a viewing plane can b e up using the Pos line on a view a viewing plane is changed, the lo that view in other views must up if a lo cator is dragged in one the viewing plane of the corresp onding view cThnot only do lo prohinab out relative orientations, but they also let user change the of views. The user can th\animate" a viewing plane passing through the patient in dimension by dragging a corresp onding lo in another tighintegratisigni�cantly eases visualizatiand of complex mo dels|in particular, dimensional radiation deling: Beam o review, one a plan by selecting it using the plan selector on the patient panel, instantiata plan this discussion, the key features of the plan panel are selectors for radiation b eams and views. add a b eam, one uses the add button ab ovthe b eam edit a b eam, one selects the item for the b eam, instantiating b eam the plan panel on the far left of Figure 7.1, the \left lateral" b eam selected. instantiated the b eam panel|with the dials|in the lower The left side of the b eam panel presents widgets for editing the kind of treatmenmachine pro ducing the b eam 4 in this case), the in which the b eam displayin views, the top are dials used adjust the b eam orientatirelativto the patienmo dels the p of the gantry that supp orts the b which on an axis parallel to the o mo dels the p of the collimatoan adjustable masking device through which the b eam on its way to the patienb ottom part of the panel displays sliders for such parameters as the longitude, and height of the couch on which the patienlies and the shap e of the collimator ap anels with Beamsand Beam panels are integrated with views in that changes to a b eam are re ected in that display the b eam. As the gantry dial is moved, for instance, the lines depicting b eam in the transverse views rotate, and the depiction of the patient in the b eam’s-eyview

(from the p ersp ective of the origin of the b eam) rotates in three in b eam parameters can inv alidate computed dose distributions, to erase depictions of the out-of-date v An interesting asp ect of the b eam panel is its integration with the b eam ob ject it displaa user changes the machineofab eam (\Cli4"), for may imply a change in the kind of collimatorused to shap e the b Di�erenmachave di�erent collimation This, in turn, may require a change in collimator part oftheb eamdi�erensystemshavedi�erentparameters,andrequire di�erent ina Clinac 4, two sliders are required, since there tw\jaws" that can b e manipulated. devices have more degrees of freedom, so need an interface with more a \multi-leaf collimator," a interface is not su�cient; a contour editor for sp ecifying the desired b eam is the user changes the machine the user interface presented bthe b eam panel may change to allow editing of a b eam shap ed ba di�erent kind collimatoeci�cation, architecture of Prism system was conceived, designed, and implemented using b havioral ER mo and rest of this chapter fo cuses on the use metho d in section starts with a simple example to lay a foundation more complex asp ects of the discussing implementation details using I show how the tenets of the approach were used to understand satisfy more complex requirements discussed in the preceding

The �rst example is of a graphicalinterfacewidgetcalled a dialb oin b eam panel

(see

Figure

7.1) are instances of this kind of \to ol"|a to ol that can itself b seenasatinyintegrateddialb oxisaninsystem in the sense that intwo b ehaviors that can stand alone: dial and a text They are made work together in the dialb ox so that the text and the dial angle remain consistent as either one is changed|whether by the user by some other to The b ehavioral entities of a dialb ox are thus a dial and a text line the dial can b e changed by the with the in the can b e changed by typing a new v alue in the windocomp onents havprogrammatic interfaces for getting and setting their v the turns, the line up dates rep eatedly until the motion When the user typ es a new v to the text line and presses Enter, the dial snaps the givIt may b e to treat a dialb ox not as a system of parts but as a single ob A dialb ox is often instantiated, used, and destroyed as a unit, for supp the view of the widget as an inunit, we sp ecify it as an ob ject that has oop erations to get and set an underlying v alue, the angle displayed in di�erent ways bthe dial and text line comp onenBehavioral ER Mo given requirements for a \complex" b ehavior, such as the dialb ox, one b egins basking how it can b e decomp osed into a system of indep endent b ehainin a network of separate b ehavioral havno mechanical pro for �nding go o d decomp we are guided by concerns for indep integration.What pieces can we use, develop, understand indep endently; and hoshould we design them to promote these prop Giva breakdown into parts, there a simple b ehavioral relationship that inthe visible do we want the clients of the system

7.4: Thearchitectureofthe b ox \integrated environmenrectangles represent indep endent entities; the diamond represents the b ehathat integrates dark arrodenote the dep end ence of the tionship on the enligharrows suggest the entities are bclienReasonable answers for the dialb ox are fairly obsystem is easily p osed ina system of two b ehavioral entities linked by one b eharelationship, illustrated in Figure enare the and a text the v alue by one of these ob jects changes, the v alue of the other mb e up dated re ect the cbreaks the system into twentities that we implement, test, and use indep enden , plus a relationship that is easy to and implement as a separate unit in its own righMediator At the implementation level the task is to represent the entities and relationships instances while preserving the indep ende nce the constituent b ehaviors and separation of integration concerns exhibited in the b ehaER mo presents the essential features of the design of the Prism dialb ox line and dial are designed and implemented as indep endent b ehais designed and implemented as a mediator ABT. The mediator resp to the b ehavior of each entit(indicated by its event announcements) by up dating to maintain the sp eci�ed constraint on the resp ective v

In more detail, the dial and text line are designed as ABTs with op erations to and Set their v alues and events announced when these v alues cevenare NewInfo and NewAngle for the text line and dial ABTs, resp ectiv

Mediator-based design of the dialb oheavy arroemanating fromtheblack dotsdenotereferencesb etweenob and text lineare indep endent; dep ends b dashed arrorepresent registrations of the op erations at the tails of the arrows with the events at arrows denote invo cations of the op erations at the heads bthe op erations at the referencesb oththeand text line toregister forthese events and call the op its onNewInfo(x) op eration with the text line NewInfo(x)evenevent is announced, the op eration is invokop eration computes a new a the dial by converting the up dated text (an event parameter) to an angle, and by calling Dial.Set(a) up date the with the new The b ehavior is symmetrical for changes to the dial. Thus a circularity could one up date could cause another, and another, are several ways to break succircularities.One way is for the to maintain a bit that indicates whether up date already in invoked, the mediator checks the not set, mediator sets it and p the up already set, the mediator just fact that mediators are ob jects p ermits them to maintain such way break the circularitwould b e de�ne the text line and ob jects as not their events if a new v alue to b e stored is the same as the

Low-LevIt is straightforward to implement

ABTs in common is representing evenis not hard

[Notkin et 93]. is quite in ob ject-oriented languages, which already supp ort ob with states and op e represent events in interfaces as instance v ariables holding event ob evenob ject maintains a list of op erations to b e invoked, and the ob to whicthey are to b e when the event is announced

[Sulliv an and Notkin

Evenimplementation environment for Prism is provided by Common

Lisp and CLOS

[Bobrow et 88].

�rst task was to supp ort ob jects having evenas well as op erations in their interfaces. e used event ob ject-v alued instance v for this. An event ob ject is an instance of an event

Such a class de�nes op to and gister op (andthejectstowhich theyshould b e applied),and anothertoAe given evenmecis co de is presented in Figure eventob jectan asso ciatilist that records ob ject/op Up the list emptop erations, implemented as macros, are ob ject () and an op erationto b e applied tothe partremoves anop eration alreadypresent for the part, then stores the new op removany registration for a partAe over the list, the op eration part of each entry to the asso ciated partparameters gs arepassed the invoked op ctidenti�es the ob ject announcing evenAenco des other parameters for the evenThwhen a text line

NewInfo(x) by calling the announce op eration of this event ob ject, a to the text line and gs is the new string

EnImplementhe dialand text line ob ject sp eci�ed in 7.5 is now the entities are similar,we just discuss dial stores a numerical tation of an angle, de�nes op erations to get and set this v alue, and makes changes event () (defun make-event() add-notify (party event ‘(setf (adjoin (list ,party ,operation(remove ,party ,event :test #’eq :key (defmacro remove-notify (party ‘(setf ,event (remove ,party ,event :test #’eq :key (defun announce (object event &rest (dolist (entry event) ; event is an (apply (second entry) (first entry) object 7.6: Lisp/CLOS implemenof event ob jects in by announcing an d evenThe problem is in representing and the even7.7 presents the dial class declaration and shohow we guaranthe event is announced when used up date the angle attribute using wrapp er metho class includes a slot holding an event ob wrapp er, whicis automatically executed whenever called, announces evenIn addition, wrapp er up dates the dial graphic. (I do not discuss any Implementhe mediator is In this case, the tor is the dialb ox ob ject system as a whole is represented by the mediator integrates the parts|see the defclass statement in the statemenin class initialization routine these ob jects and assigns them to slots in the dialb ox ob routine also registers the mediator op erations with dial and text line even�rst op eration, d, handles changes the dial; the second, handled up dates the the registratistatements (e.g., ) the v ariable db refers to the dialb o(party to b e �ed). The next expressions reference the event ob jects in the and text line ob The NewAngle evenis represented by an event ob ject in the d which is found through the of the dialb ox parameters preceded bhash signs (#) are the op erations to b e invoked when the evenare dial define a dial ((angle:type single-flangle :accessor:initarg(angle-changed:type angle-changed :accessorangle-chang:initform(ev:make-event))(defmethod(setfangle) :around(new-angle(d (dial-erase-pointereraseolddial(call-next-method);inner (dial-draw-pointerdrawnew(ev:announced(value-changedd) new-anglevalue-channew-anglsetfmustreturnKey features of the implementatiof the dial dialbox the dialbox/mediator

((the-dial

:type dial

:accessor referenca

:type textline

:accessor the-text)

;and a text

(angle-changed and exports an angle-chang:initform

(ev:make-event))

(busy:accessor busy:initform and avoids circularitie(defun make-dialbox

(radius

&rest other-initargs)

(let*

((db

(apply

#’make-instance

’dialbox(setf

(the-dial

(apply

#’make-dial radius

:parent

(window

(the-text

(apply

#’make-textline ds th :info

:parent

(window

(ev:add-notify db (angle-changed

(the-dial db))

#upon-angle-chan(ev:add-notify db (new-info

(the-text db))

#’upon-new-info)

(defun upon-angle-changed(db ann (unless

(busy avoid circularit(setf

(busy db) (info

(the-text convert angle

(format nil "~5,1F"

(mod val string;

update

(ev:announce db(angle-changedb) announcedialbox (setf (busydb) avoided circularKeyfeatures of theimplementatioofthedial/textline mediator’s\up date"op erationsaresimilarsowejustpresentup dates the text line when the dial cparameters passed this op eration identify the noti�ed party

(the event announcer

(and newmediator op eration uses a busy bit to prevent , as ab ovBetwsetting and clearing , the op eration up dates the v alue of the line and announces the d event of the dialb ox (to supp ort clients that the dialb ox as a Consider what happ ens when a client changes the dial angle using the op The wrapp er metho d is invoked by Common

Lisp b efore executes. the is setting of the angle v alue o ccurs The graphic is redrathe angle-changed event is invokthe mediator’s op routine checks the busy bit, no up date in progress, convthenewto a string and sets the v alue of causes the text event to b eannounced,whicinvokesmediator’s op eration.

op eration checksthebusybit and,anup dateinprogress,Controltothetextline(itseventannouncementext lineup dateControltotheannounces event. the clears the busy and op on the dial ob ject completes with the whole dialb ox is left in consistenSelection With the implementation details at the lowest level of Prism describ ed, I now turn complex subsystems, startiwith the multiple selection used selector includes a multiple selector list as a comp onencall these mselection lists A menu displays a list of can b e added and selected and selected, an item is highlighted; when deselected, it unhighligh

7.9: Simpli�edmo delofamultipleselectionmultipleselection list isviewedasapairofsetsofbuttonisandisplayby a menu thatcan b e selected The ofbuttons calledconallbuttonsdisplayedby themenset, contains exactly the selected b ehavioral relationship ensure that this constraint maintained asbuttonsareselectedanddeselected,insertedandBehavioralER Mo edesigned themenubasedon knowledge of how we wanted to usemenusin aselector amenuparticipates intwo isacorresp ondenceb etween items in the menu and a set of ob jects

(e.g., the organs of patient). The second relationship is a one-to-one corresp ondence b etween cte d menitems and activto ols

(e.g., panels to edit selected organs).If an organ is added to patienan item must app ear in the list; and if an item representing an organ is selected, to ol mustb e instantiated foreditingthatimplementstheb ehaviorsp in the Prism requiremenOur analysis of the menu, as a comp onent of the larger selector subsystem, resulted themo del illustrain view a menu as maintaining two sets of The sets are entities into which one can buttons and from which one can buttons (more , references buttons, in turn, can b e or standard usage, a client inserts unselected buttons into the Items then and unselects buttons, and then deletes them from the Items Inof these sets and the buttons they contain is achieved by the Figure relationship imp oses the constraint that the selected set is subset of Items containing exactly those buttons that are Thif a in Items b ecomes selected|b ec ause a user invokes its ct op eration|then it m b einsertedinto thed set. our implementation do es not have structure, this analysis illuminated the structure of a menu, signi�canthe design, implemenand integratof the menu comp onenImplemenIn implementing the menu, we merged the two sets and the b ehavioral relationship ina single menu ob menu ob thus supp orts op erations to insert, delete, deselect buttons, and events indicating these activities.The select and op are the equiv alents of insertion into and deletion from the selected e designed the buttons themselves as ABTs with op erations for selection and lection, and events indicating these activities. Selection causes a button to b e displayhighlighted; deselection, unhighlighkey to integrating buttons with menus that when a button is inserted into the menu, the menu to b e noti�ed of selection and deselection eventhe menu is noti�ed of a button b selected, the menu then announces its own evenevent mimics the would have b een announced insertion of the button into the selected subset the menu b een implemenas a pair of same thing happ ens a button is deleted from the menu, the menu cancels its registrations with button ob are used Prism to display the contents of sets that make up patienmo dels (e.g., the organs of a patient), to allowelements to b e added to and deleted these sets, and to allothese elements to b e selected for In the face of to and from these it is to keep the user interface consistent. If is added, new should app ear in the organ menthe name of an organ changed, the name displayed by the corresp onding button should up dated if the button name changed, the should b e up dated, symmetricall

Simpli�ed mo del of the Prism selector in consists of a menuinwithasetofob jects(e.g.,to b e in the menu and a set of to ols (e.g., easels), one for each ob ject that by the selection of an item in the menmainb etween set of ob jects and items in the menmaintaibijection b etween selected items in the menu and to in the to maina corresp ondence b etween the name an and the name displayby the corresp onding menu Prism eases integratiof new to by sets, ob jects, buttons, and so accessible to to ols that need manipulate the information they represenAnto ol can op erate directly on a mo del, by adding, cand deleting b eams, plans, buttons, the face such accesses, all asp ects of the enmenmust b e kept consistenI now discuss how we met this requirement, fo cusing concreteness on the case of Behavioral ER Mo 7.10 presents a b ehavioral ER mo del of the other selectors Prism are exactly In all of them are instances of the same basic parameterized at run time to handle sets of di�erent typ es of ob to b e (organs, plans, etc) and panels edit these ob jects (easels, plan panels, The main entities in the b ehaER mo del are a set of organs, a set of easels, and meneach set is asso ciated zero or more elements; the numb er changes elementsareadded and deleted. The twkey b ehavioral relationships, maintain one-to-one corresp ondences, discussed ab ovan organ is added to organ set, a corresp onding item (button) to b e added the menitem is selected, addition of a new easel to the easel Convan easel is closed (and thus, in Prism, deleted) by the user, ME that corresp onding button b e The relationship dep ends on the relationship SM, b ecause resp onsible creating easels for editing organs selected by the designation of menu buttons, but must b e connected to the organ asso ciated with the selected asso ciatib etween organs and buttons is maintained by SM. Thus, when a button is selected, then queries �nd out to which organ the new should b e attacThe b ottom half of Figure 7.10 depicts the individual elements of the sets buttons, easel panels) and the b ehavioral relationships b etween them. OB preserves equalitof asso ciated organ and button names; if either changes, the other up arrow from the easel to the organ denotes a dep enden ce the easel the basically merged the b etween the display part of the and the organ displayed into the reason is that easels are never used in absence of (or generally a volume to b e the dep end on b oth the easel display and the organ, this merging of integration concerns leaveasel dep endent the Implemeno save space, I discuss only key features of the implementation. First, we resent instances of the as mediator ob These ob jects are mo on the dialb ox presented earlier: they propagate v alues b etween ob The relationships similarto each other, so I will only discuss the plemenof I start the discussion with a simple but imp ortanpart of the organ set. (Other Prism sets|e.g., panels, tumors, plans|are analogous.)

implementtheorgansetasaset ABT.ThesetABThastwop one to insert an element, one to delete Eacop eration takes a reference elementasaparameter. The ABTalsode�nes eventsd(x)and a reference to the ob ject inserted or a cliencalls the op insert(x), the evenis announced if and only if added the whichapp ens if and only if wnot already in the set (and conversely for Representing multi-v alued attributes as set ABTs (e.g., the organs in a patienof the cornerstones of the Prism ABTs provide an explicit runrepresenof dynamic entry and exit of elements into and from asso having to maintain consistency in the face of ation deletion of ob jects, wdo so in the face insertions into and deletions from is easy b ecause announce events that can b e observed by a mediator to represent straightforwathe dialb ox proa First,holds references the organ set and the menit de�nes four priv ate op erations, one to handle each relev ant activit, , and deletion of organs and the mediator is created, it receives the set and menu and its op erations with their evenAruntime, employs the \busy bit" idiom to avoid circular up dates, as in the dialb othe maintains a relation as part of its It the relation to record corresp ondences b etween organs and Eacasso is stored as a pair of references, one to the organ, one to the relation is used b oth by the mediator itself, and by clienparticular, the queries this relation to �nd out to which organ to attach an easel when a menitem is relation is implemented as a elation ABT, with op erations to deleted, and lo up asso ciatioand with events announcing additions and see hothe works, consider what happ ens when an organ is having registered to b e noti�ed of events signaling deletion of organs, invoked. resp onds by checking busy bit, which �nds clear (no up date in mapstheorganjustdeletedthroughthethat the itself maintaito �nd corresp onding button in the mendeletes the corresp ondence then calls the menu to delete the invokes the recursivnow the �nds busy set, so it just returns to the menmenu, hadeleted the button, returns to the mediator then the the deletion op eration on the organ set completes with the the mediator’s relation, and the menu all consistenis one additional complicatioan organ and a are asso ciated, we want their names to stay consistenimplement this, the uses an idiom we call deploying key adv anto the metho of implemenb ehavioral relationships as ABT-based ob jects is that can b e created and can register with other ob jects is for integrating to ols as they instantiated in The idea is that in addition to maintaining a relation b etween two sets, a also maintains a set of mediators of a di�erent kind resp onsible integrating elements of the sets. an instance of an OB to integrate eacasso ciated organ and button when an asso ciatioto its relation, creates an OB instance, proit with references the and button ob The OB mediator registers dynamically with the events of those ob jects and keeps consistent the deletes the asso ciation b etween the and the button, also deletes the corresp onding OB mediator. Before b eing destroythe unregisters from the events of the organ and button ob The ability to integrate entities without change by interp osing mediators eases tegration as well as evolution over the life time of a Deploeach entry in a relation is a run-time example of the leverage gained by b ehavioral relationships, and is a key idiom used extensively in the more sophisticated usages of this idiom in the next ideaofdeployingsubmediatorsincorresp ondence withtheelementsinaprovidedthebasis for solutions to several, more di�cult designthis section,Idiscusshowe handled lo cators.Recall (see Section 7.4.7)that each graphic viewdisplaysone every other orthographic view that intersects given Thwhenever a new view iscreated, lo cator has to b e added to eacview intersected by the new view, and lo have to b e added the new view each of these intersecting urthermore, the p of each lo in the view in which is displayed has b e kept consistent with the p osition of viewing plane of the other view that it represenIf the p of a transverse view is changed, the lo for that view in all and sagittaviews have b e up ,the user drags a lo cator in one of the p of the transverse view must b e up supp orts a kind crude animation: as a lo cator is dragged, the view it represents app ears to pass the patient mo del the viewing it do es it renders successive slices the patienanatom, b eam lo cations, iso-dose contours depicting dose distributions, Behavioral ER Mo these requirements are similar to the sevsets have to b kept consistent as elements are added and deleted, and corresp onding elements have wtogether while they are The key idea for the lo subsystem was we had a set of views and that we needed maintain a enco ding inb etween views in that than a one-to-one corresp ondence b etween sets, wa b ehavioral relationship that maintains the cts relation as the set of changes, or as individual views cSupp twviews A and intersect|p erhaps A is transverse and B the intersects relation contains the tuples (AB and (; A); since each view insects the Corresp to these tuples are two lo cators L

(A;B and L

(B ;A:

The Prism lo cators subsystem contains a set of views and a set of lo set of holds zero or more view instances;

similarly for the lo sets are inby a b ehavioral relationship

VSLS(for view-set/lo cator-set).VSLSkeeps the lo set consistent as views are added and also inserts lo cators into and them from the views that are to display it also deploys VL to keeps lo cators consistent with the views they

�rst is displayed in A to represent the inof B A: Thesecondapp earsin fortheintersectionwithA:Thelo catorsystembasicallyconsistsofasetofviewsandsetoflo cators,withlo catorsinone-to-one corresp ondence tuples in the intersects relation.As views are added and deleted, relationship maintaiintersects and up dates the lo cator set VSLShas two additional First,adds a lo cator to or deletes it lo cator set, it displays the lo cator in or removes it from the corresp view. Thus, the maintains the one-to-n relationship from views to lo cators, presented in the eaclo cator has to remain consistent with the view represents. ensure this, VSLS deploys submediators, one instance of VL to ineach lo cator L

A;displayed in a view A with the the lo cator represenA key b ene�t this architecture is that it enabled conception and implementatiof this machinery indep ende ntly of other relationships in which the views and the set views participate (as suggested by dashed lines and diamonds in Figure 7.11).I some of the other the set of views is related to a menu; the of each view is related to the name of a button; Accessibilitof the views and p ermits the b ehaviors of these entities to participate in multiple b ehavioral relationships.

Implemenimplemenfollowsfrom the b ehavioral ER mo set of views is mented as a set ABT. The views are de�ned indep endent ob changed represenof the lo set in the design to reduce the numb er classes and ob Sp we eliminated the set of lo in favor of each having its own of lo cators|those that it displaLo cators are thus distributed ab out the a mediator that registers with and resp onds insertion and events of the view When a view is added, the up dates the intersects relation, which it mainby comparing the new view against each view in the view views di�erent axes intersect, and views on di�erent axes have di�erent Prism class transverse, coronal, sagittal|so intersection is computed by these names di�er, the views intersect. each intersection, the creates b oth lo cator and a adds the lo cator to the of lo cators in the in whiclo is to b e displayed; and it instantiates the giving it to this view and to the view the lo cator submediator registers with view and with the lo cator and thereafter maintains consistency b etween view is deleted, the mediator reverses this pro lo are moved views change, the maintain consistency indep ende ntly of the macdeployed The b ehaER mo deling metho d not only e�ectively separated concerns in cept, but in implementation. The machinery for handling the relationship b etwthe view and lo cator sets is entirely separate from the machinery for the b etween the same view set and selectors, for mediator metho d preservthe most imp ortant prop erties of the b ehaER mo dels in the implementation:dep enden ce of entities and separation of integration

7.12: graphics rendering subsystem is analogous to the selector and lo The b ehavior that each element in each of the ob ject on the left b e rendered by a graphic in each of the views in the view set on the right.

Although omitted in this �gure, corresp onding elements are related by submediators, in the earlier Hasolved the selectors and lo cators problems in a collab oration with Kalet, indep endently applied the idea of deploying submediators to the subsystem resp ble keeping renderings consistenwith the treatmenplans they requiremenwas to incrementally up date all renderings|e.g., in views, easels, frames �lmstrips, etc.|when the sub ject canset of organs, tumors, vetc. any element of any of these sets. In 7.3, if the easel is used change shap e of the target volume (outlined with small squares) then least three are up frame in the easel �lm strip for the slice b eing edited , the transvview in the upp er righand the b eam’s-eye view in the lower right.Up dates are mental in that only graphics for sp eci�c elements are changed, added, the contour graphic representing the particular slice of the vconsistency mainis imp ortant for acceptable runtime p erformance, given capabilities of computer hardwcurrently on the markFigure 7.12 presents Kalets’s b ehavioral ER mo del for this is analogous to those for selectors and lo this case the maintains duct relation: each elemenin each sub ject set (organs, tumors, mb depicted in each view in the view cross pro duct b etween the union of sub ject sets and elements depicted in the views in the view mediatorcreates agraphicforeach ob pair, which it inserts into and itdeploys a submediatorb etween the ob and the graphic to mainconsistency in the face of cthe case ofcontoured volumes|organs,volumes, etc.|there a submediator for each conthe user changes targetvolumecontourinthe easel(Figure7.3),multiplesubmediatorsareinvokedup date thecorresp ondinggraphicsinthe v on the hand, view is added to the view set, the main creates m graphics and deploys submediators|one for each ob ject displayed in the new The design and implementation of this mo del is straightforward based on the structure paid when Kalet discovered that the initial design graphics rendering was unwork

Thewasin using X windows[Schei er Gettys 86] to render multi-laered pictures with wireframe, contoured ob jects over background, bitmapp ed mediator-based architecture made it easy �x the problem b ecause all graphics co de was lo calized in the eacwresp onsible for rendering ob ject in its was able to replace the pip without touching the OSVS or the ob ject sets, or the ob jects, or view sets, or the Moreovthese changes were made indep endently b etween the view set and panel, b etween the ob ject sets and the b etwthe lo cators and views, architecture separated these we examine the problem of adjusting the user interface presented by b eam to accommo date changes in the kind of b eam b eing the b eam panel Figure key asp ects of the panel are the button on the left that displays the of treatment machine to generate the b eams (Clinac 4), and the part of the panel to adjust the collimator that shap es the b eam (the b ottom two sliders on the If the user presses the machine button, a menu machine typ es p ops one selected, the machine typ e attribute of the underlying b eam is up thatdi�erentkindsofmachineshavedi�erentlimation systemsand di�erent limator typ es have di�erent numb ers of parameters that can b e adjusted, cthe machine typ e marequire a di�erent \sub-panel" for adjusting collimatorsub-panel for the Clinac-4 requires two Another kind ofmachine needs sliders. requires an entirely di�erent interface to shap e the b eam ap that uses a contour editor, as in the o Use question we asked when designing this part of the system was whether to to mo del di�erent kinds of b eams and b eam �rst tried an abstract b eam class with sub classes sp ecialized by kind of collimatorthen by parameters (such as particle typ resulting structure seemed Whsp �rst by collimator typ e then by particle typ tried other orders, to e had two problems with the inheritance approacFirst,evordering arti�cial.This is b ecause the sp dimensions are indep endentyp o ccupa matrix, not a hierarchPtyp e and collimation system are indep endenneither is sub ordinate to the changing a b eam’s machine attribute havrequired dynamically changing the class of the b eam b eing edited and also replacemenof b eam sub classes would have to b e created when mactyp cCLOS do es supp ort dynamic typ e conversion, we found mecto b e to o complex in contrast with the simplicitof the Behavioral ER Mo we de�ned single b eam with attributes to indicate sp typ e, collimation system, then used to mo del di�erent collimators.o change the collimator typ e of a b eam, we assign an instance of di�erent collimatorsubtyp e its collimator mo deled the b eam panel the same wa, with a collimasub-panel as an made easy maintain the corresp ondence b etween the collimator typ e b eam and the collimatorinterface part of the b eam the machine typ cthe collimator ob ject in the b eam is the typ e of collimator

assigned to a b eam changes, the b eam announces an evenmediator linking the b the panel resp onds by replacing b oth the collimatosub-panel and the resp for integrating the sub-panel the new collimator ob is just simple of concepts presented for the subsystems discussed ab ovconclude this section with the observ ation that the Prism architecture and our approacto crafting it di�ered from common metho ds in two wawe develop ed a new waof thinking ab out systems, emphasizing b oth indep endence of entities and the explicit representation of the b ehavioral relationships needed to integrate wuse event mechanisms in a stway to map b ehavioral ER mo dels to similar designs and implementatioapplied this approach throughout Prism, all levels of \granularit," and in solving a range of design problems of several di�erenAs of Novemb er of 1993, Prism was implemented in ab out lines of [Steele and CLOS [Bobrow et and 4,500 lines of Pascal with of X do cumentation.

The Lisp co de handles mo deling, visualization, and management. The Padapted an system, computes dose distributions.

Of the Lisp, ab out 4200 lines handle user interface widgets, sets, relations, and evenclasses take 2700 lines; �le handling, 1000; panels, 5200; views and other renderings, 3100; mediators, 1300 (except for mediators that link panels to ob jects, whic

As of August, 1994, the co de size has increased to ab out 35,000 lines, owing mostly to the inof an AI-based to ol for computing target v countedwithpanels); andotherco de, ab out500co de density is ab 30charactersp erline,withblanklinesandconcisedo cumentationtextKalet’s�rstsystemhasPascal second system, whicis still inuseas

Prism is phasedin,has

41,000 lines ofP5000ofwhichare forwith another system, the basic functions taking 18,000in

Prism take ab out linesofC[Kernighanand Ritcand C++ in TIS [Rosenman et of which ab out are for interface functions taking 4,500 lines of Pascal in Prism, take ab out lines of C

Prism p erforms adequately on high-end workstations.Kalet uses HP9000 series workstations for development and pro costliest op erations by far are with background images. Background image display can b e turned in a givpanel for faster resp Up interface widgets|e.g., menus, buttons|are Evenregistration, unregistration, and announcement p erformed mantimes, but cost in memory and CPU is negligible in comparison with other The size numb er of images in some real cases has exhausted phmemory (128 megabto thrashing b ehavior that degrades p erformance e built Prism on a mo dest budget in b oth money and p erson-hours, with a pro ject The lasted from January 1990 to presenp eople were involvat di�erent e�ort as of Novemb er, was ab out p erson yOf this, requirements sp eci�cation (done b efore collab oraton design b egan) to ok p monand implementation, the fo cus the collab oration, to ok p months. The electron b eam dose calculation co de to ok 11 p erson monPrism is p runs without source co de mo using Allegro Lisp (CL) and Lucid CL on Sun Sparcstations (2 and runs using Allegro CL DECstation 5000, IBM RS6000, Silicon Graphics Indigo, and HP9000 series 700 wstations. The Prism Pascal co de ISO level 0 complianand runs mo on all of the ab ove

Personal communication b etween Ira Kalet and Gregg T of the Department Oncology at the University of North

chapterev aluateshowwellI havedonein thisdissertationin an imp ortansoftwengineering research do this by exploring the b oundaries of problem I addressed and the solutionI presenraise challenges to this wandeitherrefutethem admit to actual shortcomings.

key concern ab out any softwaredesign metho d is whether it retains its utilityas scale of problems to which it is applied is fair to b e skeptical ab out utilitfor large systems of metho ds not yet proven on large pro I claims of pro�tabilityof the metho d for large systems on the ground exp erience, do not the mediator metho d therefore fail to pass the key test of scalabilitThere are several ways to answer First,I have demonstrated scalability of the metho d to serious but complex, systems, including commercial pro ducts and software that is used in practice in exp eriences, although not set up as scienti�c exp erimennevertheless provide v aluable anecdotal information v alidating the claim of of the mediator metho d for real, useful software therearenoobviousreasonsthatthemetho d cannot b e used Idonot b elieve that b ehavioral ER mo delswith hundredsor no desb e manageable, butratheramencouraged by thefactthatb ehaERmo isapplicableatv ariousDecomp appropriatefor\hare necessary at every scale. A key prop erty ofmediatorsis thatthey b recursively structured tointegrateb ehaviors at di�erentscales, fromsimple switches more complex typ es to substantialuser-level Third, success in providing v alue do es not demand demonstrations that b ehamo deling and design are pro�table when applied to systems that are in an absolute sense, but only that the approach is thanotherav ailable metho Ihave arguedextensivthatcommonmetho ds necessarilyscalep o orlyas demands integration increase, and that the mediator metho d overcomes the problems for a mankinds of integration requiremenMoreovb ecause the metho d is upwcompatible with common metho ds, it is at least as go o d as they are in other Therefore, since little or nothing is lost and something of v alue is gained the approacis b ,dissertation presents the results of a small research pro is reasonable to demand p ossible for a single researcher to ful�ll demands scale demonstrations (e.g., use on a pro ject involving tens of p eople over many yNor are such demonstrations necessary for v aluable progress. I cannot express this b etter than ony Hoare did a decade in discussing formal metho ds, when he Most of the b o oks and articles on programming metho ds are of necessitillustraonly by small Indeed, many of the o ds advo cated by the authors have never yet b een applied to large is not a defect of their research; it is a necessitadv ances in gineering are tested �rst on small-scale mo dels, in wave tanks, or in tunnels. mo dels, the research would b e prohibitively exp ensive, progress would b e corresp slow [Hoare 84, ofImplicitb ehaER mo del representsacomplex b ehaviorasa comp of simpler b hain a system of Eachmustb e after of an op eration on a constituent b ehaBehaER mo dels thus comp ose by logicalEacconstituenb ehavior must satisfy not only its own sp cation, but also those imp osed by each relationship in which the b ehavior based implementations,by contrast, are imp erative dation is broadcast-based implicit invo cation, which construct implements sequential vo cation (in some unsp eci�ed of op erations registered by represenb ehavioral relationships. It is well known that logical conjunction cannot alwaysb e plemented directly by sequential comp osition [Hoare et, is the metho do Eveninvoke multiple mediators to implement the conjunction of b eharelationships that the implement reason that this metho d win the examples ab ove is that in all of those b eharelationships are indep endent each this case, conjunction implementable by sequencomp osition|in any each is enough to restore the consistency of the whole mediator metho d cannot b e applied directly when the relationships to b e dep each satisfaction of one dep ends on the satisfaction of another, mediators implementing the have to b e invoked in a order implemenlogical relationships are mdep end ent there may b e sequential comp osition corresp onding that implements the Do these undermine the mediator metho answer is First,

many systems indep enden t relatioseems to b e the views can b up dated indep ende n, as long as all are consistent at some p oint, for even when are dep ende nt mediators can b e de�ned maintain systems relationships. enriching the invo cation mechanism to supp ort the partial

ordering of noti�cations is another p

Distribution, isold-fashionedforsoftwareengineeringresearch nottoaddress thedauntingp byrequirements for,temp ,and so indeedareasinwhichsolutionsareneeded ease the \softwareHow, then, one p ositively ev aluate this work, which neglects these topics? this concern legitimate, I do not b elieve this shortcoming undermines this wreason is that sequential b ehaviors are in dissertatishows that common design metho ds cannot handle this easy case very wconbutiontotheengineeringofsequentialsystemscanhaveanenormousimpactonsoftwengineering is the ob jectivof this wSecond,problems involvedin designing sequentialsystems mayease the b ehamore complex (e.g., concurrent) unnecessary complexitinjected by common design metho ds into sequential parts of such systems can problems created by concurrency and other such HowevI as of now I cannot reliably estimate the impact that the mediator metho d can havon reducing the cost of b ehaviorally more complex Third, it may b e to apply the principles underlying this work, primarily of integration concerns, designing concurrent, distributed, and other sucsystems. may b e useful to manage synchronization relationships, for However, results remain to b e discuss brie y in Chapter ourth, in some cases can b e used directly in concurrent, distributed is distributed and concurrent, and it uses implicit and explicit invo cation,

but is basically without rich mechanisms for controlling concurrent access to mo dularizations of Field-likenvironments are quite may also b v aluable solutions that combine the optimististyle of Field with more rigorous rency conwhere [Moss 87] in may b e v in this b eharelationships discussed so far in this work have a common prop ertconserve the b ehaviors they integrated in a b ehavioral a compiler can still b e used as an editor by its the system of switcthe individual switches can b e turned on and b ehaviors are extended bb eharelationships but not imp ortant class of b eharelationships are non-conserv ative ships. relationships inhibit or restrict the b ehaviors they example (see Section 2.1) provides an example of a non-conserv ative b ehavioral b etwthe interlo ck switch and the switctransmission turns on the ignition interlo ck, and that prevents the from b turned so, the car cannot b e turned on the transmission abstract evolutionary scenario can easily b e extended mo del this kind relationship. Supp ose the were mo deled as a switch that the interlo ck is mo deled by new b ehavioral relationship R that integrates strengthens the condition required for to b e turned only must b e (by the that is a switch), but R implicitly adds the requirement that interlo ck) also b e Whereas this dissertation mostly addresses that extend the tions sp ecify individual b ehaviors, non-conserv ative relationships extend the issue raises two non-conserv ative relationships b e in the mo deling framework? Can these relationships b e implemented as d are appropriate for mo deling non-conserv ative relationships.

could mo del R (ab ove) as an element of this Howevcts is for mo deling the realization of such cts relation mo b ehacause and saa�ects b ecause turning on implies is also turned the mo deling framework to mo del b ehais plausible, but b eyond the scop e of this w towhethernon-conserv ative relatiocan b e represent by mediators,answapp ears is yes, at least for simple Op announce events b efore main events provide the opp ortunity for mediators intervenetopreventop erationsfromcarryingouttheirb einvokedbytheseevencould check whether is alrighfor the op erations o and raise exceptions to ab ort op eration if mediator implementing , of an attempt to turn on the ignition, could check the interlo ck and raise if the interlo ck is on, for havnot yet tried to v alidate the of this approach in deling v alidity of the mo deling framework itself is a serious There imp ortanasp of integrated systems that it do es not capture wmain claim for framewis that it isolates a set of issues and mo dels them well enough problems with common design metho ds and to suggest a Nevit useful to clarify limitations of the framewOneisin the stating that for one mo dule directly a�ect one of the mo dules to reference the some implementatiframewallow third partregistration, in which a \third party" ob ject op eration of ob ject event ob ject subsequena�ects M the a framework the framewdo es not mo del this p y is not the framewcould b e to mo del this Second, party registration app not to b e in of the metho ds I discuss use aggressiv, nor do it alone solve the problems with common design metho is it needed to implemenobserv ation suggests that it may b e useful provide designers restricted framewthat preclude the use of third party registratioAnother problem with the framework is that it mo dels b ehavioral relationships

()notall b ehavioral relationships are ,inBeharelationshipsof higher aritiesare in factquite isabigitmayb e p ossibletoextend the framework tomo deln it is not clear that doing so would provide v I de�ned the framew�rst to show how common design metho ds handle even simple

(binary) cases p o orly; to provide a basis for searching for a to this framewmediators as an actual mediator construct, b eing on �rst-class ob jects, accommo dates n -ary relationships quite this solution inhand,itis notclearthat weneedtogobackto

�xtheabstract framewolymorphi ob jection to this work is that it ignores a central asp ect of ob ject-oriented sign metho subtyp p olymorphism. Pprovides the abilitto instances of b ehaviorally extended typ where instances of restricted sup ertyp e are particular, one could place the b ehavioral extensions needed inob jects of one typ e with other ob jects in the de�nition of a subtyp e of the given typ the sup ertyp e nor clients exp ecting sup ertyp e instances would have to b e awof the subtyp Do this solve the with common design metho ds based ADTs, without the e�ort of b ehavioral ER mo deling and mediator Subtyp e p do es not solve the First,subtdo es not to externalized, cohesive representations of b ehavioral subtco-lo cates representations of b ehavioral relationships with the representations of b ehaviors to b e inthe subtyp e approacmay require distributing representations of complex b ehavioral relationships over multiple subtyp new subtyp e mab e needed for each subset of b ehavioral relationships in which a givb ehavior may leads to a combinatorial proliferation of subtyp practice most subtyp es are de�ned staticallso using subtyp es to integrate ob dynamically (during execution or evolution) is unmost subtyp e notaccommo datewhatI havcalled non-conserv ative integration; rather, subtyp conserve the b ehaof their sup ertyp is understandable given that y of instances is a key ob jective; but, in practice, designers need to think ab non-conserv ative integration, as wSubtjust do es not seem b e the righway to think ab out integratiswitcthat works with a switch is not clearly b est viewed as a di�erent switcbut simply as a switch that happ ens to b e inwith other switches a do es minheritance really a subtyp e that tfrom a Switch class do es provide a centralized lo cation for the co de integrate twswitcinstances in one relationship, this structure do es not accommo date of ob jects in changing sets of Evin the case of two switcthe op erations of one or b oth switches will have to b e renamed so as not to con ict the subtyp multiple inheritance resembles the encapsulation metho resp ect to the criteria employed in this wdo es not avoid the complexity of integration and evolution characteristic of common design approacin the of Implicit software engineering wisdom requires avoidance of side e�ects. Lehman \There should b e no side e�ects, no incidental consequences the execution of any co sequence [Lehman 420]." side e�ects are key to the mediator metho Callian op executes its co de, but also co des registered by arbitrary mediator ob Indeed, it is imp ossible to sp ecify the runtime e�ects of an ABT-based op in absence of knowledge of the context in which the ob ject is emb edded, b e implicitlextended arbitrari. extension compromises denotationalita serious Do it disqualify the mediator metho d as v aluable for software The answer is no, at least for a broad class of adv antages of b eing to integrate comp onents often outweigh the problems caused by having the meanings comp onents dep endent conMoreovany metho d that uses

MVC, Field)has the same basic prop erty; so, in principle, are no wmany other metho ds in this practice, the aggressive use invo in mediator-based designs may exacerbate the problem, however, by di�culty of debugging, for example. (See the comments in Section 6.2.6.)

The issue of y do es raise inresearch meaning of a comp onent may not b e determined lo , it is determined in any givconby combining the lo cal sp eci�cation with extensions implicitly conjoined bcomp onenechniques to help reason ab out meanings of ob jects in ontext mahelp. ransitivconjoining to the sp eci�cation of a b ehavior in a b ehavioral ER mo all predicates conjoined by b ehavioral relationships incident on that b ehavior yields sp of the meaning of the comp onent in conanalogous approacimp erative implementations is p ossible ob jection to this work is that b ehavioral ER mo dels and ABTs information b ehaER mo dels by exp osing the instructures comp ositions; ABTs by the dynamic of ob jects through event announcemenDo es revealing the structure of a system as a set of b ehaviors in a network of violate information answer in many cases is revare not presented as black b othe structure that is exp do not necessarily reveal inessential design Manb ehaviors in the world organized as systems structured as sets of individually visible, b ehaviorally tegrated of a not a black b ox but an assembly of directly radio, the transmission, the ignitioswitch, and so Behamo deling provide an means for abstractly mo deling integrated Do es implicit invo cation violate information hiding by exp osing transitions ob is certainly revealed, but the suppression of inessential decisions is not visible b ehaviors in which ob jects engage are,

ABTview,essenprop erties of ob are not implementatisupp ort a di�erent class of abstractions than ADTs mo els machines with actuators, ABTs mo del machines with b oth and (evendo not reveal the \internal wiring" implementing their abstract into Abstract viora l chose ABTs for implementing b ehavioral ER mo dels b ecause they proa building blo ck patterned on the ADT and p owerful enough to supp ort ator key feature of the ABT is that it makes events dual to op Events names and signatures are declared, and events have precise semanwhat designers need are abstractions that supp ort clear thinking ab out lems and solutions, and proa basis for notations supp orting clear expression sucthough[Hoare I b elieve ABTs satisfy this requiremenHowever, one mighask why adopt the ABT given many existing frameworks supp ort invo Smalltalk-8Field, use of the approach do es not require could implement b ehavioral as separate to ols using the Field or Smalltalk-80 implicit invo cation mec�nd is that ABTs helps designers structure their thoughts by fo cusing attention on dible b ehaviors as a k, abstract prop erty of ob develop a sense for adv anand shortcomings of ABTs, I now discuss them in the context of related Change do es not declare events; ob jects register op erations with evenob jects register themselves as dep dents of other ob e�ectively registers �xed op erations de�ned in the class with events also de�ned details are a bit more subtle, as [Sulliv and One sp the events by passing sp eci�c v alues as event parameters, usually indicating that some \asp ect" of an ob csp registered op erationsby rede�ning them in sub classes of approach seems to encourage designers to think in terms of traditionallike ob jects that dep end directly on each other in certain, standard wa\up dep enden ceof views on mo dels is the archetypal design idiom promoted by this kind framewcontrast,

ABTs supp ort a more symmetrical

Evob p otentially announces and resp onds explicitly declared evenEvents in the Global

Scop p ossibilitistoorganizeeventsasb not to individual ob jects but to a \global scop e," in the way that op erations do not b individual ob jects in the Generalized

Ob ject

Mo del

[Bellcore frameworks,

such as Field, do just message server manages a single, large space of evenand to ols really register for these evenare several reasons to prefer

Pthe most imp ortant is that global event approach is a more radical departure from common design metho of making the transition to ABTs is already substantial, even for some exp discussed b eloa shift to global op erations and evenit is necessary to solve the problems that I have identi�ed, the case for that more from familiar patters is not warrando not mean to suggest that there are not other problems that justify such but those problems are not addressed by this whowevit b clear that global events, external to any particular ob jects, are indicated for a the ABTs can still b e used adv anis easy to simulate global evenusing need de�ne an ABT having a single event in its interface, instantiate an ob ject of that typ e in the scop do es require that ob jects b able to announce evenother than those in their own interfaces, which has not b necessary for the designs discussed tcommon challengeto theABTsisthat it requiresdesigners toanthe evenneeded an ob ject’s interface|and, , that this is unreasonably is the only b ehavioral relationships that canb erepresentedby mediators are expressible in terms of events and op erations declared in the interfaces of the ob jects b e inis true that if an event or op eration needed ba mediator is the desired cannotb erepresentedbyamediatorwithoutincThis is not a problem can b e solved, nor is it unique to the mediator metho or to Ob interfaces generally have to b e rich enough to supp ort clienare not, they have to change|or implementations can b e changed, circumveninterfaces The mediator metho d drives designers to make required ina needed evenor ation missing, it has to b e practice, ontheexp eriences rep in thiswork, such changes are not frequent nor costly;do es addingeventstoaninterfacecompromisetheindep enden ce ob A related problem, encountered once (bC. Brett Bennett) is that event infaces grow quite large if many di�erent b ehaviors have to b e made audible; and in case it may not b e desirable to implement each one as an event ob ject (as discussed Chapter the case where this problem arose, Bennett fell back on Smalltalk-80style, by de�ning one \physical" event parameterized in v arious ways represent di�erent but related \logical"evenHowevthis is truly but an tation The approach to designing ob jects with , designer-sp eci�ed eveninterfaces was followthe Mediator d Ease hard question to answer is whether the metho d makp eople b etter softwamy exp erience, it do es, this do es not happ en without hard for p eople tomake the shift" to the new design metho was for me, in retrosp ect; and it app ears to b e hard for most everyshift made, though, leverage is obtained, as it b ecomes to design useful decomp of complex Asome p oint, the designer sees that integration and indep are reconciled|that one can design parts lo cally yet have them work o make the shift, one has to get a feel for b ehavioral ER mo deling, for the mo that can b e implemendirectly using ABTs, and for the care that has to b e takin precisely de�ning the semantics of mediators, and for the kinds transformatiothat takes mo dels that cannot b e directly implemented using ABTs to ones Systems of mutually dep endent relationships,particular, have to b e recognized as directly implementable by sets of corresp onding has to know that such system can b e replaced by more complex relationship that handles the system a more complex relationship can then b e implemented as a mediator|alb a more complex one has acquired pro�ciency with these ideas (which in mexp erience seems to take the of building one or two complete systems), the b surpass the costs and the p ositivv alue of the mediator metho d b ecomes apparen

toRelated Pound has said, ou can’t judge any chemical’saction merely by putting it more of know it, you have got to know its limits, b oth what it is and it is substances harder softer, what more resilient, what more pact [Pound spirit, this chapter characterizes the work presented in do cumenby placing it in the context of other related y Relationship this section, I consider wrelated to b ehavioral ER mo deling, in particular, phasizing the conception, sp eci�cation, implementatioand evof from the entities idea of relationships as constructs distinct entities is centuries old, of is a central idea to mo dern mathematics.

And, to the p oint, it has b een in software design for many yrelates b ehavioral ER mo deling to other software engineering e�orts in which separation of relationship concerns �gures prominen y-RelatiData the representations of from those of the entities to b e in software engineering dates least to Chen’s entity relationship (ER) data mo ing metho d [Chen Chen, data mo delers tended to represent terms of attributes (�elds) of the entities (relations) to b e represent employment of an employee by a compan, an employee record would contain a holding the identi�er of the record for the corresp onding company in the company is analogous to what I havcalled approach was representhe relationship as a separate Thentity elations mo ensuch as employees or companies, while elationship elations mo relationships, sucthe employment of employees by The hardwiring of relationships into entities caused the same sorts of problems data mo dels that it causes b ehavioral mo claritis reduced the and indep enden ce of the entity relations is compromised, and evolution is complicated by the need for entities to change when are added to, from, or changed a data mo separation of relationships help ed solvproblems and provided the software engineer with a b etter way to think ab out not data mo dels but application domains themselvThe separate representation of b ehavioral relationships in b ehaER mo dels based on the same basic idea as ER data mo v alue added by mo deling is not in the general idea but in the richer kinds of b ehaviors that represented in this wamo deling cannot capture the rich b ehaviors needed implement complex, insystems, such as mo deling can b ehavior, but not Cardinalitconstraints on for e.g., every employee has one b oss|do some b ehaadding an employrequires adding an asso mapping the employee to a corresp onding b oss [Kilov Howevsimple constraints of this kind are not rich enough e�ectivmo del the systems describ ed in this w

Ob ject-RelRumbaugh

[Rumbaugh 87] is resp onsible for intro ducing the relationship as concept to the ob ject-oriencommunitargued that representing ships in terms of p ointers in the ob jects to b e related reducesclaritandsoftwevThis notion is the ob ject-oriented analog of Chen’s solve the problem,

Rumbaugh prop osed that relationships b e represented , using constructs distinct from the classes used to represent ob prop osed given b ehaviors by allowing their de�nitions to sp ecifyop erations should

\propagate through example, a so the wheelsof cars with the car, might b eannotated to propagate the op eration: deletingthe carwouldalsodelete itsidea wincorp into a p opular ob ject-oriented mo deling and design metho d [Rumbaugh et al. Behavioral ER mo deling, although similar in di�ers b oth in its emphasis with rich b ehaviors and in its approach to implementing b ehaas di�erence in b ehacan b e seen by comparing asso ciation b etween car and its wheels to the bijection mediator that incremenmaintains a relation that enco des one-to-one mapping b etween twAllolationships to have complex b ehaviors eases the design of complex Behaare a more general-purp ose mo deling construct than Rumbaugh’s asso mediator metho d also employs a single basic building blo ck, the ABT, in conto the separate class and constructs advo cated by Rumof events to interfaces enables use of this one construct to represent b oth b ehaviors uniformity has at the imp ortant adv antage that mediators can b treated as ob jects by other ob dialb ox mediator discussed Chapter 7 is is no fundamental need a separate construct, and some imp ortanadv anw from using the ABT etmakthe ideaof generalizedb ehavioralrelationshipsexplicitin apap sketcalanguageforsp ecifying suchrelationships[Helm, Holland,andGangopadhyakey constructinthislanguageisthe consp eci�es a by de�ning the roles of the relationship (e.g., employee and employer), the interfaces participating ob jects must supp ort, preconditions on the ob jects for participation in relationship, a pro cedure for initializing the ob jects in a relatioan inv arianovstates of the ob jects, and invo catioobligations on the ob jects to maintain inv arianpromote the design of reusable relationships, contracts are generic resp ect to participating ob construct called a e ation adds level of indirection to allows particular ob jects to participate in generic relationships.

These de�nes how ob jects discharge the obligatiimp osed by conThis work shares with b ehavioral ER mo the view that b ehavioral should b e treated as �rst-class constructs; but it di�ers in imp ortanwaFirst, the is intended for sp eci�cation, not implementation, while ABTs vide a medium for implementing relationships in common programming ISO Generalized Relationship Mo del [ISO/IEC JTC1/SC21/WG92, Kilov et in this regard. Second, contracts often sp ecify that ob jects invoke each biases implementations towards hardwired contracts emphasize lationships over the ob jects they sp eci�cation of a class b ecomes spread ovnumb er of contracts and conformance declarations, and is not lo calized to one [Helm, Holland, and Gangopadhya90, p.178]."et conare justi�ed bthe idea that in other languages, \b ehavioral comp ositions : are spread mande�nitions [Helm, Holland, and Gangopadhyay 90, p.169].mediator metho bcontrast, emphasizes equally relationships and the ob jects they the b havioral ER mo deling metho d do es not emphasize genericity of relationships, do es preclude is not hard to de�ne ob to add the level needed for generic

Constraint programming systems are also based on a separate representation of Sucsystems include Penguims [Hudson and Mohamed 90], I reeman-Benson, , and 90], Kaleidoscop e reeman-Benson 90, Lop & Borning 93] (which extends the ThingLab I I mechanisms by linguistic constructs for abstracting low-levelconstraints into comp ound constraint jects), and CLP(R[Ja�ar et 92]. these systems, one a as a set of v ariables and a set of constraints over those v alues that are to b e solvmaintained as the v ariable v alues are cA key technology b ehind these systems is a global representation of the constrainand v ariables in a Suca representation provides the basis for automatic dling of con icts and e�cient constraint satisfactiautomation relieves signers from having to handle such mandeclarative notations used constrainsystems also spare designers from having to translate sp eci�cations inerror-prone imp erative co In exchange these adv antages, constrainprogramming systems often restrict set of problems that can b e system only solve systems of linear tions [Ja�ar et 92]. lo osen the semantic restrictions while retaining tion, but at the cost of having to give up declarative notations.ThingLab I I Benson, , and Borning 90] strikes an interesting compromise in this It promotes design in terms of constraints and v and implements straints and v ariables as corresp onding physical \constraint" and \v ariable" ob jects are imp eratively this extent, the mediator metho d is remark ably lar to ThingLab I I. Neither approach relieves designers of the task of imp erativco de, but b oth encourage e�ectiventity relationship-based decomp ositions of that co di�erence b etween the twapproaches is that ThingLab I I certain mantic and structural restrictions in return for the ability to provide certain b automaticalmetho d disp enses such mechanisms, placing resp onsibiliton the designer, but in return provides the designer with an b fully general,implementationframework.The b ene�ts to designers ofinenvironments far outweighthe cost of not having the automated checking that ThingLab I I profairness, the develop ers ThingLab I I not promote it as a platform for complex, integrated environments, but as a system supp ort graphical user indevelopmeno understand this tradeo�, one must lo ok inside ThingLab I I. A ThingLab I I \v able" is an imp eratively programmed ob ject that stores a value an arbitrary typ I I \constraint"is an imp erativprogrammed ob ject that implements a ical constraina \constrainis an ob ject exp orting a set of pro one for each constrained \v

Eacpro cedure the logical constraint bsetting the v alue of the \v to which it is asso ciated, based on the v alues of other constrained \v system tracks the \constrainand \v ariables" a system uses this information in sevwagiven an tion that the user is going to change a particular v ariable, the system selects a set pro cedures|one from each \constrainconnected directly or indirectly to that v

These pro cedures comp osed sequentially into a program whose execution of all the logicalconstrainafter any change in the v alue of the designated v

The system also uses its representation of the constraint graph to detect and prohibited structures in the imp erative co de|v alue in This implementation structure imp oses severe semantic and structural restrictiomake this system inappropriate for implementing complex, integrated environmenproblem is that \constraints"compute v alues in a functional manner, which makimpractical incremental consistency maintenance in the face of small changes to tured ob such as sets problem is that the constrainfaction pro cedures cannot up date more than one constrained v ariable; but doing this for incremental constraint mainThe bijection mediator up dates one and its own relation in the face of insertions on another set, for asseparating relationships isanestablishedsoftware engineeringconcept,soisplicit invo cation;

even implicitlinvoked mediator not an unprecede ntedalthough it way not previously develop ed in the general way presented in this section discusses the mediator metho d as presented in this work in previous e�orts in which mediator-like constructs have app [Cohen 89] is a declarative, constraint-based programming environment based Common Lisp [Bobroet 88]. extends Common Lisp with a transactional,

relationaldatabase supp orting triggers (pro cedures invoked when sp eci�ed is a pair t = (p m )with a declaratively sp eci�ed p and an arbitrary imp erative action m : The predicate is expressed in a notation on �rst-order logic extended with relational op erators and with temp oral op erators naming the state of the b efore and after commitmenof a prop osed transaction.

a transaction is prop osed, the system reev aluates all predicates in the conof the transaction. The system invokthe action parts of whose predicates satis�ed in that context, in which the future state of the database re ects commitmenthe maintain a constraint,one de�nes a trigger whose the that would re ect a violation of the desired constrainIf prop transactions would violate the constrainthe action part is invokcan then mo dify and resubmit the transaction, ab ort it, or take some other appropriate Strengths of AP5 include incremental satisfaction of predicates as pro cessed and supp ort of atomic transactions.Incremental satisfactiis imp ortant e�ciency in a database with is to o costly to reev aluate all predicates on eacsemantics are imp ortant for maintaining global It should b e p ossible to ab ort a change and all of its e�ects if consistency cannot b main comparisonof AP5and the approach is interesting.First,the mec(and, , design metho d) revolves around a central, relational conb ehavioral ER mo deling do es not dep end on any centralized mechanism fact, it leads to systems with decentralized, network-likond,AP5 uses p owerful mechanisms for predicate matching and mechave obvious b ene�ts; but theycarrymust and learnand committo anew environment, design metho d, and the cost for an everyday software designer to adopt the metho d muclowmetho d do es not seriously constrain the choice of programming or environment, nor do es it require sophisticated and p ossibly costly mecgeographicinformationbrowserwas writtenin Ob jective C and runs on DOS. mediator metho d provides more v alue to the average designer of mo dest Howevthe mediator’s lack of supp ort for transactions (owing primarily to lackof supp ort in commonlanguages)is a seriousshortcomingfordevelop ers of orcomplexapp ears thatmediatorscould transactions if they wimplemenon a platform supp orting ob jects and nested transactions [Moss 87]; but have yet to verify the practical utility of this com[Sutton, Heimbigner, and Osterw90] is an Ada-based supp orts softwapro cess extensions to Ada include with programmable implementations, triggers that resp ond op erations on relations,

optionally enforceable predicates on and statements with e pabilities. handles concurrency by the designer to sp ecify the syncof event announcement the execution of the implicitly invoked metho APPL/A also allows comp onents that receive multiple event noti�cations to them. Noti�catioare queued at comp onents, which then handle the events in particularinterestinthisworkistheAPPL/A invo cation meccontrast to theABT,which p ermitsob jects to exp ort andannouncedesigner-sp events,only relation ob jects,instancesof asp ecialAPPL/Atyp econstructor,cannounce evenMoreover,events that relations can announce restricted to delete,up date,and �nd|indicatinginvo cationofthese op restrictionsimplythatthe must either use invo mecto integrate ob jects that are not relations, or mo del the ob jects as relations.

If invo cation is used, the b ene�ts of implicit invo cation, such as easier evolution,

are all comp onents mo deled relations, then the programmer is prevenusing more natural representations where can b e viewas supp orting a sp ecial case of the ABT. The metho aggressivgeneralizes the sp ecial case, providing the designer with a more vsatile medium conceiving and representing APPL/A system provides mo del for concurrency conlacking in the mediator approacthe of these e�orts is a promising research [Keller, Cameron, aylor, and roup 91] also exhibits what can b e seen as sp ecial case of the mediator metho Chiron-1, artist ob jects maintain b etween arbitrarob jects and ob jects called act depictions, representations which a concrete, graphical displays of the underlying ob jects can readily b e artistup dates an abstract depiction when the artistis invoked by event that indicates invo cation of an op eration on the underlying ob announces these events automati,relieving the designer from having to declare the reverse direction, part of the system called the act mainvoke artists explicitly to change the underlying ob The \active data typ es" of Chiron-1 di�er from ABTs in that the designer of an explicitly declares and implements events and programs event announcemen relievthe designer ofthis task, atthe cost of events announced to those op eration invo is the only kind of event desired, the approacprovides a greater v alue to the programmer than the ABT, since prothe same b ene�t at a lower handles concurrent up dates prop In my exp erience, events are useful often enough that the exibilitproby ABTs v aluable, despite the cost to declare, implement, and announce example is a set ABT announces the insertion of an element to a set only if insertion op eration actually changes the set, which is not necessarily on every invo the insertion op events as general as op erations really changes wadesigners can think ab out system comp onenfor de�ned yet another mediator-like compatibility an ingrated environment, di�erent to ols may b e designed to op erate on the same informatiin di�erent waThe of the consistency of di�erent views of common tion handled the problem by representing views as ADTs and by views that represent the same information [Garlan merging, the separate inof distinct ADTs are preserved, but mimplementations are replaced with single implementation that supp orts b oth the views as well as the system pro duces merged implementations automatically by selecting mapsmediator-likconstructs are selected inductively based system’s knowledge of the basic typ es and av di�ereninterfaces on the shared informaticab b e used by di�erent to ols. A may view data as a set inwhile another to ol views it as a list, for approach a system has a �xed set of compatibility maps and comp osition follow-on work lo osened this restriction by proa language for de�ning maps comp ositions [Hab ermann et al. adv antageofthisapproachisthatitallows mergedimplemento b e mized,p otentiallysigni�cantsavingsinb othtimeand Twviews conidentical elements may share a single instance of that element in a merged Onhand,the approacprevents typ es from b eing integrated simultaneously in sevview interface can b e b ound only one merged implementation. merging desirable in all or reuse concerns may suggest separate mentations, for ,practice, generating merged implementations mab since the typ es and relationships needed for a broad range of environments not likely to b e known by the in adv

The mediator approach dynamically integrates typ e instances, and so passes up opp ortunity for optimization of integrated represenThere the p sibility of runtime optimization, but that remains a hyp othetical that may b e in the the other hand, the exibilitand low cost of mediation using provides an approach that is av ailable to programmers to da, that has b een shown havsigni�cant v alue in several ambitious development e�orts, and that admits the work structures of b ehavioral ER mo dels, in contrast to the highly e of typ es statically integrated through compatibility use of implicit invo cation in software design has a long Manprogrammisystems, and metho ds have included or b een based on mechanisms of [Goldb erg and Robson 83, Hab ermann and Notkin 86, Ste�k, Bobrow, and Kahn Krasner and Pop e 88, Cohen 89, Reiss 90, Cagan 90, Sutton, Heimbigner, and OsterwCollins et Gorlick 91, Harrison, Kavianp our, and Ossher However, view of the b ehavior, b ene�ts, design space for such mechanisms recently [Garlan and 91, Sulliv an and discussion this work is b eyond the scop e of this dissertatiorefer the inreader to and this dissertation is based on a large b o dy work on the relationship b etween of software representations and key software engineering outcomes, ease of design and evsuggests that p erhaps, \the only problems wcan solve in a satisfactory manner are those that �nally admit a nicely solution[Dijkstrap.124]."The conof this work in this dimension is deva nice way to factor the b ehaof integrated systems and their corresp software represenThe imp ortant works of Belady and Lehman [Lehman and Belady 85] cstatistical inv ariants that app ear to govern the development, evolution, v alue over and ossi�cation of large software these the conthis work are, �rst, a characterization of how using common metho ds design insystems unnecessarily hastens the decay robs systems of their v alue; and, second, new metho d when carefully applied, can signi�candelay the onset of decay thus increase and extend the v alue of integrated contrast to the statistical|essentiathermo dynamical|approach of and , DaParnas takes a more classical approach to cb etween structure and evolution.Parnas’s foundational work on information ing [Parnas 72] argues that not all mo dular decomp ositions of software represenare equally go o d with resp ect ease of evbut rather that evolution is eased bdecomp ositions in which mo dules hide design decisions that are sub ject to cparticular, choices ab out data representations and algoritmo dularizatiob est that anticipate likely cthis regard, the contribution of this work a way of mo dularizing systems, at b oth the conceptual and implementation levels, anticipates changes in intergation requiremenparticular,the addition, mo di�cation of b ehaviors and b eharelationships in integrated Pork on extension and conis also relev ant [Parnas Pargues that cyclical dep enden cies mo dules complicates the design and ev familiesofsystems, the reasonb eing thatallmo dules mustb e presentand wprop for any one to do make this idea more precise, Parnas mo dels in terms of mo dules related in a uses argues that, absent other the designer should strivfor a hierarchical relation.Incase, mo dules lowlevels remain indep endent those at higher levels, allowing one to more easily delivsubsets and sup ersets of a system’s mo deling of representational structure in terms of mo dules and work clearly has a precedent in Ppap er on extension and conmetho d can also b e in terms of Pkthe mediator metho d is that mo dules that implement b ehaviors do not use (or or reference in any other way) mo dules outside of themselves, but mo dules implement b ehavioral relationships inherently do use (and reference) the mo dules relate. The metho d thus naturally leads to a hierarchical uses prop erty obviously cannot guarantee freedom from other problems (sucas multiple mediators using the same b ehavioral ob jects in con icting ways), but it do kb ehamo dules indep enden t, the sense of uses, from mo dules with whicthey are b ehaviorally in

dissertation,I characterized commonsoftwaredesign metho ds and showedhotheysigni�canand unnecessarily the design, realization, and evintegrated presented the metho d a metho d b ehaER mo as a design technique, with an approach to implemenb ehavioral ER mo dels in terms of mediator metho d substantial b �ts at low cost to provide signi�cant v alue practicing software substanated this claim b oth by analytic reasoning and by careful re ection on exp eriences the metho d, esp ecially the design the radiation treatment planning Despite the simpli�cations made by the mo dels and the qualitativcharacter of exp b elieve I have adequately defended my diator d antly etter than ommon e ds for designing, alizing, evolving onous, d mediator metho d allows engineers design more e�ectiv, but|by probroader, tightlinmore easily adapted b ehaviors than otherwise feasible|enables the delivof more e�ective systems to systems then provide added v alue b ene�ciaries, e.g., by enabling b etter cancer treatmenb ene�ts so ciet, whicthen, in turn, supp orts wsuch as this ideal, closed cycle provides for incremenmonotonic increase in gross v alue, which must b e our ultimate realitis that investments do not alwayspay o�, but the p otential for requires do es one winning b et su�ce for all v alue ofanytecdecreases overproblemistowinoftenandbigenoughtothe lo op of increasing v

Ththe key question the end of a winning e�ort what conclude this dissertation,I therefore sketch future that app stand a reasonable chance of adding v alue by extending the of this wformal semantics for b ehavioral ER mo problem is to sp ecify b ehaviors|and in a form that eases design, integration, evformal sp eci�cation languages that admit b ehavioral ER mo as a design egy and architectural sttherefore need a (e.g., denotational)semanfor such are some serious research problems that plicit extension, which is at the heart of b ehavioral ER mo deling, app ears with denotationality|since the b ehavior of an expression can b e implicitldep on the context in which it is emb is to accept lo while providing automatic supp ort for synthesizing denotational pressions giving the meanings of expressions in the context of b ehavioral ER mo formal semantics of abstract b ehavioral typ problem is to sp ecify the b ehavior of ABTs in a form that is minimally biased to a particular menalgebras provide a basis for formalizing abstract data typ Is there an for abstract b ehavioral typ es; or are ABTs really just a notational

device for denoting b ehaviors that can already b e as data typ the latter, how are ABTs and what is the mapping to the algebraic sp eci�cation of equiv alent supp ort for b ehavioral ER mo deling and is to get p eople think in terms of b ehavioral ER mo dels and problem is that the software languages we use signi�cantly in uence the ways we thatcommonlanguagesdonotencourage, andmayeven or thinking in terms of b ehavioral

ERmo dels and isthus a needinvestigatelanguagestosupp ort theinterlo ckingactivitiesthinking and expressing in terms of b ehavioral ER mo dels and need sp eci�cation languages and, p erhaps implementatiolanguages even language semantics is an imp ortant issue tissues; scop e rules; e�ciencompilation of e�cient co de; event parameter passing and return; exceptions; tions; data software evolution.The is to b etter understand problem of the evolution of integrated software Hodo the b ehaviors tend evolvhow do the software representations resp ond; how do es the choice of softwarepresentation limit the adaptabilitof b ehaviors in practical do not have great deal of empirical data on this The is to study realit. I prop ose carefully track and re ect up on the evolution of a real system built using the tecin this wPrism. sp eci�c question is how much of the evolution of the into categories identi�ed in this wdeleting, and changing b ehaviors b ehavioral relationships; to what extent do es the system architecture lo calize and or distribute and complicate changes; in particular, what desired b ehavioral changes unexp ectedly hard, and whScaling up in complexityof b ehaprimary problem is that many world integrated systems are not synchronous, sequential, but involve many chronous, concurrent threads of control. Computer-aided design environments supp ing large design teams are obvious Inand evolution problems as as in the systems addressed by this work, and are even harder to solvowing to the combination of scale and the need to maintain consistency in of concurrent prop to decouple and , and to in particular.This dissertation provides a precedensolution workfor the small-scaleswitchexample scaled up work just as well for prop to add concurrency to the mix and study techniques extend the metho as presented here to handle problems in this more complex b eha(and similarly for temp y and non-conserv ative integration).

work.There are many other research directions to take based on this wI conclude by brie y mentioning a devto ols for b ehavioral ER mo and for the synthesis and analysis of mediator implementations; devment teams around the b ehavioral ER mo del structure; reverse engineering based on the recovery or synthesis of b ehavioral ER mo dels of the b ehaiors of existing software

Bibliograph

CommunicationsResearch, \The ramework:ADisciplinedApproacto e and T

Series ST-OPT-002008, Issue Ma, [Bennington Bennington, \Pro duction of Large Computer Programs," of ONR osium on d amming ds for Digital June 1956, pp. 15{27.Also in Annalsof the History of Computing, Octob er, 1983, dings of the 9th enc e on e erinSo ciety Press), [Birrell and Nelson A.D. Birrell, B.J. Nelson, \Implementing Remote Pro ACM T ansactions on Computer 2,1, pp. 39{59, , [Bobrow et al. Bobrow et al. Common Lisp Ob ject System Sp eci�cation Do cument 88-002R. ACM SIGPLAN es 23, Septemb er [Bo ehm Bo B.W. \A Mo del of Software Development and EnhancemenMa1988, pp. in .W. Oman and T.G. Lewis, Eds., Milestones Evolution, (Los AlamitosComputer So ciety Press), 1990, pp. 249{260.

[Bro oks Bro oks Jr., \No Silver Bullet|Essence and Accidents of Software it Information Pro cessing 86, H.J. Kugler, Ed., Holland), 1069{1076, in Milestones in e Evolution, .W. Oman, Ed., (Los Alamitos:

IEEE Computer So ciety Press), pp. 293{300. Also app ears in Computer, 1987, pp.

[Bro Bro oks Jr., ademic ers for erimental Computer Scientists[CaganCagan, \The HP SoftBench Environment: An Architecture for a GenerationofSoftwareo ols,"d Journal, 41,3, pp. 36{47,June [CameronJ.R., JSP and JSD : The Jackson ach to e opment, ashington Computer So ciety Press),c. [Chase et al. Chaseet al.,, On the Opal system, ACMT ansactionson Systems, forthcoming in [Chen Chen, \The Entity-Relational Mo oward a Uni�ed View of Data,"

ACM T ansactionson ase 1,1, pp. 9{36, March, [Cohen Cohen, \Compiling Complex ransition Database riggers," dings

of the 1989 ASIGMOD, Portland, Oregon, pp. 225{34.

et al. Collins, K. EwC. Geret, J. Gustafson, I. Thomas, Ob ject-Oriented and Comp Services for Software Engineering Enronments," dingsof the d an e ering eneOctob Milan, , pp. 408{423.

[de Champ eaux, Lea and aure de Champ eaux, D. aure, System Development, (Reading, Mass: esley), [DeMarco T. DeMarco, d Aand System ci�cation, (Englewo o NJ: Prentice-Hall),[DijkstraDisjkstra,\Programming Considered as a Human Activit," dings

of the 1965 IFIP ess, (Amsterdam, The 1965, 213{217,E.N. ourdon, Classics in e erin(New Press), 1979, pp.

[DijkstraDisjkstra,\The Humble Programmer,"ACMurning Award ACM

Annual

Conference,

Boston,

August 14, 1972, in E.N.

ourdon,

Ed.,

Classicseering,

(NewPress),

1979, pp.raass etal. A. raass and D. L. McShan,reatmentPlanningI.Ova Planning System," in I. A. D. Bruinvis, . H. v an der Giessen, H. v an Kle�ens and F. W. Wittk amp er, eds., dings of the eon the of Computers in adiation apy, 1987, pp. 273{277reeman-Benson, , and reeman-Benson, J. , A. ing, \An Incremental ConstrainSolver," ations of the ACM 33,1, pp. Jan, reeman-Benson \Kaleidoscop Ob straints,Imp erative Programming," dings of OOPSLA/EC90, Ottawa, Canada, pp. [Garlan Views for T ols in d onments. Ph.D. Universit, [Garlan and Ilias Garlan and E. Ilias, \Low-cost, Adaptable o ol Integration Pcies for Integrated Environments," dings of SIGSOFTF osium e Development 1990, Irvine, California,pp. [Garlan and Notkin Garlan, D. Notkin, ormalizing Design vo Mechanisms. VDM ’91, ormal Software Development Metho ds. App ears erlag Lecture Notes in Computer Science (Novemb er 1991).

[Goitein et al. Goitein and others, \Multi-dimensionalreatment I Eye-view, Back Pro jection,and Pro jection Through CT Sections," Journal of adiation gy gy and Physics 9, 1983, pp. 789{797.

[Goldb and Robson A.Goldb erg andD.Robson, its (Reading, Mass: esley), [Griswold W.G. Griswold am estructuring to Aid e e,

Dissertation,echnical Rep ort 91{08{0Department of Computer Science Engineering, University of ashington, August, [GorlicGorlick,M. and Razouk, R. R., eaves for Software and dings of the 13th enc e on e ering, Austin, exas, Ma, 1991, pp. [Guibas and L. Guibas and J. Stol�, \Primitives for the Manipulation Sub divisions," ACM T ansactionson aphics 4,2, pp. 74{123,

[Hab ermann and N. Hab ermann and D. Notkin, \Gandalf Software velopment Environments,"IEEE T ansactions on e ering SE-12,12, 1117{1127, Decemb er [Hab ermann et al. Hab ermann, Krueger, Pierce, B. Staudt, and J. Programming with Views. echnical Rep ort CMU-CS-87-177, Carnegie-Mellon versit, Jan, [Harrison, Kavianp our, and Ossher Harrison, M. Kavianp our, and H. Ossher. tegrating Coarse-Grained and Fine-Grained o ol Integration. IBM Research Division,

Research Rep ort RC 17524 (#77482), January 8, [Helm, Holland, and Gangopadhyay Helm, I.M. Holland, Gangopadhya,

\Contracts:Sp BehaComp ositions in Ob ject-Oriented Systems," dingsof OOPSLA/ECOOP 90, pp. 169{180.

[Hoare C.A.R. Hoare, \Record Handling," in F. Genuys, ed., amming pp. 291{347,Academic Press,

Hoare, \Programmor Science," IEEE e 1,2, 1983, pp. 5{16, in .W. Oman and Lewis, Eds., (Los Alamitos:IEEE So ciety Press), 1990, pp. 273{283.

[Hoare Hoare, \An Overview of Some Metho ds for Program IEEE Computer 20,[Hudson and Mohamed S.E. Hudson and . Mohamed, \Interactive Sp Flexible User Interface DisplaACM T ansactions on Information Systems 8,pp. 269-288, [ISO/IEC G4 G4,Mo orking ISO/IEC N 7126," Ma, [Jackson Jackson, Principles of am Design, [Jacky and Kalet Jac. and Kalet, I.J., \An Ob ject-Oriented Approach Large Scienti�c Application," OOPSLA ’86 ct d amming anguages and ations enc e dings, Meyrowitz, N., ed., 1986, 368{376.

[Jacand Kalet Jacand Kalet, I.J., \An Ob ject-Oriented ProgrammiDiscipline for Standard Pascal," ations of the ACM 30,9, pp. 772{776,

Septemb [Ja�ar et al. J., Michav, S., Stuck, ., ap, R. \The CLP(Rand System," ACM T ansactions on amming anguages and 14,3, 1992, pp. 339{395.

[Johnson Johnson and V.F. Russo, \Reusing Ob ject-Oriented Designs," Univsity of Illinois at Urbana-Champaign, echnical Rep ort

Cameron,aylor,and roup R.K. Keller, Cameron, R.N. aylor, roup, \User Interface Development and Software Environments: System," e dings of the 13th International eon e ering,

Ma, 1991, Austin, exas, pp. [Kalet and Jacky Kalet and J. Jac, \A Research-Oriented reatment System," Computer ams in dicine 14, pp. [Kalet et al. I. Kalet, J. Jac, S. Kromhout-Shiro, B. Lo ckyear, Niehaus, Swand J. Unger, \The Prism Radiation reatment Planning System," ecRep ort 91-10-03, Radiation Oncology Department, University of ashington, Octob er 31, [Kalet et al. Kalet, J. Unger, C. Sw, Kromhout-Shiro, J. Jac, and Niehaus, \Prism Graphical User Interface Sp eci�cation," echnical Rep ort 92-02-02,

Radiation Oncology Department, University of ashington, Seattle, March Kalet, \SLIK Programmer’s Guide," echnical Rep ort 92-02-01,Oncology Department, University of ashington, Seattle, March 17, [Kalet I. Kalet, \Arti�cial Intelligence Applications in Therap," es in adiation gy T atment Planning, J.A. , ed., 1992, pp. 1058{10[Kernighan and Ritcand Ritchie, The C amming [Kiloand Ross KiloH. and Ross, J., Information ach, (Englewo o d Cli�s,PrenHall), [Kilov et al. Kilov, B. Mo ore, L. S. Redmann, \Prop osed U.S. Comments on Relationship Mo del|Third Draft," Accredited Standards Pro cessing Systems Do cument Numb er X3T5/92{296 X3T5.4/92{

Septemb er andPop eKrasner and S.T.Pop e, \ACo okb o ok forUsingthe Mo View-ControllUser Interface Paradigm in Smalltalk-80," Journal of ct amming 1,pp. 26{49,August/Septemb er [Kutcher Kutcher, R. Mohan, J.S. Laughlin, G. Barest, L. Brewster, C. Chue, Berman, and Z. uks, \Three Dimensional Radiation reatment Planning," in dinof an International osium on Dosimetry 2, Vienna, Septemb er, 1988, pp. [Larus R. Larus, estructuring olic ams for ent cution essors, Ph.D. dissertation, UC Berkeley Computer Science, May 1989. app ears as echnical Rep ort UCB/CSD [Lehman Lehman, \Programs, Life Cycles and Laof Software Evolution,"

dingof the cial Issue on e ering68, Septemb er, pp. 1060{1076,in M.M Lehman and L.A. , Eds., am esses

of e Change, Academic 1985, pp. 393{449[Lehman Lehman, \Programming Pro ductivity|A Life Cycle Concept," dingsof CompCon 81, Cat. No. 81CH{1702{0, Septemb er, 1981, pp. 232{241,

Lehman and L.A. , Eds., am essesPress), 1985, pp. 469{489.

[Lehman and Belady Lehman and , Eds., am of e Change , Press), pp. 355{37[LinVlissides, and Calder Linton, J.M Vlissides, and .R. Calder, p osing User Interfaces with InterViews," Computer 22pp. 8{22, ebruary [Liskov and Zilles Liskov and S. N. Zilles,\Sp eci�cation echniques for Abstractions," IEEE T ansactionsof e Engine

SE-1,1, March, 1975,

[Lop reeman-Benson & Lop ez, G.,reeman-Benson, and \Kaleidoscop AConstraintImp erative

Language,"inMayoh,(Eds.),aintamming, TOAdv anced InstituteSeries, SeriesComputerandSystemSciences, (1993).Alsoapp ears as ecRep 93{09{04,UniversityofashgintonDepartmentofComputerScience, ashgington, Septemb er, [Maloney , Using aints for e Ph.D. University of ashington Department of Computer Science and echnical Rep ort 91{08{12,August, [McCab e McCab e. Programming with Deva Graphical Environment. Masters Thesis, University of ashington. [Meyer B. Meyer. d e Construction, (Cambridge:Pren[Meyers S. Meyers, in Integrating Multiview Development e, pp. 49{57,Jan, [Moss Moss, \Nested Intro duction," in ency ol eliability in d Systems. B. Bhargav a, ed., an Nostrand Reinhold, [Notkin et al. Notkin, D. Garlan, W.G. Griswold, and K. Sulliv an, \Adding plicit Invo cation to Approaches," e dings of the national osium on ct T chngiesfor e (Novemb er 1993).

[Paluszynski W. Paluszy adiation apy for er, an to Optimization, Dissertation, Universitof [Parnas D. L. Parnas, \On the to Be Used in Decomp osing Systems inMo ations of the A5,12, pp. 1053{58Decemb er

[PL.Parnas,\DesigningSoftwareforEaseofExtensionand Contraction,"

IEEE T ansactionson e eSE-5,2, pp. March, [Pound Pound, The ABC of ading, (New ork Directions),(1987 prin[Reiss . Reiss, \Connecting o ols using Message Passing in the EnmenIEEE e 7,pp. 57{66,, [Ritchie and Thompson Ritchie, K. Thompson, \The Unix Time-sharing tem," l System T chnal Journal 57,6, part 2, pp. 1905{193July-August, [Rosenman et al. J. Rosenman, G.W. Sherouse, H. uchs, S. Pizer, A. Skinner, Mosher, K. Novins, and J. epp er, Display echniques in Therapy reatment Planning", International Journal of adiation gy and Physics 16, 1989, pp. 263{269.

[Royce Royce, \Managing the Development of Large Software cepts and echniques," dingsof August, also in dings 9th International enc e on e ering(Computer So ciety [Rumbaugh Rumbaugh, as Semantic Constructs in an Ob ject-OrienLanguage," Pro ceedings of OOPSLA, 1987, pp. 466{481[Rumbaugh et al. J. Rumbaugh, . Blaha, Premerlani, F. , W. deling and Design, (Englewo o d PrenHall), [Schei er and GettSchei er and J. Gett\The X Window System," AT ansactionson aphics, ,pp. 79{109[Snyder Snyder, \The XYZ Abstraction Levels of Poker-like Languages," of the Workshop on lel Compilers and Algorithms, 1989,

[SpivSpiv, The Z e Manual, (PrenHall Intional),[Steele Steele, COMMON LISP, the anguage, second edition, (Burlington,

MA: DigitPress), [Ste�k, Bobrow, and Kahn Ste�k, D.G. Bobrow, and Kahn, \InAccess-Oriented Programmiinto a Multiparadigm Environment," IEEE 10{18, Jan, [Stevens, Myers, and Constantine StevMyers, and L. ConstanDesign," IBM Systems Journal 13,2, pp. 115{39, Ma, [Stroustrup B. Stroustrup, The C++ amming anguage, Massachusetts),[Sulliv an and Notkin K. Sulliv an and D. Notkin, \Reconciling Environment Ingration and Software Evolution," ACM T ansactionson e ering gy 1, 3, , [Sulliv an, Kalet and Notkin Sulliv an, I.J. Kalet, and D. Notkin, A in BehaEntity-Relationship Mo deling," University of ashington partmenof Computer Science echnical Rep ort 93-09-03, Septemb er, [Sutton, Heimbigner, and OsterwS. Sutton, D. Heimbigner, L. OsterwConstructs for Managing Change in Pro cess-Centered Environments," dingsSIGSOFT90: F ourth osium on e Development onments,

1990, Irvine, Califorpp. 206{17aylor aylor,R.W. Selb, M. oung, Belz, L.A. ClarkJ.C. L. Osterweil, A.L. olf, oundations for the Arcadia Environment Arcdingof ASIGSOFT/SIGPLAN e Engine osium on al e Development . Henderson, Ed., Boston, Massachusetts,

Novemb er 1988, pp.

ourdon and L. L. Constantine,d Design, (NewPress),[ZurcherandRandellZurcher and B. \IterativMulti-LevMo Metho dology for Computer System Design," IBM Res. Rep. R1938, Nov. 1967. Also Pro c. IFIP Congr, 1968, Edinburgh, Aug. 1968, pp. 138{142

(Ch 1,3,19,20,21)

J.Sulliv

Birth: Decemb er,

1960,

Oxnard,estwo o dCharlottesvillVirginia,22903(804)

Fix DepartmentofComputerThorntonUniversityofCharlottesvilVirginia, USA Insulliv an@cs.virginia.of Washington, Septemb er to August, Ph.D. Computer Science and Dissertatidiators: Easing the Design and Evolution of d Advisor: David M.S. Computer Science opic: Sp eci�cation of SoftwT ufts University, USA, Septemb er to Ma, B.A. Mathematics and Computer Science, EmploSeptemb er 1994{, Assistant Professor, artment of Computer of ginia, Charlottesville, Virginia, January 1994{March 1994, eaching Assistant,artment of Computer

Engine ering,

Seattle,

April1988{June1993,Research Asso artment of Computer Seattle, ashington, June 1990{Septemb er Visiting aculty Asso ciate, T okyo Institute of T okySeptemb er to March 1988, eaching Assistanartment of University of Seattle, ashington, 1981{1987, Senior, Middle, Junior Systems Programmer,T ufts University es, Medford, Massachusetts, Honors and AcGTE Graduate ellowship (1989-199General Electric Thomas Alv a Edison Award (1979).

New Hampshire State Debating Champion (1979).

New Hampshire State Extemp oraneous Sp eaking Champion (1978).

Sulliv an, K., onciling e and deling and Design, Ph.D. Thesis, Department of Computer and Engineering, University of ashington, K.Sulliv

I.J. Kalet, and Notkin, Case Study in BehaEntitRelationships Mo deling and Design," Submitted to the 16th International ence on Software Engineering, Also av ailable as Universitof ashington ment of Computer Science and Engineering echnical Rep ort (Septemb 1993).

D., Garlan, D., Griswold, W.G.,and Sulliv an, K., \Adding Implicit vo cation to Three Approaco app ear, dingsof the JSSST osium on ct T giesfor d e (Novb er 1993).app ear in a erlag Lecture Notes in Computer vSulliv

K. \Implicit Extension Enables Behavioral ER Mo deling in ormal Sp i�cation," 1993, draft, by Sulliv an, K.J. and Notkin, D., \BehaAbstraction," University of Department of Computer Science and Engineering echnical Rep ort 92-03-08,

March, Sulliv

K.J. and D., \Reconciling Environment Integration and SoftwEvolution," ACM T ansactionson e eand gy 1,3, Sulliv an, \Abstract Behavioral Typ es for Behavioral ER orkshop Ob ject-Oriented Reasoning in Information Systems, ddendum to dinOOPSLA92, Septemb er, Sulliv

K.J. and D., \Behavioral Relationships in Ob ject-Oriented ysis," TR-91{09{03,University of ashington, Department of Computer and Engineering, Sulliv

K.J. and D., \Reconciling Environment Integration and SoftwEvolutioTR-91{08{08, University of ashington, Department of and Engineering, Sulliv

K.J. and Notkin, D., \Reconciling Comp onent Indep end ence and EnronmenIntegration,"dingsof SIGSOFTF osium on Development onments1990, Irvine, Sulliv an, K.J., Salman, M., and an Evera, S. \SIOP: A Computerized Exchange Mo del for Civilian Defense Analysts," in Eden, L. and Miller, S., ar AUniversity Press),

M., Sulliv an, K.J., and an Evera, S.\AnalysisorStrategicNuclearCapabilit,1969-1988,"inEden, L. and Miller,S., AUniversity Press), Software Prism: Co-Mo and -design, with Ira Kalet, of a tighintegrated, ob oriented, 3-D environment for interactive planning of cancer radiotherapmenUW Department of Radiation , 1992{1993;scheduled for usage in all, system is discussed a numb er technical rep av up on SLIK, A Simple Lisp Interface Consultatioon mo deling and design Lisp/CLOS-based user interface to olkit.This is describ ed in Kalet, and Kromhout-Schiro, \SLIK Programmer’s Guide," echnical Rep ort 93{05{01,

Radiation Oncology Department, University of ashington, May 21, ramewA of C++ frameworks for constructing ingrated environmeninclude invo cation (event noti�cation), tions, n-dimensional a�ne geometry for graphics, and user interface widgets the InterViews system; UW Department of Computer Science and (1988{1991Curvoy: ine, graphical to ol for exploring surface interp olation approximation schemes; UW Department of Computer Science and (1989)� A strategic nuclear exchange mo del for civilian defense analysts; CenScience International A�airs, Kennedy Scho of Government, Harv

Universitar Aguments, referenced ab ov

OrcaPrototyp inprogrammingenvironmentfor large-scale, parallel machines; UW Departmenof Computer Science and (1988).

Systems Unix-based user-level tap e mount manager, access management systems; ufts Universit(1981{1987).

Invited \Escap from the Abstract Data Typ e," CHIFOO, Ob ject-Oriented PortlaOregon Behavior Typ es for Behavioral ER Design," orkshop on Ob ject-Orienin Information Systems, OOPSLA, (1992)\InIndep e nden t SoftwarComp onents," ektronix Research Labs, Beavton, Oregon