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!BSTRACT

4HE�PROTOTYPEINSTANCE�INHERITANCE�MODEL�HAS�A�HIGH�STORAGE�COST��4HIS�STORAGE� REQUIREMENT�OFTEN

FORCES�APPLICATIONS�INTO�VIRTUAL�MEMORY��SIGNIFICANTLY�IMPAIRING�THEIR� INTERACTIVE�PERFORMANCE��7E

BELIEVE� THIS� OVERHEAD� CAN� BE� REDUCED� SUFFICIENTLY� TO� AVOID� USING� VIRTUAL� MEMORY�� 4HE� KEY

OBSERVATION� IS� THAT� LARGE� APPLICATIONS� HAVE� RELATIVELY� FEW� PROTOTYPE� OBJECTS�� EACH� OF� WHICH� IS

REPLICATED� VERY� FREQUENTLY�� /NCE� THE� DESIGN� IS� STABILIZED�� THESE� PROTOTYPES� DO� NOT� CHANGE�

#ONSEQUENTLY�� THEY� CAN� BE� COMPILED� INTO� CLASSES��4HIS� PAPER� DESCRIBES� A� SCHEME� FOR� PERFORMING

SUCH�COMPILATIONS� BASED� ON� PROFILE� INFORMATION��4HE� SCHEME�PROVIDES� A�WAY� TO� CONVERT� A� CLASS

INSTANCE�OBJECT�TO�A�PROTOTYPEINSTANCE�OBJECT�IF�THE�PROFILE�INFORMATION�IS�INCOMPLETE�OR�INACCURATE�

)T� ALSO� LAYS� THE� GROUNDWORK� FOR� FUTURE� STORAGE� OPTIMIZATIONS� ON� THE� COMPILED� OBJECTS�� 4HIS

APPROACH� ALLOWS� THE� SOFTWARE� DEVELOPER� TO� BENEFIT� FROM� PROTOTYPEINSTANCE� INHERITANCE� DURING

DEVELOPMENT�AND�THEN�MOVE�THE�PROTOTYPE�CODE�DIRECTLY�TO�PRODUCTION�

+EYWORDS�� ,ANGUAGE� $ESIGN� AND� )MPLEMENTATION�� 0ROGRAMMING� %NVIRONMENTS�� 0ROTOTYPE

)NSTANCE�-ODEL��3TORAGE�/PTIMIZATION��'RAPHICAL� )NTERFACE�4OOLKITS��'LYPH�/BJECTS�� 0ROFILE

"ASED�#OMPILATION��4RANSMOGRIFICATION

0APER�4YPE��2ESEARCH

1. INTRODUCTION

4HE�PROTOTYPEINSTANCE�MODEL�;�������������=�PROVIDES�A�GREAT�DEAL�OF�FLEXIBILITY���4WO�OF�ITS�MOST

SALIENT� FEATURES� ARE� THAT�� �	� ANY� OBJECT� CAN� BE� MADE� A� PROTOTYPE� BY� INSTANCING� THAT� OBJECT�� THE

INSTANCE�WILL� INHERIT� THE�PROTOTYPE S�DATA�AND�METHOD�ATTRIBUTES�AND�ANY�CHANGES� IN� THE�PROTOTYPE

WILL�BE�ALSO�REFLECTED�IN�THE�INSTANCE��AND��	�ANY�OBJECT�CAN�ADD�OR�DELETE�DATA�FIELDS�AND�METHODS

DYNAMICALLY�� 4HESE� FEATURES� ALLOW� THE� DEVELOPER� TO� ALTER� THE� ATTRIBUTES� AND� BEHAVIOR� OF� BASE

PROTOTYPES� AT� RUNTIME�� QUICKLY� MAKING� LARGE� CHANGES� THROUGHOUT� THE� ENTIRE� SYSTEM�� � 4HIS

FUNCTIONALITY�READILY�SUPPORTS�RAPIDPROTOTYPING�

(OWEVER�� THIS� FLEXIBILITY� IS� VERY� EXPENSIVE� IN� TERMS� OF� MEMORY� USE�� � 4HE� ABILITY� TO

DYNAMICALLY�ADD�AND�DELETE�DATA�AND�METHOD�ATTRIBUTES��CALLED�SLOTS�;��=	�INCURS�A�LARGE�AMOUNT�OF
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MEMORY� OVERHEAD�� &OR� EXAMPLE�� AN� APPLICATION� IMPLEMENTED� IN� THE� !MULET� TOOLKIT� ;��=�� A

PROTOTYPEINSTANCE� TOOLKIT� USED� FOR� QUICKLY� DEVELOPING� GRAPHICAL� USER� INTERFACES�� WILL� RUN� INTO

VIRTUAL�MEMORY�AFTER�CREATING�ONLY�A�FEW�THOUSAND�OBJECTS�;��=���!CCESSING�VIRTUAL�MEMORY�CREATES

UNACCEPTABLE�PAUSES�IN�THE�APPLICATION S�INTERACTIVITY�

$OES� THIS� MEAN� THAT� PROTOTYPEINSTANCE� INHERITANCE� MUST� BE� ABANDONED� TO� DEVELOP� A

PRODUCTIONQUALITY�INTERFACE�FOR�AN�APPLICATION�INVOLVING�MILLIONS�OF�OBJECTS�� � )NTUITIVELY� IT� SEEMS

UNLIKELY� THAT� EACH� OBJECT� AMONG�MILLIONS�WILL� HAVE� A� COMPLETELY� UNIQUE� TYPE� �I�E��� UNIQUE� SET� OF

SLOTS	�� )T� SEEMS�MORE� LIKELY� THAT� THERE�WILL�BE�A� FEW�PROTOTYPES�� EACH� DEFINING� A� UNIQUE� TYPE� AND

HAVING�THOUSANDS�OF�INSTANCES��7E�PREDICT�THAT�A�RELATIVELY�SMALL�NUMBER�OF�TYPES�WILL�BE�USED�BY

ANY�LARGE�INTERFACE��5SING�TYPE�INFORMATION��WE�CAN�COMPILE�THESE�TYPES�INTO�LESS�CUSTOMIZABLE�BUT

ALSO�LESS�MEMORYEXPENSIVE�CLASSES��5LTIMATELY��USING�THESE�MORE�SPACEEFFICIENT�CLASSES��INTERFACES

CONSISTING�OF�MILLIONS�OF�OBJECTS�WILL�BE�POSSIBLE�

4HIS�PAPER�DESCRIBES�OUR� FIRST� STEP� TOWARDS�ACHIEVING� THE�GOAL�OF� LESS�MEMORYEXPENSIVE

OBJECTSA�NOVEL�FRAMEWORK�THAT�ALLOWS�AN�INTERFACE�TO�MIX�PROTOTYPEINSTANCE�OBJECTS�WITH�CLASS

INSTANCE�VERSIONS�OF�THOSE�OBJECTS��4HE�INTERFACE�DEVELOPER�WRITES�AND�DEBUGS�AN�APPLICATION�USING�A

PROTOTYPEINSTANCE�BASED�TOOLKIT��4HE�DEVELOPER�THEN�EXECUTES�THE�APPLICATION�WITH�A�PROFILER��4HE

PROFILER� DETERMINES� THE� UNIQUE� TYPES� IN� THE� APPLICATION�� 4HIS� INFORMATION� IS� GIVEN� TO� A� CODE

GENERATOR�THAT�CREATES�CLASSES�FROM�THE�TYPE�INFORMATION���4HE�APPLICATION�IS�THEN�RECOMPILED�WITH

THE�NEW�CLASSES���4HE�DEVELOPER�NEVER�HAS�TO�REWRITE�A�SINGLE�LINE�OF�CODE�

4HE�REST�OF� THIS�PAPER� IS�ORGANIZED�AS� FOLLOWS�� �4HE�NEXT� SECTION�DISCUSSES� RELATED�WORK�

4HE� THIRD� SECTION� GIVES� AN� OVERVIEW� OF� THE� PROTOTYPEINSTANCE� INHERITANCE� SYSTEM� AS� IT� IS

IMPLEMENTED�IN�!MULET��THE�TOOLKIT�USED�IN�OUR�EXPERIMENTAL�WORK��4HE�FOURTH�SECTION�DESCRIBES�OUR

CLASSINSTANCE� REPLACEMENT� SCHEME�� � 4HE� FIFTH� SECTION� PROVIDES� INFORMATION� ABOUT� THE

IMPLEMENTATION�OF� THIS� SCHEME�� �4HE� SIXTH� SECTION� DOCUMENTS� OUR� EMPIRICAL� RESULTS��4HE� SEVENTH

SECTION� DESCRIBES� THE� CURRENT� IMPLEMENTATION� AND� DISCUSSES� FUTURE� WORK�� � 4HE� LAST� SECTION

CONCLUDES�

2. RELATED WORK

2ELATED�RESEARCH�FALLS�INTO�TWO�CATEGORIES��PROFILEBASED�COMPILATION�AND�EXISTING�OPTIMIZATIONS�
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2.1 Profile-Based Compilation

)N� THE� PAST� FEW� YEARS�� RESEARCHERS� HAVE� SUCCESSFULLY� EXPLOITED� DYNAMIC� PROFILING� AS� A�MEANS� OF

IMPROVING� THE� PERFORMANCE� OF� PROTOTYPEINSTANCE� SYSTEMS� WITHOUT� SACRIFICING� THEIR� EASE� OF

DEVELOPMENT��$YNAMIC�PROFILING�OBTAINS�INFORMATION�THAT�CAN�BE�USED�FOR�BOTH�STATIC�OPTIMIZATIONS

AND�FOR�DYNAMIC�COMPILATION�OF�FREQUENTLY�EXECUTED�PORTIONS�OF�A�PROGRAM��"OTH�THE�3%,&�;�����

��=�AND�#ECIL�;�����=�LANGUAGES�HAVE�SUCCESSFULLY�USED�THIS�APPROACH�

0ROFILEBASED�COMPILATION�AUTOMATICALLY� INSTRUMENTS�A�PROGRAM S�CODE�AND��BASED� ON� THE

INFORMATION�COLLECTED��DYNAMICALLY�OPTIMIZES�FREQUENTLY�EXECUTED�PORTIONS�OF�THE�CODE���4HESE�CODE

SEGMENTS� ARE� OPTIMIZED� USING� TECHNIQUES� SUCH� AS� TYPE� PREDICTION�� METHOD� INLINING�� AND� CODE

SPLITTING� ;��� ��=�� 0ROFILING� AND� DYNAMIC� COMPILATION� HAVE� ALLOWED� THE� PERFORMANCE� OF� OBJECT

ORIENTED� LANGUAGES� TO�COME�WITHIN�A� FACTOR�OF���OF�#�PROGRAMS� ;�����=�� )N�ADDITION�� THEY� DO� NOT

ADVERSELY� AFFECT� INTERACTIVE� PERFORMANCE� ;��=�� &INALLY�� A� VARIETY� OF� STUDIES� HAVE� SHOWN� THAT

PROFILING� IS�APPLICABLE� FOR��	�PROGRAMS�UNDER� RAPID�� ITERATIVE�DEVELOPMENT���	� PROGRAMS� HANDLING

INPUT� SETS� THAT� DIFFER� FROM� THE� TRAINING� SETS�� AND� �	� PROGRAMS� INVOLVING� GRAPHICAL� INTERFACES� ;���

��=�

)N�THIS�PAPER��WE�DESCRIBE�HOW�A�PROFILER�CAN�BE�USED�TO�OBTAIN�TYPE�INFORMATION�THAT�CAN

THEN�BE�USED�TO�STATICALLY�COMPILE�PROTOTYPES�INTO�CLASSES��4HE�PROFILER�IS�INVOKED�AS�THE�APPLICATION

IS� SHUTTING� DOWN�� #ONSEQUENTLY�� THE� PROFILER� HAS� NO� EFFECT� ON� INTERACTIVE� PERFORMANCE� SINCE� IT

BECOMES�ACTIVE�ONLY�AT�THE�TERMINATION�OF�THE�PROGRAM�

!NOTHER�HALLMARK�OF�DYNAMIC�COMPILATION�IS�THAT�IT�GRACEFULLY�HANDLES�SITUATIONS�FOR�WHICH

NO�OPTIMIZED�CODE�EXISTS�BY�FALLING�BACK�ON�LESS�OPTIMIZED�CODE�OR�AN�INTERPRETER��&OR�EXAMPLE��A

CERTAIN�SPOT�IN�THE�CODE�MAY�HAVE�BEEN�OPTIMIZED�FOR�INTEGER�OPERANDS��E�G���THE�PLUS�OPERATOR�MAY

HAVE�BEEN�INLINED	��)F�OPERANDS�OF�AN�UNEXPECTED�TYPE�OCCUR��A�METHOD�IS�INVOKED�THAT�IS�CAPABLE�OF

HANDLING�UNEXPECTED�TYPES��"Y�INVOKING�A�METHOD��RATHER�THAN�USING�INLINED�CODE��THE�OPERATION�WILL

TAKE� LONGER�� BUT� IT� WILL� STILL� PERFORM� CORRECTLY�� 3IMILARLY�� THE� SCHEME� DESCRIBED� IN� THIS� PAPER

GRACEFULLY� HANDLES� SITUATIONS� IN� WHICH� THE� PROFILE� INFORMATION� IS� INCORRECT� OR� INCOMPLETE�

3PECIFICALLY��IT�WILL�CONVERT�A�CLASSINSTANCE�OBJECT�BACK�TO�A�PROTOTYPEINSTANCE�OBJECT�AND�FORWARD

ALL�FUTURE�REQUESTS�TO�THE�NEW�OBJECT�

2.2 Storage Optimizations

!�NUMBER�OF�STORAGE�OPTIMIZATIONS�HAVE�BEEN�SUGGESTED�FOR�OBJECT�MODELS��INCLUDING�GLYPHS�;�=�AND

VIRTUAL� AGGREGATES� ;��=�� 'LYPHS� ARE� EXTREMELY� LIGHTWEIGHT� OBJECTS� THAT� CONTAIN� ONLY� ESSENTIAL
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INFORMATION� ABOUT� AN� OBJECT� THAT� CANNOT� BE� COMPUTED� BY� OTHER�MEANS� ;�=�� &OR� EXAMPLE�� A� LABEL

OBJECT� IN� A� LIST� MIGHT� CONTAIN� THE� VALUE� OF� THE� STRING�� BUT� NOT� ITS� X� OR� Y� COORDINATES�� IF� THESE

COORDINATES�COULD�BE�COMPUTED�EXTERNALLY��E�G���BY�CONSTRAINTS�OR�BY�THE�COMPOSITE�LIST�OBJECT	��4HE

ADVANTAGE�OF�GLYPHS�IS�THAT�THEY�PROVIDE�THE�SAME�INTERFACE�THAT�A�TYPICAL�STRUCTURED�GRAPHICS�OBJECT

PROVIDES��WITHOUT� THE� CORRESPONDING� SPACE� OVERHEAD��4HE� CLASS� COMPILATION� SCHEME� DESCRIBED� IN

THIS� PAPER� IS� INTENDED� TO� LAY� THE� FOUNDATION� FOR� AUTOMATICALLY� COMPILING� PROTOTYPE� OBJECTS� INTO

GLYPHLIKE�OBJECTS��0REVIOUSLY�PROGRAMMERS�HAVE�HAD�TO�MANUALLY�HANDCRAFT�THE�GLYPH�OBJECTS�

6IRTUAL�AGGREGATES�ARE�COMPOSITE�OBJECTS�THAT�GIVE�THE�ILLUSION�OF�HAVING�INTERNAL�PARTS��BUT

DO� NOT� REPRESENT� THESE� INTERNAL� PARTS� EXPLICITLY� ;��=�� 6IRTUAL� AGGREGATES� ARE� TYPICALLY� FORMATTING

OBJECTS��SUCH�AS�LISTS�OR�TABLES��THAT�POSITION�A�SET�OF�HOMOGENOUS�OBJECTS��)F�AN�OPERATION�NEEDS�ONE

OF�THE�OBJECTS��THE�VIRTUAL�AGGREGATE�CREATES�TEMPORARY�OBJECTS�FOR�THE�OPERATION� ON�DEMAND ��/NCE

THE�OBJECT� IS�NO�LONGER�NEEDED�� ITS�SPACE�IS�RECLAIMED��4HE�CLASS�COMPILATION�SCHEME�DESCRIBED� IN

THIS� PAPER� PROVIDES� AN� ATTRACTIVE� VEHICLE� FOR� IMPLEMENTING� A� VIRTUAL� AGGREGATE� STRATEGY�� )N

PARTICULAR��A�PROFILER�COULD�BE�TUNED�TO�COLLECT�INFORMATION�ABOUT�TYPES�OF�OBJECTS�THAT�COULD�BENEFIT

FROM�VIRTUAL�AGGREGATES��I�E���OBJECTS�WITH�LOTS�OF�HOMOGENOUS�PARTS��NONE�OF�WHICH�ARE�FREQUENTLY

REQUESTED	��4HESE�OBJECTS�WOULD�BE�COMPILED�INTO�VIRTUAL�AGGREGATES��AND�THEY�WOULD�GENERATE�PART

OBJECTS�ON�DEMAND�

#ONSTRAINTS�ARE�AN� INCREASINGLY�COMMON�COMPONENT�OF�OBJECT� SYSTEMS� ;���� ���� ���� ��� ��

��=�AND�A�NUMBER�OF�RESEARCHERS�HAVE�TRIED�TO�MINIMIZE�THE�STORAGE�COSTS�OF�CONSTRAINTS��INCLUDING

&REEMAN"ENSON S�MODULE�APPROACH�;�=��(UDSON S�MICROCONSTRAINTS�;��=��AND�(ALTERMAN S�MODEL

DEPENDENCIES�;��=��4HE�MODULE�APPROACH�ATTEMPTS�TO�ELIMINATE�CONSTRAINTS�BY�COMPILING�THEM�INTO

PLANS�� 4HE�MICROCONSTRAINTS� APPROACH� EMPLOYS� A� 2)3#LIKE� STRATEGY�� )T� DEFINES� A� FEW� COMMON

LAYOUT�CONSTRAINTS��SPECIFIES�WHAT�TYPES�OF�OPERANDS�THEY�MAY�HAVE��AND�REPRESENTS�THEM�IN���BIT

WORDS��!�FEW�BITS�SPECIFY�THE�TYPE�OF�CONSTRAINT��A�FEW�BITS�THE�OPERANDS��AND�A�FEW�BITS�A�POSSIBLE

CONSTANT� VALUE�� 4HE� MODEL� DEPENDENCIES� APPROACH� REPRESENTS� CONSTRAINT� GRAPHS� USING� IMPLICIT

DEPENDENCIES�AND�GENERATES�EXPLICIT�DEPENDENCIES�ON�DEMAND��&OR�EACH�PROTOTYPE�OBJECT��A�MODEL

DEPENDENCY�GRAPH�IS�CONSTRUCTED�FOR�THAT�OBJECT��)NSTANCE�OBJECTS�USE�THIS�MODEL�DEPENDENCY�GRAPH

TO� FIND� THE�CONSTRAINTS� THAT� ARE� AFFECTED� BY� CHANGING� ONE� OF� THE� SLOTS� IN� THE� INSTANCE� OBJECT��4HE

MODEL�DEPENDENCY�GRAPH�IS�SIMILAR�TO�OUR�APPROACH�IN�THAT�IT�TAKES�ADVANTAGE�OF�TYPE�INFORMATION�

(OWEVER��IT�IS�MORE�OF�A�DYNAMIC�COMPILATION�APPROACH�SINCE�IT�DYNAMICALLY�COMPUTES�AND�INSTALLS

MODEL�DEPENDENCY�GRAPHS��)T�ALSO�DOES�NOT�DEPEND�ON�PROFILE�INFORMATION�
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3. OVERVIEW OF AMULET PROTOTYPE-INSTANCE SYSTEM

4HIS�SECTION�FIRST�BRIEFLY�CONTRASTS�PROTOTYPEINSTANCE�INHERITANCE�WITH�CLASSINSTANCE�INHERITANCE���)T

THEN�DESCRIBES�FEATURES�OF�THE�!MULET�TOOLKIT�FOR�THOSE�WHO�ARE�NOT�FAMILIAR�WITH�IT�

3.1 Prototype-Instance Inheritance

)N� A� CLASSINSTANCE� INHERITANCE� MODEL�� THERE� IS� A� DISTINCTION� BETWEEN� OBJECT� TYPES� AND� OBJECT

INSTANCES�� � !N� OBJECT� TYPE� IS� SIMILAR� TO� A� CLASS� DEFINITION� IN� #��� OR� *AVA�� � )T� DEFINES� A� PRECISE

INTERFACE�OF�DATA�MEMBERS�AND�BEHAVIOR�METHODS���!N�OBJECT�TYPE�CANNOT�BE�ALTERED�AT�RUNTIME��AND

IT� IS� NOT� ALLOCATED� MEMORY� AT� RUNTIME� �I�E��� IT� IS� NOT� AN� OBJECT	�� � 4HE� OBJECT� INSTANCE� IS� THE

EMBODIMENT� OF� AN� OBJECT� TYPE� IN� EXECUTABLE� FORMAT�� � )T� IS� ALLOCATED� SPACE�� STORES� DATA�� AND� ITS

METHODS�CAN�BE�EXECUTED�

)N�A�PROTOTYPEINSTANCE� INHERITANCE�MODEL�� THE�DISTINCTION�BETWEEN�OBJECT� TYPE� AND� OBJECT

INSTANCE� IS� BLURRED�� �(ERE� THERE� IS� ONLY� ONE� TYPE� OF� OBJECT�� AND� IT� HAS� A� DUAL� NATURE�� &IRST�� EACH

OBJECT� IS� AN� OBJECT� INSTANCE�� )T� IS� ALLOCATED� MEMORY� AND� IT� STORES� DATA� AND� METHODS� IN� A� SET� OF

ATTRIBUTES�CALLED�SLOTS�� �4HERE�IS�NO�DISTINCTION�BETWEEN�DATA�AND�METHODS��!�SLOT�CAN�STORE�EITHER

ONE��3ECOND��EACH�OBJECT�IS�AN�OBJECT�TYPE��)T�HAS�A�#REATE�METHOD�THAT�ALLOCATES�MEMORY�FOR�A�NEW

OBJECT��INITIALIZES�IT�FOR�USE��AND�THEN�RETURNS�IT���4HE�#REATE�METHOD�ALLOWS�AN�OBJECT�TO�BECOME�A

PROTOTYPE�BY�CREATING�INSTANCES�OF�IT���)NITIALLY��THE�NEW�INSTANCES�INHERIT�THE�SLOT�SET�AND�VALUES�OF

THEIR�PROTOTYPE��BUT�EACH�OBJECT�CAN�DYNAMICALLY�CHANGE�THE�VALUES�OF�ITS�SLOTS��INCLUDING�ITS�METHOD

SLOTS	�OR�ADD�OR�DELETE�SLOTS���(ENCE�OBJECTS�CAN�DYNAMICALLY�CHANGE�THEIR�INTERFACE�

3.2 Amulet Features

!MULET� IS� A� PROTOTYPEINSTANCEBASED� TOOLKIT� THAT� PROVIDES� SEVERAL� FEATURES� THAT� GREATLY� FACILITATE

RAPIDPROTOTYPING� OF� GRAPHICAL� USER� INTERFACES�� � 4HESE� FEATURES� INCLUDE� �	� COMPOSITE� OBJECTS�� �	

CONSTRAINTS��AND��	�TRIGGERS�

!� COMPOSITE� OBJECT� IS� AN� OBJECT� THAT� AGGREGATES� AND� ORGANIZES� OTHER� OBJECTS� ;�=�� � !

COMPOSITE�OBJECT�IS�TREATED�LIKE�A�PRIMITIVE�OBJECT��&OR�EXAMPLE��A�DEVELOPER�CAN�CREATE�INSTANCES�OF

A�COMPOSITE�OBJECT��MOVE�A�COMPOSITE�OBJECT��AND�DELETE�A�COMPOSITE�OBJECT��#OMPOSITION�IS�HIGHLY

USEFUL�IN�A�GRAPHICAL�USER�INTERFACE���&OR�EXAMPLE��IF�A�DEVELOPER�WANTED�TO�CREATE�AN�INTERFACE�THAT

RELIED�HEAVILY�ON�DISPLAYING�SMILEY�FACES��IT�WOULD�BE�ANNOYING�TO�HAVE�TO�CREATE�A�NEW�SMILEY�FACE

OBJECT� FROM� SCRATCH� EACH� TIME�� � !LSO�� THE� DEVELOPER� WOULD� NOT� WANT� TO� DUPLICATE� CODE� WHEN

CREATING�� DELETING�� OR� MOVING� A� SMILEY� FACE�� � #OMPOSITION� ELIMINATES� THIS� WASTED� EFFORT�� 4HE
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DEVELOPER�WOULD�CREATE�A�3MILEY&ACE�COMPOSITE�OBJECT�THAT�CONTAINED�A�YELLOW�CIRCLE�AS�THE�FACE�

TWO�BLACK�CIRCLES�AS�THE�EYES��AND�ONE�BLACK�ARC�FOR�THE�MOUTH��%ACH�TIME�A�SMILEY�FACE�WAS�NEEDED�

AN�INSTANCE�OF�A�3MILEY&ACE�OBJECT�WOULD�BE�CREATED�

!� CONSTRAINT� IS� A� RELATIONSHIP� BETWEEN� TWO� VALUES� THAT� IS� EXPRESSED� AS� A� MATHEMATICAL

FORMULA� AND� IS� THEN�MAINTAINED� AUTOMATICALLY� BY� THE� SYSTEM� ;��=�� � #ONSTRAINTS� CAN� BE� USED� FOR

GRAPHICAL�FORMATTING��OR�FOR�AUTOMATIC�VALUE�UPDATES�LIKE�A�CELL� IN�A�SPREADSHEET�� �&OR�EXAMPLE��A

DEVELOPER�WOULD�USE�CONSTRAINTS�TO�AUTOMATICALLY�COMPUTE�THE�SIZE�OF�THE�EYES�AND�MOUTH�INSIDE�THE

3MILEY&ACE� OBJECT��7HEN� THE� COMPOSITE� OBJECT� CHANGED� SIZE�� ALL� THE� INTERIOR� OBJECTS� WOULD� ALSO

AUTOMATICALLY�CHANGE�SIZE�PROPORTIONALLY�

4RIGGERS� �OR� AS� !MULET� CALLS� THEM�� DEMONS� ;��=	� ARE� BEHAVIORS� CONTINGENT� UPON� A� SLOT

CHANGE�� � 7HEN� THE� SLOT� CHANGES�� THE� TRIGGER� IS� AUTOMATICALLY� EXECUTED�� � 4RIGGERS� FACILITATE� THE

IMPLEMENTATION�OF�CONSTRAINTS�� WHEN�VALUE�!�CHANGES�UPDATE�VALUES�"�AND�# 	�� �AND�AUTOMATIC

FUNCTIONALITY�� WHEN�THE�WINDOW�CLOSES��CLOSE�ALL�OPEN�FILES 	�

3.3 Anatomy of an Amulet Object

!MULET�IS�IMPLEMENTED�IN�#����#ONSEQUENTLY��ALL�!MULET�OBJECTS�MUST�BE�INSTANCES�OF�SOME�CLASS�

AND�THIS�CLASS�IS�CALLED�!MULET?/BJECT��!MULET?/BJECT�CONTAINS�A�VARIETY�OF�INSTANCE�VARIABLES�THAT

SUPPORT�PROTOTYPEINSTANCE�INHERITANCE��INCLUDING�THE�MANAGEMENT�OF�INSTANCES��SLOTS��COMPOSITION�

AND�TRIGGERS��4HE�COMPOSITION�OF�AN�!MULET?/BJECT� IS� SHOWN� IN�4ABLE����4HE�STORAGE�COST�OF�AN

!MULET�OBJECT��EXCLUSIVE�OF�STORAGE�FOR�SLOTS��IS����BYTES�

&EATURE .UMBER�OF

"YTES

6ARIABLE�$ESCRIPTION

)NHERITANCE �� 0OINTERS�TO�AN�OBJECT S�PROTOTYPE�AND�TO�THE�OBJECT S� LIST
OF�INSTANCES�

3LOTS � !�POINTER�TO�A�DYNAMIC�ARRAY�OF�SLOT�OBJECTS

#OMPOSITION �� 0OINTERS� TO� AN� OBJECT S� OWNER�� ITS� LIST� OF� PARTS�� AND� ITS
PART� SLOT� �THE� OBJECT S� OWNER� HAS� A� POINTER� TO� THIS� PART
SLOT�THAT�ALLOWS�THE�OWNER�TO�DIRECTLY�ACCESS�THIS�OBJECT	

4RIGGERS �� 3TORAGE� FOR� A� POINTER� TO� AN� OBJECT S� SET� OF� TRIGGERS�� A
POINTER�TO�A�QUEUE�FOR�QUEUING�THE�TRIGGERS�FOR�EXECUTION�
AND� A� NUMBER� OF� FIELDS� FOR� HANDLING� THE� INHERITANCE� OF
TRIGGERS�

4ABLE� ���!� LIST� OF� INSTANCE� VARIABLES� IN� AN�!MULET?/BJECT� AND� THE� FEATURES� THAT� THESE� VARIABLES
SUPPORT�
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%ACH�SLOT� IN�AN�!MULET�OBJECT� IS�AN�INSTANCE�OF�A�CLASS�CALLED�!MULET?3LOT��!�SLOT�OBJECT

CONTAINS� INSTANCE� VARIABLES� FOR� HANDLING� TRIGGERS�� CONSTRAINTS�� AND� A� NUMBER� OF� HOUSEKEEPING

FUNCTIONS��!�SLOT�OBJECT�CONSUMES�A�MINIMUM�OF����BYTES��EXCLUDING�STORAGE�SPACE�FOR�A�VALUE�AND

SEVERAL� LISTS� REQUIRED� FOR� CONSTRAINT� MAINTENANCE�� 4HIS� PAPER� CONSIDERS� ONLY� THE� COMPILATION� OF

PROTOTYPE�OBJECTS�INTO�CLASS�OBJECTS��SINCE�CREATING�THE�CLASS�OBJECTS�IS�A�PREREQUISITE�FOR�COMPILING

THE�SLOT�OBJECTS��(OWEVER��IN�THE�FUTURE�WE�HOPE�TO�EXTEND�THIS�SCHEME�TO�SLOT�OBJECTS�AS�WELL�

!N�AVERAGE�!MULET�OBJECT�CONTAINS�ROUGHLY����SLOTS�AND�TYPICALLY�CONSUMES�WELL�IN�EXCESS

OF�������BYTES�OF� STORAGE��#ONSEQUENTLY��AN�!MULET�APPLICATION�OFTEN�MOVES� INTO� VIRTUAL� STORAGE

AFTER� ONLY� A� FEW� THOUSAND� OBJECTS� ARE� CREATED�� !T� THIS� POINT� INTERACTIVE� PERFORMANCE� DEGRADES

SIGNIFICANTLY�AS�THE�DISK�IS�REPEATEDLY�HIT�

3.4 Exploiting Types

!S�NOTED�IN�THE�INTRODUCTION��MOST� INTERFACES�THAT�CREATE�LARGE�NUMBERS�OF�OBJECTS�USE�ONLY�A� FEW

DISTINCT�PROTOTYPES��TYPES	��4HESE�OBJECTS�INHERIT�THE�SAME�TRIGGERS�AND�SLOTS��&OR�EXAMPLE��IT�IS�VERY

UNCOMMON�TO�CHANGE�THE�SET�OF�TRIGGERS�THAT�ARE�ASSOCIATED�WITH�AN�OBJECT��3IMILARLY��IT�IS�UNUSUAL

TO�CHANGE�THE�METHODS�THAT�AN�OBJECT� INHERITS��#ONSEQUENTLY��MUCH�OF�THE�INFORMATION�FOR�TRIGGERS

AND�SLOTS�CAN�BE�STORED�IN�A�PROTOTYPE�OBJECT�AND�INHERITED�BY�EACH�OF�THE�INSTANCES�

7E� CAN� EXPLOIT� THIS� INSIGHT� BY� COMPILING� PROTOTYPE� OBJECTS� INTO� CLASSES� AND� CREATING

INSTANCES�OF�THESE�CLASSES�AT�RUNTIME��4RIGGER�INFORMATION�AND�MANY�SLOTS�CAN�BE�STORED�AS�CLASS

VARIABLES��WITH�ONLY�SLOTS�WHOSE�VALUES�ARE� FREQUENTLY�ALTERED�BY� INSTANCES� ACTUALLY� STORED� IN� THE

INSTANCE�OBJECTS�

4. DESCRIPTION OF THE CLASS COMPILATION SCHEME

4HIS�SECTION�DESCRIBES�THE�DESIGN�OF�THE�CLASS�COMPILATION�SCHEME�AND�THE�NEXT�SECTION�DESCRIBES�ITS

IMPLEMENTATION

4.1 Scheme Overview

4HE�CLASS�COMPILATION�SCHEME�IS�PREDICATED�ON�PROFILING��!�DEVELOPER�EXECUTES�AN�APPLICATION�USING

A�SCRIPT�OF�REPRESENTATIVE�OPERATIONS�THAT�MIGHT�BE�PERFORMED�BY�AN�ENDUSER��7HEN�THE�APPLICATION

IS� TERMINATED�� THE� RUNTIME� ENVIRONMENT� INVOKES� A� PROFILER�� 4HE� PROFILER� EXAMINES� EACH� OF� THE

OBJECTS�IN�THE�PROTOTYPEINSTANCE�HIERARCHY��BEGINNING�AT�THE�ROOT��4HE�PROFILER�EXAMINES�EACH�OF�THE

SLOTS�IN�A�PROTOTYPE�OBJECT�AND�DETERMINES�WHETHER�THE�SLOT�SHOULD�BE�TREATED�AS�A�CLASS�VARIABLE�OR
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AN�INSTANCE�VARIABLE��4HE�TEST�IS�BASED�ON�A�CERTAIN�PERCENTAGE�OF�THE�INSTANCES�EITHER�INHERITING�THE

SLOT�OR� TREATING� IT�AS�A� LOCAL�VARIABLE��#URRENTLY�A� SLOT� IS�CLASSIFIED�AS�A�CLASS�VARIABLE� IF� ����OR

MORE�OF�THE�INSTANCES�INHERIT�IT��OTHERWISE�IT�IS�CLASSIFIED�AS�AN�INSTANCE�VARIABLE��4HE�PROFILER�WRITES

THE�INFORMATION�ABOUT�EACH�OF�THE�PROTOTYPE S�SLOTS�TO�A�DATA�FILE�

!�CODE�GENERATOR�READS�THE�DATA�FILE�AND�GENERATES�A�CLASS�FOR�EACH�OF�THE�PROTOTYPES�LISTED

IN� THE� FILE�� #LASS� SLOTS� ARE� DECLARED� AS� STATIC� INSTANCE� VARIABLES�� )NSTANCE� SLOTS� ARE� HANDLED� BY

DECLARING�AN�ARRAY�OF�SLOT�OBJECTS�EQUAL�IN�SIZE�TO�THE�NUMBER�OF�INSTANCE�SLOTS��%ACH�INSTANCE�OF�THE

CLASS�WILL�ALLOCATE� STORAGE� FOR� THIS� ARRAY��%ACH� CLASS� ALSO� DECLARES� A� SLOT� ACCESSOR�METHOD� CALLED

FIND?SLOT�THAT�TAKES�A�SLOT�KEY�AS�A�PARAMETER�AND�RETURNS�THE�ASSOCIATED�SLOT�OBJECT��!�READ�METHOD

CAN�THEN�RETURN�THE�SLOT S�VALUE��AND�A�WRITE�METHOD�CAN�SET�THE�SLOT S�VALUE��!�SLOT�KEY�IS�AN�INTEGER

KEY� THAT� DENOTES� A� SLOT�� &OR� EXAMPLE��,%&4�MIGHT� BE� ASSIGNED� THE� KEY� ���� AND� 4/0�MIGHT� BE

ASSIGNED�THE�KEY�����

4HE�NEW�CLASSINSTANCE�OBJECTS�ARE�CALLED�LIGHTWEIGHT�OBJECTS��TO�DISTINGUISH�THEM�FROM�THE

REGULAR� PROTOTYPEINSTANCE� OBJECTS� THAT� ARE� CALLED� HEAVYWEIGHT� OBJECTS�� � 4HE� LIGHTWEIGHT� OBJECTS

CANNOT�DYNAMICALLY�ADD�OR�DELETE�SLOTS��BUT�THEY�ALSO�DO�NOT�SUFFER�FROM�THE�OVERHEAD�OF�DYNAMIC

SLOT�SETS�

4HE�LIGHTWEIGHT�OBJECTS� REPLACE� THE�HEAVYWEIGHT�OBJECTS� IN� THE�APPLICATION��(OWEVER�� THE

APPLICATION� SHOULD� STILL� HAVE� THE� ILLUSION� THAT� A� PROTOTYPEINSTANCE� SYSTEM� IS� BEING� USED�� )N

PARTICULAR��IF�THE�PROFILE�INFORMATION�IS�INCORRECT�OR�INCOMPLETE��IT�SHOULD�STILL�BE�POSSIBLE�TO�CHANGE

THE� SET� OF� SLOTS� ASSOCIATED� WITH� AN� OBJECT�� &OR� EXAMPLE�� THE� APPLICATION� MIGHT� DISPLAY� AN� ERROR

DIALOG�WHEN�A�DISK�RUNS�OUT�OF�SPACE�� �4HIS�CONDITION�MIGHT�NOT�OCCUR�DURING�THE�PROFILING�OF�THE

APPLICATION�� SO� THE�DIALOG�WINDOW�MIGHT� TRY� TO�ADD�A�SLOT� TO�A� LIGHTWEIGHT�OBJECT�� �!� LIGHTWEIGHT

OBJECT�WILL�BE�TOO�SIMPLE�TO�HANDLE�CONDITIONS�FOR�WHICH�IT�WAS�NOT�DESIGNED��LIKE�ADDING�A�NEW�SLOT�

)N�THIS�CASE�THE�LIGHTWEIGHT�OBJECT�WILL�BE�TRANSMOGRIFIED��OR�CHANGED��TO�AN�EQUIVALENT�HEAVYWEIGHT

OBJECT���4HE�SLOTS�WILL�BE�COPIED�TO�THE�NEW�HEAVYWEIGHT�OBJECT�AND�THE�REQUESTED�OPERATION�WILL�BE

FORWARDED�TO�THE�HEAVYWEIGHT�OBJECT��4HE�NEW�HEAVYWEIGHT�REPLACEMENT�WILL�PERSIST�FOR�THE�LIFETIME

OF�THE�APPLICATION�

4.2 Old Versus New Architecture of Amulet

4O�ALLOW�LIGHTWEIGHT�OBJECTS�TO�REPLACE�HEAVYWEIGHT�OBJECTS��AND�ALSO�TO�ALLOW�TRANSMOGRIFICATIONS�

SEVERAL�DESIGN�CHANGES�HAD�TO�BE�MADE�TO�THE�!MULET�TOOLKIT���4HE�ORIGINAL�!MULET�SYSTEM�USED�A

0ROXY�PATTERN�;�=�IN�ITS�OBJECT�IMPLEMENTATION���4HE�!MULET?/BJECT�CLASS�WAS�ACTUALLY�A�WRAPPER
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CLASS� THAT�CONTAINED�A�POINTER� TO�AN� IMPLEMENTATION�OBJECT� �&IGURE���A	�� �!MULET?/BJECT�WAS� THE

PROXY� THAT� WAS� EXPORTED� TO� THE� USER� TO� ALLOW� REFERENCE� COUNTING� AND� TO� PREVENT� A� USER� FROM

OBTAINING�A�DIRECT�POINTER�TO�THE�IMPLEMENTATION�OBJECT��(OWEVER��MULTIPLE�!MULET?/BJECTS�COULD

SHARE�POINTERS�TO�THE�SAME�IMPLEMENTATION�OBJECT�

&IGURE�����A	�4HE�ORIGINAL�IMPLEMENTATION�OF�AN�!MULET�OBJECT���B	�!N�IMPLEMENTATION�OF�THE�CLASS
COMPILATION�SCHEME�USING�A�PROXY�PATTERN���C	�4HE�FINAL�IMPLEMENTATION�OF�AN�!MULET�OBJECT�USING
A�BRIDGE�PATTERN��_impl�CAN�POINT�TO�EITHER�A�LIGHTWEIGHT�OR�HEAVYWEIGHT�OBJECT�

/UR�FIRST�IDEA�WAS�TO�ALLOW�AN�!MULET?/BJECT�TO�POINT�TO�A�LIGHTWEIGHT�OBJECT�INSTEAD�OF�A

HEAVYWEIGHT�OBJECT��)F�THE�LIGHTWEIGHT�OBJECT�RECEIVED�AN�OPERATION�THAT�IT�COULD�NOT�HANDLE��IT�WOULD

CREATE�A�HEAVYWEIGHT�OBJECT�AND�SAVE�A�POINTER�TO�IT��&IGURE���B	��4HEREAFTER��ANY�REQUESTS�RECEIVED

BY�THE�LIGHTWEIGHT�OBJECT�WOULD�BE�FORWARDED�TO�THE�HEAVYWEIGHT�OBJECT��4HIS�SCHEME�REQUIRED�THAT

THE�LIGHTWEIGHT�OBJECT�BE�RETAINED��(OWEVER��SINCE�FEW�TRANSMOGRIFICATIONS�ARE�EXPECTED�TO�OCCUR�

THE� STORAGE� OVERHEAD� OF� THIS� DECISION� WAS� MINIMAL�� (OWEVER�� THIS� IDEA� FOUNDERED� WHEN� WE

DISCOVERED�THAT�SOME�OF�THE�FUNCTIONALITY�ASSOCIATED�WITH�COMPOSITION�AND�INHERITANCE�STILL�HAD�TO�BE
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HANDLED�BY�THE�LIGHTWEIGHT�OBJECT��#ONSEQUENTLY��BOTH�THE�LIGHTWEIGHT�OBJECT�AND�THE�HEAVYWEIGHT

OBJECT�HAD�TO�SHARE�SOME�SIMILAR�STATE��4HIS�ARRANGEMENT�PROVED�AWKWARD�

#ONSEQUENTLY�� WE� CHANGED� THE� DESIGN� SO� THAT� A� LIGHTWEIGHT� OBJECT� COULD� BE� COMPLETELY

REPLACED� WITH� A� HEAVYWEIGHT� OBJECT�� 4O� ACCOMPLISH� THIS� TASK�� WE� CHANGED� THE� IMPLEMENTATION

OBJECT� SO� THAT� IT� USED� A� BRIDGE� PATTERN� RATHER� THAN� A� PROXY� PATTERN�� �4HE� NEW�MODEL� STILL� HAS� AN

!MULET?/BJECT� CLASS� CONTAINING� A� POINTER� TO� AN� IMPLEMENTATION� CLASS�� (OWEVER�� THIS

IMPLEMENTATION�CLASS�IN�TURN�HAS�A�POINTER�TO�A�LIGHTWEIGHT�OR�HEAVYWEIGHT�DATA�OBJECT��&IGURE���C	�

4HE�IMPLEMENTATION�CLASS�HANDLES�INSTANCE�AND�PART�MANAGEMENT��AND�THE�LIGHTWEIGHT�HEAVYWEIGHT

DATA�CLASS�HANDLES�ALL� TRIGGER�FUNCTIONALITY�AND�THE�STORING�AND�ACCESSING�OF�SLOTS�� �7HEN�AN�ERROR

OCCURS�AND�WE�MUST�TRANSMOGRIFY�THE�OBJECT��WE�SIMPLY�REPLACE�THE�LIGHTWEIGHT�DATA�OBJECT�WITH�A

HEAVYWEIGHT�DATA�OBJECT�WITH�EQUIVALENTLY�VALUED�SLOTS�

4.3 Details of Lightweight Implementation

4HIS� SECTION�GIVES�A�MORE� INDEPTH� LOOK�AT� THE� INTERNALS� OF� A� LIGHTWEIGHT� OBJECT��4HE� LAYOUT� OF� A

LIGHTWEIGHT�CLASS�IS�SHOWN�IN�4ABLE���AND�THE�LAYOUT�OF�A�LIGHTWEIGHT�SUBCLASS�IS�SHOWN�IN�4ABLE���

4HE� LIGHTWEIGHT�CLASS� IS�AN�ABSTRACT�BASE�CLASS�� � )T� HANDLES� THE� BASIC� FUNCTIONALITY� OF� LIGHTWEIGHT

OBJECTS��INCLUDING�TRANSMOGRIFICATION��MANIPULATIONS�OF�SLOT�OBJECTS�AND�TRIGGERS��AND�THE�STORING�OF

TRIGGER�INFORMATION��%ACH�OF�THE�LIGHTWEIGHT�SUBCLASSES�IMPLEMENTS�A�SPECIFIC�TYPE��%ACH�SUBCLASS

STORES� THE� SLOT� OBJECTS� AND� PROVIDES�METHODS� FOR� CREATING� A� CONCRETE� INSTANCE� AND� ACCESSING� AND

INITIALIZING� THE� OBJECT S� SLOTS�� 4HE� LAYOUT� OF� EACH� OF� THESE� OBJECTS� IS� DESCRIBED� IN� GREATER� DETAIL

BELOW�

����� ,IGHTWEIGHT�#LASS

!S�SHOWN�IN�4ABLE����THE�LIGHTWEIGHT�CLASS�IS�RESPONSIBLE�FOR�IMPLEMENTING�THE�OPERATIONS�DECLARED

IN� THE� !MULET� INTERFACE� AND� FOR� HANDLING� TRANSMOGRIFICATIONS�� )T� ALSO� STORES� THE� OBJECT S� TRIGGER

INFORMATION��"OTH�LIGHTWEIGHT�AND�HEAVYWEIGHT�CLASSES�INHERIT�FROM�THE�SAME�ABSTRACT�BASE�CLASS��!

LIGHTWEIGHT� CLASS� SUPPORTS�MANY�� BUT� NOT� ALL� OF� THE� OPERATIONS� DECLARED� IN� THE�!MULET� INTERFACE�

7HEN�IT�DOES�SUPPORT�AN�OPERATION��THE�OPERATION�CAN�OFTEN�BE�IMPLEMENTED�MORE�SIMPLY�THAN�IN�THE

HEAVYWEIGHT�VERSION��BECAUSE�A�LIGHTWEIGHT�OBJECT�DOES�NOT�HAVE�TO�PROPAGATE�THE�CHANGES�TO�ANY

INSTANCES��A�LIGHTWEIGHT�OBJECT�IS�ALWAYS�A�LEAF�IN�THE�PROTOTYPEINSTANCE�HIERARCHY	�

�&OR� OPERATIONS� THAT� A� LIGHTWEIGHT� CLASS� DOES� NOT� SUPPORT�� SUCH� AS� REMOVE� SLOT�� CREATE

INSTANCE��OR�CHANGING�THE�VALUE�OF�A�CLASS�SLOT��THE�LIGHTWEIGHT�METHODS�CALL�A�TRANSMOGRIFY�METHOD�

4HIS�METHOD� CREATES� A� NEW� HEAVYWEIGHT� OBJECT�� COPIES� THE� LIGHTWEIGHT� OBJECT S� TRIGGER� AND� SLOT
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INFORMATION� TO� THE� HEAVYWEIGHT� OBJECT�� AND� MAKES� THE� IMPLEMENTATION� OBJECT� POINT� TO� THE� NEW

HEAVYWEIGHT�OBJECT��4HE�LIGHTWEIGHT�OBJECT S�METHOD�THEN�FORWARDS�THE�REQUEST�TO�THE�HEAVYWEIGHT

OBJECT S�METHOD�

3ECTION .AME 0URPOSE

)NSTANCE
6ARIABLES

4RIGGER
)NFORMATION

!�SET�OF� INSTANCE�VARIABLES�THAT�STORE�INFORMATION�ABOUT� TRIGGERS�
SUCH�AS�THE�SET�OF�TRIGGERS�ASSOCIATED�WITH�THIS�OBJECT��THE�LIST�USED
TO� QUEUE� THE� TRIGGERS� FOR� EXECUTION�� AND� THE� SET� OF� TRIGGERS� THAT
EACH�SLOT�INHERITS�BY�DEFAULT��4HE�TRIGGER�INFORMATION�IS�STORED�IN
THE� LIGHTWEIGHT� CLASS�� RATHER� THAN� IN� THE� IMPLEMENTATION� OBJECT
�I�E��� THE�BRIDGE�OBJECT	��BECAUSE� IT� IS� TIGHTLY� CONNECTED�WITH� SLOT
OBJECTS�

4RANSMOGRIFY !LLOCATE� STORAGE� FOR� A� HEAVYWEIGHT� OBJECT�� COPY� THE� TRIGGER� AND
SLOT�INFORMATION�TO�THE�NEW�OBJECT��AND�RETURN�A�POINTER�TO�THE�NEW
OBJECT�

-ETHODS

-ETHODS�THAT
IMPLEMENT�THE
!MULET
INTERFACE

4HESE� METHODS� ARE� IMPLEMENTED� SEPARATELY� IN� LIGHTWEIGHT� AND
HEAVYWEIGHT�CLASSES�� SINCE� LIGHTWEIGHT�OBJECTS�ARE�ALWAYS� LEAVES
IN� THE� PROTOTYPEINSTANCE� HIERARCHY�� 3O�� UNLIKE� HEAVYWEIGHT
OBJECTS�� THEY� NEVER� HAVE� TO� PROPAGATE� INFORMATION� TO� INSTANCES�
AND�THUS�CAN�BE�IMPLEMENTED�MORE�SIMPLY�THAN�THE�CORRESPONDING
HEAVYWEIGHT�METHODS�

4ABLE����4HE�LAYOUT�OF�A�LIGHTWEIGHT�CLASS�

/RDINARILY� THE� LIGHTWEIGHT� OBJECT� WOULD� DESTROY� ITSELF� ONCE� THE� OPERATION� IS� COMPLETE�

(OWEVER�� OUR� CURRENT� IMPLEMENTATION� DOES� NOT� ACTUALLY� COPY� THE� SLOT� INFORMATION� TO� THE

HEAVYWEIGHT� OBJECT� BUT� INSTEAD� MAKES� THE� HEAVYWEIGHT� OBJECT� POINT� BACK� TO� THE� SLOTS� IN� THE

LIGHTWEIGHT� OBJECT�� #ONSEQUENTLY� THE� LIGHTWEIGHT� OBJECT� IS� RETAINED�� ALTHOUGH� IT� IS� NO� LONGER

REFERENCED��3INCE� TRANSMOGRIFICATIONS� ARE� INFREQUENT�� THE� EXTRA� STORAGE� OVERHEAD� INCURRED� BY� THIS

DECISION�IS�MINIMAL�

����� ,IGHTWEIGHT�3UBCLASSES��0ROTOTYPE�#LASSES	

%ACH�LIGHTWEIGHT�SUBCLASS�CORRESPONDS�TO�A�PROTOTYPE�OBJECT�IN�THE�PROTOTYPEINSTANCE�HIERARCHY��)T

PROVIDES� STORAGE� FOR�AN� INSTANCE�OBJECT S� SLOTS��A�METHOD� FOR� RETRIEVING� A� SLOT� OBJECT� GIVEN� A� SLOT

KEY�� AND� METHODS� FOR� CREATING� AN� INSTANCE� OBJECT� AND� INSTANTIATING� ITS� SLOTS�� 3LOT� STORAGE� AND

RETRIEVAL�IS�DESCRIBED�IN�THIS�SECTION��3ECTION�����DESCRIBES�SLOT�INITIALIZATION�

3LOTS�ARE�PARTITIONED�INTO�INSTANCE�AND�CLASS�SLOTS���!N�INSTANCE�SLOT�HAS�A�CHANGEABLE

VALUE�AND�NEEDS�STORAGE�IN�EACH�INSTANCE�OF�THE�CLASS��!N�EXAMPLE�OF�INSTANCE�SLOTS�WOULD�BE�THE�X

AND�Y�POSITION�OF�THE�OBJECT�ON�THE�SCREEN�
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#LASS� SLOTS� DO� NOT� HAVE� CHANGEABLE� VALUES�� 4HEY� ARE� INITIALIZED� ONCE� AND� THEN� NEVER

CHANGED�� )NSTEAD� OF� MAKING� EACH� INSTANCE� OF� THE� LIGHTWEIGHT� OBJECT� WASTE� SPACE� IN� STORING� THIS

CONSTANTVALUED�SLOT��WE�ONLY�STORE�ONE�CLASS�SLOT�FOR�EACH�LIGHTWEIGHT�CLASS���%ACH�INSTANCE�OF�THE

LIGHTWEIGHT�OBJECT�HAS�ACCESS�TO�IT��BUT�NONE�HAVE�TO�STORE�IT���!�GOOD�EXAMPLE�OF�THIS�TYPE�OF�SLOT�IS

THE�DRAW�METHOD���)N�!MULET��TO�ENCAPSULATE�DRAWING�BEHAVIOR��EACH�OBJECT�HAS�A�SLOT�THAT�STORES�A

POINTER�TO�THE�METHOD�THAT�DRAWS�IT�LIKENESS�ON�THE�SCREEN���)T�IS�OBVIOUS�THAT�THE�VALUE�OF�THIS�SLOT

WILL�BE�THE�SAME�FOR�EACH�INSTANCE�OF�THE�LIGHTWEIGHT�OBJECT��AND�THAT�THE�VALUE�WILL�NEVER�CHANGE�

!CCORDINGLY��THIS�SLOT�IS�MADE�A�CLASS�SLOT�

3ECTION .AME 0URPOSE

#LASS�SLOTS /NE�SLOT�OBJECT�IS�ALLOCATED�FOR�EACH�CLASS�SLOT

)NSTANCE?+EYS?!RRAY !N�ARRAY�OF�SLOT�KEYS�THAT� IDENTIFIES�EACH�OF�THE�INSTANCE
SLOTS

#LASS

6ARIABLES

#LASS?+EYS?!RRAY !N�ARRAY�OF�SLOT�KEYS�THAT�IDENTIFY�EACH�OF�THE�CLASS�SLOTS

)NSTANCE

6ARIABLES

3LOT?!RRAY !N�ARRAY�OF�SLOT�OBJECTS��4HERE�IS�ONE�SLOT�OBJECT�FOR�EACH
INSTANCE�SLOT�

#REATE 4HE� CREATE� METHOD� CALLED� BY� A� PROTOTYPE� IN� ORDER� TO
GENERATE�A�LIGHTWEIGHT�INSTANCE�

#LASS

-ETHODS
)NITIALIZE?#LASS?3LOTS !�STATIC�METHOD�CALLED�BY�THE�CREATE�METHOD�THE�FIRST�TIME

THE� PROTOTYPE� CREATES� AN� INSTANCE�� 4HIS� METHOD
INSTANTIATES�EACH�CLASS�SLOT�BY�COPYING�THE�CONTENTS�OF�THE
CORRESPONDING�SLOT�OBJECT�FROM�THE�PROTOTYPE�OBJECT�TO�THE
CLASS�SLOT�

&IND?3LOT !� METHOD� THAT� TAKES� A� SLOT� KEY� AND� THEN� RETURNS� THE
CORRESPONDING�SLOT�OBJECT�

)NITIALIZE?)NSTANCE?3LOTS !�METHOD�THAT� INSTANTIATES�EACH�INSTANCE�SLOT�BY�COPYING
THE� CONTENTS� OF� THE� CORRESPONDING� SLOT� OBJECT� FROM� THE
PROTOTYPE�OBJECT�TO�THE�INSTANCE�SLOT�

6IRTUAL

-ETHODS

3LOT?)TERATOR 2ETURNS� AN� ITERATOR� OBJECT�� 4HE� ITERATOR� OBJECT� RETURNS
EACH�OF� THE� SLOT�KEYS� IN� THE�CLASS� �BOTH� THE� INSTANCE� SLOT
KEYS�AND�THE�CLASS�SLOT�KEYS	

4ABLE����4HE�LAYOUT�OF�A�LIGHTWEIGHT�SUBCLASS�

4HE�LIGHTWEIGHT�CLASS�HIERARCHY�IS�ONLY�ONE�LEVEL�DEEP��&IGURE��	��7HEN�A� LIGHTWEIGHT

CLASS�IS�CREATED�FOR�A�PROTOTYPE��ALL�THE�SLOTS�FROM�BOTH�THE�PROTOTYPE�AND�ITS�ANCESTORS�ARE�INCLUDED

IN�THE�LIGHTWEIGHT�CLASS��4HE�ORIGINAL�IMPLEMENTATION�OF�LIGHTWEIGHT�CLASSES�MIRRORED�THE�PROTOTYPE

INSTANCE� HIERARCHY�WITH� LIGHTWEIGHT� CLASSES� SUBCLASSING� OTHER� LIGHTWEIGHT� CLASSES�� (OWEVER�� THIS
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MULTILEVEL�HIERARCHY�MERELY�COMPLICATED�THE�IMPLEMENTATION�WITHOUT�PROVIDING�ANY�REAL�BENEFIT��SO

IT�WAS�SCRAPPED�AND�REPLACED�WITH�THE�SINGLELEVEL�HIERARCHY�

!�FIND?SLOT�METHOD�IS�IMPLEMENTED�FOR�EACH�LIGHTWEIGHT�SUBCLASS��!MULET�USES�A

FIND?SLOT�METHOD�TO�FIND�AND�RETURN�A�SLOT�OBJECT��3LOT�OPERATIONS�CAN�THEN�PERFORM�OPERATIONS�ON

THE�RETURNED�SLOT��SUCH�AS�READING�OR�WRITING�ITS�VALUE��)N�A�HEAVYWEIGHT�OBJECT��THE�SLOT�OBJECTS�ARE

STORED�IN�A�DYNAMIC�SLOT�ARRAY��!MULET�USES�A�LINEAR�SEARCH�TO�LOCATE�A�SLOT�OBJECT��)F�THE�SLOT�OBJECT

CANNOT�BE�FOUND�IN�THE�OBJECT S�ARRAY��THE�PROTOTYPE�OBJECT S�ARRAY�IS�SEARCHED��AND�SO�ON�UNTIL�THE

SLOT�OBJECT�IS�LOCATED�OR�THE�ROOT�OF�THE�INHERITANCE�HIERARCHY�IS�REACHED�

&IGURE����!�SAMPLE�PROTOTYPE�INSTANCE�HIERARCHY�IS�SHOWN�IN��A	��4HIS�HIERARCHY�IS�COMPILED�INTO
THE�CLASSINSTANCE�HIERARCHY�SHOWN�IN��B	��#OMPOSITE/BJECT�AND�'RAPHICAL/BJECT�ARE�NOT�COMPILED
INTO�CLASSES�BECAUSE�THEY�DO�NOT�HAVE�ANY�LEAF�INSTANCES�AND�HENCE�WILL�NOT�GENERATE�ANY�LIGHTWEIGHT
OBJECTS���C	�SHOWS�THE�PROTOTYPE�HIERARCHY�THAT�RESULTS�WITH�COMPILED�CLASS�OBJECTS��4HE�OBJECTS� IN
NORMAL� TYPE� ARE� HEAVYWEIGHT� OBJECTS�� THE� OBJECTS� IN� ITALICS� ARE� HEAVYWEIGHT� OBJECTS� THAT� CAN
GENERATE�LIGHTWEIGHT�OBJECTS��AND�THE�OBJECTS�IN�BOLDFACE�ARE�LIGHTWEIGHT�INSTANCE�OBJECTS�

)N�CONTRAST��EACH�LIGHTWEIGHT�CLASS�DEFINES�ITS�OWN�FIND?SLOT�METHOD��4HE�METHOD�IS�SIMPLY

A�CASE�STATEMENT�THAT�TAKES�A�SLOT�KEY�AS�INPUT�AND�RETURNS�THE�APPROPRIATE�SLOT�OBJECT�FROM�EITHER

THE�INSTANCE�SLOT�ARRAY�OR�THE�APPROPRIATE�CLASS�SLOT�OBJECT��4HE�SWITCH�STATEMENT�IDENTIFIES�THE�KEY
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IN�/��	�TIME��WHEREAS�THE�LINEAR�SEARCH�REQUIRED�BY�THE�HEAVYWEIGHT�IMPLEMENTATION�REQUIRES�/�N	

TIME��PLUS�A�POSSIBLE�SEARCH�THROUGH�MULTIPLE�LEVELS�OF�THE�PROTOTYPEINSTANCE�HIERARCHY�

%ACH�LIGHTWEIGHT�CLASS�KEEPS�STATIC�ARRAYS�FOR�CLASS�AND�INSTANCE�KEYS���4HESE�ARRAYS�ARE

NECESSARY�FOR�INITIALIZATION�OF�THE�OBJECT��SLOT�ITERATION��AND�OTHER�INTERNAL�HOUSEKEEPING�ROUTINES�

5. IMPLEMENTATION SPECIFICS

4HIS�SECTION�GIVES�DETAILS�ABOUT�OTHER�IMPLEMENTATION�SPECIFICS�NECESSARY� TO�OUR�OPTIMIZATION�BUT

EXTERNAL�TO�THE�ACTUAL�CLASS�COMPILATION�SYSTEM���4HIS�INCLUDES�PROFILING�AND�OBJECT�CREATION�

5.1 Profiling

!S�NOTED�EARLIER��THE�PROFILER�EXAMINES�EACH�OF�THE�PROTOTYPES�IN�THE�PROTOTYPEINSTANCE�HIERARCHY�

!MULET� PROVIDES� A� MECHANISM� FOR� TRAVERSING� THE� SLOTS� IN� AN� OBJECT�� 4HE� PROFILER� USES� THIS

MECHANISM� TO�EXAMINE�EACH�OF� THE�PROTOTYPE S�SLOTS� �THE� SLOT� TRAVERSING�MECHANISM� RETURNS� BOTH

SLOTS�STORED�LOCALLY�IN�THE�PROTOTYPE�AND�SLOTS�STORED�IN�ANY�OF�THE�PROTOTYPE S�ANCESTORS��HENCE�BOTH

INHERITED�AND�NONINHERITED�SLOTS�ARE�EXAMINED	��&OR�EACH�SLOT��THE�PROFILER�EXAMINES�THE�SAME�SLOT

IN�EACH�OF�THE�INSTANCES��)F�MORE�THAN�SOME�THRESHOLD�PERCENTAGE�OF�THE�INSTANCES�INHERIT�THE�SLOT��THE

SLOT�IS�CLASSIFIED�AS�A�CLASS�SLOT��OTHERWISE�IT�IS�CLASSIFIED�AS�AN�INSTANCE�SLOT��4HE�CURRENT�THRESHOLD

IS������AND�IT�HAS�WORKED�WELL�IN�THE�SENSE�THAT�VERY�FEW�TRANSMOGRIFICATIONS�OCCUR�IN�PRACTICE��SEE

3ECTION�����FOR�MORE�DETAILS	�

4HE�CURRENT�IMPLEMENTATION�OF�THE�PROFILER�IS�SOMEWHAT�NA¯VE�BUT�VERY�EFFECTIVE��%XCEPT�FOR

A�FEW�SLOTS��SUCH�AS�A�SELECTED�SLOT�� THAT�THE�PROFILER�KNOWS�!MULET�MIGHT�ADD�TO�AN�INSTANCE��THE

PROFILER� DOES� NOT� CHECK� TO� SEE� IF� THE� INSTANCES� ADD� ADDITIONAL� SLOTS� THAT� THE� PROTOTYPE� DOES� NOT

CONTAIN��4HE�PROFILER�DOES�MAINTAIN�A�LIST�OF�COMMON�SYSTEMADDED�SLOTS�SO�THAT�THESE�SLOTS�CAN�BE

CHECKED�� 4HE� FAILURE� TO� CHECK� FOR� ADDITIONAL� SLOTS� COULD� THEORETICALLY� LEAD� TO� A� CLASS� BEING

CONSTRUCTED� WITH� AN� INSUFFICIENT� NUMBER� OF� SLOTS�� )N� TURN�� THIS� OVERSIGHT� COULD� LEAD� TO� THE

TRANSMOGRIFICATION�OF�ALL�OF�THE�INSTANCES�IN�THE�CLASS�

(OWEVER��AS�SHOWN�IN�3ECTION������SUCH�TRANSMOGRIFICATIONS�HAVE�NOT�BEEN�PROBLEMATIC�IN

PRACTICE�AND�OUR�HYPOTHESIS�STATED�AT�THE�BEGINNING�OF�THIS�PAPER�PREDICTS�THAT�THIS�STRATEGY�SHOULD

NOT�LEAD�TO�MANY�TRANSMOGRIFICATIONS��/UR�HYPOTHESIS� IS�THAT�A�GRAPHICAL� INTERFACE�THAT�CONTAINS�A

LARGE�NUMBER�OF�OBJECTS�WILL�USE�A�FEW�PROTOTYPE�OBJECTS�TO�STAMP�OUT�THOUSANDS�OF�OBJECTS�WITH�THE

SAME� TYPE�� )T� IS� UNLIKELY� THAT� AN� APPLICATION� WILL� ADD� OR� REMOVE� SLOTS� FROM� THESE� OBJECTS�� /UR

EMPIRICAL�RESULTS�REFLECT�THIS�
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)N� THE� FUTURE�� WE� PLAN� TO� MAKE� THE� PROFILER� MORE� SOPHISTICATED� BY� HAVING� IT� MAKE� A

PRELIMINARY�PASS�THROUGH�ALL�THE�INSTANCES�OF�A�PROTOTYPE�IN�ORDER�TO�GATHER�THE�COMPLETE�SET�OF�SLOTS

USED�BY�ALL�THE�INSTANCES��4HE�PROFILER�WILL�THEN�USE�THIS�SET�OF�SLOTS��RATHER�THAN�JUST�THE�SET�OF�SLOTS

IN� THE� PROTOTYPE�� TO� PERFORM� ITS� APPRAISAL�� 4HIS� ADDITION�WILL� HANDLE� THE� SITUATION�WHERE� A� LARGE

NUMBER�OF�INSTANCES�ALL�ADD�AN�ADDITIONAL�SLOT�

5.2 Selecting the Type of Object to Create

7HEN�AN�APPLICATION�CREATES�AN�INSTANCE�OF�AN�OBJECT��OUR�SCHEME�NEEDS�TO�DETERMINE�WHETHER�THE

NEWLY�CREATED�OBJECT��	�WILL�EVENTUALLY�SERVE�AS�A�PROTOTYPE�AND�CREATE�LIGHTWEIGHT�OBJECTS���	�BE�A

LEAF� IN� THE�PROTOTYPEINSTANCE�HIERARCHY�AND� BE� REPRESENTED� BY� A� LIGHTWEIGHT� OBJECT�� OR� �	� FAILING

EITHER�OF�THE�ABOVE�TWO�CONDITIONS��BE�A�HEAVYWEIGHT�OBJECT��4HIS�CHOICE�IS�MADE�BY�CHECKING�THE

NAME�OF�THE�NEWLY�CREATED�OBJECT��!MULET�GIVES�A�UNIQUE�NAME�TO�EACH�OBJECT���4HE�DEVELOPER�CAN

SPECIFY�A�NAME��OR�� IF�ONE�IS�NOT�PROVIDED��!MULET�ASSIGNS�ONE�AUTOMATICALLY�� �7HEN� THE�PROFILER

WRITES�OUT�A�PROTOTYPE S�INFORMATION�� IT�ALSO�WRITES�OUT�THE�PROTOTYPE S�NAME��4HE�CODE�GENERATOR

USES�THIS�NAME�IN�THE�FOLLOWING�FASHION��4HE�CODE�GENERATOR�FIRST�PLACES�A�CLASS�DECLARATION�IN�A��H

FILE�AND�THE�CLASS�IN�A��CC�FILE��4HE�CODE�GENERATOR�THEN�DECLARES�A�DUMMY�VARIABLE�IN�THE��CC�FILE�AND

INITIALIZES�IT�BY�CALLING�A�FUNCTION�THAT�STORES�IN�A�GLOBAL�REGISTRY�THE�CLASS S�NAME�AND�A�POINTER�TO�A

STATIC�CLASS�METHOD��#REATE	�THAT�RETURNS�AN�INSTANCE�OF�THE�CLASS�

7HEN�AN�OBJECT�IS�CREATED��THE�NEW�NAME�FOR�IT�IS�SPECIFIED���7E�CHECK�THIS�NEW�NAME����)F

IT�IS�IN�THE�REGISTRY��THE�NEWLY�CREATED�OBJECT�IS�A�LIGHTWEIGHTGENERATING�OBJECT�� THAT� IS��AN�INTERIOR

NODE� IN� THE� INHERITANCE� HIERARCHY� THAT� HAS� LEAVES� IMMEDIATELY� ADJACENT� TO� IT�� � 7E� CREATE� A

HEAVYWEIGHT� OBJECT� AND� GIVE� IT� A� REFERENCE� TO� THE� INSTANCEGENERATING� FUNCTION�� � 7HENEVER� THE

OBJECT S�CREATE�METHOD�IS�CALLED��IT�WILL�CREATE�LIGHTWEIGHT�OBJECTS�

)F�THE�NAME�DOES�NOT�APPEAR�IN�THE�REGISTRY��THE�SYSTEM�CHECKS�TO�SEE�IF�THE�CREATING�OBJECT�IS

A�LIGHTWEIGHTGENERATING�OBJECT���)F�IT�IS��THE�NEW�OBJECT� IS�CREATED�AS�A�LIGHTWEIGHT�� �)F� IT� IS�NOT��A

REGULAR�HEAVYWEIGHT�OBJECT�IS�CREATED�

5.3 Initializing the Class Slots
4HE� FIRST� TIME� THAT� A� PROTOTYPE� CLASS� CREATES� AN� INSTANCE� OF� ITSELF�� IT� CALLS� ITS� STATIC

)NITIALIZE?#LASS?3LOTS�METHODS��4HIS�METHOD� ITERATES� THROUGH� THE� CLASS� SLOTS� ARRAY��&OR� EACH� SLOT

KEY� IN� THE�ARRAY�� IT�USES� THE�CLASS S� FIND?SLOT�METHOD� TO� LOCATE� THE�APPROPRIATE� CLASS� SLOT�� )T� THEN

SEARCHES� THE�PROTOTYPEINSTANCE�HIERARCHY� FOR� THE� SLOT� OBJECT� CORRESPONDING� TO� THIS� KEY� �SINCE� THE

SLOT�IS�A�CLASS�SLOT��IT�MUST�BE�INHERITED�FROM�SOMEWHERE�IN�THE�PROTOTYPEINSTANCE�HIERARCHY	��4HIS
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SEARCH�IS�PERFORMED�BY�PASSING�THE�SLOT�KEY�TO�THE�FIND?SLOT�METHOD�OF�THE�HEAVYWEIGHT�OBJECT�THAT

IS�ASSOCIATED�WITH�THIS�PROTOTYPE�CLASS��I�E���THE�HEAVYWEIGHT�OBJECT�THAT�HAS�A�POINTER�TO�THIS�CLASS S

#REATE�METHOD	��4HE�CONTENTS�OF�LOCATED�SLOT�OBJECT�ARE�THEN�COPIED�INTO�THE�CLASS�SLOT�

5.4 Initializing a Lightweight Object

/NCE� CREATED�� THE� SLOTS� OF� A� LIGHTWEIGHT� OBJECT� MUST� BE� INITIALIZED�� 4HIS� INITIALIZATION� IS

ACCOMPLISHED�BY�COPYING�THE�VALUES�OF�THE�SLOTS�IN�THE�PROTOTYPE�USING�THE�)NITIALIZE?)NSTANCE?3LOTS

METHOD��2ECALL�THAT�A�LIGHTWEIGHT�CLASS�MAINTAINS�AN�ARRAY�OF�INSTANCE�SLOT�KEYS��4HE�INITIALIZATION

PROCEDURE�FOR�A�LIGHTWEIGHT�CLASS�SIMPLY�ITERATES�THROUGH�THIS�ARRAY��&OR�EACH�SLOT�KEY��IT�RETRIEVES

THE�APPROPRIATE�SLOT�OBJECT�FROM�THE�PROTOTYPE�USING�THE�PROTOTYPE S�FIND?SLOT�METHOD��3IMILARLY�IT

RETRIEVES� THE� APPROPRIATE� SLOT� OBJECT� FROM� THE� INSTANCE� USING� THE� LIGHTWEIGHT� OBJECT S� FIND?SLOT

METHOD��)T�THEN�COPIES�THE�INFORMATION�FROM�THE�PROTOTYPE S�SLOT�OBJECT�TO�THE�INSTANCE S�SLOT�OBJECT�

6. EMPIRICAL RESULTS

4HE� FEASIBILITY� OF� THE� LIGHTWEIGHT� SCHEME� RESTS� ON� TWO� FACTORS�� �	� WHETHER� THE� NUMBER� OF

TRANSMOGRIFICATIONS�IS�A�RELATIVELY�SMALL�PERCENTAGE�OF�THE�TOTAL�NUMBER�OF�OBJECTS��AND��	�WHETHER

THE�PERFORMANCE�DEGRADATION�THAT�RESULTS�FROM�THE�BRIDGE�OBJECT�AND�FROM�THE�TRANSMOGRIFICATIONS�IS

ACCEPTABLE��4HE�IMPACT�OF�USING�A�BRIDGE�OBJECT�IS�THAT�OPERATIONS�AFFECTING�SLOTS�AND�TRIGGERS�MUST

GO�THROUGH�ANOTHER�LEVEL�OF� INDIRECTION��)N�OTHER�WORDS�� THERE� IS�AN�ADDITIONAL�VIRTUAL�METHOD�CALL

REQUIRED�TO�ACCESS�SLOTS�AND�TRIGGERS��A�VIRTUAL�METHOD�CALL�IS�REQUIRED�SINCE�THE�DATA�OBJECT S�TYPE�IS

UNKNOWN	�

4O� HELP� EXAMINE� TRANSMOGRIFICATIONS� AND� PERFORMANCE�� WE� TOOK� TWO� EXISTING� !MULET

APPLICATIONS��A�FINITE�STATE�MACHINE�SIMULATOR�AND�AN�INTERFACE�BUILDER�CALLED�'ILT��AND�RECOMPILED

THEM� USING� THE� CLASS� COMPILATION� SCHEME��!DDITIONALLY�� WE� CREATED� AN� EMPTY � APPLICATION� THAT

SIMPLY�INITIALIZES�THE�!MULET�RUNTIME�ENVIRONMENT�AND�THEN�SHUTS�DOWN�

%ACH� OF� THE� THREE� APPLICATIONS�WAS� PROFILED� USING� A� SCRIPT� OF� ACTIONS� �THE� SCRIPT� FOR� THE

EMPTY�APPLICATION�WAS�AN�EMPTY�SCRIPT�SINCE�THE�APPLICATION�SIMPLY�STARTS�UP�AND�SHUTS�DOWN	��4HE

APPLICATIONS�WERE�THEN�RECOMPILED�WITH�THE�CLASSES�CREATED�USING�THE�PROFILE�INFORMATION��&INALLY�THE

APPLICATIONS�WERE�RERUN�BOTH�WITH� THE� SAME�SCRIPT�AND�WITH�A� SCRIPT�OF�A�DIFFERENT� SET�OF�ACTIONS�

3INCE� THE� RESULTS� COULD� BE� MADE� ARBITRARILY� GOOD� BY� CREATING� INCREASINGLY� LARGE� NUMBERS� OF

APPLICATION� OBJECTS� THAT� WOULD� NOT� BE� TRANSMOGRIFIED�� WE� CREATED� A� RELATIVELY� FEW� NUMBER� OF
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APPLICATION�OBJECTS� IN�EACH�APPLICATION����� IN� THE� FINITE� STATE�MACHINE�APPLICATION� AND� ���� IN� THE

'ILT�APPLICATION�

4HE�APPLICATIONS�WERE�RUN�ON�A�3UN�3PARC���WITH����MEGABYTES�OF�2!-�

6.1 Transmogrification Results

)N�EACH�APPLICATION�WE�MEASURED��	�THE�NUMBER�OF�OBJECTS�CREATED��AND��	� THE�NUMBER�OF�OBJECTS

TRANSMOGRIFIED��4HE�RESULTS�ARE�PRESENTED�IN�THE�FOLLOWING�TABLE�

!PPLICATION .UMBER�OF
4RANSMOGRIFICATIONS

4OTAL�.UMBER�OF
/BJECTS�#REATED

0ERCENTAGE�OF
/BJECTS
4RANSMOGRIFIED

%MPTY�!PPLICATION ��� ��� ���

&INITE�3TATE�-ACHINE ��� ��� ���

)NTERFACE�"UILDER��'ILT	 ��� ���� ��

4ABLE����4RANSMOGRIFICATION�RESULTS�FOR�THE�SAMPLE�APPLICATIONS�

4HE�RESULTS�SHOW�THAT�A�RELATIVELY�SMALL�PERCENTAGE�OF�TRANSMOGRIFICATIONS�OCCURRED�IN�EACH

APPLICATION�� )N� ADDITION�� ALMOST� ALL� OF� THE� TRANSMOGRIFICATIONS� WERE� IN� THE� PARTS� OF� THE� !MULET

PROTOTYPEINSTANCE�HIERARCHY�THAT�ARE�NOT�USED�BY�THE�APPLICATION��&OR�EXAMPLE��!MULET�PROVIDES�A

NUMBER�OF�ANIMATION�OBJECTS�THAT�ARE�NOT�USED�IN�ANY�OF�THE�SAMPLE�APPLICATIONS��/RDINARILY�THESE

ANIMATION�OBJECTS�WOULD�BE�PROTOTYPES�AND�HENCE�WOULD�BE�INTERIOR�NODES�IN�THE�PROTOTYPEINSTANCE

HIERARCHY��(OWEVER��SINCE�NO�INSTANCES�ARE�CREATED�OF�THESE�OBJECTS�� THEY�APPEAR�TO�THE�PROFILER�TO

BE� INSTANCES��(ENCE� THE� PROFILER� CREATES� LIGHTWEIGHT� OBJECTS� FOR� EACH� OF� THESE� PROTOTYPE� OBJECTS�

3INCE�!MULET�GOES�AHEAD�AND�CUSTOMIZES�THESE�OBJECTS��ASSUMING�THAT�THEY�WILL�BE�PROTOTYPES��THEY

END�UP�BEING�TRANSMOGRIFIED��)N�THE�FUTURE�WE�PLAN�TO�EXAMINE�WAYS�THAT�THESE�TRANSMOGRIFICATIONS

COULD�BE�AVOIDED��(OWEVER��THE�IMPORTANT�POINT�IS�THAT�THEY�DO�NOT�CONSTITUTE�A�LARGE�PERCENTAGE�OF

THE�OBJECTS��)N�ADDITION��THESE�TRANSMOGRIFICATIONS�REPRESENT�A�FIXED�COST�THAT�IS�INCURRED�AT�STARTUP�

4HEY�DO�NOT�OCCUR�DURING�THE�LATER�EXECUTION�OF�THE�INTERFACE�

!LMOST� NO� TRANSMOGRIFICATIONS� OCCURRED� AMONG� THE� APPLICATION� OBJECTS� DURING� THE� USER S

INTERACTION�WITH�THE� INTERFACE��4HIS� RESULT� IS�CONSISTENT�WITH�OUR�BELIEF� THAT�AN�APPLICATION�CREATES

OBJECTS� FROM�A� FEW�PROTOTYPES�AND�DOES�NOT�CUSTOMIZE� THE�OBJECTS�BY�ADDING�OR� DELETING� SLOTS�� )T

ALSO�SUPPORTS�OUR�HYPOTHESIS�THAT�AS�THE�NUMBER�OF�APPLICATION�OBJECTS�IS�INCREASED��THE�PERCENTAGE

OF�TRANSMOGRIFIED�OBJECTS�WILL�DROP�TO�ALMOST���
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6.2 Performance Results

7E� EVALUATED� THE� PERFORMANCE� OF� THE� CLASS� COMPILATION� SCHEME� IN� TWO� WAYS�� �	� THE� USER S

SUBJECTIVE� SENSE� OF� THE� PERFORMANCE� OF� THE� APPLICATIONS�� AND� �	� THE� AMOUNT� OF� TIME� REQUIRED� TO

PERFORM� A� SINGLE� TRANSMOGRIFICATION�� !LTHOUGH� IT� IS� POSSIBLE� TO� PERFORM� A� WHOLE� BATTERY� OF

BENCHMARK� TESTS� ON� INDIVIDUAL� OPERATIONS�� WE� HAVE� FOUND� IN� THE� PAST� THAT� THE� BEST� MEASURE� OF

PERFORMANCE�IS�THE�USER S�SUBJECTIVE�SENSE�OF�PERFORMANCE��7E�FOUND�THAT�THERE�WAS�NO�DISCERNABLE

DIFFERENCE�BETWEEN�THE�ORIGINAL�AND�THE�NEW� CLASS �VERSIONS�OF�THESE�APPLICATIONS��EITHER�AT�STARTUP

OR�DURING�INTERACTIVE�OPERATIONS��4HE�PERFORMANCE�OF�THE�CLASS�VERSION�IS�ESPECIALLY�ENCOURAGING�IN

LIGHT�OF�THE�FACT�THAT�IT�HAS�NOT�YET�BEEN�EXTENSIVELY�OPTIMIZED��(OWEVER��EVEN�WITH�OPTIMIZATION��WE

DOUBT�THAT�THERE�WILL�STILL�BE�ANY�DISCERNABLE�DIFFERENCE�IN�PERFORMANCE��SINCE�THE�PERFORMANCE�OF�ALL

APPLICATIONS�WAS�JUDGED�TO�BE�QUITE�FAST�

7E� DID� PERFORM� A� NUMBER� OF� BENCHMARK� TIMINGS� BETWEEN� THE� ORIGINAL� AND� THE�MODIFIED

VERSIONS�OF�!MULET�AND�FOUND�A�ROUGHLY�����SLOWDOWN�IN�PERFORMANCE�FOR�MOST�OPERATIONS��4HIS

FINDING�IS�PRELIMINARY�SINCE�THE�ORIGINAL�VERSION�OF�!MULET�IS�HIGHLY�OPTIMIZED��WHILE�THE�MODIFIED

VERSION�OF�!MULET�HAS�ONLY�RECENTLY�BEEN�COMPLETED�AND�HAS�NOT�YET�BEEN�OPTIMIZED��FOR�EXAMPLE�

NO� ATTEMPT� HAS� BEEN� MADE� TO� INLINE� ONE� AND� TWO� LINE� METHODS	�� 4HE� REASON� THAT� INTERACTIVE

PERFORMANCE�IS�NOT�AFFECTED�DESPITE�THIS�SLOWDOWN�IS�THAT�MOST�INTERACTIVE�OPERATIONS�AFFECT�ONLY�A

SMALL�PORTION�OF�A�GRAPHICAL�INTERFACE��AND�IN�PARTICULAR��A�FEW�OBJECTS��#ONSEQUENTLY��THE�REDISPLAY

TIME�DOMINATES�THE�TIME�TO�ACTUALLY�ALTER�THE�OBJECTS��4HIS�FINDING�IS�CONFIRMED�BY�STUDIES�THAT�HAVE

FOUND� THAT� REDISPLAY� TIME� ACCOUNTS� FOR� ROUGHLY� ������ OF� THE� TIME� CONSUMED� BY� AN� OPERATION

;�����=�

4HE�PERFORMANCE�OF� THE� TRANSMOGRIFICATION� ROUTINES�ON� THE� TRANSMOGRIFICATION� BENCHMARK

WAS�ALSO�QUITE�GOOD���������INSTANCES�OF�AN�OBJECT�WITH����SLOTS�WERE�CREATED�AND�TRANSMOGRIFIED�

4HE�AVERAGE�TIME�TO�TRANSMOGRIFY�A�SINGLE�OBJECT�WAS������MILLISECONDS��'IVEN�THESE�PERFORMANCE

NUMBERS�AND�THE�NUMBER�OF�OBJECTS�TRANSMOGRIFIED�IN�THE�SAMPLE�APPLICATIONS�� IT� CAN�BE�EXPECTED

THAT�TRANSMOGRIFICATION�WILL�ADD�ONLY�A�FEW�FRACTIONS�OF�A�SECOND�TO�THE�OVERHEAD�OF�AN�APPLICATION�

)N�ADDITION��THIS�OVERHEAD�IS�FOR�THE�MOST�PART�INCURRED�ONLY�AT�STARTUP�

7. CURRENT STATUS AND FUTURE WORK

4HIS�SECTION�SUMMARIZES�OUR�CURRENT�PROGRESS�AND�PREDICTS�THE�COURSE�OF�OUR�FUTURE�WORK�
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7.1 Current Status

!LL�OF�THE�MECHANISMS�DESCRIBED�IN�THIS�PAPER�ARE�IMPLEMENTED���7E�HAVE�A�WORKING�PROFILER��CLASS

GENERATING� PROGRAM�� AND� A� MODIFIED� VERSION� OF� !MULET� THAT� SUPPORTS� CLASS� OBJECTS� AND

TRANSMOGRIFICATIONS�

7.2 Future Work

4HE� CLASS� COMPILATION� MODEL� DESCRIBED� IN� THIS� PAPER� LAYS� THE� FOUNDATION� FOR� MAKING� OBJECTS

SIGNIFICANTLY�MORE�SPACE�EFFICIENT��3OME�OF�THE�OPTIMIZATIONS�WE�PLAN�TO�PURSUE�ARE�

3HARING� TRIGGER� INFORMATION�� �-OST� OBJECTS� SHARE� THE� SAME� SET� OF� TRIGGERS�� THE� SAME� SET� OF

DEFAULT� TRIGGERS�� AND� THE� SAME� TRIGGER� QUEUE�� #ONSEQUENTLY�� WE� PLAN� TO�MAKE� THESE� VARIABLES� BE

CLASS�VARIABLES�IN�LIGHTWEIGHT�OBJECTS�

-OVING�PART�MANAGEMENT� INTO� THE�DATA�OBJECTS��!N�!MULET�OBJECT�KEEPS� TRACK�OF�PARTS� IN

TWO�WAYS��FIRST�IN�A�PART�LIST�AND�SECONDLY�IN�PART�SLOTS�THAT�POINT�TO�INDIVIDUAL�PARTS��)N�LIGHTWEIGHT

OBJECTS��THESE�PART�SLOTS�CAN�BE�ORGANIZED�INTO�AN�ARRAY��#ONSEQUENTLY��THE�PART�SLOT�ARRAY�CAN�SERVE

AS�THE�PARTS�LIST�AND�THE�EXPLICIT�PART�LIST�CAN�BE�REMOVED�

5SING�MODEL� DEPENDENCIES� FOR� CONSTRAINTS� TO� REDUCE� CONSTRAINT� STORAGE�� !� RELATED� PAPER

DESCRIBES� HOW� PATTERNS� CAN� BE� USED� TO� GENERATE� CONSTRAINT� DEPENDENCIES� ON� DEMAND� RATHER� THAN

HAVING� TO� REPRESENT� THEM� EXPLICITLY� IN� A� CONSTRAINT� GRAPH� ;��=�� .OT� ONLY� DO� THESE� MODEL

DEPENDENCIES� SAVE� STORAGE� DIRECTLY�� THEY� WILL� ALSO� ENABLE� SOME� SLOTS� THAT� CURRENTLY� HAVE� TO� BE

TREATED�AS�INSTANCE�VARIABLES�TO�BE�TREATED�AS�CLASS�VARIABLES�INSTEAD��4HESE�SLOTS�ARE�INHERITED�SLOTS

THAT�HAVE�CONSTRAINT�DEPENDENCIES��AND�HENCE�HAVE�TO�BE�ALLOCATED�STORAGE�IN�THE�INSTANCE�OBJECT�IN

ORDER�TO�BE�ABLE�TO�STORE�THESE�EXPLICIT�DEPENDENCIES�

-AKING�SLOTS� LIGHTWEIGHT�� *UST�AS�OBJECTS� STORE� TRIGGER� INFORMATION� THAT�CAN�BE�SHARED�� SLOTS

ALSO�STORE�TRIGGER�INFORMATION�THAT�CAN�BE�SHARED��7E�PLAN�TO�EXTRACT�THIS�INFORMATION�AND�PLACE�IT�IN

EITHER�PROTOTYPE�SLOTS�OR�GLYPH�OBJECTS��THUS�ALLOWING�THE�INFORMATION�TO�BE�SHARED��3IMILARLY��SOME

OF�THE�CONSTRAINT�INFORMATION�THAT�IS�CURRENTLY�STORED�IN�THE�SLOTS�CAN��IN�MOST�CASES��BE�SHARED��7E

PLAN�TO�USE�A�TRANSMOGRIFICATION�SCHEME�SIMILAR�TO�THE�ONE�DESCRIBED�IN�THIS�PAPER�TO�ALLOW�SLOTS�TO

BE�CUSTOMIZED�ON�DEMAND�

8. CONCLUSION

4HIS�PAPER�HAS�DESCRIBED�HOW�TYPE�INFORMATION�THAT�IS�OBTAINED�BY�PROFILING�AN�APPLICATION�CAN�BE

USED�TO�COMPILE�PROTOTYPES�IN�A�PROTOTYPEINSTANCE�MODEL�INTO�CLASSES�IN�A�CLASSINSTANCE�MODEL��)T



��

ALSO�DESCRIBES�A�TRANSMOGRIFICATION�SCHEME�THAT�ALLOWS�INSTANCES�OF�THESE�CLASSES�TO�BE�CONVERTED�TO

A�PROTOTYPEINSTANCE�OBJECT� IF� THE� INSTANCE�MUST�BE�CUSTOMIZED� IN�AN�UNEXPECTED�WAY��4HIS�CLASS

COMPILATION�SCHEME�LAYS�THE�FOUNDATION�FOR�SIGNIFICANTLY�REDUCING�THE�AMOUNT�OF� STORAGE� REQUIRED

BY�A�PROTOTYPEINSTANCE�MODEL��SINCE�MUCH�OF�THE�TYPE�INFORMATION�THAT�IS�CURRENTLY�STORED�IN�EACH

INDIVIDUAL�OBJECT�CAN�INSTEAD�BE�SHARED�AS�CLASS�INFORMATION��/NCE�THESE�STORAGE�OPTIMIZATIONS�ARE

COMPLETED��THE�DEVELOPER�WILL�BE�ABLE�TO�DEVELOP�CODE�USING�THE�PROTOTYPEINSTANCE�MODEL�WHILE�STILL

BENEFITING�FROM�THE�OPTIMIZATIONS�PERMITTED�THE�CLASSINSTANCE�MODEL
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