A Lisp through the Looking Glass

submittedby J. C. G. Sturdy forthe degree ofPh.D. ofthe UniversityofBath 1991

COPYRIGHT

‘Attentionis drawn to the fact that the copyrightof this thesis rests withits author. This copy of the thesis has been supplied on conditionthat anyone who consults it is understood to recognize that its copyright rests with its author and that no quotation from the thesis and no informationderived fromitmay be published withoutthe priorwrittenconsent of the author.’

‘Thisthesis maybe made availableforconsultationwithinthe UniversityLibraryand may be photocopiedor lent to otherlibraries forthe purposes of consultation.’

Summary

This thesis presents a new architecture forprogramminglanguage interpreters, inwhich interpretersare notonlyfirst-classvalues, butare also arranged ina towerofmeta-circularinterpre-tationwhichisaccessible reflectively—so that a program may modifyelements ofthe meta-circular tower under whichitruns, and thus cause changes in the manner ofits owninterpretation.

To facilitatesuch modification, we develop a representation for interpreters that splits each interpreter into a language (a collectionof independently implemented constructs) and an evaluator (connectingthe constructs together).

To implement such a mutable infinitemeta-circular interpreter, we need another interpreter outside the tower, the meta-evaluator. We present this, along with a systematic way of linkingitto the meta-circular tower. We show that a furtherform ofmeta-circularitymay be introduced by bringingthe meta-evaluator intothe reflectivelyaccessible part of the system; and that this may be repeated withoutlimit,using the same techniques.

These techniques formeta-interpretationare then shown to be similarto the “language and evaluator”modelforinterpretation,and a concise version ofthe system is presented that uses common code formany ofthese functions.

Provision forreflective and mixedlanguage facilitiespervade the infrastructure of the system. We show that despite allthispower, itis possible to implementsuch a system efficiently— wellwithinan order ofmagnitude ofthe performance ofa single-language non-reflectivesystem— and we show how a wide range of languages may be implemented on this infrastructure,which also allowstransparent mixed-languageprogramming.

Acknowledgements

Acknowledgementsare due to many: • God formakingthe universe so very reflective • Julian Padget forsupervisingand encouraging me • James Davenport and John ffitch forassorted ideas and advice • Phil Yelland fordiscussions ofthe more mathematicalparts ofreflection • Jim des Rivieres, Olivier Danvy and Karoline Malmkjær forcomments • Myfamily and friends, particularlyNickySanders, forencouragement • Harlequin Ltd for providingfacilitieswhile I was workingpart-timeon this thesis, and for writingthe Lispsystem I used • Mycolleagues at Harlequin,especially MarkTillotson,Colin Meldrum,and Pekka Pirinen, forassorted discussions on Lisp-relatedtopics and advice on gettingthe fastest code from the compiler • The friars forputting up withme at their guest-house, and particularlyBrotherEdmund for discussions on the metaphysics of reflection • Other research students whose workoverlapped withminein time,particularlyJohn, Russell, Val, Phil, Mary, Andrew, Daniel,and Isobel • And,of course, SERC for funding the project—ever present, but usually only visible as a series offormsshadowing what was actuallygoingon.

Contents

Table of Contents 4

1 Survey 8 1.1 The background to this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 1.2 Reflection into context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 1.3 Related areasof programming language research . . . . . . . . . . . . . . . . . . 10 1.4 Why do we want reflection? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.5 Approaches to reflection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 1.6 Why mixed languages? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 1.7 Summary of survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Introduction 18 2.1 Languages,interpreters andprograms . . . . . . . . . . . . . . . . . . . . . . . . 18 2.2 Terminology: Reification and Reflection . . . . . . . . . . . . . . . . . . . . . . . 23 2.3 Forms of reflection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 2.4 Program interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 2.5 Some related concerns not addressed by this thesis . . . . . . . . . . . . . . . . . 29 2.6 Formal and informal reflection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.7 Reflection and reification in normal program execution . . . . . . . . . . . . . . . 32 2.8 Kinds of reflection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 2.9 Introducingthe tower . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 2.10 Central points of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.11 Summary of introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3 The Closure—a building block for computation 40 3.1 Representingcomputationas data . . . . . . . . . . . . . . . . . . . . . . . . . . 41 3.2 Including the languagein the closure . . . . . . . . . . . . . . . . . . . . . . . . . 44 3.3 The relationshipsbetween levels . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 3.4 Procedure calling usingclosures . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 3.5 Summary of closures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4 How the tower levels are linked together . 51 4.1 Levels, strings of levels, and towers . . . . . . . . . . . . . . . . . . . . . . . . . 51 4.2 Links in each direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.3 The umbrella of the tower. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 4.4 Tower computability;propagation; integrity . . . . . . . . . . . . . . . . . . . . . 55 4.5 Reifying the meta-evaluator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 4.6 Multidimensionalideas in single-dimensionaltowers . . . . . . . . . . . . . . . . 69 4.7 What does this architecture allow us to do? . . . . . . . . . . . . . . . . . . . . . 70 4.8 Summary of links between levels . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5 Mixing Languages 73 5.1 Introducingmixed languages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 5.2 The requirements of mixed-languageworking . . . . . . . . . . . . . . . . . . . . 75 5.3 An abstraction for programminglanguage interpreters . . . . . . . . . . . . . . . 78 5.4 Writing interpreter components. . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 5.5 The overall structureof the tower . . . . . . . . . . . . . . . . . . . . . . . . . . 84 5.6 What can we do using this model? . . . . . . . . . . . . . . . . . . . . . . . . . . 87 5.7 Summary of mixing languages . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6 Types, abstraction, and representation 90 6.1 Representingthe abstract: concretionand extension . . . . . . . . . . . . . . . . . 90 6.2 Requirementsfor the type system . . . . . . . . . . . . . . . . . . . . . . . . . . 94 6.3 The structure and content of our type system . . . . . . . . . . . . . . . . . . . . 96 6.4 Types and evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 6.5 Types and level shifts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 6.6 Summary of types, abstractionand representation . . . . . . . . . . . . . . . . . . 106

7 The standard evaluator 108 7.1 A general evaluator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 7.2 The structure of each level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 7.3 The standard evaluator code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 7.4 The essence of interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 7.5 Evaluation strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 7.6 The evaluator as a link between levels . . . . . . . . . . . . . . . . . . . . . . . . 121 7.7 How Lisp-like operators evaluate their arguments . . . . . . . . . . . . . . . . . . 121 7.8 Summary of the standard evaluator . . . . . . . . . . . . . . . . . . . . . . . . . . 123

8 Mapping linguistic and semantic features onto the reflective system 124 8.1 Procedure application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 8.2 Reflective and non-reflective calls . . . . . . . . . . . . . . . . . . . . . . . . . . 125 8.3 Flow control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127 8.4 Variables, bindings and assignments . . . . . . . . . . . . . . . . . . . . . . . . . 130 8.5 Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 8.6 Objects and messages,and actors . . . . . . . . . . . . . . . . . . . . . . . . . . 131 8.7 Parallelism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 8.8 Declarative languages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 8.9 Changing the implementationof featuresdynamically . . . . . . . . . . . . . . . 133 8.10 Evaluation order—strict or lazy . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

8.11 Special substrate featuresfor specific languages . . . . . . . . . . . . . . . . . . . 137 8.12 Summary of building languages with reflection . . . . . . . . . . . . . . . . . . . 138

9 Asuitable language for the standard interpreter 140 9.1 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 9.2 The implementationof the base language . . . . . . . . . . . . . . . . . . . . . . 142 9.3 The real set of primitiveoperators . . . . . . . . . . . . . . . . . . . . . . . . . . 143 9.4 Operatorsfor reification and reflection . . . . . . . . . . . . . . . . . . . . . . . . 144 9.5 Summary of the base language . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

10 Amodel meta-evaluator 158 10.1 Requirementsfor the meta-evaluator . . . . . . . . . . . . . . . . . . . . . . . . . 158 10.2 An introduction to Platypus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161 10.3 The pull of efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162 10.4 Representationstrategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162 10.5 Mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163 10.6 How the meta-evaluatorworks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164 10.7 Summary of the model meta-evaluator . . . . . . . . . . . . . . . . . . . . . . . . 165

11 The meta-evaluator 167 11.1 Platypus89 - a tower evaluatorin Lisp . . . . . . . . . . . . . . . . . . . . . . . . 167 11.2 The essence of reflective tower evaluation . . . . . . . . . . . . . . . . . . . . . . 175 11.3 Summary of the meta-evaluatorcode. . . . . . . . . . . . . . . . . . . . . . . . . 179 11.4 Other parts of the meta-evaluator . . . . . . . . . . . . . . . . . . . . . . . . . . . 181 11.5 Operatorsand their shadows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191 11.6 Definition of operators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197 11.7 The C implementation of Platypus . . . . . . . . . . . . . . . . . . . . . . . . . . 213 11.8 Summary of the meta-evaluator . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

12 Results 216 12.1 Overviewof results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216 12.2 The design ideas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217 12.3 The implementations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221 12.4 Time and space used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228 12.5 Changes needed to support non Lisp-like languages . . . . . . . . . . . . . . . . . 230 12.6 General results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230 12.7 Summary of results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232

13 History and future; related work; observations 234 13.1 Other recent developmentsin interpretation . . . . . . . . . . . . . . . . . . . . . 234 13.2 Possible further work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234 13.3 Higher-level tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239 13.4 Further applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240 13.5 Summary of history andfuture . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

14 Reflections 242 14.1 What did I find? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242 14.2 Human reflection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243 14.3 Reflective changesthrough other artifices . . . . . . . . . . . . . . . . . . . . . . 244 14.4 Tower reflective interpretationand other modelsof computation . . . . . . . . . . 244 14.5 Summary of reflections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245

15 Recapitulation 246 15.1 Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246 15.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246 15.3 Closures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247 15.4 Links between levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248 15.5 Languages in closures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249 15.6 The standard evaluator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249 15.7 Types, abstraction, and representation . . . . . . . . . . . . . . . . . . . . . . . . 250 15.8 Building languages with reflection . . . . . . . . . . . . . . . . . . . . . . . . . . 251 15.9 The base language . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252 15.10A modelfor the meta-evaluator . . . . . . . . . . . . . . . . . . . . . . . . . . . 253 15.11An implementation of the meta-evaluator . . . . . . . . . . . . . . . . . . . . . . 254 15.12Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254 15.13History and future . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255 15.14Reflections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256 15.15Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

Bibliography 258

Chapter 1

Survey

1.1 The background to this thesis

Anactive area of research in Computer Science concerns the manipulationofprograms by other programs, and investigates the use of automatic logical reasoning systems to reason about programs. It has come to the attention ofmany researchers that, ifitis useful fora program to manipulate, and reason about, other programs, it may be even more useful foritto be able to manipulate and reason about itself—that is, to reflect on itself.

Reflection differs from one program workingon another program in one important respect: changes made by the program to itself must affect the behaviour of the program, and, correspondingly, the behaviour ofthe program must affect what the program sees of itself. Thus, there is a causal link between the program as agent and the program as subject. Aoverviewof the implicationsofthis, witha survey of some seminal workin the area, is given in [Batali].

To be able to make sense of a running program as a subject, we must take it in the context of

• the language in whichitis written

• the active evaluating agent that interprets itas a program in that language

Therefore, in this thesis, we include the language and the evaluating agent as part ofthe subject program. Once we make the language part of the subject, we are handling languages as data values, and so can also handle systems that allow each program to be written in a mixture of languages.

Byincludingthe evaluator (orinterpreter)explicitlyin our model ofcomputation,we add another layer, or level, to the interpretation; as we look further into the model, we find that the evaluator itselfmust be interpreted likewise,and so on, and so weadd an infinitenumberoflevels ofinterpretation[Smith]. Ithas already been shown [Smithand des Rivières 84b] that itis possible to implement an interpretivesystem for a single language using this infinitenumber of levels of interpretation,withlittleless efficiency than a normal interpreter. In this thesis, we investigate the possibilityof doing this fora system withexplicitand variablelanguages; and at the same time, in investigatingfurtherthe nature of interpretationitself,we change the infinitetower of levels of interpretationto an infinitetower ofinfinitetowers … ofinfinitetowers oflevels ofinterpretation.

Though a tower of interpretationis slightlymore complicated to construct than a plain interpreter, it makes it simpler to modifythe interpreter later, for example to add new language features. When used as a constructionkitforbuildingmutuallycompatible interpretersin a mixedlanguage environment,the slight extra complexityis adequately compensated forby the ease of adding features and even wholelanguages withinthe framework.

Just as the tower model simplifies the construction of individualcomponents based on it, the meta-tower simplifies the construction of the tower in a very similarway, and, since the relationship ofsuccessive meta-towers is the same as the between a towerand its meta-tower, it can also be said to simplifyits ownconstruction,through the development ofa regular modelfor towers and meta-towers.

The implementationof a system using this model turns out to be concise and elegant, and whenrefined as faras possible appears to be rather simplerthan the ad-hoc systems ofwhich itis a replacement and superset.

When weincludethe evaluator as partofthe subject ofthe program, wegivethe program access to the thingwhichdefines the meaning ofthe program–and through this, the program can manipulate its own meaning or interpretation.

Since this involves operations on the interpreter of the program, the meaning of the interpreter must be defined in some way. The interpreter is a program (hardware interpreters– computers–are outsidethe scope ofthisthesis) and so its meaning isdetermined bythe interpreter of that program. Thus, we see an infinitetowerof interpreters definingthe meaning ofa program. For a program to inspect and manipulate its interpreter meaningfully, itmust also have access to the whole toweroflevels of interpretation(which,forpractical purposes, come intoexistence only as needed–a lazilygenerated tower).

1.2 Reflection into context

Reflection is not simplya programming tool,but a general model fordescribing a wide range of things that perform processes in some intelligentmanner. Whilethis thesis is confined almost entirelyto Computer Science, itis oftenhelpfulto see the fieldinthe contexts ofpsychology and philosophy, harnessing the anthropomorphisingtendencies ofthe human mindto make useful analogies regarding selfand meaning.

Since the search forthe definitionof the meaning of an action (process,program, utterance, trace) leads toward our projectionofmeaning onto a free formula—something whichdoes not have meaning untiltaken ina particularcontext—some philosophicaldigression fromthe mathematical logicis used in places to givea meaning to the mathematics uttered.

1.3 Related areas of programming language research

In constructing a system forhandling programs and their environments, we must draw from several areas of Computer Science, as wellas adding new material concerning the causal linkbetween action and behaviour. Whileusing techniques from these areas, we also contribute techniques that they can use.

Grammars

A program must be writtenaccording to the grammar of the language in which it is written. To manipulate programs, we must have formalgrammars of the languages in whichthey are written.

This area has been researched extensively, and the results of thisresearch are in common use, not only forconstructingprogramminglanguage systems, but also in many other areas of informationprocessing, as allcomputer-manipulableinformationmust be in a formdescribable by a grammar.

In this work,the grammars we use (both formallyand informally)are those describing programming languages—particularly procedural programming languages. To bring a language into the system developed here, a grammar for it must be provided, describing the lexical and syntactic aspects of the language, to enable some program, called a parser or lexical analyzer, (withwhichwe are not concerned here) to convert (parse) the textualformofeach program intoa parse tree or abstract syntax tree. This conversionmay be a bare transliterationofthe program text, or it may include annotation—an augmented syntax tree—for example, global and local variablereferences maybe distinguishedexplicitlyinthe parse tree. Some languages, notablynonprocedural, non-functionalones, may require considerable processing at this stage; forexample, prologprograms couldbe procedurized here.

Many tools for generating parsers are available. The best known are perhaps those provided on the Unixsystem: Lex (a lexical analyzer generator) and YACC(a syntactic parser generator, also sometimes used to generate the main frameworkof a compiler). These work across the boundary between textualdata processing and symbolicdata processing, and both are mixtures of an existing, general-purpose programming language, C, with specialized languages. Lex and Yacc (or similartools) may be used to complement the workbehind this thesis; and the workpresented here helps, in turn, to formalize the language mixturesin whichLex and YACC grammar descriptions are written.

This thesis looks very littleat the lexicaland grammatical levels of language processing—it is treated as being largelya separate task. However, a fullmixed-language system would have to be able to accept grammatical descriptions as wellas the semantic descriptions that the present system uses.

Interpretation

Reflective program execution is both a formof interpretation,and a toolforstudying interpretation. Some techniques fromwritingconventionalinterpretersapplyhere; moresignificantly, reflectiveprogrammingis a new technique forconstructinginterpreters, and may be used as such either by itself,or in conjunctionwith other techniques. It also provides a frameworkin whichto reason about interpreters.

The reflective model of interpretation has several advantages over ad-hoc interpreter architectures. Not only does itmake itpossible foran ordinary program to extend the interpreter, but italso makes the design and implementationofinterpreters more systematic–perhaps making itless of an art and more of an exact science.

Witha well-definedmodelof interpretation,constructingand debugging interpreters becomes easier, and itis possible to writetools to assist in writingand testing them.

Partial evaluation

Partialevaluationis an interpretationtechnique inwhicha program is run as faras possible on the data availableto itat the time,reducingitto a residual program whichaccepts some or allofthe remainingdata to procede toanother residualprogram orto the result. Whereas reflective interpretationtends to add new levels ofinterpretationto the executionof a program, partialevaluation can remove levelsof interpretationbycombiningthem withadjacent levels, whichis done by evaluating the interpreter withthe program that itinterprets as input. Thus, partial evaluationand reflection may have complementary effects on the interpretationof a program. This effect is described and exploredin [Danvy],whichexplainshowpartialevaluation and reflection maybe used together, givingthe advantages of reflection,whilecollapsingthe extra layers that itcan introduce.

Compilation

Compilation,likepartial evaluation,reduces a program, and so in some sense opposes reflection. It is sometimes possible to compilea reflectiveprogram intoa non-reflectiveone, thus allowingsystems developed under reflectiveinterpretationto become more efficientcompiledprograms.

Mixing

Mixing[Jones, Sestoft and Søndergaard ] is a form of partial evaluation that allowsfor self-reference bythe evaluator, and, through this, allowsthe evaluationto specializeinterpreters to run particularprograms. This is a formof compilation,as itreduces an interpreterI in a language Li and a program P ina language Lpto a combinedprogram IP, withthe same meaning as P, but in the language Li. Itcan also evaluate itself,M (the Mixprogram) withrespect to any interpreter Ia inlanguage La, leaving a residualprogram MI that accepts programs Pb inany language Lband produces combinedprograms IPa—this residual program is a compiler. Mixingthe mixerwithitself produces a residual program that accepts interpreters Ia to produce residual programs MIa—this is a compiler-compiler. Althoughthisself-reference is notcausal, there are some strongsimilarities between mixingand reflection,as both relate program and interpreter[Danvy].

Abstraction

Handlingdata obtained fromthe state ofa runningprogram requiresa suitableabstraction for program interpretation;such abstractions are discussed in [Smith] and [Wand and Friedman]. Such an abstraction also provides a toolforfurther abstraction in the field, as itdescribes causal self-reference abstractly.

The abstraction must describe not only programs in their static form,but also the active process of running them. As it turns out, a suitable abstraction forthis is reflective interpretation itself—the very feature that required the abstraction in the first place. Such cycles of reference as this are natural in this work, as the systems described and implemented include descriptions and implementationsofthe abstractions used intheirdescriptionsand implementations. Thisgoes against the traditionalformofsemantic definition,of whichthe main aim is to describe the system in terms of things outside the system itself.Here, weprefer to include a descriptionofthe system withinthe system, and describe how something outside the system may projecta meaning onto the system, and thereby may give itan external definition. We then show howa system may be constructed that includeswithinitselfa descriptionofhowan outsidesystem may projecta meaning onto the system.

1.4 Why do we want reflection?

Reflection is useful both as a toolforabstract description and manipulationof programs and other active agents, and as a practical programmingtool. Activeagents here can mean anything that has defined behaviour and processes information,such as a computer, a program, an organization, or an animal. Reflection describes a causal linkbetween abstract informationhandlingand concrete behaviour. In mentalisticterms [Batali], it is the part of introspectionthat links the self as the subject ofreasoning to the selfas reasoner. This works in both directions: itlinks observation ofthe selfto reasoning, and reasoning to actionon the self—which is part of learning. Afullyreflectiveagent can reflect upon reflection, and can thus can observe observation,reason about reasoning, and learn about learning.

Reflection is interesting and general

The idea of reflection is useful for describing either reflective or non-reflective interpretation of programs. It can describe programs, languages and processing agents. It describes the meaning ofany ofthese, and, as described in thisthesis and other work[Danvyand Malmkjær 88] [Smith], relates the extensional meaning ofsomething—that is, its description,or what the thing means—to the intensional meaning, that is, how itworks, or its implementation. It does this by putting the intensioninto a frame of reference whichbinds it to the worldoutside the description, that is, the extension.

In mentalistic terms [Batali] we manipulate our surroundings (as we perceive them) in terms of abstract concepts, a form of manipulationthat is widelyaccepted as being deeply connected withour linguisticfaculties. For example, hammeringa nailinvolvesthe concept ofmomentum; even ifsomeone does nothave a spoken name forit,theymust have thisspecific (and hence nameable) concept inorder to understand whyhammeringis more effectivethen steady pressure applied with the hammer. Earlierworkon procedural reflection allowed programs to modifytheir language environments but didnot have a specific modelforlanguages as data values. Here, we make itpossible to reflect on languages more formallyand abstractly than before.

Describing and implementing languages

Reflection, in the formused here, linksa program withits interpreterin such a way that the program can modifythe interpreter [Smith]. By adding new features to the language, then removing the features of the originallanguage, a program can construct an implementation of another language, and continue to run in that language instead ofthe originalone.

This is a novel approach to language definition,and offers interestingprospects forprogramming in general. Not least among the possibilitiesis that of tailoringa application-oriented programminglanguage fora particularprogram, as part ofthe applicationprogram and in terms of the application-orientedlanguage rather than as part of a separate language processing program writtenin a language less suited to the applicationdomain.

This formoflanguage implementationalso makes language developmentand debugging more likeotherapplicationdevelopment. Debuggingfacilitiesprovidedwithinthe language system can be used on the language system, and new debuggingfacilities(forexample, printingmessages at points in the code) for workingon the language can be inserted just as they can be into an application.

Program debugging

Reflection provides some useful facilitiesfor debugging programs, such as access to the program’s state as data—this data can then be passed to an inspection tools, as is done in SmallTalk-80 [Goldbergand Robson]. Such data can then be modified,and installed back in the program to continue running it. The routines to display, manipulate and re-installthe reified data may be written as part of the application program (and thus in the language of the application, not of the interpreter),and so the debugging facilitiescan be presented in terms ofthe application domain.

New possibilities

Reflection opens some new possibilities;one example that has been investigated (but not found to have any important practical use) is migration [Harpaz]: fora program to transmit its state and data to another host computer, and continue running on its new host. It has been demonstrated that such a facilitycan be made machine-independent, and so can be used to make programs that installthemselves intelligentlyon new machines.

Anotherpossible applicationof reflectionis explanationin expert systems, where a program can go throughthe code and state ofits ownreasoning to explainwhyitreached a particular conclusion. Anexample of a system that does this is SHRDLU[Winograd],a system formanipulating solid block in response to natural-language commands. SHRDLUis capable ofanswering questions about whyit had to make particular parts of a sequence of movements (forexample, movinga block to be able to pickup one frombeneath it).

Since reification takes a snapshot of a running program (or returns a handle into the running copy of the program),and reflection resumes the execution ofthe snapshot, itis possible to take checkpoints,either incase ofthe program orcomputercrashing later, orforholdingversions ofa program invarious usefulstates: forexample, a PostScriptprogram couldbe frozenat the end ofeach page (thus collectingallthe globalstate changes accumulated byrunningallthe preceding pages) to make a collectionof programs ready to run any specific page withoutworkingthrough allthe preceding ones.

1.5 Approaches to reflection

There are two approaches to reflectiveinterpretation:

• flat reflection, in whichthe program is given access just to itself and, perhaps, to its own processing agent. This is described in [Wand and Friedman].

• tower reflection, inwhichthe program also has access to its processing agent’s processing agent, and so on, infinitely. This is described in [Smith]; [Batali]presents a summary of this, whichis more accessible.

Of these twoapproaches, towerreflectionis a better studyofthe general process ofinterpretation, as itrequires a general definitionof the linkbetween a running program and its interpreter. It is also the more powerful,as itallowssuccessive transformationson the interpretationprocess to be composed (forexample, lazy evaluation and program tracing).

1.6 Why mixed languages?

Writingprograms in a mixtureof languages has been possible forsome time now, and there have been many formaldescriptionsof individuallanguages. However, littleworkhas been done to describe mixed-languageprogramming,except insome specific cases such as the Poplog system [Hardy], which combines Pop-11, Lisp and Prolog. Mixedlanguage programming has shown its usefulness in several ways; for example, in creating new languages which draw on features of existing language (make using sh on Unixis a common example); and in accessing obscure features (such as asmstatements in C; FORTRAN-based arithmeticlibraries called from a varietyoflanguages). Some problems have solutions in whichdifferent areas ofthe problems are best tackled by different languages, for example the pic | refer | eqn | tbl | troff combination of text processors on the Unixsystem, where each of the components is good at just its ownproper task, but either weak or completelyincapable in the other areas (forexample, making a table with eqn or a mathematical display with tbl or refer is difficult and generally inappropriate).

1.7 Summary of survey

The mechanisms ofprogram interpretationmay be analyzed intoseveral areas, some of whichare currentlyactive research areas. These include program transformation, partialevaluation,reflection, and mixed-languageprogramming.This thesis concentrates on the lattertwo.

Reflection—the causal linkbetween actions of a program and its state, text, behaviour and environment—combines ideas frominterpretationtheory, logic,mathematical philosophy, linguistics, compilation,abstraction and other fields of Computer Science. It also contributes new techniques whichmay be used in these, and other, fields.

Mixed-languageworkingis already common practice, but has not been formalized. Its existinguse argues stronglyforitsusefulness, and the limitationson itspresent use, and its current haphazardness argue forfurtherdevelopment of the ideas underlyingit.

In common between these fields is the systematic definitionof programming language interpreters, and the idea ofprovisionofmeaning fora valuein terms ofthe context surroundingit (includingits interpreter).

“Ishould see the garden far better,” saidAlice to herself,“if I could get to the top of that hill: and here’s a path that leadsstraight to it—at least, no,it doesn’t do that—” (after going a few yards along the path, and turning several sharp corners),“but I suppose it will at last.”

Alice,Through the LookingGlass, Chapter 2

Chapter 2

Introduction

The design of programming systems has traditionallybeen dividedinto two parts: the program being executed, and the evaluator executingit. The techniques fordesigningand implementing each have been kept largelyseparate, although they have much in common, particularly when the evaluator is itselfa program (an interpreter). This workaims to bring them together, allowingthe techniques ofboth to be used ineach, by addingsome special facilitiesto an interpreter. Mythesis is that these facilitiesmay be added, and thiswithoutunreasonable overhead in program execution time. Since this field is connected largely with program and language development work,this means that the overhead must be reasonable in the context ofa large-scale prototyping system, a factor of ten being chosen as a reasonable limit. A program or language developed on such a system can then be delivered on one in whichthese facilitiesare either attenuated or removed altogether, thus bringingthe speed ofexecution up to that ofa comparable conventional system. In researching this thesis, I developed several versions of a language implementation frameworkPlatypus, whichhave tended to support this thesis.

2.1 Languages, interpreters and programs

In the terms used here, a programming language (or just language) is a collectionof operators, withdefinitionsofwhat each operator means, and rules relatingthe differentoperators. An operator, in this sense, is the part ofan expression or statement that determines what the rest of the statement means—that is, howthe expression is to be interpreted. Itis a token or symbol value, whichis distinctfromother such symbols,but, initself,carries no furthermeaning. To have meaning, an operator symbol must be taken in the context of its language.

A program is a specification of some actions or functions, written in a programming language. Each functionhas a name and a body or expression. The language defines the meaning of the program by definingthe meaning of each expression of the program and the way the parts are connected.

Aninterpreter uses the meaning inside the program to cause actions whichare outside the program but inside the interpreter. The interpreter then causes action in the computer’s peripherals to produce an effect that has meaning to an observer outside the computer. Thus, the meaning of the program is extracted fromits representation in the program, and hence mapped into a differentrepresentation in a different domain.

An interpreter fora language puts these actions to work, using the rules to find its way from one operator to another. It is an active definitionofthe meaning ofeach operator and ofthe structure of the language.

Withouta language, the program is withoutmeaning. The program by itself is just an abstract formulain a free algebra,which does not express anything. To have meaning, itmust be understood inthe context ofa particularlanguage. To clarifythis, consider this sentence. Without English,itwouldmake no sense.

Taken witha language, the program can be manipulatedbetween equivalent forms, but expresses nothing. Such manipulations are similarto reading a sentence in a natural language whilewritingout definitionsofeach wordfoundfrom a dictionaryand using structure descriptions in a grammar book; this performance does not need any interpretation of the sentence in any language. The program by itselfis purely a data value ofa type specified by the language.

But a language also can be regarded as a value in a free algebra, which can be manipulated, and applied to programs (or have programs applied to it). Continuingthe analogy with naturallanguages, itislikea a combineddictionaryand grammar book: itcan be used to transform sentences, withoutunderstanding the language.

Neither the program nor the language have any furthermeaning unless handled by an active processing agent that makes itdo something in the structural field [Smith] of that agent, that is, the worldofthingsthat the agent knowsabout and manipulates. We callsuch an agent an evaluator. The evaluator mightbe the circuitryand microcode ofa computer, or perhaps it might be another interpreter. The evaluator, whichis a concrete representation ofan abstract language, gives meaning to the program, and in turn the program gives meaning to its inputdata, that is, makes results fromthem. The language is given its meaning by the evaluator, whichis part ofthe interpreter—an interpreter is a combinationoflanguage and evaluator. This gives us evaluator•(program•input)→output

where the evaluator providesthe meaning, which,in the traditionalunderstanding ofcomputation, it conjures up from nowhere in particular. In this thesis, we examine the way in which each part of a computationinvolvingevaluator, language and program gives meaning to the otherparts, and the wayin whicha meaning can be givento the outermost evaluator so that the evaluator can then give meaning to the rest.

To clarifythis, consider thissentence. Withno-one toread it,itmeans nothingtoanyone. Later in this thesis we refer frequentlyto languages, interpreters and evaluators, and it is important to distinguishbetween them. As we use the terms here, a language is analogous to a combinationofgrammar bookand dictionary, as described above. An evaluator is an active agent, capable ofdoingsomething witha language and a program. Aninterpreter is an evaluator equipped witha language, whichis then capable ofdoingthingswithexpressions in that language.

An algebra of interpretation

In order to compute about computation,we must be able to represent informationabout computation, in a form whichcan be manipulated by a program. One such form, that has been used extensivelyin research on computation,is the partial program, whichis evaluated through partial evaluation or reduction. Partial evaluationof a program proceeds as far as possible with the parameters available, leaving a partialprogram whichwillaccept the other parameters giving another partial program. The object that remains once all parameters have been accepted and substituted is the result ofthe evaluation.

For example, the partialprogram

l ab.(a + b) (2.1) when partiallyevaluated withjust one argument, produces a partial program whichadds that first value to a value that itaccepts as its only argument:

(l ab.(a + b))2 fi l b.(2+ b) (2.2) whichwhen applied to a second argument produces the result

(l b.(2+ b))3 fi 2 + 3 fi 5 (2.3)

21

Applicationof interpreters to programs, and in turn of computers to interpreters, is described in an abstract form in the Futamura projections [Futamura] and implemented in the Mix system [Jones, Sestoft and Søndergaard].These projectionsuse partialprograms throughout,and describe howan interpretermay be mixedwitha partialprogram to specializethe program further, thereby compilingit. Partialevaluation forScheme is described in [Shivers].

In Mix,the partialprogram representation is based on Lispand on the lambda calculus. An interpreter is simply a function, as is the program, and the two are brought together by an external mechanism, the partial evaluator (or Mixer). In this thesis, the structure of a program, and that of the interpreter, are again similar, but we add a mechanism whichlinks each program to its interpreter, and defines the relationship between them. This is a formal description of the connection between a program and its interpreter, and enables us to reason about the abstraction of interpretation and to compute with its representation, which is not possible in non-reflective systems.

Including the computer in the software

In this thesis, we examine ways ofincludingthe evaluator (whichcould be a computer, or an program running on a computer) withinour system for describing the meaning of things. This enriches our abilityforgivingmeaning to computationalprocesses and values, and allowsus to manipulate those meanings both formally, for reasoning about them, and computationally, for handlingtheir representations as program-as-data.

Let us now look at some properties of the components of a system that computes. In listingthese properties, we willcall the specification of what something does its algorithm. In functionalprogramming,the same specification wouldbe called a function definition. We take algorithm to be the more general term,and to embrace functionaldefinitions. Proponents ofalgorithmiclanguages do not consider a language not to be algorithmicifitallowsfunctiondefinitions; whereas proponents offunctionallanguages deem a language not to be trulyfunctionalifitallows algorithmicdefinitions. It is in deference to this that I have treated algorithmas a more general term than function—the two are both fullygeneral.

• Anevaluator is an active entity—that is, itperformssome action(a process) upon something (a subject) in a structuralfield

• An evaluator is also an algorithmic entity—the action that itperforms is prescribed by an algorithm

22

The above two itemsare the fulldefiningproperties ofan evaluator. We can also see the following properties ofprograms:

• Aprogram is an algorithmicentity.

• Aprogram being evaluated is an active entity, by virtue of the action of the evaluator that evaluates it.

• Aprogram being evaluated acts on its subject.

• Aprogram being evaluated is thus also an evaluator, forits subject.

and fromthese properties, we can extend the formulaon page 20 into a more regular structure, in that neither is the program any longer a singular piece at one end of the formula,nor is the evaluator a singularityat the otherend:

.....

In this formula,the evaluator in one system is equivalent to the program of a second system. The evaluator of the second system is in turn a program runningin another system, and so ad infinitum. Each of these systems is knownas a level ofmeta-circular interpretation, and the chain oflevelsis called a tower. This thesis is concerned both withthe buildingofsuch levels, and withthe abilityto pass informationbetween adjacent levels.

Whilemuch has been writtenabout the theory and practice ofprogram design and about the design1 and implementation of languages, littlehas been done to link theory and practice with a theoreticallysound and soundlypractical bridge. The ideas of structured and functional programming reach out across this gap, but cannot address the linkbetween programming in a language to the programmingof the language—that is, its implementation.Theycan onlyaddress issues concerning one realm of programming—either the program in a given language, or the program insome language, thatincidentallyimplementsa language (eitherthe same one oranother one). The latteris the programmingof a language.

To address this gap a way is needed to apply developments in the technology of software implementationto language implementation. Such a way may be found through defining 1Actually, notsomuchabouthelanguagedesignasthecollectionsoffeaturesincludedinthelanguage.

23

language interpretationas a programmed process, witha definite modelforhowan interpretation is computed. Withthis new model, language implementationis now described as a specific form of programming,witha formalconnectionbetween the problemdomain and the program domain.

Some possible reductioninexecutionspeed, mentionedat the start ofthischapter, might come frommaking interpretersconform to this modelrather than takingan arbitraryform. One of the aims of this thesis is to find how efficient interpreters in this model may be, compared with traditionalinterpreters.

2.2 Terminology: Reification and Reflection

Apairof techniques called reification and reflection, not foundin most computingsystems, begin to builda bridgebetween languages and the programs whichare writteninthem. They buildthis bridge by describingthe domains ofthe elements and rules fromwhichthe language is built,in terms of the domains of values whichcan be handled by the program, and allowingthe program access to itselfand to its interpreter in these terms. Use of such access forinspectionis called reification, and formodificationis called reflection. For example, a language whichallows a program to store a stack frame foruse as part of the target ofan interproceduraljump(such as longjump in BCPLand C) provides a reifier forstack frames. The reflector forstack frames is part ofthe actual jumpingoperation.

Terminology

Reification and reflection are complementaryactions. Insome ofthe existingliterature, the term reflection is used forthem both. Likewise,a system architecture providingthem may be known either as a reified architecture or as a reflective architecture. In this thesis, we use the two terms mainlyin their proper rôles. When a general term forboth together is needed, we use reflection.

Anoperator that returns part or allofthe state and code ofthe system is called a reifier, and one that sets itfromits argument is called a reflector. Reifiers and reflectors that operate on the whole state we callgrand reifiers and reflectors. Those that operator byevaluating a piece of code in a new context, in whichreificationor reflection has been done whichleaving the original context unchanged, are called pushy reifiers and reflectors, as they push a new context to reifyor to reflect (likea procedure callpushing a return address) whereas those that return or set thingsin

24

the current state are called jumpy (likea GOTOjumpingwithoutsaving any return address). (The terms jumpyand pushy come from[Danvyand Malmkjær 88].)

We willuse the term program text or just text, or code, forthe representation of a program. The actual representation ofthe program is immaterial.The text is certainlynot necessarily stored as actual text. In practice, we store it as a parse tree. This way, allconsiderations of the concrete syntax of a language are removed from the discussion (see section 2.5), and we can concentrate on the more abstract aspects ofthe language.

The state ofexecutionofa computation—the combinedcontents ofallitsvariables, along withthe current pointof executionand the stack ofsaved execution pointsat procedure calls—we refer to as the state of the program.

An extensional definitionof an operator is given in terms of absolute meaning—what the operator is meant to do—whereas an intensional definitionis in terms of how it works. In tower reflection, this distinctioncoincides closely with the distinctionbetween operators used to implement a tower fromoutside, and operators inside that tower.

The closure of a procedure is a value that represents the text of that procedure along with any data that itrequires, that is, withthe bindings of any variables that itaccesses but does not define. We say that the text and variables are closed over by the closure.

For use inmixed-language interpretation,we extend the closure to contain also the language and a means forapplyingthe language to the rest ofthe closure. Thiswecallan interpretive closure, but wewilloftensimplyreferto itas a closure. For consistency, we close the rest ofthe state intoit,too.

Referential transparency is the property of a language by which an expression may be made into a separate (named) function,and then a reference to that function(by name) used transparently anywhere where the originalexpression was used. It is importantforabstraction.

Procedures here may return results. LikeScheme [Rees and Clinger], we callfunctions (inthe computationalsense) procedures, keepingfunctions formathematicalfunctions. Here the extensional equivalentofany given procedure is a function.Procedures are, implicitly, intensional.

Notation in formulae

We use a notation similarto that used forreductionin [Barendregt, Chapter 3]. We write “xinterpretsy”as x fi y (2.4)

25

and “iminterprets amin n steps ofcomputation”as im n fi am (2.5)

We write“yis accessible (visible,reifiable)to x”or “xlooks at y”(these are equivalent)as

x•<y (2.6)

whichreads in words as “xlooksat y”.

Where we use two distinct symbols for equalityin describing values, we use ‘a ” b’ to mean ‘aand b are (structurally)equivalentvalues’(equal inLispterminology),and ‘a = b’to mean ‘a and b are the same value’ (eq in Lisp).

Areflective system, although itmay appear to make the evaluator on whichitruns into a manipulabledata value, must eventuallybe executed byan evaluator runningon a conventional language system. We call this the substrate evaluator, and the language in which it is implemented, the substrate language.

2.3 Forms of reflection

Aprogram is a value inthe domainhandled by the interpreter. When a program isrun by an interpreter that provides reflection,the program has access to its owntext and state, because reflection can provideaccess to allthe informationthat the interpreterhandles.

Inthe followingdiagrams, the boxes represent levelsoftowers, and the arrows represent the flowof informationbetween towerlevels.

Flat reflection

The simplest formof reflectionis portrayed likethis:

The interpreterhas access to the informationthat represents the application(lowerarrow) and the applicationhas access tothe informationrepresentingthe interpreter(upperarrow). Theapplication can get informationabout itselfviathe pairofarrows(drawnwitha u-turnjustinsidethe interpreter). Therefore, program0•<interpreter 0, as wellas interpreter 0•<program0.

26

Tower reflection

Inthissimple formofreflection,thisaccess goes no further(see section 2.8). Inthe form of reflection investigated in this thesis, called tower reflection, the program is also given access to its interpreter’s text and state, as wellas the program’s owntext and state. This is in the same terms as access to the program itself,since the interpreteris also a program:

Here, prog0•<int 0, int 0•<prog 0, prog1 = int 0, and prog1•<int 1, and int 1•<prog1.

This access is modelled by includingthe program’s interpreter in the representation of the program, likethis (we are drawing these diagrams withjust single arrows fromnowonwards, forclearer overalldiagrams):

= program

Since the interpreter is a program in the same formas the interpreted program, and the interpreterofany program maybe foundfromthe valuerepresenting the program,an infinitetower of interpretersappears, withinformationbeing passed up and down the tower in stages:

Here, forexample, the program (prog0)can get informationabout its interpreter (int0)by asking it

27

to ask its interpreter(int1);int1sees int0in the context ofbeing prog1, so the operations required are just the same as inthe flat reflectiondescribed above.

This thesis explores tower reflection, in which programming languages and the components of their implementationare first-class values that programs can inspect, manipulate and construct.

2.4 Program interpretation

In a conventionalinterpretivecomputingsystem, two programs are runningat once: the application, whichis commonly referred to as the program, and often thought of as the only program active in the system, and the interpreter, whichmay be a program or the circuitryand microcode ofa computer.

The sense inwhichbothprograms are runningat once isquitedifferentfromconcurrency. Each step taken by the computer advances the state of both programs, by the same action, in differentways. One action ofthe computer has differentmeanings at the twodifferent levels. Also, a singlestep atthe applicationlevelisthe same piece ofworkas many steps atthe levelinterpreting it. Afamiliaranalogy to this is foundin the action of a digitalclock. At8 seconds past midnight, one tickwillchange the seconds digit,but nothingelse. The next tickwillchange that digitagain, and alsochange the tens ofseconds digit.Manytickslater, a single tickwilladvance both ofthose, from5 and 9 to 0 and 0. Itwillalso have a thirdeffect, ofadvancingthe minutes by 1. Manymore ticks later, the tens of minutes willchange… and after stillmore identicalticks, one more tick— itselfjust the same as all the others—will have at least seven distinct meanings, including“anew second has begun”and “anew day has begun”. However, the days are composed of the seconds (and so decomposable back into seconds), rather than runningparallel to the seconds.

Anothervery relevantpointinthisanalogy is that there are causal relationshipsbetween the adjacent digitdevices ofthe clock. “Tens ofseconds”changes onlywhentoldto by “Seconds”. In turnittells “Minutes”to advance at the proper time.

The metaphysics

The metaphysicalaspect, regarded by many authors, includingmyself,as necessary in workon reflection,in the clockanalogy is that the progression ofthe digits ofthe clockdoes not cause time to advance. Time (an abstract thing)advances independentlyof the clock(a concrete

28

thing). The activityof the clock merely models the progression of time. It does this because we choose to see the clock as representing the time. The same basic mechanism, with little modification,could be used to modelor represent many othermonotonous processes, such as the progress ofa vehicle along the road. Likewise,an interpreter is only interpretingsomething, and an evaluator evaluating something, because we see itthat way. Althoughthis may seem likea frivolousaside, itisan importantpart ofthe background toreflectivecomputation,particularlyto the underlyingtype theory, which,in describing how a is represented by b also implies—through the action ofan understanding agent—that b means a. Byunderstanding agent, wemean something that takes in meaning (orprojects meaning onto something),such as a person watchinga screen. No meaning can be given to any of the system if no outside agent projects a meaning onto itin the terms of its ownunderstanding. This is part ofthe symbol grounding problem—the ultimate need fora frame ofreference that we can take as absolute2.

This need foran external agent to project meaning onto something whichcan then be seen as an agent (butonly in the lightofthat projected meaning) is examined in more depth and more breadth in section 4.5. There, and further on in the thesis, it is shown that the process of projectingmeaning onto a process must itself have meaning projected onto it; and also that several apparentlydifferentformsofthe process ofprojectingmeaning onto processes are shown to be equivalent in both their intensional and extensional expressions. These parts of the study combine to reflect on the meaning of meaning in the context of a system that contains causal selfreference, and place that context inside the contextofa system whichis observed fromthe outside. The projectionofmeanings withinthe system, in turn, may be taken to reflect on the inclusionof that external observer as part of the system. What matters is neither the number of levels nor the dimensional complexityof the relationshipsbetween them, but the difference between looking inward into the system and outward from withinthe system. Lookinginward, we can construct a system and move our attention into it, but lookingoutward cannot move attention to anything beyond the boundary ofthe system.

Program as data

The interpreterhandles the text and state ofthe applicationas data values. The text is some representation of the program code, and the state is the variables, pointof execution, and the stack. From the interpreterwriter’s pointof view, an applicationprogram is a collectionof data 2Cecin’estpasunethèse—c’estseulementuneimpressiond’unethèse.[Magritte]

29

objects—for example, the text of the program mightbe stored as a parse tree, the variables in a hash table and the stack as a vector, each in a variable ofthe interpreter—or possibly allin one variableof a suitable structure (record)type.

Language as data

Fromthe applicationwriter’s viewpointa conventionallanguage implementationis largely a blackbox providinglittlescope foradjustment apart fromthe extension techniques already mentioned. Althoughthe application program may occasionally handle values passed to it by the interpreter de profundis(such as error codes) these values have littlesignificance and is certainly not a formalmodelof what the interpreterreallyis.

For computing about language interpretation,we need to make languages available in the formofdata, as wellas presenting programsand theirstate as data. Central to thisthesis is the development ofa suitable representation forprograms inlanguages, the interpretiveclosure. Inthe interpretiveclosure, the semantics of the language are defined in two parts: the evaluator, which drives the interpretation,and the language, whichdefines allthe operators used bythe language. Reflective operators are used in both parts ofthe language definition.

Evaluator as data

The evaluator of the system is a program, and we represent it in the same way as any other program, that is, as an interpretiveclosure. The closure representing the evaluator, in turn, contains a field forits ownevaluator.

2.5 Some related concerns not addressed by this thesis

This thesis is concerned withmanipulatingprograms dynamicallyin the form in which they run. Transformation from input text to this form is considered static, and is not addressed here. We are not concerned here with the textual representation of the program or its data—we assume ithas already been transformedfromits externalrepresentation intoa formin whichitcan be handled readilyby an interpreter. Techniques forthisare already well-established: forexample, YACC [Johnson] and Lex [Leskand Schmidt] have been in regular use for a considerable time now, and much experience of programming them has accumulated. These and other such tools are regularlyused to constructlanguage systems forpracticaluse, rather than on an experimental

30

scale. Some languages allownew syntax to be established dynamically, forexample by the read table and reader macros in many dialects of Lisp [Steele 84, section 22.1.5]. This is a form of reflection (a Lisp program can modifythe behaviour of the Lisp reader) but it is not reflective interpretation. It may be taken furtherby allowinga language to extend its syntax in other ways [Köhlbecker86] [Köhlbeckerand Wand].

Another formof static manipulationof programs is macro expansion whichis a transformationon program source [Köhlbecker et al 86]. Likesyntax description,it is an importantpart of programming language technology, and can make use of reflection, but is outside the scope of this thesis. Itcan be used together withthe developments described here to providecomplete language implementationson a regular framework.

2.6 Formal and informal reflection

Beforereflectionwas developed as a technique initsownright,itappeared insmallways in many languages, either to providespecific features or to make the language more flexible. The languages that happen to providereflectioninformallytend to be straightforwardand ofuncluttered design, witha clear modelforprogram interpretation,a good example being FORTH[Loeliger],a simple stack-based language that allowsthe introductionofnew operators and new syntax.

Informal reflection

In some languages there is no clear distinctionbetween the functionsthat are part of the interpreter and those that are part of the application. Examples of these open languages, sometimes described as ball of mud languages, include FORTH, POP, and many dialects of Lisp [Steele 84]. They are noted for the ease with whichother languages can be implemented using them as a base.

There are two waysin whichsuch languages can do reflection:

• parts of the interpreter may be called directlyfrom applicationprograms, so that they can reflect by carryingthe data ofthe user program intoa runningportionofthe interpreter;

• the interpretermay callapplication-suppliedroutinesinthe interpreter’s context through variables often knownas hooks, accessible both to the interpreter and to the interpreted program, thus also reflectinguser program data intothe runningof parts ofthe interpreter.

31

Both ofthese techniques allowapplicationprograms access to the internalsof the interpreter, and so performreflectionby accessing both variables ofthe interpreterand variablesof the application program.

These languages providean informalformof reflection and reification through making their interpreter architectures open enough to move things in and out ofthem. Althoughtypically they providelittlesystematic support forhandlingprograms as data, they are flexible,and provide ready interchange between the parts ofthe system that are manipulated and those that manipulate other parts. These language facilitieshave helped to show the usefulness ofreflective language features.

Formal reflection

In an explicitlyreflectivesystem, the relationshipbetween application and interpreter is clearlydefined and symmetrical. The applicationprogram can inspect and modifythe internals of the system just as the interpreter can. This access is provided by the language implementation, whichincludes in the language the necessary facilities:

• reifiers, whichare functionsreturning,as results, values fromwithinthe interpreter

• reflectors, whichinstalldata values, given as arguments, into the interpreter.

This allowsan applicationprogramto add features to the language or to alterthe wayprograms are executed. Aconsequence is that an applicationprogram can builda new language interpreterona plainlanguage base, installingeach new feature in turnbyreflecting itintothe interpreter. Used in conjunctionwithsyntax descriptions forparser generation, this provides a way to add a language or language features to a system, as an ordinary program rather than as a special modificationto the system. Thus language and interpreter design and implementationslough off their black box status and take on the mantle ofconventional programmingtechniques.

Through these facilities,programs have access to the computational model of their language implementation.To make proper use of this, the language should also have operations on the data types used by the model to represent interpretation, such as the insertion of new features intoan interpreter, and the compositionoftwo interpretersto providethe special facilities of both—such as tracingfromone and lazyevaluation fromanother.

32

2.7 Reflection and reification in normal program execution

Reflective actions are also useful in the ordinaryfunctioningofprogramminglanguages. Manylanguages have operations whichimplicitlyperforma limitedformofreificationor reflection. For example, there may be an operation forremembering a particularpoint in the program as it is executed, and revertingto itdynamicallyfromanywhere withinthe dynamic extent ofthat point in the program (that is, until the procedure containing that pointhas been returned from). In C [ANSIC, section 4.6] the reifierforthisis

place: jmpbuf = setjmp ();

which stores that point of execution in the variable jmpbuf. The point is stored as a structure containingthe address in the programofplace and the end address ofthe stack at that time. This reified value can then be passed around by the application,and eventuallyreflected back intothe execution state, causing execution to continueat place again, by

longjmp(jmpbuf);

C provides simple handling of functions as values, by allowingpointers to functions to be stored in variables. This provides a static form of access to the program. Another reifier found in C is the stdarg system (or vararg in some versions) [ANSIC, section 4.8], in which successive arguments to the current procedure call, whichare components ofthe execution state, are extracted for use in application expressions. The program can start reading its arguments using va_start(pvar); and then read successive arguments using f = va_arg(pvar, type); and finishreading them by va_end(pvar);. Invararg, the C program is using a libraryto handle parts ofthe C system, justas itmightuse librariesto handle, forexample, graphical output.

Another example of a way in whichan application program could use reflection is the dynamicinstallationoftracingfacilitiesinthe interpreterto showthe user what the programis doing. This is done withoutmodifyingthe parts ofthe program under inspection. Likewise,an application can change itsownevaluationfromapplicativeorder tonormalorderwithoutmodifyingthe program. The system described here is capable ofconsiderablymoreradicalreflectiveoperations, including doing either ofthe above withmodifyingneither the program nor the language.

Allfeatures ofa programminglanguage interpreter maybe programmedreflectively. Ina reflectivesystem, the code whichimplementsanylanguage feature used bya programmay as well be in that program as in the language implementation.Taking this a step further, we can arrange

33

for a program to implement a language. Initially, the program must run in another language, but as it installs parts of the new language, it can begin to use those parts. (Requirements forthe minimalinitiallanguage are explored, as the “TilingGame”,in [Smithand des Rivières 84b].) This is a straightforwardand natural way to define a language.

2.8 Kinds of reflection

As mentioned in section 2.3, There are two main formsof reflection: flat reflection, in whichthe applicationhas access to its owncode and state; and tower reflection, in whichitalso has access to its interpreter’s code and state, and itsinterpreter’s interpreter’s code and state, and so on. Flatreflectionis sufficientforsuch operations as the non-localjumpdescribed insection 2.7, but itdoes not providethe facilityto inspect and modifylanguage features.

It is possible to providea program withsome access to its own interpreterwithoutusing a tower [Wand and Friedman]—that is, to just one interpreter, whichruns conventionally—but this is not a regular structure and does littleto modelhow an interpreter works. The weakness in this results from the lack of a consistent modelfor interpretation,that is, fromits interpreter being an ad-hoc program rather than having the regular structure that is imposed by a tower of levels. In terms ofour earlier analogy ofthe digitsof a digitalclock(in section 2.4), it explains the hours in terms of the minutes alone, but does not make the conceptual jump of generalizationnecessary to explainthat hours are related to minutes as minutes are to seconds, and so cannot capture the principlebehind such a clock.

Thus, flatreflectivesystems are suitable forimplementingreflection,butnotforexplaining itin allits splendour.

Flat reflection—program and state as data

Reifiers and reflectors forthe applicationprogram to access its own text and state are simple to writeintoan interpreter. They access the interpreter’s ownvariables. For example, the current execution point(such as the program counter, in a machine-code system) of the application willtypicallybe kept in a variable of the interpreter. The interpreter can provide a language operation, availableto applicationprograms, to place thisvalue inthe result ofthe operation that it interprets, and another operationto set itfroma value given as an argument to the operation.

Because the action of the interpreter causes action in the application program, when

34

the applicationchanges part ofthe state of the interpreter, it causes a change in its own state or behaviour. Through this causality, these reflective operations provide,in this example, a simple label and jump facility. This is not unusual: what is unusual is its provisionthrough an abstract model of howa program is interpreted. Through the reifierand reflector functionsthe application program can add a jump facilityto the language itself that was not initiallypresent inthe language. This cannot be done withnon-reflectivelanguages.

2.9 Introducing the tower

The reifiers and reflectors of a simple reflective system provide means for a program to access its own text and state. This is not sufficient forworkon a reflective tower. To access anythingbeyond the program itself,the program must also have access to its interpreter’s textand state, whichcan be done as already shown inthe diagrams ofsection 2.3.

As with flat reflection, the data must be handled by the interpreter on behalf of the application—but how is the interpreter to handle this data? This data is part ofthe interpreter, not part of the program it interprets, and so the interpreter cannot provideit in the same way that it provides data on the applicationthat itis evaluating. The explanationofhowthis facet ofthe tower works depends on the continuingrepetitivenature of the tower itself,and the abilityto pass data fromlevel to level to level, as detailed below.

Tower reflection—evaluator and evaluation as data

Asolutionto this is to modelthe interpreter as the applicationrun byanother interpreter, using reificationand reflection provided by the second interpreter to access the text and state of the first interpreter on its behalf. (Thisis shown in the diagrams in section 2.3) Inturn, the second interpreter needs a thirdinterpreter to obtainaccess to itself,and so forth. Hence, an infinitetower oflevelsofinterpretationappears, inwhichaccess to each interpreteris providedbythe interpreter that implementsit—that is to say, the one above it.3

There are infinitelymany levels in the tower, each of which runs an evaluator. This series is infinitebecause each evaluator must be run by another evaluator. Using this model, we conceal any mechanism outside the tower (such as a real computer), and so can use the same model to explain the wholesystem. We callthis mechanism the meta-evaluator or, forreasons 3Byconvention[SmithanddesRivìeres84a] wesaya levelisinterpretedbythelevelabove it.

35

explained in section 4.4, the umbrella, of the tower. [Smith] calls this the ultimate machine, a term whichwedo not use here because inour system, there is noultimate machine—it ispossible to go behind the meta-evaluator, as explained insection 4.5, whichalso explains the extension of these concealment techniques to handle the necessary processing outside the towerthat makes the tower work.

Continuingour use of locativeterms (such as above in the tower),the geometry ofthis concealment isthat such a mechanism (the real computer)is alongside ratherthan above the evaluator that is above the application.

However, itmust also be above the evaluator, to be in a positionto interpret it—where Smith describes itas the ‘ultimatemachine’:

We resolve this by placing it both beside the tower, because tower levels only look up and down,not to the side, and infinitelyfarup the towerby insertinginfinitelymany levelsbetween this real evaluator and the application.

36

Aresult ofthisis that howeverfaralong the towerthe applicationlooksthroughreification, it can never see this infinitelydistant non-reifiable evaluator. Neither can it see it beside any level (because there is no means forlookingin that direction). Thus, itis equally invisiblein both directions, and so from the application’s viewpointthese positions are equivalent. On the other hand, the evaluator beside the tower can see beside (orbelow–see in the diagram that they are perpendicular)itself,to the tower, and so can make the towerwork.

Meta-circular evaluators - towers without stairways

Beforethe reflectivetowerwasinvented(ordiscovered),the concept ofthe meta-circular evaluator was used already to explain languages. Ameta-circularevaluator is one writtenin the language that it interprets, and therefore capable of interpretinga copy of itself. As this was devised withno formalconcept of reflection,itrequires extensional operators (see section 2.2) for its implementation.Reflectiveoperators can achieve the same ends as extensionaloperators butin the context ofa consistent framework.For example, the implementationofa conditionalstatement by the first evaluator (let us callit e1) requires a conditionalstatement in e1—which requires the next evaluator e2to implementa conditionalstatement, whichmeans that e2requires a conditional statement inits text,whichmust be implementedine3(the nextevaluator)and so on. Alternatively, an extensionalconditional,grounded outside this evaluator chain, may be used.

Of course, in a real implementationthere must be an evaluator that provides these extensional operators. However, the real evaluator can be hidden away as it replaces exactly an infinitelyrecursivedefinitionof the intensionalone:

Closed definition here

Open-ended definition from here

Here, a definitionin the meta-evaluator is just one procedure, whereas the definitionofthe same procedure withinthe toweris an infiniteseries of procedures. The keyto reflectiveinterpretation is the linkbetweenthe infiniteseries within the tower and the finite definition in the meta-evaluator.

It is possible forthe finitereal evaluator to replace exactlyan infinitetower ofevaluators

37

because an applicationwhichterminates (thatis, runs in a finitetime)can onlyreifya finiteamount of the infinitetower. Thus, the finiteimplementationofthe tower can always instantiateenough of the infiniteabstract tower to satisfy the reifyingdemands ofany finiteapplication. Anyapplication whichexamined or processed an infiniteamount of towercould not terminate anyway.

One ofthe keys to understanding the reflectivetowermodelisto be foundin understanding thisimplicationofthe finiteness of applications. Consideration ofthe abstract types involvedis also very helpfulin gaining this understanding. The types are described in chapter 6, but before then we describe the overallsystem ofwhichthe types are part.

2.10 Central points of this thesis

Thisthesis introducesseveral newideas, and develops furthersome existingones, which are also central to thiswork. The mainpoints are introducedbrieflybelow:

• reified evaluators, as introduced by [Smith], are developed from an ad-hoc procedure to one parameterized by a language parameter, whichprovides the means for:

– mixed-language program execution, inwhichprocedures in differentlanguages may calleach other as though allin one language; and for – language-as-data—a step beyond Lisp’s program-as-data—in whichwe also use... – reflective tower evaluation—also introduced by [Smith]—which is an extension of meta-circularevaluation,and allowsfundamental controlstructures, such as if, to be defined byprocedures at the user program level;an extension to this is...

– meta-tower evaluation, whichbringsthe towerimplementation—previouslybackstage— inside the tower, and does fortower evaluationwhat tower evaluationdoes forevaluation,allowingthe towerimplementationto be defined at the user program level;

– re-use ofthe idea ofmeta-towerevaluationshows that itdoes the same formeta-tower evaluationas itdoes fortowerevaluationand forevaluation,and so may be seen as a fixed-pointfromwhichto construct any ofthese formsofevaluator.

• shadowing, a technique necessary in all reflectiveinterpretationsystems, by whicha procedure outside the tower stands in for an infiniteseries of procedures withinthe tower, is treated more systematicallythan before, and itis made reifiable, and

38

– the similaritybetween (reified) shadowing and (reified) languages is made apparent, leading to the development of...

– a pair of very simple procedures, foruse as the basis ofan evaluator and ofa metatowerevaluator respectively.

Using these ideas, an implementationof a mixed-language meta-tower, called Platypus, is constructed, and shows itselfto be passably efficientcompared withconventional evaluator systems.

2.11 Summary of introduction

Reflective techniques are based on two facilities:reification, by whicha program may examine its owncode, state and interpreter; and reflection, bywhichitmay modifyany of these. The connection that reflection makes between a programs actions and its behaviour is causal in nature: modificationsthat a program makes to its interpreter may cause changes in the way that the program is interpreted.

Some programming languages, not normallyregarded as reflective, provide a limited range of reflectiveoperations, such as access to the parameter list ofa procedure call. However, ina fullyreflectiveprograminterpretationsystem, allthe features ofanyprogramminglanguage can be implemented through reflective programmingin the program, thus removingthe distinguished status from the interpreter of a language, and making it equivalent to any other program in the system.

There are twokindsofreflection: simple reflection and tower reflection. Simplereflectionprovidesa program withaccess to itsowncode and state and interpreter. Tower reflectionalso provides itwithaccess to its means ofinterpretation—that is, the mechanism by whicha program is related to its interpreter, and thence to its interpreter’s interpreter, and so forth. Towerreflection is more general, and, not having an arbitrary stop after the first level, is a more regular conceptual structure. Thus itis a more powerfultoolforreasoning about intensionalreflection and about interpretation.

Althoughtower reflectiondeals withinfinitestructures, itis possible to implementitwith finite constructions. This thesis explores the infinitetowers and their finite implementations,and investigates whether an interpretiveprogrammingsystem builtthis way can be made reasonably efficient,compared withconventional,non-reflectiveinterpreters.

39

In this thesis, we develop a reflective tower implementation,called Platypus, and use it to demonstrate many ofthe points discussed.

“Oh,what fun it’ll be, when they see me through the glass in here, and ca’n’t get at me.”

Alice,LookingGlass, Chapter 1

Chapter 3

The Closure—a building block for computation

Addingreflection and reificationto a meta-circularevaluator can make ita more useful tool (ormodel)fordescribingthe language itimplements,but does not add to our abilityto handle programminglanguages in general. We need to make the language an explicitparameter ofeach level ofevaluation, and provideeach level withaccess to its language. Consequently:

• successive levels of the tower can be implemented in different languages, and each tower levelmust store whichlanguage itis in,and

• there must be types and operations concerning allthe parts ofa language implementation, and that these must be the same forthe components of alllanguages, so that we have a single way ofdescribing any level ofthe tower.

Inmakingthe language an explicitpart ofeach level,and thus in lettingitvary fromlevel to level,wemust ensure that there are compatibledata representations throughoutthe system, so that values may be passed freelybetween languages and between levels. The requirementis not that alllevels must have the same representation system, but that adjacent levels must be able to translate informationfromone representation to another so that they can transfer data between them. This is normallymet by the reifiers and reflectors translatingthe data between the different representations, as discussed furtherin section 6.5.

The availabilityof data produced by reifyinglevels, and the consequent possibilityof levels passing levels as data to each other, requires that the representation of levels also be compatible at alllevels.

40

41

3.1 Representing computation as data

In order to handle parts of a computing system as data, we need a data type forrepresenting parts ofa computation. The computationis something active, and its activitiesmay be prescribed procedurally. However, such procedural descriptions are static, and do not represent the actual computation. Computation must be represented with a combinationof its (procedural) prescriptionand a snapshot of its state at some particular time—which part of the procedural prescriptionitwas executing, and on what data. It is importantthat the representation used:

• is at the rightlevel of granularity, that is, represents the rightamount of a computationin each unit

• holds its piece ofcomputationina formappropriate both formanipulationand forexecution

Closures

Since the components of program texts are procedures (see the note on procedures and functionsin section 2.2), and the components of program states are the states of individual procedures being evaluated, wewilluse a type combiningthem, the closure of a procedure (see section 2.2) as our basic type fordescribingtower objects.

Aclosure closes over the code and state of a procedure, makingprocedures intoselfcontained values that can be passed around complete withthe state that they need. For convenience, wesplitthe state intotwoparts, local and non-local,so the closures used here have three components representing the state of a procedure:

• the expression ofthe closure, whichrepresents the text (orbody) ofa procedure

• the value-list, whichcontains the arguments whenthe procedure is called,privateinternal state whileitis being evaluated, and the results as they are prepared to be returned to the caller;

• the environment, which holds all non-localvariables accessible to the closure, bound in other closures (calledlexical or free variables).

The expression ofa closure we represent as a ‘parse tree’ ofthe procedure text itrepresents. Each node ofthe tree has as itsfirst sub-expression a node type(whichwe callitsoperator) and possibly some other sub-expressions, whichare taken as arguments to the operator. For

42

example, a+b has the operator + and the sub-expressions a and b. Thisrepresentation is used for allprogramminglanguages in this system. Althoughthe system we builddoes not make this form of expression a strictrequirement, in practice we have foundno need forother representations.

In fact there are two parts to the expression of a closure: the procedure expression and the continuation expression. The procedure expression is the wholebodyofthe procedure, and the continuationexpression is the sub-tree ofthe procedure that is currentlybeing executed. (Atany point, a frozenstate of computationmay be continued fromits continuation.)

The reason for this is that we need to know at all times both the current pointof computation, and the wholedefinitionof the procedure. Asthe continuationexpression moves inward down the expression tree, we need the procedure expression forreifiers to find what the original procedure was. Ifwe were to have only one expression in each closure, itwouldnot be possible to return to the evaluation ofan outer expression on finishing evaluatingan inner one, except by storing the informationin the next level above in the tower—which, although convenientforinterpretation (because itis part ofthe state ofthat interpreter),is inappropriateforreification,because that is not the levelto whichbelongs. For example, whenin evaluating (lambda (a b c) (* (+ b c) a)) the evaluator is at (+ b c), the (* ? a) must be stored ready to be resumed when (+ b c) has been evaluated. It wouldalso make itimpossible to make procedure calls (oreven expression evaluations) that do not start new instances ofthe interpreter’s context.

(defun hypotenuse (s1 s2)

(sqrt (+ (* s1 s1) (* s2 s2))))

Procedure expression Successive continuation expressions

This part of the modelof execution is analogous to that ofcompiled code in many conventional systems. Each calllevel has a stack frame, in whichare (or may be) stored pointers to the localvariablesused, the environmentactive at that point,a pointerto the start ofthe procedure, and a current execution pointer forthe procedure (the return address forthe unreturned callit is making).

The interpreter uses the operator ofthe continuationexpression to choose what to do at each step of interpretinga closure. For example, in a+b, itmightevaluate each of a and b, sum

43

theirresults, and return that valueto the surroundingexpression. The operatoris allthe information the interpreter needs to decide how to select what to do at that node.

The classificationofvariables intotwo kindsformalizesthe commonpractice inlanguage implementation,whilealso providingpurelypositionalparameter passing—that is, withoutneeding commonknowledgeofvariableorparameter names between callerand callee—which isnecessary forreferentialtransparency (see section 2.2).

The value list corresponds to the stack frame or activationrecord of common practice, and shared between calllevelswithinan evaluation level,and the environmentis equivalentto the display oflanguages such as Pascal.

The value list as we use it takes the form ofan open stack. Each procedure may add or remove things at the end ofit,and access items byindexingintothe stack fromthe end. Before calling another procedure, a procedure making a call pushes the call arguments onto the end of the value list. The callee willthen be able to use them as its arguments, and also use the same locations and any that itmay add beyond them forits ownlocal state (workspace). Before returning,itwillpop itsworkspace and arguments, and push its results, ifany, wherethe arguments and workspace were.

This form ofstack is compatiblebetween languages withan explicitlyopen stack, such as FORTHand PostScript, and those withclosed stack frames, such as Lisp and Algol.Withsuch a stack, cross-callingbetween these kinds oflanguages is automaticallyavailable.

As well as being used as a Lisp-style environment or a Pascal-style display, the environmentmay be used to hold unificationvariables forlanguages such as Prolog. This allows variable bindings, made by other languages, to appear as instantiations (unificationbindings, or substitutions),and allowsunificationbindingsto appear as ordinaryvariables when a procedure in a unificationlanguage calls one writtenina non-unificationlanguage.

Here is a Lispdefinitionof a closure, whichwillbe used in example code later:

(defstruct closure

;; a function to interpret the closure: (interpreter (type closure)) ;; a Lisp s-expression: procedure-expression continuation-expression ;; arguments, workspace, result: (values (type vector)) ;; an alist or hash-table: , perhaps? (environment (type lookup)))

44

The nature of the interpreter field of the closure is described in section 3.2. Here, we just show itas a closure, but in fact itcontains several other components.

3.2 Including the language in the closure

The introductionof mixedlanguages to a reflective architecture, and withit the idea of programming languages as values, adds a new requirement to the closure operation. As wellas the procedure texts and states, closures must close over the language in whichthat text is to be interpreted. Commonly, a program text is writtenon the assumption that itis to be interpreted as a program in just one specific language, and so itis generallyreasonable to say that a program is in (orfor)a particularlanguage. However, the language is just part ofthe context—it is the semantic, or linguistic,context—within whichthe programis be evaluated, and so couldvary, justas the value context providedby the lexicaland dynamic environments may vary. For most purposes, though, itis appropriateto close the text and the language together, so that wherever the text is seen, the associated language is made available withit. Therefore, we may say “thelanguage in whichan expression is written”.

There are several places at whichthe language could be specified in representing programming systems. Attachinga language to each procedure (as part of the closure of that procedure) allowsprocedures at the same level ofinterpretationto be writtenin different languages, whichis what is requiredfornormal mixed-languageprogrammingas mentionedin section 1.6.

Two effects ofclosing the language intothe procedure representation are that:

• closures are independent ofexternallanguage information,and so are ofthe same formfor all languages. As a consequence of this, we can make procedure calls between any two languages as easilyas we can withinone language.

• the closure indicates in whichlanguage its expression is written.This informationis needed forinterpretingprograms in a mixtureof languages.

Representing languages as data values

To evaluate a closure, we use the language interpreter whichis a component ofthe closure. Thisinterpreter is itselfa procedure (stored as another closure), and takes the other parts of

45

the interpreted closure as its arguments:

(defun eval-closure-0 (closure) (funcall ; to evaluate a closure, (closure-interpreter closure) ; call its interpreter (closure-procedure-expression closure) ; with the expression, (closure-continuation-expression closure) ; values, and (closure-values closure) ; environment (closure-environment closure))) ; as arguments

but, fororthogonalityand forconvenience in reification and reflection, we make ittake one argument, namely the closure in whichit occurs:

(defun eval-closure-1 (closure)

(funcall ; to interpret a closure, call (closure-interpreter closure) ; its interpreter, with the closure)) ; closure as argument

Since the interpreter of a closure is itselfa procedure (represented as a closure) this evaluation goes infinitelyhigh upthe tower, and we see a towerof activeclosures forming,rather likea tower of meta-circularinterpreters.

3.3 The relationships between levels

There is a simple set of rules describinghow adjacent levels of a towerare connected, and how the rules foradjacent levelscan be extended transitivelyto longer strings oflevels.

Unlikea meta-circularinterpreter ia that must always be interpreted by an interpreterib such that (using the notationintroduced in section 2.2)

(ia fi ib) � (ia ” ib) (3.1)

our neighbouringinterpretersare allowedto be different:

ia ⁄= ib (3.2)

whilestillrequiring ia fi ib (3.3) Each interpreter also provides means to pass informationbetween its ownclosure and the one it interprets, (ia•<ib as wellas ib•<ia—the latteris always the case), so we have a reflectivetower,

46

where each closure is provided(by its interpreter)withaccess to itself:

(ia•<ib) � (3.4) ((ix•<iy) � (iy•<iz) � (ix•<iz)) � (ib•<ia)

and (by its interpreter’s interpreter and through its owninterpreter)to its interpreter’s closure

(ib•<ia) � (3.5) (ic•<ib) � ((ix•<iy) � (iy•<iz) � (ix•<iz)) � (ib•<ic) � (ia•<ib)

Thus, the abilityof a closure to receive access to itself depends on the closure’s interpreter; and, in turn, that interpreter can only have access to itself if its interpreter provides reification.

3.4 Procedure calling using closures

Before lookingat howthis tower is held together, we must understand howa procedure is called using these closures. There are two ways ofdoingthis:

• the same instance of the interpreter can itselfhandle the interpretationof the called procedure, (a non-reflective call)

• orthe interpretercan recurse to make and callanother instance ofthe interpreterto interpret the called procedure (a reflective call).

Inthe first formofprocedure call,to interpret a callofa procedure directly, the interpreter must do the followingactions:

• Take a copy ofthe closure of the procedure

• extend its values withthe arguments to the call.

• Save on the stack the continuationof the callingprocedure—which was the currentlyactive closure in its level

47

• Continue interpreting,with the copy of the called procedure as the current closure being run by the interpreter. This closure has had its value list filledin, thus supplyingit withits arguments.

In the second form of procedure call, the interpreter may itselfrecurse to make the new stack frame, thereby makingits interpreter holdthe saved continuations,whichitmust do inthe manner described above—or , in turn, by making the next interpreter hold the previous continuations…— and that may in turn make another interpreter hold the previous continuations,and so forth. The second method is particularlyappropriateforinterpretinga language where allcalls are reflective, as the wholeclosure is alwaysthe object passed around.

However, this makes it impossible to make non-reflective calls, which is unfortunate, because reflection into a interpretation of a level no longer has the desired effect; instead, we wouldjust reflect intothe interpretationof a procedure, and the effects of the reflection wouldbe lostwhen the procedure returns. So, wechoose the first method fornormalprocedure calls. These two formsofprocedure callare covered in moredetail in section 8.2.

Interpretationof a procedure worksby recursive descent of the procedure’s expression tree. Ateach node ofthe tree, the node’s operator directs the interpreterhowto handle that node.

For example, an operators forflowcontrol,such as if, may callthe interpreterexplicitly to implementthat flowcontrol,using its ownflowcontrolto decide when to callthe interpreter: so to interpret

if a then b else c

we can use

(defun if (closure)

(let ((expr (closure-continuation-expression closure)))

(if (interpret (first expr) closure)

(interpret (second expr) closure) (interpret (third expr) closure))))

An operator whichdoes no flowcontrol,whichwe sometimes refer to as a Lisp-likeoperator, as it is similarto a Lispprocedure in the way that its argument sub-expressions maybe evaluated, may evaluate its sub-expressions in an arbitraryorder. Anexample is:

(+ a b c d ...)

48

The simpleapplicativeorder versionshownhere evaluates them fromlefttoright,usingthe reduce procedure ofLisp[Steele 84, Section 14.2],whichapplies a given procedure takingtwoarguments to each element of a sequence and an accumulatingresult:

(defun add (closure)

(reduce #’+

(map ’vector

#’(lambda (expr)

(interpret expr closure)) (tail (closure-continuation-expression closure)))))

The definitionofeach operator isa closure a procedure which,when appliedto a closure, interprets it in the appropriate way. Operators are done thisway to facilitatelanguage definitions and mixedlanguage working,as explained in section 5.3.

Active and inactive closures

The call stack of each level is made of a sequence of closures each representing an active instance of a procedure. Aprogram is stored as a collectionof inactive closures waiting to be copied. When a procedure is called, itsinactiveclosure is copied onto the callstack to make an active one, much as the callingmechanism of a conventional interpreter builds a stack frame forthe procedure being called. Pointers are stored inthe stack frameto pointto the previous stack frame, to the procedure body (code), and to the static or constant data needed by the procedure; the variables provided bythe procedure willalso be linkedintothe environment.

Whenever a procedure is called non-reflectively, its closure is instantiated, the value list of the new copy filledinwiththe callarguments, and the closure placed on the stack ofthe bottom levelofthe tower, whereitbecomes the currentclosure. Thiscreates a new activationrecordwithin the bottom level ofthe tower, but does not add a new level to the tower.

When a procedure is called reflectively, a copy of the interpreter of that procedure’s closure is taken, with the closure as the interpreter’s argument. The copy of the interpreter is installed just above the bottom ofthe tower, where itruns a new levelof the tower.

Since in either formofcall, the closure is placed in the tower, the tower alwaysprovides the context forevaluating the closure.

49

3.5 Summary of closures

Ateach levelin our infinitetower, there are one or moreprocedures, ofwhichat any one time one willbe active, and some (possiblynone) willbe on a listofsaved procedure evaluations to be returned to.

In common withmany other language systems, we represent procedures by closures, each containingthe code ofthe procedure and any context that must be carried withthat code to interpret it.

To make explicitthe interpreter ofa procedure, we close over the interpreter when constructing the closure of the procedure, and thence the rest of the tower ofwhichthat evaluator is the lowerend, thus makingitcontain the wholeofthe context in whichthe procedure isinterpreted.

Aclosure constructed thisway we callan interpretive closure, since itencloses allthe informationneeded forinterpretinga procedure.

We use interpretiveclosures as the buildingblockforconstructingreflective interpretive towers. Each level of a tower contains a closure (actually, a stack (or list) of closures). The interpreter ofan interpretiveclosure is also an interpretiveclosure, as are the operator definitions. Closures are also used to represent procedures available forcalling.When a procedure is called, its closure is instantiated by copyingin onto the top of the stack, and fillingin fields that come from other parts of the level and the tower (such as the dynamic environmentwithinwhichitwas called.)

50

And the wholeearth was of onelanguage, and of one speech. And it came to pass, as they journeyed from the east, that they found a plain in the land of Shinar; and they dwelt there. And they said oneto another, Go to, let us make brick, and burn them throughly. And they had brickfor stone, and slime had they formortar.

And they said, Go to, let us build us a city and a tower, whose top may reach unto heaven; and let us make us a name,lest webe scattered abroad upon the face of the whole earth.

And the Lord came down to see the city andthe tower, which the children of men builded. And the Lord said, Behold,the people is one, and they have all one language; and thisthey begin to do: and now nothing will be restrainedfrom them, which they haveimagined to do. Go to, let us go down, and there confoundtheir language, that they may not understandone another’s speech. So the Lord scattered them abroad from thenceupon the face of all the earth: and they left off to buildthe city. Thereforeis the name of it called Babel; because the Lord did there confound the language of all the earth; and from thence did the Lord scatter them abroadupon the face of all the earth.

Genesis 11:1-9

Chapter 4

How the tower levels are linked together .

The relationshipsbetween adjacent levels ofa tower are as importantas the contents of each level. Havingexamined the closures that are used to make upeach towerlevel,we nowlook at how they fit together to make a tower, and how that infinitetower is linkedto a meta-evaluator so that itmay be interpreted in finitetime.

4.1 Levels, strings of levels, and towers

Atoweris made up ofa sequence oflevels, but notevery sequence oflevels is a tower. We willcall a sequence of levels a string of levels, and here explain some of the properties of these strings.

Atowerisa stringoflevelsthat has an application(bottomend) that isnotan interpreter— that is, does not take another program as its subject and evaluate the result of that program. A grounded interpreter (one whose computation is known to take a finite number of steps, as explained on page 52) at the top is not necessary foritto be a tower.

Astringis at the bottom ofthe towerifits lowerend interprets an application.Since this applicationmaybe another interpreter, the same stringcould be in a longertower, notat the bottom of it. The lower limitof the tower is defined by what we consider to be an interpreter: at a more abstract level than computerscience, we may in some cases consider the applicationprogram to be the interpreterofsomething inthe worldoutside the computer; indeed, one possible viewis that the observer ofthe system may be seen as a tower ofmeaning, in a morphicmirrorimage ofthe reflective tower. (This is one ofthe possibilitiesavailable through co-towerrelations, as described in section 4.5.) 51

52

B, C, D are interpreters

A is a program let program A also be an interpreter

A string interprets the closure applied to its lower end. In turn a string must be interpreted by a closure to which its upper end is applied. Thus, a string of interpreter levels is equivalent to an interpreter level: itinterprets something, and is itselfinterpreted by something. The interpreters in the string are functionally composed, makingwhat is intensionallya string ofinterpreters into what is extensionallya single interpreter.

interprets is interpreted

We say that a string (or a level) is grounded if it interprets a terminatingapplication applied to itslowerend infinitetime. Inthe formulaebelow, levelswhichare knownto be grounded are writtensuffixed thus: LGi where G indicates that L is grounded. i indicates whichlevel L is in its string, with level 0 being the application,and level numbering increasing toward the top ofthe string, such that LG1is the interpreter ofLG0and LG2is the interpreter ofLG1.

53

4.2 Links in each direction

Reification and reflection are complementary operations, reflection moving information up the towerfromLG1to LG2into the level interpretingthe level providingthe data, and reification moving data down the tower, fromLG1to LG0, from interpreter to interpreted. This implies that both interpreterand interpreted can access each other. Formulae (givenin section 3.2) explainthe relationship between levelsin terms of thisknowledgeof neighbouringlevels. To use these paths to move up and down the tower, linksmust be present in both directions:

• The link for reflection The linkthrough whichreflection occurs is that from a level to its interpreter, that is, to the closure interpretingthis level’s closure. This linkis part of the structure ofeach closure, whetheror not itrepresents an interpreter. The linkis established foreach active instance of each functionas the function’s closure is copied onto the stack forexecution.

• The link for reification The linkthrough whichreificationoccurs is established through the argumentitis givenwhenitiscalled. When the interpreteris called,its closureis instantiated on the tower, and the closure that itis to interpret is writtenintothe firstargument positionof the interpreter’s closure. Thus,thislinkis set up implicitlybythe reflectivecallingmechanism. Itis present onlyin closures that represent interpreters. This linkis in a fixed place in any closure that is an interpreter: itis the first argument ofthe closure. (However, not every closure witha level as its first argument is an interpreter!)

These two linksforma protocolthat is observed throughoutthe tower. This is important not only dynamically, in the execution of a tower, but also staticallyor structurally, forinspecting and modifyingthe tower, allowingany level to performthe same operations on all the levels to whichithas access.

Links always occurring together

Since both linksare set up byparts ofthe callingmechanism, they alwaysoccur in pairs:

• every closure must have an interpreter to be interpretable;

• each interpreterin the towermust have something to interpret.

54

The applicationlevel is the only level that has no level belowit foritto interpret;whilstthe tower stretches up infinitelyfromthe applicationlevel.

These linksmake a two-waychain throughoutthe tower, so any interpreter inthe tower can access the application, although normallyonly the last interpreter should do this, and the applicationcan access any interpreter inthe tower, althoughitwillusuallyonlyneed to access the nearer ones, and (provideditterminates) willnever access those infinitelyfarfromit,as explained in section 2.9.

Rolling up the infinite string for storage

Althoughthe tower is infinite, it may be represented finitely, because its infinitelylong upper initialstring consists of identicalsuccessive levels(or identicalstrings of levels). InSmith’s work, such levels are termed boring [Smith]. This repetitive string may be stored as a circular structure, in whichthose levels are not onlyequivalent but actuallythe very same level. Ahidden mechanism, to be explained insection 4.4, separates offcopies ofthislevel(orthese levels)when they have to be changed, rather likeprintingoff copies ofa pattern froman inked roller:

i_n

As the levels produced this way are copies of the original,any of them can be changed without affectingeither each other or the original.

4.3 The umbrella of the tower.

Since a tower is an infinitestructure, any computation involvingall levels of it cannot terminate. Inparticular, as each level is interpreted bythe levelabove it,we can never find a level that can be executed non-reflectively. So, from a traditionalcomputabilityviewpoint,a program represented as the base ofan infinitetowercould not be executed were it notforthat we can rely on the applicationterminating.Ifitterminates, itcan have reified onlya finiteamount ofthe tower.

55

If it does not terminate, we cannot tell whether it requires infiniteamounts of reified tower, and so it onlymatters that we can realize (that is, convert into a formthat reallyoccupies storage, as described in section 4.4) an arbitrarybut finitenumber oflevels.

Aspecial interpreter can be constructed using this fact. It takes the place of an infinite amount of the tower (the boring part), and is always just above the highest level that has been touched by reification or reflection. Because it is always at the top of the tower, we call this interpreter an Umbrella. Umbrellainterpreters are explained furtherin section 4.4.

4.4 Tower computability; propagation; integrity

This section shows how a tower that is apparently infinitecan be evaluated in a finite number ofsteps. We look at the complexityof each action at different levels that itinvolves,and then procede to remove factors from the complexityby introducinginterpreters that absorb (or collapse) level shifts. Since adding a level ofinterpretationmultipliesthe complexityofan action, absorbing a level removes the multiplyingfactorthat that levelintroduced.

From this, we see that the abilityto absorb an infinitenumber of unwanted multiplying factors (bycollapsingthe levels atthe topofthe tower)allowsus toprevent the infiniteprolongation of calculationcaused by tower interpretation.

Relative computability

We have shown that a terminatingapplicationin an infinitetower in one sense can be computed, because the infinitepart ofthe computationmust be collapsableintoa finitecomputation forany terminatingapplication,and in another sense cannot terminate, because the computation happens at an infinitenumber of levels. We wish to resolve this paradoxicalsituation,and so we develop a theory ofcomputabilityforinterpretivetowers.

The conventional idea of computability, in the sense of what can be computed by a universal machine such as a Turing Machine, is not sufficientto describe this, as itworks onlyin terms ofabsolute computability. We must use relative computability to describe what the lower end ofa string oflevelscan interpret ifits upper end is given an interpretation.Interms ofTuring’s work [Turing], this is called oracular computability, because something can be computed if the informationon whichthat computationdepends is givenbysome oracle. Ina reflectivesystem this informationincludes the computationprocess itselfas a data value.

56

Using relativecomputability, wecan describe what effects a stringoflevels mayhave on computabilitywhen itis inserted between an interpreterand a procedure that is interpreted.

Relative computability—quantitatively

Whatrules forcomputabilityholdina infiniteinterpretivetower? Letus take an interpreter LGxwhichifused to interpret a terminatingapplicationax thus:

LGx(ax(inputx)) (4.1)

willcalculate it in a finite number of steps ofa grounded interpreter LGx. LGxis itselfrepresented as a closure, and so tells us what interpreter to use to interpret it, whichwe willcallLG(x+1). This lets us use itas the applicationof another interpreterin a meta-circularinterpretationchain:

LG(x+1)(LGx(ax(input))) (4.2)

where LGx” LG(x+1)This is now also calculable in a finite number ofsteps, since, if,z terminates, LGx(z) terminates.

ButsinceLG(x+1)isa closure, itmust be interpreted,bysome grounded interpreter(either meta-circularlyor by some otherone):

LGy(LG(x+1)(LGx(ax(input)))) (4.3)

where LGy ? = LGx(where a ? = b reads as “amay or may not equal b”)and this continues infinitely, makingour terminatingprogram axterminate at each ofa finitenumberoflevels, buttake infinitely many steps ofan interpreter whichis infinitelyfar up the tower.

Can weforcethiscomputationto become absolutelyfinite? Usingthe notationintroduced in section 2.2, we can calculate how many steps are involvedin workinga calculationthroughtwo levels ofinterpretation: LGy a fi LGx b fi ax � LGy ab fi ax (4.4) Ifwehave an interpreterLGzcapable of interpretingtwotowerlevels at once, we can do LGz e fi ay (4.5)

and also LGz ƒ fi az (4.6)

57

Now let the application ay in the first of the pair of formulae above be an interpreter LGvwhich interprets the second applicationaz in g steps: LGv g fi az (4.7)

SubstitutingayforLGv: ay g fi az (4.8) and showing both stages ofthe calculationofthe number ofsteps LGz e fi ay g fi az (4.9)

shows us that LGzcan interpret az in eg steps LGz eg fi az (4.10)

However, from formula4.6 above, we know that LGz ƒ fi az, and thence ƒ = eg. Thus, through the use of an interpreter that can take on two levels of interpretationat once, we have removed the multiplicationofthe number ofsteps fromthe calculationrelatingsteps at one level to steps at the level above it. LGzdoes this.

In LGzwe have a kind of closure which,through running two levels at once, absorbs and generates level shifts withinitself. Since it is the level shiftingthat prolongs a terminating computationat one levelintoa non-terminatingcomputationat an infinitenumberoflevels, we can use this interpreterthat performs level shifts withinitselfin finite time to provide fullgroundingfor an infinitetower.

This makes it possible to evaluate a tower that has at the top an interpreter that can handle level shifts withinitself,while still providingthe illusionof an infinitenumber of levels of interpretation,as described insection 4.3.

We call this kind of interpreter an umbrella since itappears to occur at the top of the tower, and caps the tower.

Shadowing interpreters

We cannot take this solutionas itstands because each level can have onlyone closure runningin itat once—it contains a listofclosures, as a callstack—and each closure can represent the state ofjust one level. (The way that several closures are running at once is at separate levels of interpretation,as explained in the clockanalogy ofsection 2.4) Because ofthis relationship

58

between closures and the representation oftower levels, this shift-absorbingclosure must, by the rules, be outside the tower, shadowing an infinitestringofordinarylevelsthat are withinthe tower. This is as explained in section 2.9:

Closed definition here

Open-ended definition from here

Aclosure inthe toweris shadowed by a closure outside the towerifthe one outside the tower implements the one inside the tower and allthose above itin the tower that take part in its interpretation. The closure outside the tower is called the shadow of the corresponding closure withinthe tower. As the meta-evaluator of a tower begins the evaluation of each closure, it first checks whether the closure is in a table of shadowed closures—the shadow map. Ifthe closure does have a shadow listedin the shadow map, the meta-evaluatorcallsthe shadow directly, that is, as a procedure withinthe meta-evaluator. Ifthere isno shadow, the closure is interpretedstepwise by the meta-evaluator—that is, as a regular interpreter does.

The idea ofshadowingis centralto thisthesis. Inlater chapters, wedevelopthe details of a mechanism forshadowingthe upper initialstringofa tower, whichmakes itpossible to implement the interpretationofan infinitetower in finitetime.

The shadowing interpreter ofa tower, inperformingsome numberofsteps, makes each of the levels that it interprets—that is, those below the one that it shadows—take some smaller number of steps in each of their actions. In this way, it is like the infinitestring of levels whichit shadows, since their progression through their procedures wouldalso cause the same effect on the lowerparts ofthe tower.

Let us return to the digitalclockanalogy of section 2.4, in whichwe examined how the minutes digits affect the hours digits, and so forth. Starting at the seconds digit,and setting off in the other direction, we can posit the existence of further digits, whichare usually invisible: a deciseconds digit,a centiseconds digit,and so on. Ina typicalclock,some ofthese digitswillexist, but there willnotbe infinitelymany ofthem. Whileour modelofhowa clockworksmaycontinue to produce more and moredigitdevices, each countingfaster than the last, inpractice we eventually

59

reach some device that tickswithoutthe aid of a previous ticker—or rather, one in whichthe ticks are of a very different kind,such as the resonance of a quartz crystal. The shadowing interpreter of the tower takes the place of the crystal in the clock. Althoughthere could be more counting devices, a non-countingtickingdevice (withthe same interfaceat its slowend as a countingone) rounds off the chain ofcounters, and shadows an infinitenumber ofeven faster counters.

Itis worthnotingthat the shadowinginterpreterhas nottaken controlaway fromthe string of interpretersthat itshadows. Itexists beside that non-existentstring,just as the quartz crystal in the clockexists beside the non-existent extra counters. It does not displace them! They are still there as a concept.

From the abstract, extensionalpointofview, the last counter sees something equivalent to a stringof counters. Froman implementational,intensionalviewpoint,the crystal is there. They are viewsin twoworldsof the one thingperformingits function.

The extensionalviewis what yousee ifyoulookat the counter chainfromany one ofthe counters. Ifyou lookat itfromthe quartz crystal, you are viewingitfromthe intensionalviewpoint.

Since reflectionis a means forabstraction, itis naturalto viewitreflectively, usingits own abstraction. This always involves takingthe extensional view of the system—looking upwards in a tower, or outwards in a meta-tower. This is not useful forcreating and starting a (meta-)tower; the tower’s creator must workfromthe outside in(likeSmith’s lightningbolt), as the tower cannot start itselffromnothing. Thisnecessity foran outsiderfollowsthe same logicas that ofsection 3.3. From the outsider’s pointof view, the system withinthe (meta-)toweris flat; it is allprocessed at one level, as the applicationofthe outsider; inthe clockanalogy above, the crystal puts its output intowhat may be seen as a single countingdevice;whether that countingdeviceis infiniteor finite is irrelevant.

Rules for groundedness

Inthe discussion above, wehave assumed that weworkwithgrounded towers only—as indeed we must for the practical evaluation of a tower. However, the same rules hold for nongrounded towers, which cannot be evaluated, but can still be manipulated in the same way. A non-grounded toweris ungrounded because ithas no grounded interpreteranywhere in it.Anongrounded tower can be made into a grounded tower by connecting to it a grounded tower, which willinterpret itin a finitenumber of steps. (Theconnection willbe at the bottomof the boringpart of the tower.) These grounded towers ground the towers to whichthey are appended by actingas

60

oracles [Turing] forthe interpretationof theirhighest levels.

ungrounded ground grounded

Integrity of strings

Ifan interpreterlevel evaluates its applicationfinitelyfora finiteapplication,then wesay the interpreter has integrity. Afinitestring ofadjacent levelsalso can have integrity(as a relative property; this is integritywith respect to an oracle), if its highest level of interpreter terminates evaluation fora terminatingapplicationrun at the lowest level. These are both the same concept of integrity. As explained above, an interpreter whichevaluates more than one level is an exact substitute fora stringof interpreters(an infinitestring,ifthe upper end is boring).

Since an infinitetower can be evaluated by an interpreter that absorbs level shifts,and is thus, effectively, an extensible finite tower, it may also have integrity, but only ifits higher end is accessed via its umbrella interpreter. This is because it is the umbrella that provides the computability. Ifwelookat the infiniteupper stringofinterpretersthat the umbrellastands infor, instead of lookingat the umbrella,the tower then appears not to be grounded.

The integrityofa stringoflevels is brokenby ithavingany levelwithoutintegrity. Alevel is grounded1 ifitis linkedwithintegrityto a levelthat is grounded, such as an umbrella,or a string that is knownto be possible to linkto an umbrella.

Unlike conventional semantic definitionsystems, reflective interpretation allows us to reason about non-computableprograms, and constructs whichcannot be computed, justas easily as computable ones. This may not seem very useful in its own right, except forpure theoretical linguistics,but since computabilityis undecidableformost programs (and so allprograms must be treated as potentiallynon-computable)this is not necessarily a problem,and so this approach is very generally applicable.

1N.B.thegroundisatthetop,andsocanbeusedtogrowcomputersciencetreeswhichhavetheirrootsatthetop.

61

The solutionto the problemofgroundingtowers is mentionedat the start of thischapter: at some level on our way up the tower, we find a meta-circular interpreter (let us say Ln) whose interpreter, Ln+1, is the same as the interpreter Lnitself, that is, Ln ” Ln+1. Since this level is a meta-circular interpreter, thisrelationshipholds forthe nextlevel too,and forallsubsequent pairs of levelsLm, Lm+1. Closing thistransitively, wehave "p ,q : p‡n,q‡n.Lp” Lq (4.11) that is, once we have reached the levelLn, alllevelsthereabove are the same.

Since wewishto use reflectioninreal computations,forpracticalpurposes we can make the tower above that level intoa circularstructure, such that not only is Ln” Ln+1 but also Ln= Ln+1 In terms of data structures, the interpreterfield of that closure points to the closure itself. We call Lnthe standard evaluator.

Shift-absorbing levels

The real interpreteroutside the tower, called the meta-evaluator, mimicsthisclosure Ln, and allthe closures past it in the tower. This imposes a constrainton towers in the system: any which are to be evaluated must have Ln as their upper initialstring, which,given that the metaevaluator mimics them, implies that they are grounded. Atower which has a repeating chain of anythingother than Lnas its initialstring cannot be evaluated by the meta-evaluator, whichkeeps on realizingnew levels untilitgets to one running Ln.

The operators that we provide forreflection help to maintainthis, in that by default all new closures are created withLnas theirinterpreter. It is possible to enforce this rule absolutely, by insisting that any closure that becomes the interpreter of another closure must be grounded through the standard interpreter. Thiscan alwaysbe determined,since the routeup froma closure can be determined staticallyfromits contents.

The standard evaluator and the meta-evaluator

Since the standard evaluator is an invariantpart ofthe system, mimickedbycode outside the tower, itmust not be mutablebyreflectionoperations. The meta-evaluatoremploys a technique

62

formaintainingthisintegritywhilestillallowingreflectionat any levelofthe tower, withoutrequiring infinitestorage or time. This technique is described indetail in section 9.4.

Ifthe reflection system tries to access or modifyLm(where Lnis the lowest level mimicked by the meta-evaluator, and m > n— that is, any level representing the standard interpreter), new levels, allrunningcopies ofthe standard evaluator, are created inmemoryforlevels Ln… Lm. The ‘evaluator’linkofLn-1points to the new Ln, and the ‘evaluator’ linkof Lmpoints to the standard evaluator. Then Lmis modified as specified by the call to the reflection operator, and the meta-evaluator continues execution as before, but now shadowing levels Lm+1… L¥ instead of Ln+1… L¥. Note that level Lnhas not been changed by any ofthis activity.

unrealized

realized realized

This activityhas made intoreal levels some levels that previouslywere not stored anywhere, although they were accessible forinspection. We say ithas realized them.

This realizationis part ofthe process oflevel-shifting,that is, the transfer of information or control between levels of the tower. It takes place only as needed, so not all level shifts will realize any levels; they may simplymove between levels that have already been realized. The realizationis performed by the meta-evaluator, whichis explained in detail in section 11.1.

4.5 Reifying the meta-evaluator

The meta-evaluator implementsreflection through non-reflective means, and so can be an ordinaryprogram, writtenin a language withoutexplicitreflectivefeatures (such as C, or Common Lisp). But, since reflective interpreters provide a superset of the facilitiesof other program

63

evaluators, the meta-evaluator could itselfbe the application run by another reflective tower. To extend the reflectivefacilitiesprovided by a tower, we can providea connection between a tower and the tower ofits meta-evaluator.

Indoingso, wemake the wholesystem moreregular, and we bringreflectivetechniques, and meta-circularinterpretation—already accepted as a standard and powerfulmeans ofdescribing interpretationin the Lispworld—to bear on the problems ofhowthe meta-evaluatoris connected to the tower. We later find a similaritybetween this connectionand the connectionbetween operator names and operator definitionsina language.

The dimensions of the tower

When we provide a means of reaching this second tower (forreifyingand reflecting it) from the first one, we have a new formof reflective system, which has a two-dimensionaltower rather than the one-dimensionaltoweralready described. Thesecond dimension,likethe first,may continue either forone level,as a non-toweringsecond dimension:

However, since the point of a tower-reflectivesystem is to make the interpretation mechanism visible and manipulable,such a meta-evaluator stands out as an oddity—although itis a running procedure, itis not decomposable in the same terms as are the other running procedures in the system.

A more consistent model for reifyinginterpreters demands that we include the metaevaluator withinthe reifiable part of the system, on the same basis as the other reifiable parts of the system. This can be done by providinga type tower, and includingin each level a field

64

pointingto the tower ofwhichthat levelis part. (The definitionsofthe level and tower types are given in section 7.2.)

Itwouldbe possible to makethe meta-evaluator, whichisattached to(orpartof)thistower structure, be simplya procedure inthe language ofthe substrate system. However, forconsistency, to allow the same reasoning to be applied to the meta-evaluator as to the other interpreters, we model itas the applicationof a new tower—the meta-towerofthe first one:

Note that thissecond tower is reached not fromthe end ofthe first one, since that has no end, but to the side fromany closure on the first tower. In other words,the meta-evaluator is a property of the tower, rather than ofa particularlevel.

The structure of this second tower is just like that of the first; each of its levels is represented by same kind of structure used to represent levels in the first tower. Thus, the same operations for manipulatingreified data may also be used. The reifier and reflector operations themselves may also be the same as in a single-dimensionaltower; it is simplythat there is another field,the meta-evaluator(ormeta-tower),in the data structure used to represent towers, and the content of that fieldis a tower level runningan interpreter. The difference is not inthe formof reification,but in the data that is provided byreification.

To the second tower, the entire first tower is a value withinits problem domain. So, for example, while forthe second tower the problem is a program to execute, forthe first tower the problemmightbe a representation of some problemoutside the worldof computers, such as weather prediction.Or, ofcourse, itcould be another tower to interpret.

65

The dimensions of the dimensions of the tower

Continuingthisidea, wecan providethirdand subsequent meta-towers, continuingin an infinitemeta-tower (whichwedrawas a spiral,to fititbetter onto the page; wedrawthe successive meta-levels not quite orthogonallyto each other, so that they do not altogether hide those drawn behind them). Note that foreach successive meta-level link,all the levels of one meta-level are accessible to the lowest level ofthe next meta-level.

These ideas may be continued to any number oftowers of levels, as the structure provided through reificationbecomes moreand more extensive. However, however many towers are provided, the relationshipbetween adjacent towers remains the same.

Just as a toweris implementedby its meta-evaluator runningin the tower’s meta-tower, we can explain the spiral of towers as being evaluated byan evaluator external to the spiral. We draw this as a rod (as ifseen insection) running up the middleofthe spiral. This interpreter is, of course, similarin formto any ofthe meta-evaluators withinthe spiral of towers. Just as a meta-

66

evaluator ofa tower shadows the boringpart ofthe tower, the meta-evaluator ofa spiral of towers shadows the boringpart ofthe spiral.

In turn, thisprogram may be the applicationof another tower… and a formof reflection could be provided that allowsaccess to this tower. Itis noteworthythat allthese multi-dimensionalformsof reflection differ fromthe first formwe saw only inthe structure providedby reification. The formof reflection and reificationis stillthe same. The tower type has a field forthe meta-evaluator, which is itselfa levelor tower, and also through the meta-evaluator‘stower, a fieldforthe nextdimension of meta-towers. However, this is only one of the directions that may be pursued; to implement this direction of provisionof meaning, there must be an orthogonal directionalso; and another to implement that… and so we have an infinitelist of meta-towers to describe each meta-tower.

67

Havingestablished this, wecan see that, wenowsettle down toa fixed-point,inwhichthe structure is the same: from each tower, we have access not only to the meta-towerthat interprets it, but also to the meta-towerthat provides the linkbetween these two. This is similarto the first formof tower reflection that we have lookedat, and obeys the rules exploredin sections 2.3 and 3.3. In the terms already presented, thiscan be represented by the followingdiagram:

These diagrams show how the same idea ofthe reflectivetowermay be pursued to any number of levels.

Pursuing this reflection to higher meta-levels leads to examination ofthe ideas of what gives an interpretationits interpretation,or meaning, or grounding (as in the symbol grounding problem). Startingat the highest level,and constructinglowerlevels, byimplementingthem, leads

68

to an understanding of meta-towersas a real programmingdevice. Asmentionedin moreabstract terms in section 2.4, it is easier to thinkin terms of running an meta-evaluator on a system that happens to be in a tower, than to thinkofusing one towerto implementanother.

The idea ofshadowingis equallyapplicableto any ofthese towers and meta-towers. The relationshipsbetween them are equivalent,and can be extended to any numberofmeta-levels—a meta-toweris a fractalstructure, where the detail ofeach meta-levelis similarin formto the detail ofany other meta-level. Anydimensionalityofmeta-towermay be implemented,althoughthe generalized meta-towerhas its owndimensionality, whichis fractal. The knownpracticaladvantages of doing thisare swamped by the computationalcomplexityofsuch a system, but the ideas have proved worthponderingto furtherunderstanding ofsimpler formsofreflection.

The importantpointhere is notthat anynumberoflevelsand meta-levelsmay be returned by the reifier, but that each new plane of meta-levels is introduced in the same way as all the preceding ones: the deeper informationabout a level is provided by the level implementingthat level. Ifone level does not provide its subject level (interpretee) withsome particular information about itself,there is no way in whichthe subject can derive that information.This is explained, in terms of a single tower, in section 3.3.

It is naturalto thinkof reflection fromwithin;as informationabout the self is reified, itis brought fromouter reaches ofthe meta-towerin the application. Likewise,in mental introspection, it is normal to thinkfrom objective-worldviews out to deeper abstractions about self. However, an infiniteregression along an innerroute outwards willnever get outside self;whereas other can observe self fromthe outside, withoutany regression whatsoever.

Reflection involvingsuch an outsider is an interesting extension to the idea of metatowers. One possibilityis to have twometa-towers,each examining(and possiblyinterpreting,with the help of a suitable outsider) the other, on a co-routine-likebasis—let us callthese co-towers. Further (in the sense of more encompassing) related forms of reflection involvereflecting on the observer of the co-toweringrelationship (whichis what allowseach of the co-towers to interpret parts of the other). However, one thingis common to all these formsof inspection: introspection at any level is onlypossible when a higher (outer/other)level providesitas a formof extraspection and makes itavailableto the introspectinglevel.

69

4.6 Multidimensional ideas in single-dimensional towers

The fullmeta-tower system described above may seem far more complicated than is necessary to describe interpretation. So what is its relevance here? Itfirst comes intothe system as a wayofmakingthe meta-evaluatoraccessible justas the rest ofthe system is;but havingbeen introduced, itfinds furtheruse in explainingthe nature ofordinaryreflection,and forexplainingthe meaning oftypes in a towerof meta-circularreflection (as explained in chapter 6).

The two-(orhigher-)dimensionaltoweris notjustan interestingcomplicationofthe tower, but is a useful concept fordesigning meta-evaluators forreflectivetowers of one or more dimensions. Higher-dimensionaltowers are hard to explain withoutfirst lookingat the type theorybehind reflectivetowers, and the type theorycannot be explainedwithoutfirst lookingfurtheratthe towers. Because ofthis, the followingtext makes some forwardreferences to chapter 6, and mightwellbe re-read after reading that chapter.

The benefits of treating even a flat meta-evaluator as though having a tower levelitself include a similarityto the standard evaluator that itmimics,and a better match ofthe type systems, as the requirements forthe evaluator and the meta-evaluator are very similar, and may even be identical (see section 6.5). The use of reflective techniques in this research helped to design a clean, concise standard interpreter, and the same conciseness has shown through in the metaevaluator.

Inparticular, the tower’s modelofeach level,and ofthe linksbetween levels, has helped to define the meta-evaluator’s viewofeach towerlevel and ofits access points to the tower. This is a first shiftof a new orthogonallevel (see section 6.5) and non-identitymappings ofintensional values in and out of the first tower are useful here. These are kept to a minimum,as they involve computationinstead ofjust copying,and so are slower than identitymappings. The mappings are really part ofthe meta-evaluator, and not visibleto the procedures withinthe tower unless made available by the meta-evaluator. This strictlyone-sided mapping ensures that whilethe tower can inspect itself absolutelycompletely, ithas no access to the meta-evaluator, other than that which the meta-evaluator specificallyprovides. Thus, the appearance ofthe tower to itselfas infiniteand enclosed is utterlymaintained. Here, use of the reflective model of level-shiftingevaluation has been made explicitly, to prevent reificationfromoccurring at a particularpoint.

This way ofdesigning the meta-evaluator leads to the meta-evaluator being very similar to the normal evaluator, but extended to handle the level shifting.Itis a significant,and pleasing, discoverythat the difference between the standard evaluator and the meta-evaluator is remarkably

70

similarto the standard evaluator itself(orrather, to the difference between the standard evaluator and the identityfunction)—there is a correspondence, perhaps even an isomorphism, between interpretationitselfand level-shifting,as both implement the injection(orextraction)ofmeaning at one level bythe level above.

Unidirectionalvisibilityis providedautomatically, as an evaluatoralwayssees itsstructural field. The other side of intervisibility—thestructural field seeing the evaluator (and therefore the evaluator being withinthe structuralfieldofthe evaluator’s structuralfield)—is onlypossible ifgiven by something that already has that evaluator withinits structuralfield. This something may be the evaluator’s evaluator, or the tower’s meta-evaluator—or itcould simplybe any single operator at such a level.

This point is re-iterated several times in this thesis, at several levels of meaning; it is central to understanding the meaning of reflection, and also to the implementationof reflection. What matters is not the infinite regression, nor even the shadowing (see section 4.4) but that reflection in level n can be provided only by level n + 1 (forflat reflection) and tower reflection of level n +1 intolevel n can be providedonly bylevel n +2.

4.7 What does this architecture allow us to do?

Usingthismodelofinterpretation,wecan change the waythat a program isinterpreted,in accordance witha simple,consistent model—very distinctfromthe traditionaltype ofself-modifying program. These changes maybe composed systematicallythroughthe order inwhichthe changed interpreters are installedin the tower.

The reflective nature of the interpreter makes it possible to implement such language features as variable length argument lists through an orderly model of access to the state and code of the program and its interpreter.

It also provides,through givingprocedures access to the program, a generalized formof Lisp’s fexpr mechanism—procedures whichdo not evaluate their arguments automatically—and thus may be used to define language constructs (“specialforms”in Lispterminology).This makes possible the additionof language constructs by procedures at the same level of interpretationas the program inwhichthey are to be used.

The fexpr-like facilityis one way inwhichreflectiveinterpretationcan be used to define language features. Another facilityis that forchanging the underlyingmethod of interpretation, independently of changing individualconstructs; forexample, tracing mightbe added, or the im-

71

plementation of variablelookupchanged. How this is separated from the definitionof individual constructs is described in chapter 5.

One way in whichsystems based on such reflective meta-towers differ frommany languages and theirimplementationsis that everythinginthe system is a first-class value—even such things as languages may be passed around and manipulated just as, forexample, number may in many languages. This removes (or allows languages to allowprograms to remove) many of the restrictions that many languages impose. In effect, it allows each language to be its own meta-language.

The multi-dimensionalformofreflectiveinterpretationallowsthe same things to be done to the towerimplementationmechanism (meta-evaluator)that reflectiveinterpretationallowsforthe interpreter implementation(evaluator). Whileperhaps not adding as much useful functionalityas the firstdimension,thisdoes enable furthercontrolover the system; butpossiblymoresignificantly, it explains how reflection in the tower works by relating itto something more general and more powerful, and also and also clarifies that it is neither the number of levels nor the number of dimensionsthat matters, butwhethera particulartransferofinformationorcontrolismovinginwards or outwards in the toweringsystem.

This gives us a new toolfor lookingat the symbol groundingproblem in the context of procedural language interpretation. Acceptingthat no system can ground itself(an interpretation of Gödel’s incompleteness theorem) it provides not only a model for movingtowards and away from the ground of the system, but it also describes groundingof one tower in terms of another tower, whichwe treat as being grounded itself—an expression of Turing’s “oracularcomputability” [Turing],in which,foreach tower, the towerofits meta-evaluatoris the oracle. Withthisdescription of groundedness as being onlythe concern oftwo adjacent level(orstrings of levels, see diagram on page 52), we can describe it in terms of the first meta-level that can describe the relationship between the two levelsconcerned.

4.8 Summary of links between levels

The tower of interpreters is made up fromlinks between adjacent levels of interpretation. Reificationand reflection are complementary operations, and they use complementary links between tower levels. Since both linksare set up byparts of the callingmechanism, they always occur in pairs. These linksmake a bidirectionalchain throughoutthe tower.

Since a tower is an infinitestructure, any computation involvingall levels of it cannot

72

terminate. An applicationthat uses reflection and does terminate must therefore make reference to onlya finitepart of the tower.

Therefore, the infinitetowermaybe represented finitely, and itispossible to reason about how many steps ofinterpretationare needed at one levelto implementeach step of interpretation at a lowerlevel.

To make the finite representation of an infinitestring of identical levels, we make the highest part of the towerintoa circle,in whichthe same level occurs again and again. Whenever an interpreter tries to reifythe level that makes up this circle, a hidden meta-evaluator makes a copy ofthe level in the circle,and passes that copy out as the reificationofthe level in the circle. The applicationcan then modifythe level ithas been given, withoutupsetting the levelthat is still in the circle.

Thus, the infinitepart of the tower is stored compactlyas a circle, whichis unrolledon demand to produce an infinitesupply ofidenticallevels. To the application,thisis indistinguishable from there being a real infinitechain of levelsat the top of the tower, instead of the circleand the unrollingmechanism.

The idea ofthe reflectivetowerand the means ofreflectionmay also be applied to towers of towers—that is, meta-towers. Meta-towersmightat first seem complicated to reason about, but an understanding ofthem bringsa readier understanding of ordinarytowers.

The design ofthe meta-evaluator, and particularlythe mechanisms fordetectingthe need to unrolla new level fromthe circleand for unrollingthe levels, are a majornew development of this thesis.

Such knowledgeis too wonderfulfor me; it is high, that I cannot attain unto it.

Psalm 139:6

Chapter 5

Mixing Languages

5.1 Introducing mixed languages

Inthis section, we lookat the idea of havingdifferentlanguages at differentlevels ofthe tower—a possibilitymentioned in earlier workon reflection [Danvyand Malmkjær 88], but not investigated furtherthere, as, forsimplicityindescribing reflectiveinterpretation,the languages were taken to be the same at alllevels. However, in the Mixsystem [Jones, Sestoft and Søndergaard] the languages are taken to vary between the different programs being mixedtogether.

The desirability of mixed languages

Mixed-language systems have been around for a while now, often for specific tasks. Theyare used when specific features ofseveral languages are allcombined. Typically, use ofone language is nested withinuse of another. This may be done as a way of extending an existing language, or as a way of developinga new language withouthavingto develop the parts ofitthat are already done adequately by an existingone. There are several such language combinations in common use on Unixsystems, forexample:

• make/sh in which make provides declarative control, and sh provides command parsing, environments, and non-declarative control.

• lex/C and Yacc/C in which C is used to perform low-levelworkunder higher-levelcontrol fromthe parser generation language.

73

74

Other language systems whichin effect combine languages are those inwhichdifferent areas of one language are so dissimilarthat they are handled separately, or are separated for convenience ofimplementation.Examples ofthis include:

• Common Lisp / format strings where the format strings are a specialized language embedded in the Lispsystem

• troff / eqn / tbl / pic / refer which are a nest of languages whichmay be mixedin one program to produce a document, each of the languages being much simpler than a single language providingthe same programmingfunctionalityitself.

Such arrangements, being well-established in practice, have shown themselves to be powerfuland effective.They are, perhaps, examples ofthe best tools being selected forparticular jobs, making elegant combined tools available. This may also take some other forms, such as merging pieces of assembly-language code in-linein FORTRANor C (asmstatements) or use of such a feature as the unixsystem(2) call,whichallowsa C (orothercompiledlanguage) program to interpreta lineofshell, whichmightrun any formofprogram—either a shellscriptor a programin any compiled(orinterpreted)language—while alsousing the shell’s ownfeatures, such as wildcard expansion.

When languages occur in groups or pairs likethese, often one of them is being used as a higher-levellanguage than the other—closer to its applicationdomain. For example, in YACC, the YACCparts ofthe program are a higher-leveldescriptionofwhat the program has to do, while the C is used for low-levelactions. In many of these cases, the higher-levelof the two is also more specific to its applicationfield, and the loweris a relativelygeneral language, forexample tbl is specialized fortypesetting tables, whereas troff, withwhichtbl works,is a general-purpose typesetting language.

It is interesting to note that Unix—a system designed, or allowed to evolve, more on practical considerations than for abstract theoretical elegance—includes, in its model of loading and executing programs, a device forallowingprogram files to be interpreted automaticallyby an interpreter specified in the file. When a file is about to be loaded forexecution, its first few bytes are examined forbeing a particular magic number (representing the ASCIIstring #! or #! /). If this is found (instead of the magic number value that indicates an executable machine-code file), the program in the file named in the followingbytes of the originalfile is run instead, using the originalcommand line arguments but withthe originalfilename and optional flags (fromthe originalfile)prepended. This mechanism, originallyprovided to allowa choice ofshell languages

75

with automatic selection of the rightone foreach shell script, allows an interpreted program (in any language) to be run in place of a compiled one—with the one restrictionthat the interpreted language must allow# as a comment character! This is a tower of interpretation,although one whichdoes not necessarily providea program withmeans to access itselfor its interpreter.

Anotherway in whichmixed-languageworkingis useful is in the provisionof librariesof useful routines (forexample, numerical algorithms);withcross-language callingbeing available,a librarywritten in one language (chosen forits suitabilityfor that use) may be used by programs writtenin any language, thus avoidingthe need either forwritinga version of the libraryfor(and in) each language fromwhichitis to be used, or forwritingan interfacelibrary(typicallywrittenin assembler) to performthe adaptationsfromone language’s callingprotocolto another’s. Apractical example of this is that the NAGFORTRANlibraryis now providedwitha set ofC header files, to enable it to be called directlyfromC programs.

With trulyfirst-class mixed-language working,there need be no visible seams where routines writtenindifferentlanguages fittogether.

Here, we attempt to formalizemixed-languageworking,and providea general means for describing languages.

5.2 The requirements of mixed-language working

Asystem inwhichmixed-languageworkingis availableas a first-classfeature has several requirements on its design notusuallytaken intoconsiderationwhen designingan ordinary, singlelanguage, program execution system.

Acommon frameworkforinterpretationmust be foundinto whicha wide varietyoflanguages may be fitted. At the same time, this framework must be suitable for reification and reflection—programs, program state, and languages must be in forms that can be manipulated readily: everything should be decomposable (or destructurable) to a suitably fine level—for example, it should be possible to extract the representation of a variable binding,a statement in a program, a term in an expression, a constructina language—and allthese representations should be the same in alllanguages.

There are two areas in this design task: a suitable representation forthe static parts of the system—program and interpreter; and one forthe dynamicparts—the program’s state and the interpreter’s state.

It turns out that the most flexiblerepresentation forthe procedures of a program leads

76

naturallytoa representation forlanguages whichhas a suitablegranularityforpickingoutindividual language constructs and manipulatingthem. We weave thisrepresentation intothe basic structure of closures (as described inchapter 3), and in doing so find a solutionto storingthe dynamic part of the system: the application data and application state data, which are stored in the variable storage (value list and environment)of the program and its interpreter respectively. This form of data storage fits many languages’ models of variableaccess very well.

A common program representation

Using a program representation based on parse trees and a state representation based on stacks or continuations,our mechanisms can support a wide range oflanguages. Lisp in some form (Scheme being perhaps the best example [Rees and Clinger])is perhaps the language that is closest to our model—also having the advantage of very littlesyntax. Scheme is the dialect most commonlyused forreflection experiments so far, but the differences are not significantinthe examples given. Being a simple representation ofa parse tree, a Lispexpression is a convenient way of representing constructs parsed fromother languages, and so we use it here as our main language for describing features relevant to languages in general. Since the core of Lisp is a particularlysimple language, we willalso give special attention to howit maps onto our reflective system, takingitas the primaryexample language.

Also,Lisp is both a functionallanguage and an algorithmicone, and thus its structure is able to receive convenientlymappings from either of these types of language. The form of Lisp that we use here includes state-dependent operators such as while loops, and assignment.

Much of the code given in examples in this thesis could be run on almost any Lisp system; the parts that are notin the languages providedwithinPlatypus are actuallyCommon Lisp [Steele 84].

In our representation, node (expression, or statement) in the parse tree is identifiedby its first element, a leaf (symbolor name, rather than a furtherbranchingsub-tree) whichwe callthe operator ofthat node. This is always the case, no matter howthe construct appears in the textual formof the language. For example, the expression writtenin many languages as a + ( b / c ) is stored here inthe form(+ a (/ b c))—its Lisp-likerepresentation.

77

How various languages fit this model

Different languages map onto this common structure withvaryingdegrees of ease: the model was designed for flexibility, but paradigms of computation vary widely, includingpattern replacement languages such as SNOBOLand constraint languages, forexample, along withthe normal TuringMachines and algorithmicand functionallanguages.

MappingLisp onto our model of interpretationis trivial,since, as explained above, the model is so similarto Lisp.

The block-structured algorithmic languages also fit the model quite well,since their block structure is naturallyeasy to represent as a parse tree, and our model ofinterpretationhas much incommon withthem. Those languages, such as Pascal and Algol, whichare quite careful about type conversions and coercions fit in cleanly;C, withits freeer typingsystem, fitsthe control structure easily, but is not so comfortableon the tagged type system.

The non-block-structured languages such as FORTRAN,COBOL and BASIC can be fitted in, although slightlyawkwardly. Their procedures must be writtenin terms ofsequential execution operators which worktheir way through a series of statements (sub-trees) and which also providefacilitiesto switch(jump)to specified sub-expressions. (This switchingmay be done by a separate GOTO operator, or by the sequence operator directly.)

Stack languages such as FORTHand PostScript fit in as block-structuredalgorithmic languages; theirstack-based data storage is nota significantdifference as faras weare concerned, although these languages are not usuallyregarded as being in the Algol group.

Logic languages, such as Prolog[Clocksinand Mellish],are one ofthe worstmatches to our model;theirdefinitionsmust be procedurized(as explainedinsection 8.8)to producesomething that we can store in terms of ors, ands and bindings. However, once procedurized, they fit our model of environments well,particularlyin how they can then share bindings/instantiationswith non logic-based languages, as explained in section 3.1.

One complicationthat occurs here is backtracking, which may be handled using continuation passing [Jackson]. Inthe committed-choice varietyof logiclanguages, this problem is obviated by not providingbacktracking.

Afurtherproblem in interfacinglogiclanguages to other languages (a general problem, not unique to this system) is that logic languages may return a choice of results, rather than a single result. This is part of quite a general difference between familiesand languages.

Object-oriented languages, which may be regarded as a variety of algorithmiclan-

78

guage, can fit this model comfortably, using a closure to represent each object. The language and type-evaluators ofthe closure are then the method dispatch table forthat object. Avariety of object-oriented language that is clearly suited to constructing this way is the actor languages described in [Agha].

Reflection is commonlyassociated with object-orientedlanguages, perhaps largelybecause of the fame of the reflectiveobject-oriented language SmallTalk80 [Goldbergand Robson]. In developingPlatypus, I have been careful to avoid an object-based style, to show that reflection and object are entirelyseparate facilitiesin a language system.

One interpreter , many languages

Thisthesis isabout a system inwhichlanguages are values that can be passed around— whichinherentlyhas the abilityto be a mixed-languagesystem. We have described insection 4.4a system using one standard interpreter. Howcan we extend a single interpreter to handle a variety of languages? The abilityto do this (and many other benefits) depends on a suitable abstraction fora language interpreter, and constructingthat interpreter is a central part ofthis thesis.

5.3 An abstraction for programming language interpreters

Our abstraction forlanguage interpreters is based around the parse tree abstraction for procedure representation. The language is arranged as a collectionofnamed operators, where the names ofthe operators are those that appear inthe nodes ofthe parse tree, and the definitions referred to by those names are the closures of the procedures used to implement each named language construct. Thus, a language—as we represent it—is a mappingfromoperator names to operator definitions. This mappingis done bybindingoperator names to operator implementations in an environment. We sometimes willrefer to such environments as languages from here onwards, and any references to languages in programs are to this kindofvalue. Inmixed-language interpretation,each part ofthe program must be interpreted in the appropriatelanguage. We take the closure as a suitable unitfor linguisticatomicity(ifnothingelse, the syntactic considerations wouldmake a finer grain cumbersome!) and so we include in each closure the language of that closure, stored as an environmentbindingoperator names to the corresponding definitions.

Such a use ofenvironments otherthan the variablebindingenvironment(s)assumes the provisionby the substrate system of multipleenvironments [Padget and ffitch] and environments

79

as first-class values. The way we may acheive this is described in section 6.3.

Aswellas the language (environmentofoperators) an interpretercontains the evaluator, a procedure that glues the rest of the language implementationtogether. It is the evaluator that starts each step ofprogram interpretation,byfindingthe operator name forthe currentnode, looking it up in the language, and callingthe result of that lookup,withthe node as one of the arguments of the call. Operator definitions, in turn, use the evaluator to evaluate their sub-expressions as required.

Althoughunnatural forsome languages (such as awk),this simplerepresentation makes representation of many languages (perhaps most current languages) simple and concise, and I consider that it has proved its worthin practice. This is supported by the common use of Lispas a basis forimplementingother languages.

In the preceding chapters, we have used the term interpreters as a general term for what, from here on, we callevaluators, and what we had called the standard interpreter is now called the standard evaluator. The evaluator-and-language modelis just one specific modelfor constructingan interpreter, andso interpreteristhe moregeneral term. We willstilluse itsometimes when referringto interpreters but not specificallyto evaluators.

Anevaluator is a closure called withtwoarguments: the evaluand that itis to process, and the level whichprovides the context (environment,language etc) for that evaluation. Since the closures in the argument level have closed over all the informationneeded to interpret the program it contains, no other informationis needed by the evaluator. The program, arguments, environment,language, and even the evaluator itselfare allincludedin the closure.

In section 7.1 we willsee that this evaluation function is performed by one case of a more general level-based evaluator procedure. This is because the fundamental evaluator rôle is not the only part ofa level’s evaluator that must be thus changeable. The cleanest, most concise, implementationof a tower level evaluator turns out to be that in whicheach level has a general evaluator rather than an evaluator justforclosures.

The interpretive closure

Reflective tower evaluation adds some new requirements to the conventional closure operation, since more informationis now available in the current state of a program. To hold the extra information,we add some new components to our closures. The closures we use in this system contain allthe usual parts ofa closure:

80

• The procedure to evaluate

• The arguments withwhichthe procedure was called

• The environmentin whichthe procedure is to execute and also twonew parts:

• The language in whichthe procedure is to be understood. This is an environment (see section 3.1) bindingoperator names (see section 2.4) to the implementationsofeach operator

• The evaluator withwhichto process the procedure

The implementationof an operator is a procedure whichinterprets occurrences of that operator when applied to a levelcontainingthat operator as the operatorofits continuationexpression. The mechanism performingthis applicationis explained in detail in chapter 7. The operator definition procedure is itself represented as a closure, and hence starts a new tower. Like an evaluator closure, an operator closure takes as its first argument the level containingthe closure on whichit is to operate, and

Independence and interdependence of closures

This organization ofthe interpreter intoevaluator and language bringsseveral benefits:

• itseparates the rôle of control of evaluation (the evaluator) fromthat of implementingindividualoperators, controlstructures and so on.

• itmakes the language intoan abstract data-type that is easy to implement;

• the interface between operator definitions and the rest of the system is simple and welldefined

• each operator definitionis separate fromallothers, so itis easy to add new operators, and also to analyze the action of an operator in isolation,making assumptions about the way it is called, and provingthose assumptions separately.

This leads to a very simple standard evaluator, with a clean structure to it, that is flexible for implementationofa varietyoflanguages (as discussed in section 5.2), and that makes iteasy to modifyand extend languages through reflection.

81

Italso means that the same evaluator, being a parameterized interpreter, may be used to interpretprograms ina varietyoflanguages byprovidingthe appropriateoperator definitions. Here, forexample, are some possible combinations. Note that the language must match the program— that is, itmust provideall the operators that the program uses—whilst either evaluator may used witheither language and program.

Also, different evaluators may be used with the same language, calculating the same results ina differentmanner. Forexample, a levelcouldbe evaluated strictlyorlazily, withorwithout tracing or single-step and so on. Allthis can be done withoutalteringor needing to understand the operator definitions. This is possible because the interfacebetween evaluators and languages and operators is well-definedand fixed.

Modifyingseveral interpreterlevelsallowschanges to be composed together. Forexample, Facilitiessuch as unusual evaluationorders and traced evaluationmay be combinedbyadding independently several special evaluators. For example, tracingofa lazilyevaluated program may be done by addinga tracingevaluator nextto the program, and a lazy-evaluationevaluator next to that. Were the twoadded evaluators to be the other way around, the effect wouldbe to trace how the lazy-evaluationworks;thus, combinationoftower levels is non-commutative. Such a change in the processing ofone levelmayaffectalllowerlevels. Forexample, itis impossiblefora level to do strictevaluation ifa levelanywhere above itinterpretsits subject lazily. This is an example ofa property being propagated pervasivelythrough the tower. Likewise,the results of adding a tracing level willbe affected by the programs ofall levelsbelow it—this reallymeans that the tracedness affectsallthe lowerlevels, althoughthe visibleeffect willbe onlyin the tracingoutput—the semantics of the traced levelsshould not be affected.

82

Furthermore, since each closure has itsown evaluator and language, the properties can be changed per closure, so individualclosures can be interpreted differently, allowingsuch things as tracingofspecific procedures or operators.

Includingthe language inthe closure also makes inter-language callingidenticalto intralanguage calling.Inter-languageprocedure calls depend on havinga commondata representation between the languages. This is covered in chapter 6.

5.4 Writing interpreter components

Definingnew operators is straightforward,because the implementationofan interpreter is divided into small parts (the evaluator and operators) with a simple, clearly-defined interface between them. This interface hides decisions about the implementationsof other operators and the evaluator, whileprovidingallthe informationthat is needed to interactwiththem.

An operator definition,as bound to an operator name in a language, is a closure, called in the same way as an evaluator, that is, with the level it is to evaluate as its argument. Thus, both evaluators and operators are writtenas ordinaryprocedures, takingeach one argument. The argument isthe closure that isto be evaluated, and has allthe informationneeded forthe evaluation closed intoit,stored in a standard form. Operator and evaluator closures have no other interface to the rest of the system.

Since itis a closure, each evaluator oroperator contains the definitionofthe language in

83

whichitis written,and contains an evaluatorto evaluate it,evaluators and operators can be written in any language availableon the system. Abase language, containingoperators shadowed bythe meta-evaluator (see section 4.4) is providedand is designed to be suitable foruse in evaluatorand operator definitions. When interpreted by the standard evaluator, procedures written in the base language are shadowed, and so run faster than any other part ofthe tower. The base language is described in chapter 9. The base language operators providebasic flowcontroland providefor locatingparts ofa closuresuch as the argument listofthe procedure being interpreted,and provide reflectiveand other primitivefeatures.

A closure is an interpreter sufficient for interpretingthe level below it if it provides all the operators needed by the evaluator of that level. To maintain also the integrityof the tower for reification, it must include a fullset of reflective operators. When these reflective operators are provided in each level, code reflected intoa levelcan then reflect intothe next level, allowing reflectiveprocedures to capture and pass back reified data through any number of towerlevels:

About to call reflectively to do reification

(let ((a (reify)

Reifier now collecting data from other level

(let ((a...

...(reify)

Reifier has now brought data back to own level

(let ((a (reify)

Here, the actual action ofreify has taken place throughsomething runningin the interpreter, but returningits result to the interpreted program.

Chapter 9 has moredetail about requirements forlanguages used byevaluators. This closure-based structure for callingparts of interpreters simplifies writingreflective interpreter components, because allthe informationneeded is reachable through the level passed as the argument to that part of interpreter. Also,since each level is the base of a tower by virtue of havinga pointerto its evaluator, the informationin the level also includes allthe levelsabove it.

We now give some example operator definitions. Theyare writtenas procedures each

84

takingone argument, the level whichthey are to evaluate.

(defun if (level)

(let ((expr (closure-continuation-expression (level-continuation-closure level)))) (if (eval (substitute-expression level (second expr)))

(eval (substitute-expression level (third closure))) (eval (substitute-expression level (fourth closure))))))

(defun + (level)

(reduce #’+ (map ’list #’(lambda (x) (eval (substitute-expression

(level-continuation-closure

level) x))))))

5.5 The overall structure of the tower

Althougheach individualevelis simple,the overallstructureofthe system iscomplicated. Not only is each level the base of a towerwhichstretches through and beyond the evaluator, but italso has in the language an environmentof closures, each of whichalso starts a tower.

operators

Infact,the structureis morecomplexthanthis, as each levelofeach ofthose side towers willstart a new side tower fromeach of its operator definitionclosures, and so willeach of those

85

in turn—so as wellas having infinitelymany levels, a tower builton this basis has a number of branches—or new towers—coming into existence at each level. As can be seen in the text and diagrams of section 4.5, and as shown again in section 10.1, all of these are connected withthe meta-evaluator justas the maintoweris (and allthose whichare ever used must be grounded—as the details, presented later, of the meta-evaluator willshow, in practice they all have the same meta-evaluator).

Itis through the groundingofallthese side towers that the wholetoweris evaluable, and so we can see that allof these towers must use the standard interpreterat some stage. Since the retreating shadow technique described earlier (see section 4.4) is used when needed, the towers do not need to rejoininto a single tower at the standard interpreter. Instead, as the standard interpreter is infinitelyfar away fromeach level, all the towers go off to the same infinity, in parallel lines.

The meta-evaluator arranges that these parallel lines do meet at infinity, or at least just past the horizon. This is a good way to thinkofthe meta-evaluator. Althoughit makes the lines meet at infinityitalso makes sure that that infinityis justa littlefurtherthan the furthest away that we can see or touch withoutmovingfromour present position. Althoughthe diagram here shows allthese towers as being ofthe same lengthand form,theirlengths cannot reallybe compared (all being infinite)and theirforms mayvary as long as they are allgrounded.

Remember also that the meta-evaluator is alongside allthese towers, rather than just meetingthem attheirinfinitelyfarfarends. One mightperhaps choose toregard the meta-evaluator as the paper on whichthe towers are drawn.

86

Background

There is the multi-dimensionalformofreflection, mentionedin section 4.5, inwhicha program can access its tower’s meta-evaluator as the base of another tower, perpendicular to the first tower. This is usefulforthinkingabout the implementationofthe first tower, because itconnects the tower to the tower’s implementationinmuch the same waythat towerreflection connects a closure to the implementationofits interpretation.Also,each ofthese grounded paralleltowers described above meets its meta-evaluator(meta-tower)at allpointsalong its length.

To include the meta-evaluator in the system, we must give up the first tower’s pretence that there is no meta-evaluator, and providea means forgoing from one tower to the next. This can be done in defining a type for towers, by making the type connect a tower with its metaevaluator/orthogonaltower, and allowingany program to find the largertowerof whichitis part,as described in section 4.5.

87

These links

Since these links lead to the next meta-level,access to furtherdimensions of the spiral of towers can be made possible ifthat is providedin the type ofdata used to represent towers.

5.6 What can we do using this model?

This modelforinterpretationand interpreters bringsin several new possibilities.

• It allowsfullytransparent inter-language calling. This is possible withoutsuch a strongly structured model;itdepends onlyon one area ofthe model,the commondata representation foralllanguages: environmentvariables, local variables, procedure arguments and results, as well as the actual representation of values (integer, real, string, symbol etc), are what matter here. This in itselfdoes not involvereflectivetechniques at all.

• It allowsa language to be extended by the additionof new constructs (operators), usually completelyindependently of other constructs in the language. It also allows existing constructs to be redefined individuallywithoutalteringother constructs.

• Itallowsthe modelofinterpretationto be changed withoutreference to individualconstructs.

Thus, language-independent interpreter modifications(and other tools) may be written: for example, a version ofthe interpreterthat steps througha programunder interactionfromthe user may be written,that may be used withany language inthe system.

• Theinterpreter, whenreifiedorotherwiseexamined isina moresuitable formformanipulation that an ad-hoc interpreter procedure wouldbe. Programs and interpreter of one language may be handled by any language withequal ease, subject to the operations the language provides on values ofthe appropriate types.

88

Anunusual feature ofthis modelofexecutionis the flexibilityofits variablestorage. The values listmay be used as an open stack forstack languages, or used as though a framed stack forlanguages withstack frames. Using itforprocedure arguments and results )as wellas forthe procedure’s local workspace) is done in such a way that the arguments and results for a callee procedure inonelanguage are handled correctlybythe callerwhateverthe caller’s language—even when the callgoes between framed-and open-stack languages.

The environment variables are suitable for most procedural and functionallanguages, and are also usable by deductive languages such as Prolog to hold their bindings(instantiations) in. When a procedure in a deductive language calls one in a functionalor procedural language, instantiations made by the former are visible as ordinary variablebindings to the latter. Likewise, a deductive procedure called from a non-deductive one willsee as instantiations any non-local variablebindings that the latter (and its callers) may have made.

5.7 Summary of mixing languages

As wellas being a reflectivesystem, our system is a mixed-languageone, makingreified languages intopartofthe evaluation data that isavailableformanipulationbyapplicationprograms running on the system.

To make the language a variablepart ofthe context ofa closure,wedividethe interpreter into twoparts, the evaluator, whichis language-independent, and the language.

To do this, we need an abstraction for languages. The abstraction must be general enough to handle most languages reasonably well,and to handle all languages to some extent. Such an abstraction can be devised onlyin conjunctionwithan abstractionforthe programs inthe languages. For the programs,we choose to use parse trees, witheach node being identifiedbyits operator such as if or +,and forthe languages, weuse environments bindingoperator names to operator definitions.

This abstraction makes it easy to add new operators to a language, and also keeps separate the general evaluator, thus making it possible to redefine the evaluator independently fromthe language.

Bymakingthe language (the environmentbindingoperator names to operators) ofeach tower level an explicitpart of that level, we extend tower reflection from being a tool forreasoning about interpretationof programs to also being one for reasoning about languages and their interpretation.

89

“WhenI use a word,” Humpty Dumpty said, in rather a scornful tone, “it means just what I chooseit to mean—neither more nor less.”

Through the LookingGlass, Chapter 6

Chapter 6

Types, abstraction, and representation

We now lookat the abstract types needed to support interpretationin a reflective tower system. Development of the type system for multidimensionaltowers was an importantstep in developing these ideas on reflective interpretation.

6.1 Representing the abstract: concretion and extension

In section 2.9, we have looked at one aspect of the concept ‘intensionand extension’; we have seen itas applied to evaluation of expressions or interpretationof procedures. We now look at this topicin the more general sense of representing any abstract thingsin a computational (or otherwise linguistic)system.

The fundament ofour mechanism forrepresenting thingsis Gödelization—representing each word in a language by a digitin some numbering system (the natural numbers being the commoncase), and each instance ofa linguisticconstructbythe sequence ofdigitsthat represent each ofits components. (Thetechnique comes fromthe workofthe mathematician Gödel [Gödel], whoused itindescribabilityand computabilityproofs.) Anywayofrepresenting something in computer memorymust be a formofGödelization,since whateveris represented must be represented by a pattern ofbit groups, as that is allthat is available.

In sections 2.4 and 2.8 the ideas of program as data, language and evaluator as data, and evaluation (an activityor process) as data were presented. Allofthese are builton forms of Gödelization,and presuppose the facilityforrepresenting programs and mappings as part of the applicationdomain of a program.

90

91

Gödelization of processes

In lookingat intensionand extension, we saw that a procedural representation (whichis intensional) for a process becomes a representation of a real (grounded) process only when an evaluator builtof,orupon, an entireextensionaldefinitionofthe process ofinterpretationis applied to it. (The representation of application(l -substitutionis a suitable model forapplicationhere) is the substitutionofa number encodinga formalparameter withthe number representing the actual parameter.) However, the evaluator must also have an intensionalprescription (whichis what is applied to the evaluee) as wellas an extensional definitionor implementation.

Thus, somewhere withinthe system there must be a linkbetween the intensionand the extension ofthe evaluator, thatallowsthe evaluator inturntorealize the linkbetween the intensional prescriptionof a procedure and the extension of it—a process performingthat prescription. What is the nature of this link? Is itextensional? Yes, because a prescription of its function,given an oracle [Turing], can be written. Howis the extension ofthe linkprojected onto the link’s intension? Byanother such link—and this is part of the descriptionofthe link.

The example above, of representation of procedures, shows the representation of one abstract thing(a procedure) being used as a concrete implementationby a context-providerthat already has a concrete (extensional) implementationitself. Althoughmost of this thesis is concentrated on representing the abstraction ofprocedural interpretation,the same ideas apply more widelyto representing abstract things,including,naturally, concrete things rendered representable linguisticallybygivingnames (abstract) to things(concrete) in a computer(orother linguistic)system.

Asalready described in sections 2.4and 4.6, the linkbetween the encodingofsomething as a Gödel number and the use of that number to mean that thing can be supplied only by the user (reader) of the Gödel number. Since we make the user—the supplierof extensionality—be the shadow (extension) ofa furtherintensionaldescription (Gödel number) intowhichthe original number is applied (substituted), the user remains hidden: the meaning cannot be found fromthe intension alone. For example, given just the intensionrepresented by the word‘skip’,we cannot find its meaning. Givena provider of extension that maps this wordonto something (an English dictionary, say; or perhaps a Norwegianone; the twowillmap ‘skip’onto quitedifferentextensions, although the word‘skip’is spelt the same way)we can then find an intensionforthis, ifwe choose to use the dictionarythisway. If,on the other hand, we use the dictionaryonlyto providea textual substitution,we simplyprovideanother intension (‘smalljump’in one case, ‘storesjøfarende båt’

92

in the other), whichin turneither can be understood to represent an extension, or transformedby substitutionintoanother intension, such as, respectively, ‘små hopp’and ‘largeseafaring boat’.

In general, representation of the abstract requires a scheme for representing values outside the system by values inside it,witha mapping being defined between each representable value outside the system and the correspondingrepresentations withinit.

The ‘system’ referred to above is a level of interpretation, to which an interpretation may be given intwoways: the extensional interpretationinterms ofexternal values, as mentioned above; and an intensionalinterpretationgivenbyanother levelofinterpretation,to whichthe values in our originallevel are the outside values as referred to above. For example, the frequency of an electricalsignal may be represented as a number ofcycles per second, and that number may be represented indigitalapparatus bya bit-pattern,whichmay be represented in electronicdigital apparatus by a pattern of voltages.

Inthissequence ofabstractionfiinterpretation mappings, wesee a towerofmeta-circular definition appearing, much like the tower of interpretation. Each type of value at one level is represented bya value ofsome type at the level above, and these types are in some way related. (There is general reviewof types, the need fortypes, and the use of types in representation, in [Cardelliand Wagner].)

Is this tower of types also a reflective tower? Yes, because the types used to describe a level of types may be brought intothat level, and types may be moved up and down the tower. Meta-towers oftypes, describing the mappingof types between levelsof types, may also be constructed, and brought into the towers. This reflectionis notprocedural—nothing happens in it;nor is itprescriptive—it does not prescribe instructionsfordoingsomething; itis representational and descriptive.

These towers ofrepresentation, likeother towers, have theirmeta-levels linkedbyshadowing;an intensionaltype tower (described in terms ofits structure, and then in terms ofits structure’s structure, and so on) may be described withoutinfiniteregression by an extensional type (describingwhat the type means to an outside observer).

Substitutingdescriptionforprescription,wefind that not onlyare these representational towers isomorphicto procedural towers, butalso that each procedural toweris backed by a representational tower, whichis more fundamental,in that allprocedures require representation, but no representation requires a procedure.

There is a link between each level of the procedural tower and the level of the type tower that describes its types. This link,naturally, has a type element to itand also a procedural

93

element: it is an environment (lookup table) mapping types to procedures for evaluating values of those types. This environment—the type-evaluators—is covered in more practicaldetail in section 7.3.

Gödelizing the infinite tower

What liesbeyond the type tower, as we bringthat intoour system (that is, Gödelize it— give ita Gödel number, or encoding)? Whatrepresents the representation ofthe representation? This is the meta-towerof the tower oftypes. Using this, we can continue our Gödelizationof the abstract things underlyingprocedurallydirected evaluation. We can also Gödelize this encoding itself, and yet stillnot describe in fullits connection with the ground [Gödel], because from this intensionalviewpoint,we can never create an extensional viewor definitionofthe system.

Inthe discussion above, wehave taken Gödelizationas the basis forrepresenting values ofany type (includingtypes). Howcan wedescribe a toweror a meta-tower, given that each tower in a meta-toweris infinitelylong, and there are infinitelymany ofthem? Does this require infinitely long Gödel numbers, or may werollup the boringsection ofthe tower, and encode this as such in the Gödelization,as isdone incomputermemoryas showninsection 4.2? Doessuch an approach even workin this rôle?

It is possible to bring these two approaches together, by allowingGödel numbers for meta-towers to use not onlythe naturalnumbers fortheirdigits,but also transfinitenumbers (ifthe type we use to support the use ofdigitstrings as numbers allowssuch a mixedpolynomialas a number). In the first towerin the meta-towerwelabel the levelsas 1,2,3…. This is infinitelylong, and wecan write,inplace ofan infiniteseries ofnumbers (the boringsection ofthe tower)a single transfinitenumber (the meta-towershadowing the boringsection ofthe tower).Thus, wenowrefer to the wholetoweras w.

The meta-towerof thisfirst towerhas levelw as its first level,and welabel the following evaluator levelsas w+1,w+2,w+3…. Takingthismeta-tower, and writingoutits boringsection in detail, we have another infiniteseries of numbers, and can do the same kindofsubstitutionagain, writing2w forin place ofthe series w+1,w+ 2,w+3…, and startinga new tower, withevaluator levels 2w + 1,2w + 2,2w +3 ….

This infinite series can itself be represented as a meta-tower (as represented by the diagrams in section 4.5), and we label this meta-toweras w2, and its successive meta-evaluator levels (drawn as gray rods in the diagrams) are w2+ 1,w2+ 2,w3+1 ….

94

6.2 Requirements for the type system

Having explored the ideas behind the type system, and its connection with evaluation, we now look at what must be provided in the practical type system that we use in implementing the tower system. As concrete examples, we present several of the types used by the evaluator and meta-evaluator in Platypus.

Static and dynamic typing

We use a dynamictypesystem; a statictypesystem wouldhave difficultywithinterpreters being able to pass around objects of arbitrarytypes forwhichtheir subject programs have called, particularlywhen the language being interpreted provides dynamictyping. Dynamictyping being more flexiblethan static typing,it also can be used to support staticallytyped languages without change.

Kinds of values

The values in a towerreflection system may be seen as being oftwo kinds:

• the values present inany ordinarycomputingsystem, such as numbers, characters, strings, pointers, structures, listsand arrays

• the values concerned withreflection,such as closures, levels, activationstacks, expressions, towers, value listsand environments.

To be able to performcomputations on values of either kind, we must have operations handling values of the types concerned. Whether the values are concerned with reflection or not is not pertinent to howwe handle them, and no types used here are inherentlyreflective.

There are two groups of types that we must consider, classified according to whether values of that type may be dividedintoseveral parts:

• simple types (such as numbers)

• compound types (such as vectors and structured records)

95

Simple types

In principle, there are two kinds of simple types (although in practice both are usually represented bynumbers):

• those in whichthe possible values are related to each other in some particularway, and in whicha value can be produced fromother values (such as numbers);

• those in whichvalues can onlybe created, and compared forequality(tokens). Since tokens can be implementedthrough simple use of integers, we willnot providethem separately. (Infact, to givetokens convenient textual names, we use keywords, as used in Common Lisp [Steele 84, Section 11.6]. We also use the substrate Lisp’s symbols in general as tokens for lookupin environments.)

Likewise,logicalvalues can also be represented as a range of integers, although their meaning is sufficientlyspecial that wewillcould them appear as a distincttype (infact, forconvenience, theyare implemented compatiblywithLisp,usingthe symbol t fortrue and the emptylist nil forfalse).

Compound types

Acompound type is one in whicha value of that type may be separated intoelements. Each element may be of either a simple or a compound type. We select an element of a value of a compound type byits index, whichis of a simple type.

There are two kindsofcompound type: • those in whichthe index is a number (vectors, arrays);

• those in which(inthis system) the index is a token (structured records)

Since, as noted above, tokens can be implemented as numbers, structured records can be implementedas vectors. Inthissystem, the vectorrepresentation underlyinga structured record is visible,althoughnotused as the usual routeto access the data inthe record. Inthe Lispversion of the meta-evaluator, records are represented bydefstructed objects in Lisp,whilein the C version of the meta-evaluator, the array formof record is explicit,although usually concealed through a collectionof macros. Such shifts in the nature of the same type are covered in more detail in section 6.5.

Note that, liketokens, vectors maybe compared forequality, butnot compared fororder.

96

6.3 The structure and content of our type system

The above considerations give us three fundamental types:

• truthvalues

• numbers

• vectors

Withthese, we can performallthe operations ofconventionalcomputingsystems, apart frominput and output, whichwe assume are done forus by operators at the next levelup, whichwe willnot try to analyze. We must also providesupport forthe types needed forreified state values. This is done through the types that we already have, as they are expressive enough forthis.

Certain types are particularlyimportantin the evaluator and meta-evaluator, as they describe the values that these procedures handle directlythemselves. The rest of this section lists and explains these types.

The type type

The first type to describe in a listof types is, naturally, the typeforvalues that represent types—that is, the type of the tags in our dynamic type system. The main use of these is to identifyhowto evaluate something. Since this maybe differentinany number ofdifferent contexts (such as differenttower levels, or an evaluator and the correspondingmeta-evaluator) itis neither appropriate nor even possible to buildthe evaluation technique intothe type (itis not the same as class methods in an object-oriented system, as they have only the one context for each type of evaluation). Instead, we simplyuse the type of an object as a key to look up in an environment (such as a type-evaluators environment,as mentioned later in this section and in section 6.4, and also in sections 7.3 and 11.1). It is appropriate, therefore, fortypes to be represented simply by names. Anyinformationdescribingsome aspect of the type may be foundby lookingthat type name up inthe appropriate environment.

The closure type

Aclosure is a structured record, containingthese elements:

• evaluator: a (pointerto a) closure, containingthe same kinds ofelements as this one…

97

• type-evaluators: a structuredrecord implementingan associative mappingfromtypes (which are denoted by their names) to closures

• language: a structured record used to implement an associative mapping from operator names to closures

• expression: either compoundorsimple; thisis intwoparts, the continuationexpression and the procedure expression, as explainedin section 3.1

• values: a vector ofanything

• environment: a structured record implementingan associative mapping from names to values; there are reallytwoenvironments, the lexicaland the dynamic

• original: the inactiveclosure ofwhichthis is a copy

• level: a pointer back to the levelwhichcontains this closure The original field exists to speed comparison in the meta-evaluator. For itto determine whether a closure is an instantiationofa closure that is shadowed bya kernel primitive,the meta-evaluator looks up the originalfield of the closure in the table (shadow map, an environment)of closures that itknows to be shadowed. The originalfield is copied when a closure is copied, and changed when the closure is changed.

The alternative to having an original field is to compare the contents of closures to determine whether they are the same—a potentially time-consuming task. An idealized implementation mightdo such a fullcomparison, in terms ofwhether two closures willhave the same behaviour; howeverthisis notnecessarily possible to determine, sinceitcannot even be computed whethereach ofthem willterminate. The original fieldgives us a very quickindicationofwhether the closure is stillidenticalto the (possibly)shadowed one fromwhichitwas instantiated. This test is also fail-safe;itcan indicate that the closures are differentwhen they are stillequivalent,but will never indicate that they are equivalent when they are not.

Closures have tworôles: when instantiated and made part ofa tower they are buildingblocks for the state of a computation. Before instantiationthey represent a stored program, and are copied fromthis formintothe running closures on the stack bythe procedure callmechanism, as described in section 3.4.

Manyof the data structures used in Platypus contain many parts of the tower. In particular, the value list ofa closure (its arguments, workspace and results) willcontain wholelevels

98

of interpretationifthe closure is an evaluator. Because of this, we printsome of Platypus’ data structures in very limitedways. For example, closures are printed likethis:

#<{closure 244 (pr 1)

expr: { EVAL-IN-CL{ QUOTE { PROGN

{ LOAD"pl-in-cl.lisp"} { LOAD"griss.lisp"}}}} vals:#<[7: 20 (IF (EQUAL(LISP-VARIETY)"Platypus")

(PROGN

(LOAD"snark-interpreted.lisp"

"snark-interpreted.out") (EVAL-IN-CL(QUOTE (PROGN

(LOAD"pl-in-cl.lisp") (LOAD"griss.lisp")))))) #<File stream "griss.out"> #<File stream "griss.lisp"> NIL "griss.lisp" "griss.out"]> }>

The value list type

Avalue list is an extensible vector ofvalues. When a procedure is called, the value list contains the arguments to the procedure. The procedure, while executing, uses it to hold local variables. When the procedure returns, itwillhave filledthe value listwiththe results. (Likesome Lisps [Steele 84], and PostScript [PostScript], our language modelallowsformultipleresults.)

Platypus printsvalue listsas shown in the closure displayed above.

The environment type

Anenvironment isused to map names to values. Inthissystem, weuse an environment representation based on hash tables, with lists of previous values. This is known as shallow binding. In shallowbound systems, each symbol (name) holds its value directly;this is suitable only for systems with a very small number of environments (typicallyone or two, as in Lisp and other languages). Old(hidden) bindingsare kept on a list, much as fordeep binding.

In other systems, environments are represented as lists of name-value pairs, either as property lists or association lists in Lisp terminology;this is called deep binding. Athird

99

possible representation, combiningsome ofthe values of each, is described in [Padget].

Anotherpossible representation ofenvironmentsis procedural,as described in[Danvyand Malmkjær 8?], and thisappears as a possible alternativeimplementationofpartofPlatypusinsection 7.4, page 119.

Deep bindingis suitable forsystems withmany environments, but searching the binding listmaybe slow. Platypususes manyenvironments, such as the language and type-evaluators of each closure, and it uses them intensively(one or two lookups forevery step of interpretation at each levelconcerned; see section 7.3), so speed of lookupis critical.We use a representation using a hash table (as provided by Common Lisp, our substrate implementationlanguage; see [Steele 84, Chapter 16])to hold the currentbindings(much likeshallowbinding,but notstoringthe values actuallywithinthe symbol)and association liststo hold the saved (hidden) bindings.

The avoidance ofbuildinga value slotorslots intoeach name (names are simplytokens, or symbols, whichmay be compared only forequality) allowsus to use things other than proper names as the names, or keys, in environment lookupoperations. This provides more flexibility— importantin a mixed-language system, as, forexample, in PostScript’s dictionariesthe keys may be ofany type—and also allowsmoreconsistency between the evaluator and the meta-evaluator, as the shadow map maps closures to shadow-closures justas type-evaluators and language environmentsmap names to closures—in effect a shadowed closure is a name forits shadow, in the sense that the appropriate environment(orcontext) is requiredto find froma meaning at one level the corresponding meaning in another level.

The expression type

There are several kinds of expression. Acompound expression, often just called an expression, is a vector of values. Each value in it is called a sub-expression. Sub-expressions are normallyconstant, although theycan bychanged throughreflection intothe expression. Each expression contains

• a first sub-expression called the operator of the expression. When the expression is taken in the context of a closure (whichitnormallyis) this is a name, naming an operator closure in the language ofthat closure

• other sub-expressions, evaluated under control of the closure named by the operator, as arguments to the operator

100

References to variables are also a kind ofexpression, usuallyappearing as not as toplevel expressions but as sub-expressions of a compound expression. Two types are used in the implementationsin this thesis:

• local variable names, whichare distinctlytagged integers indexingintothe value list from the extensible end;

• variable names whichrepresent textual names oflexicaland dynamicvariables.

Other things,such as numbers and stringconstants, may occur as expressions, and are allusually treated as literalconstants.

The printed formof expressions is as shown in the expressions appearing in closures and levels and towers inthis section. Non-localvariablenames are printed as textual names, and local variables in the form#<local-2>, where the number of the local counts fromthe extensible end of the stack, such that the top ofthe stack is referred to as #<local-0>.

The level type

Allevaluations occur in the context ofa level. Everylevel always has a current closure, and itis in this that the evaluations withinthe level occur; this is also where most of the context is held. The level serves to hold the current closure of the level and the list of those saved by funcall operations, and also to connect the level withthe tower of whichit is part, and thence to the meta-evaluator(or meta-tower)withinwhichthat level belongs. (Thelinksfromone level to those above and below it,as discussed in section 4.2, are part of the closure, not of the level,as it is appropriate for these to be closed into particular procedures, and thus to be changeable by reflection to those procedures.)

Alsoin the level is the template closure, used when instantiatingan inactiveclosure (as described in section 3.4) intothislevel.

The components ofa level are as follows:

• tower: the tower ofwhichthislevel is part.

• call-record-stack: The listof saved closures executing in this level. The frontof the list is the current closure.

• template-closure: The closure used to fillin defaultfields when instantiatinga closure.

101

The tower field is not needed fora one-dimensionaltower, but is necessary whenthere is a choice ofmeta-evaluators, and the meta-evaluatorfora tower is part ofthe reified state ofthe tower.

In Platypus, a level is printed likethis:

#<{Level running 244:

{ LET-LOCAL { NIL

{ OPENIN#<local-2>}

{ OPENOUT#<local-4>}} { WHILE{ NOT#<local-2>}

{ LET-LOCAL{ { READ-FILE#<local-2>}}

{ PRINC"in: "} { PRINC#<local-0>} { TERPRI} { SHOW-STATE"file loop"} { LET-LOCAL{ { EVAL#<local-1>}}

{ PRINC"out: "} { PRINC#<local-0>} { TERPRI} { WRITE-FILE#<local-2> #<local-0>} { WHEN{ EQ #<local-0> :QUIT}

{ SETQ#<local-4> T}}}}} { CLOSE#<local-0>} { CLOSE#<local-1>}} on args}>

The tower type

Just as a levelholds a stack of closures, a tower holds a string oflevels, and also a link to the meta-evaluator. This linkconsists ofthree fields:

• meta-evaluator: The meta-evaluator ofthis tower, as explained in sections 4.5 and 11.1;

• type-shadow-map: Amap fromtype-evaluators—procedures that implementthe evaluation ofeach type, as mentioned above in the section on the closure type—to their shadows, as described in section 11.1.

• operator-shadow-map: The operator shadow map, mapping operator procedures to their shadows, also described in section 11.1.

102

As wellas the linkto the meta-evaluator, there is a linkto the next dimension of evaluation, the meta2-evaluator, represented as the grey rod in the centre of the spiral in the diagram on page 67, and as w2 + 1 in section 6.1. (A further mechanism, which I have not researched in detail, is required foraccess to the rest of the series that begins w2… , ww… , www…).

A tower is a complex data structure, and describing it in detail can take considerable space. In practice, itturns out that the most useful part of it to printis the program itis running; when workingwithmeta-towers, itmayalso be usefulstandard evaluator (whichwillvary between meta-towers). Atower is printed likethisin Platypus:

#<{tower with standard evaluator

{ LET #<<evaluation-point>>

{ { TYPE-EVAL

{ LOOKUP

{ TYPE#<local-0>} { LEVEL-TYPE-EVALUATORS#<local-1>}}}} { IF TYPE-EVAL

{ FUNCALLTYPE-EVAL#<local-0> #<local-1>} #<local-0>}} and program

{ LET-LOCAL #<<evaluation-point>>

{ NIL { OPENIN#<local-2>} { OPENOUT#<local-4>}} { WHILE{ NOT#<local-2>}

{ LET-LOCAL

{ { READ-FILE#<local-2>}} { PRINC"in: "} { PRINC#<local-0>} { TERPRI} { SHOW-STATE"file loop"} { LET-LOCAL

{ { EVAL#<local-1>}} { PRINC"out: "} { PRINC#<local-0>} { TERPRI} { WRITE-FILE#<local-2> #<local-0>} { WHEN{ EQ#<local-0> :QUIT}

{ SETQ#<local-4> T}}}}} { CLOSE#<local-0>} { CLOSE#<local-1>}} }> Note that since this tower is being evaluated at the time, it has closures with their current ex-

103

pressions being different from their procedure expressions. The current expression is always a sub-tree of the procedure expression. It is marked in each of the expressions above with the marker #<<evaluation-point>>, which is not represented as a value in its own right;it is an artefact of printinga closure’s two expressions together, being printed when recursive printingof the procedure expression reaches the same point(eq in Lisp)as the continuationexpression.

6.4 Types and evaluation

The typesystem ofa language is an importantpart ofthe language, perhaps as important as the range of statements available. Thus, it is important for a mixed-language system’s type system to be flexibleenough to meet closely the needs ofmany different languages, whilehaving enough consistencyofitsownto allowthe passing ofvalues compatiblybetweenprocedures written in differentlanguages, as wellas up and down the toweras described insection 6.5. This isone of the reasons why itis importantforsystems such as Platypus to use dynamic typing;static typing is simplynot flexible enough to support a system in whichany level contains a dynamicallytyped language.

To make the evaluatorflexibleenough, itis parameterized bythe type-evaluators field of the closures itevaluates; thiscontains an environmentbindingtype names to the closures used to evaluate things of each type. The use of this field is described furtherin section 7.3. There is a shadow map (see section 4.4) corresponding to this and used by the meta-evaluator (see section 11.1, page 168). Types not mentioned in the type evaluator shadow map are evaluated by interpreted procedures, so it is not necessary forall types to be known ab initioto the metaevaluator—new ones may be added at any time at any level.

Usingthisapproach, notonlydo wemakethe evaluator extensibleto coverthe additionof new types, butitalsotakes ona moreconvenientformforreificationand reflection,as the evaluator fora particular type may be foundand replaced simplythrough access to the type-evaluators environment. Atan earlier stage in the development ofthe evaluator, there was a Lisptypecase statement instead ofthe lookupand funcallwiththe type-evaluators environment;a change in the evaluation ofone type required replacement ofthe wholeevaluator.

104

6.5 Types and level shifts

Values maybe passed up and downa tower. Since the meta-evaluatordoes notchange the values it transfers from one level to another, values passed between levels keep the same intension (representation) while possiblyhaving different extensions (meanings). For example, bignums may be numbers at a lower level, and arrays of numbers at some higher level. Atthe hardware level,whichis the highest level, they, likeallother values, willbe wordsand bitpatterns.

In C-Platypus, all types withinthe tower map onto quite different types in the metaevaluator: allvalues map onto structures containingdata words and associated tag (type) words; booleans map onto numbers, structures onto arrays, and so forth. This is an example of howthe type shifts between levelsof a tower are differentto type shiftsthat go in and outof the tower.

In Platypus89, in which the substrate language is Common Lisp, the meta-evaluator and the tower contents both use the type system of Lisp,and there is no shift in the meaning of each representation (withthe one exceptionthat string-characters are used to index variableinthe local stack frame, as they are distinctlytagged small integers—Common Lispdoes not allowthe definitionof new varieties ofatomictypes). The use ofthis is shown in section 7.3.

In Platypus, values normallyhave the same extensions at alllevels of the tower, which has removed a possible source of complexityand of inaccuracy. Allvalues also have the same intension (representation) both in the form in whicha higher level uses them, and in the formin whicha lowerlevelobtainsthem throughreifiers. Thismeans thatreifyingand reflectinginformation do not change the representation. This is an importantdesign pointin Platypus. Some reflective systems (such as SmallTalk-80[Goldbergand Robson])hold reifiabledata in a differentformfrom that in whichitis passed back through reifiers. For example, a reifierfora stack frame object in such a system mightconstructthe object froma real stack frameto pass itbackto the program;the real raw stack framemightbe in a unsuitable form(perhaps outside the typesystem) forhandling as reified data. Inthe corresponding example inPlatypus, the real stack frame is passed back by the reificationof a stack frame. To make this practical, the stack frames must be kept in a form suitable both forprogram execution and formanipulationas reified data.

There are advantages and disadvantages of translating the data between formats like this. Among the advantages are that the reified form might not be suited for efficient program execution, in whichcase separating the representations allows the formused by the evaluator— the reflected form—to be designed purely with efficient evaluation in mind;and that levels (and other structures) that have to be realized (as described in sections 4.4 and refunrollmech).

105

Whether or not the mappingbetween intensions at adjacent tower levels is the identity mapping may be used as a way to classify level shifts into one of two forms. Level shifts in which this mapping is an identityare closer together than those forwhich reifiers must alter the representation, as less workneeds to be done to move informationbetween the levels. Thus, it may be expected that the first level shiftin each tower ina meta-tower(see section 4.5) may well change the representation, but others willnot. Atthe lowerend ofthe meta-tower, thiscorresponds to the extensional shiftbetween the problemdomain—the external real-worldmeanings—and the computational domain of manipulable values. In general, changing the extensional meaning is useful in implementinga tower (the representation may change between the tower and its meta interpreter)butis notparticularlyusefulwithina tower, where itis moreusefulto pass data between levels readily.

Aslevels share a type system, and can pass data to each other, theyalso share a structural field—they can share data withno need to transformitas they pass itamongst themselves. Andyet, theyalso each have theirownstructuralfields, as the levelinterpreted byeach interpreter is the structuralfield ofthe level above itand as each level can access allother levels, the whole tower (ormeta-tower)is the structuralfield ofeach component—and thisincludes that component itself.

Whatever the form of the shift between intensions at different levels, there must be a defined mappingto do the shifting.Withoutthis, the towerwouldbe broken forpurposes of reification and reflection,and could onlybe used forinterpretation,imposinga one-way restrictionat one ofthe levelshifts. This is done deliberatelyin implementingthe meta-evaluator inC-Platypus, to ensure that the meta-evaluator alwaysremains hidden fromthe tower.

In making representations compatible between levels, we also make them compatible between the languages ofeach level,mentionedas a requirementin section 5.3. Thismay require some flexibilityin matching the underlyingrepresentation to each language. For example, some languages, such as Lisp,do not have a distinctboolean type, and others, such as C, do not have bignums (digitstring arithmetic),and yet itmight be appropriate to provideforthese in the base language and the standard interpreter. Fortunately, the common grounds of computabilityand computer architecture have pushed language designers’intuitionstowarda reasonably consistent central set oftypes (such as integer, boolean, string,array, record).

Witha common type system, routines writtenin different languages can pass data between themselves withouthaving to make any modificationor translationto the data. This keeps inter-language callingequivalentto intra-language calling.

106

6.6 Summary of types, abstraction and representation

The ideas behindthe towers’type system are importantinunderstanding towerreflection. Types are an essential part ofthe way werepresent values, and the mappingfromone towerlevel to the next is a representation of a value in one system by a value in another. The basis for representing values in a computer is Gödelization,in which digits in numbers denote words in a language.

The type system we use must allowthe representation ofprocedures and of procedural evaluation, as well as the representation of the application’s problem domain. It must also be possible to represent the infinitetowers and meta-towers used in reflectiveevaluation.

The system must provideoperations on types concerned withreflection (thatis, types for objects representing parts ofthe tower)as wellas forthe types ofobjects normallyhandled by an interpreter. We dividetypes intotwo kinds: simple and compound.

Afew types are of particular importance in a reflective tower. Closures are the central type. Other importanttypes include expressions, environments and value lists.

As informationis moved between levels, its representation may be changed, although in Platypus itis not changed. The meaning of the same informationmay be different at different levels even when the representation is the same.

Althoughthe meaning and representation of informationdoes not normallychange between levels of a normal tower, it may wellhave to change in going between the tower and the meta-evaluator that implementsthe tower.

107

The shop seemed to be full of all manner of curious things—but the oddestpart of it all was that, whenever she looked hard at any shelf, to make out exactly what it had on it,that particular shelf we alwaysquite empty, though the others round it were crowded as full as they could hold. “Thingsflow about so here!” she said at last in a plaintive tone,after she had spent a minute or so in vainlypursuing a large bright thing, that looked sometimes like a doll and sometimes like a work-box, and was alwaysin the shelf next above the one she was looking at. “And this one is the most provoking of all—but I’ll tell you what—” she added, as a sudden thought struck her. “I’llfollow it up to the very top shelf of all. It’ll puzzleit to go through the ceiling,I expect!”

But even thisplan failed: the “thing”went through the ceiling as quietly as possible, as if it were quite used to it.

Through the LookingGlass, Chapter 5

Chapter 7

The standard evaluator

The essential rôle of the evaluator is to evaluate the expression of a level in a context provided bythe informationin that level. To do this, itmust

• find the type ofthe expression

• lookthe type up in the current closure’s type-evaluators environmentto find a type evaluator

• applythat type evaluator tothe expression and the level(the levelbeing passed into provide the context forevaluatingthe evaluand expression)

and then, ifthe expression is a compound expression (likea listin Lisp),itmust

• find the current operator, fromthe expression tree of the levelitis processing,

• lookthat operator up in the current closure’s language to find an operator definition

• apply that operator definitionto the expression and the level

Avery simplefunctionproves to be allthat is necessary both forinterpretationofthe levelbelowit and forpreservation ofintegrityup the tower. This chapter presents and explains that function.

7.1 A general evaluator

The evaluator functioniscomplicatedslightlybybeing both an expression evaluator (like Lisp’s apply) and a general evaluator (like Lisp’s eval), used for example, for variable lookup.

108

109

This was not the case in early stages of this work,but turned out to be the cleanest way of making controlof evaluation easy to reflect into. Withoutthis, certain changes (forexample, between different forms of variable binding) wouldbe much harder to reflect in to the system, and could even involvetwo levelsofreflection instead ofone (whichpotentiallytakes a considerable penalty from performance, as the interpreter’s interpreter is interpreted by the meta-evaluator, instead of the program’s interpreter). Analternativeto makingthe evaluator be a general evaluatoris to have several specific evaluators as fields ofeach closure; a tidyformofthis isto have a map fromtypes to evaluators—in effect a language whose operators are type names and whose operator implementations are type-specific evaluators. This map is the type-evaluators field of the closure structure, as mentioned in sections 6.3 and 6.4. It is onto thisform which,after experimentation, the implementationin this thesis settled.

7.2 The structure of each level

Using the model of procedure callingdescribed in section 3.4, we make towers in the followingoverallform:

(defstruct tower

meta-evaluator operator-shadow-map type-shadow-map base-level standard-evaluator-closure)

where the meta-evaluator fieldis the procedure that makes the towerrun, and the shadow-maps are used bythe meta-evaluatoras described insection 10.6, as isthe standard-processor-clo-sure. Thebase-level is the first levelinthe tower—the applicationlevelthat the towereventually interprets.

Withinthe tower, the formofa levelis:

(defstruct level

tower call-record-stack template-closure)

The tower component allowsanythingthat has access to the level to access the meta-evaluator (and hence the meta-tower)ofthe level. This isone ofseveral cycles ofreference withinthe tower,

110

that make itpossible to go fromone partofa reifier’s result to another, as wellas being used bythe evaluator and meta-evaluatorin evaluatingthe tower. The call-record-stack is the succession of saved procedure activations, which are saved as closures, and the template-closure is a closure whichis copied when a new closure is to be made in that level, before fillingin any of its slots with more specific values. For example, it has as its evaluator by default the standard evaluator ofthat tower.

In each level of the tower, the call stack is made up of closures, each of the following form:

(defstruct closure

evaluator type-evaluators language procedure-expression continuation-expression values lexical-environment dynamic-environment original level number)

Theevaluator closure,the type-evaluators, language environments,the procedureand continuation-expressions, and the values and lexical- and dynamic- environments components ofthe closure are as already explained. The original is the closure ofwhich this one isan instantiation.Itis used bythe meta-evaluator tofind whetherthe closureis one that itcan interpret directly, as explainedin sections 10.6 and 10.6. Ifthe closure is changed by reflection,its original fieldis altered to pointto the closure itself,so that, if the closure had been shadowed, it willno longer be recognized as being shadowed (since the shadow willno longer apply). The level is the level ofwhichthis closure is part. Not onlydoes this giveaccess to other parts ofthe level, but also through the level itgives access to the tower and thence to the meta-tower. The number is there to identifythe closure, for the implementor’s convenience. It is a reliable way of testing whethertwoclosures are the same. The numberis issued froma counter whenthe closure is created, and when a modifiedcopy ofthe closure is made, the new one gets a differentnumber.

111

7.3 The standard evaluator code

The standard evaluatoris a procedure whichembodies very littleevaluationstrategy and no language-specific features. Unlikea Lisp evaluator, itdoes not evaluate the arguments to the procedures that itinterprets, as explained in section 7.5.

As mentioned in section 7.1, the standard evaluator is also the general evaluator. To combine the rôles oftowerlevelevaluator and general evaluator, the evaluator switcheson the type of its argument. Towerlevels are processed, literalsare returned unchanged, variablereferences are looked up in the environment,and expressions are evaluated by saving the old expression in the context level and recursing to evaluate the context level with the new expression temporarily in place ofthe oldone. The switchingis done bylookingup the name of the type ofthe argument, in an environment (the level-type-evaluators of the closure-level of the closure) defining how to evaluate each type of object. The values bound in this environment are closures taking as their arguments the thingto evaluate and the level in whichto evaluate it. This is very similar to languages, whichbind operator names (effectivelynode sub-type names) to specific evaluator closures.

An earlier version of these routines did not have the type-evaluators environment, but used a single routine containinga Lisptypecase form,in whicha fixed set of evaluand types were handled directly. This made ithard tochange specific parts ofthe evaluationstrategy through reflection; the new system is at a better granularityfor manipulatingparts of the interpreter, just as the “environmentofoperators”view oflanguages is easier to handle and extend than a single procedure forhandlingalltypes ofexpression or statement.

Here followsthe code ofthe standard evaluator, writtenin the dialectof Lispthat is used as the base language ofthe system (see chapter 9) withthe additionalsyntax oflabels in square brackets forpurposes of explanation(also referred to in a later chapter).

The standard evaluator itself

The standard evaluator is a simpleprocedure whichselects otherprocedures to evaluate its argument accordingto their type. This means that ithas verylittleevaluation strategy builtinto it;the strategy foreach type ofargument is defined ina separate procedure, and these procedures are accessed via the level-type-evaluators environmentin the level—a form convenient for reifiers to change the evaluationof particulartypes ofvalue.

Some of the accessor macros in the functionspresented here appear to present as part

112

of the levelfields whichthe previoustext has explained as belongingto closures. These accessor macros (such as level-language) refer to the correspondingpart ofthe closure at the top ofthat level’s callstack.

The definingformdef-unclosure, whichis explained in section 11.6, constructs a closure record, but does not close in all ofthe usual parts of a closure; those whichare not defined at this time (such as the dynamic environment) are added to the active copy as the closure is instantiated.

(def-unclosure standard-evaluator (anything background-level)

;; "The standard standard evaluator." (let* ((type-eval

(lookup (type-of anything)

(level-type-evaluators background-level)))) (if type-eval

(funcall type-eval anything background-level) anything)))

The standard evaluator is called withtwo arguments, the thingto evaluate and the level whichto use as the context forthat evaluation.

It finds the type of the evaluand and looks it up in the level-type-evaluators environment ofthat levelto produce the closure used to evaluate objects ofthat type. Itthen callsthis closure. Ifthe closure is not supplied, the evaluand evaluates to itself.

Amore flexiblealternativeto this strategy, used in a furtherrefinement ofthese routines presented at section 7.4, is foreach environmentto contain, as wellas its set of bindings,a value to return foranyunbound names. Thisallowsthe ifs and their else clauses be removed fromthe general evaluatorand fromthe expression (list)evaluator, and also makes iteasier to specify(and change reflectively)the default actions in these cases. Such flexibility, and fine granularity, are to be desired in reflectiveinterpretationsystems. Althoughthe larger number of smaller procedures makes formoreoverhead inprocedure calling,the potentiallysmaller amountthat must be changed to implementevaluationfeatures reflectivelymeans that a larger amount willstillbe shadowed, so at a smallcost to the speed ofthe fullyshadowed system, the overallspeed ofreflectiveevaluation is likelyto be better than that of the system withcoarser granularityand fewer procedure calls.

The followingfunctions are called to evaluate particular types of evaluand. They are bound to the type names by the level-type-evaluators environment of the level that uses

113

them. Each one takes the evaluand as its first argument and the level in whichto evaluate itas the second argument.

The symbol evaluator

Asmentionedinsection 6.3, localvariablesare represented notbysymbolsbutbyindices intothe valuelist. Symbolsare used fortypeand operator names, and to name non-localvariables. It is the non-localvariables that are implementedby the symbol evaluator.

The symbol evaluator handles both lexical and dynamic environments; if a symbol is bound dynamically, that binding is used, otherwise the lexical bindingis used. (This is easily changed byuse ofa reflector to re-bindthe symbol symbol in the level-type-evaluators environment of the tower.)

(def-unclosure eval-symbol (symbol background-level)

(cond ((eq symbol t) t) ((keywordp (the symbol symbol)) symbol) (t (let* ((dynamically-found

(lookup symbol

(level-dynamic-environment

background-level)))) (if dynamically-found

dynamically-found (lookup symbol

(level-lexical-environment

background-level)))))))

The symbol evaluator has some Lisp-specificcode in it,although these features may be used fromother languages, and indeed perhaps should, forcompatibility. The symbol t is treated specially, as are keywords. These two special kindsofsymbol always evaluate to themselves.

Ifthe symbolis neither t nor a keyword,itis lookedup inthe dynamicenvironment,and, if that fails, in the lexical environment, whichare stored in the active closure of the level. (The reference to t here is Lisp-specific,and is introduced forthe implementor’s convenience.)

114

The list evaluator

The listevaluator evaluates expressions consisting of an operator and its arguments (if present). Althoughits arguments are different, itis similarto Lisp’s apply procedure. Italso implements the implicitfuncallused byLisp and some other languages—a feature whicha reifercould remove by rebindingthe list entry in the level-type-evaluators environmentof the level. It implements the implicitfuncallby tagging funcall onto the frontofthe expression ifthe operator is not found. The current closure’s language’s definitionof funcall willthen be used to do the workofthe procedure call.

(def-unclosure eval-list (list background-level)

(if (null list) nil (let* ((operator-name

(expression-operator list)) (operator (lookup operator-name

(level-language background-level)))) (if operator [operator] (funcall operator list background-level) [funcall] (with-changed-level background-level (:continuation-expression (cons ’funcall list)) (standard-evaluator

background-level background-level))))))

Listevaluationis central to the evaluator, as thisis where operators and procedures are applied to their arguments.

As with symbols, a Lisp-specificfeature appears: by an effect of the Lisp type system, nil appears as a list,and alwaysevaluates to itself.

Ifthe list is not nil, the operator name of the expression is extracted, at [operator], and is lookedup inthe language ofthe levelto produce a closure, whichis evaluated to implement that operator.

Note that this is very similarto the action of the type lookupand evaluation in standard-processor above. The operator may be seen as being the type ofthe expression.

Ifthe operator is not defined, the funcalloperator is used to create a new stack level in

115

whichto tryto run a functionofthat name. This is commonlyuseful,as most languages allowcalls to be made withoutan explicitcalloperator; itis however to some extent a Lisp-specificfeature.

The calltofuncallismade bymakinga temporarymodificationto the currentlevelwiththe name funcall prepended to the expression, at [funcall]. Such temporarychanges are made using the construct with-changed-level whichtakes as arguments a level on whichto work,a listof changes to make to components ofthat level,and a blockofcode to run having made those changes. Afterrunning the argument code, it undoes the changes made at the start, and returns the result ofthe argument code. Itis an operator withinthe tower, and inthe meta-evaluator, itis a Lisp macro, whichis presented and explained in section 11.4. Using the existinglevelrather than a fresh copy has two advantages: itmeans that changes made by reflection withinthe argument code persist outside the dynamicextent of this construct; and superfluous levels are not created (they wouldadd to the load on the garbage collector).

The string-char evaluator

Our implementationuses string characters not as literalcharacters but as local variable references. (Thisisbecause the underlyinglanguage, CommonLisp,does not providefordistinctly tagged integer types. Characters were a convenienttype to purloinforvariableindices.)

(def-unclosure eval-stringchar (char background-level)

(nth-value (char-int char) (level-values background-level)))

For efficientaccess to the values list,weuse stringcharacters forthe indices intoit. (This is because in the underlyingLisp system this is the only distinctlytagged small integer type; we want ordinaryintegers to evaluate to themselves, as literalconstants.)

The local variable references evaluator

String characters suffice formost variablereferences, but we provide a mechanism for using integers in general forthis. The presence oftwo localvariablemechanisms rather than one brings no overhead (apart fromthe behaviour of the environmentmechanism, ifthat is slower for environments containingmore bindings—see section 6.3), since it is just another bindingin an environment.

116

(def-unclosure eval-lvr (lvr background-level)

(nth-value (local-variable-reference-slot-number lvr) (level-values background-level)))

Localvariablereferences beyond the range of character numbers are referred to by the number stored in a localvariablereference structure. This is very rarelyused!

The level evaluator

This is present largelyforhistoricalreasons; various parts ofthe evaluatorpassed levels around (similar, in some ways, to continuation-passingstyle[Haynes et al 84]),but most of these are nowworkinother ways. The evaluatoris retainedas a way ofsplicingtwolevels together and evaluating the result. It is stillused in callingexternal interpreters, where levelsdo meet insuch a manner.

(def-unclosure eval-level (arglevel background-level)

(standard-evaluator (level-current-expression arglevel) arglevel))

Alevel is split intotwo parts to make itappear in the appropriate form to pass back to the central evaluator routine.

The closure evaluator

The closure evaluator constructs a levelusing the expression and language ofthe argument closure (whichshould be kept together) and the other components fromthe level providing the context.

117

(def-unclosure eval-closure (closure background-level)

(with-changed-level background-level (:evaluator (closure-evaluator closure)

:language (closure-language closure) :procedure-expression

(closure-procedure-expression closure) :continuation-expression

(closure-continuation-expression closure))

(call-meta-evaluator

background-level)))

The other evaluators justpass the arguments straightthrough:

(def-unclosure eval-string (string background-level)

string)

(def-unclosure eval-integer (integer background-level)

integer)

(def-unclosure eval-nil (the-nil background-level)

the-nil)

A closure is evaluated by splicingit into the current level, preserving the parts of the closure that must be kept together; the expression and the language must match because the expression is writteninthe language.

7.4 The essence of interpretation

The functionsstandard-evaluator and eval-list, roughlyequivalentto Lisp’s eval and apply, are very similarin structure, and a symbol evaluator (shown here fora slightlysimpler system) can be constructed that is very similarto these two.

Byextractingthe commonparts ofthe procedures, Itispossible to constructa procedure which performs any of their functions, being passed as arguments suitable structure accessor procedure as wellas the arguments forany of the procedures above.

118

Using thisfunctionto create the general evaluator yields the followingcode:

(def-unclosure standard-evaluator (thing level)

;; "The standard evaluator." (boojum thing level ’type-of ’level-type-evaluators))

standard-evaluator is the general evaluator, whichselects an evaluator accordingto the type of its argument.

Ifcalled withan evaluand ofa typeforwhichthere is no evaluator defined, the evaluand willtypicallyevaluate to itself,the level-type-evaluatorsenvironmentsreturningthe identityfunction as the unbound value.

The in-lineinsides of the previous form of the evaluator have been replaced by a call to a functionvery similarto the old in-linecode, but parameterized to allowthem to be used in other ways in the evaluator. For reasons that may become clearer later, thisfunctionis called the boojum function:

(def-unclosure boojum (thing level selector env-selector)

;; "Parameterized evaluator kernel for mixed languages." (funcall (lookup (funcall selector thing) (funcall env-selector level)) thing level))

The arguments thing and level are as forthe evaluator presented earlierin thischapter. The two extra arguments are structureor attributeaccessor functions: selector selects an attributeofthe thingto evaluate, whichis used as the keyforfindinga morespecificevaluator; and env-selector finds a part of the levelin whichto use that key forlookup.

Unlikethe evaluator presented earlier, there is no explicitdefaultcase handling(forexample, fortypes of evaluand forwhich no evaluator is defined). This is provided by having the lookup functionreturn a suitable defaultvalue on being called withan argument that is notbound in that environment. This is a property of the environment used, and requires the environment system to allowthe unbound value foran environmentto be specified as part ofthe environment.

boojum is called in the followingways to make up parts of the evaluator:

(def-unclosure eval-list (list level)

(boojum list level ’car ’level-language))

eval-list evaluates parse-tree nodes consisting of an operator with a (possiblyempty) list of

119

argument sub-expressions. The unbound value in level-language environments should be the funcall function—which can lookmuch like eval-list above:

(def-unclosure op-funcall (list level)

(boojum ’funcall level ’identity ’level-environment))

The symbol evaluator is defined withoutusing boojum, althoughitcould use it:

(def-unclosure eval-symbol (symbol level)

(lookup symbol (level-environment level)) ;; could have been: ;; (boojum symbol level ’identity ’level-environment) ) This onlyallowsforone environment,rather than the dynamicand lexicalarguments ofthe evaluator above. However, theycouldbe providedbybindingeach name to a functionthat must be evaluated to returna value(functionalrepresentation ofenvironments,mentionedinsection 6.3, issometimes used in experimental Lisp systems[Danvyand Malmkjær 8?]), and having a the unbound value in the first environmentreturn a value that makes a callto the lookupin the second environment. These functionsmay, of course, be based on calls to boojum.

The rest of the functions do not have any need to call boojum, and are just as in the other version ofthe evaluator.

In allthe evaluator code using boojumabove, only the followingfunctionsare used:

• funcall

• lookup

• type-of

• level-type-evaluators

• car

• level-language

• identity

• level-environment

120

• aref

• level-value-list

Mostofthese are structure accessors, so ifwe regard those as being justtwo operators (type-of being distinctfromnormalstructure accessors), thisreduces itto

• funcall

• lookup

• type-of

• structure-access

• identity

• aref

whichis a total ofsix distinctoperators, ofwhichtwo (funcall and lookup) could be fairlycomplicated, and the rest are very simple.

Itismycontentionthat the boojumfunctionrepresents a refined principleofinterpretation, going (interms more fromphilosophythan fromLisp)froma value ofsome kindto a descriptionof how to find the meaning ofvalues ofthat kind,and applyingthat meaning functionto the value,in context, to reach the meaning. It is, in fact, a form ofthe essence of sentence, which,on further reflection, may be also the sentence ofessence.

Aspecialized form ofboojum,snark, is presented in section 11.2.

7.5 Evaluation strategies

Because the evaluator is parameterized by the rest ofthe closure ofwhichitis the evaluator, the code presented in section 7.3 is all that the structure of our reflective system requires of the evaluator (other evaluators may add features such as tracing, but the skeletal functionis the same). The evaluator does not, by itself, do recursive descent of the expression tree. Subexpressions are passed to the evaluator (generally, but notnecessarily, the same evaluator)bythe operator definitionswhen they need their arguments evaluated. Note that, unlikeLisp, we do not evaluate functions’arguments forthem automatically. The evaluation is more like Lisp’s special form evaluation. This is because, whileforfunctiondefinitionitis normallydesirable to have the

121

arguments evaluated, here weare defininglanguage constructs, and willusuallyrequiremore control over evaluation. Conditionalsare the classic example of a construct withsuch requirements. An alternative to this evaluation strategy is to quote argument sub-expressions, with quotes that are not strippedbyevaluation—the handles of3-Lisp[Smith]. These twostrategies are equivalent, since the strippingof handles is done by explicitevaluation. For convenience, Lisp-likeevaluation for defined functions may be introduced by a suitable function-definingmacro (see section 11.6, page 205), whichinserts the argument-evaluationcode (see section 7.7) at the appropriate point.

7.6 The evaluator as a link between levels

The evaluator links the parts of a level, since it is the part that calls the other parts. The linkingis as much a protocolbetween the components as an active part of the computational mechanism. Since the evaluatorofone levelruns at the levelabove, italsodetermines the protocol forcommunicationof informationand controlup and down the tower.

It wouldbe possible to have levels ofa differentformin a tower, so longas they support the same protocol. In this case, the only requirement on each interpreter level is that it must provide an evaluator that can be called to interpret the level. For consistent support ofreification and reflection, each tower levelshould use the standard formatof closure in full.

Relaxing the rules to require only the maintainance of interpretabilityalong the tower allows greater diversity. For example, a level written in a language difficult to represent witha parse tree and an environmentof operators could use some other formofclosure, as long as that closure has an evaluator, and can process the level below.

Since such non-standard closures do notallowthe levelabove themto providereification data ofthe commonlyexpected type (that is, a normal closure), they spoil any assumptions about the universalapplicabilityofthe operations weprovideforthe handlingofclosures. Theusual form of closure appears to be flexibleenough, and we willreferto that form onlyfromhere on.

7.7 How Lisp-like operators evaluate their arguments

The operators that alwaysevaluate alltheirarguments (just as Lispfunctionsdo) may do so bycallinga general expression evaluator providedinthe system, that evaluates allthe argument sub-expressions of a given expression—that is, allthose other than the operator.

122

To evaluate each argument, the evaluator of the current level is called. This is done through the formevaluate-by-evaluator-of-level, whichin practice allowsa short cut to be taken in commoncases of the evaluation. This formis presented at section 11.4, page 182.

The argument expression evaluatoris provided as an operator in the base language in Platypus. For efficient execution, it is shadowed by a corresponding procedure in the metaevaluator. Itscode is as follows:

(defun eval-sub-exprs (expr level)

"Evaluate each sub-expr (except the first) of EXPRin the context of LEVEL.The result is a list."

(let* ((results nil))

(dolist (x (expression-tail expr))

(push [eval] (evaluate-by-evaluator-of-level x level) results)) (nreverse (the list results))))

This may be called by operators whichrequire all of their arguments evaluated in left-to-rightor unspecified order. For example, arithmeticoperators typicallywilldo this. The actual evaluation of each expression occurs at [eval],whichevaluates a sub-expression in the context ofthe current level, usingthe standard evaluator, whichis assumed to be availableas an operator (or a function substitutingforan operator) in the level. The results of the evaluation are pushed onto a consed stack, and thisis reversed to makethe overallresult, whichis a list,leftmostsub-expression’s result first, suitable foruse as the last argument to a Lisp apply call.

Operators requiringexplicitcontrolofsub-expression evaluation maycallthe same function used by [eval]directly:

(defun op-if (expr level)

(if (evaluate-by-evaluator-of-level (nth 1 expr) level) (evaluate-by-evaluator-of-level

(nth 2 expr) level) (evaluate-by-evaluator-of-level

(nth 3 expr) level)))

123

7.8 Summary of the standard evaluator

The evaluator isthe kingpinofa level. Itlinksthe parts ofthe level toeach otherbyusing them to evaluate the level, and linksadjacent tower levels bymaking itpossible to shiftdata from one level to another. Its formis tied to the formofthe tower leveltype.

Each evaluable infinitetower(inthe scope ofthis thesis) eventuallyreaches a repetitive stage (termed the boring stage by [Smithand des Rivières 84a]), the procedure running in each of these identicallevels being knownas the standard evaluator level.

The standard evaluator is a fairlysmall and skeletal procedure, needing, in its most refined form,onlysixoperators inits definition,most ofthose being forstructurehandling. Therest of the evaluator is defined separately, partlyin individualoperator definitions,and partlyin some general evaluator procedures that maybe calledbyoperator definitions.These general procedures are used forevaluatingarguments tooperators. To do this, theyinvokethe evaluator and language mechanism to do the evaluation in the appropriatecontext.

The concise formofthe standard evaluator maybe seen as a distillationofthe essential matter of a programming language interpreter (independently of any particular language). This may be refined furtherto a procedure whichimplementsseveral ofthe main parts ofthe evaluator. This procedure consists ofthree procedure calls and one environment lookup.

Who is as a wise man? and whoknoweth the interpretationof a thing?

Ecclesiastes 8:1

Chapter 8

Mapping linguistic and semantic features onto the reflective system

Havingproduced a modelofcomputationon a reflectivetheme, wenow examine its use in modellingexisting computingsystems and thereby in re-implementingexisting languages with the additionof reflectivefeatures and mixed-languageworking.

Our reflectivecore system is concerned mainlywithprogram structure and control,and makes no attempt to cover such facilitiesas arithmetic. These must be assumed to be available at ground level. We can buildon such ground level facilities,but do not attempt to describe them, instead leaving them to be described by conventionalmathematical means (forarithmetic)forexample. Likewise,input and output are not covered by our system, but must be made available in some form from the ground level. These facilitiestend to be similarin most languages; they depend not so much on the language as on the host computer system. However, inputcould be seen as a form ofreflection, putting intothe system data fromoutside it,and output as a form of reification,copyingdata frominside the system forthings outside itto use. Ifsuch communication is done withanother such system, itmay be seen as a formofco-towerrelationship,as mentioned in section 4.5.

As wellas implementingthe immediatelyvisibleconstructs of a language, reflective operators may implementand controlthe infrastructureof a language system, such as the bindingof values to symbols.

8.1 Procedure application

We take procedure (or function) application as the most fundamental facilityto describe. LikeLisp, we can claima distant connection between our procedure (closure) application 124

125

and lambda reduction.

Although,as explained in section 7.5, our procedure applicationdoes not implicitlyevaluate arguments, it is in many ways similarto that of Lisp or Scheme. As wellas using closures as procedures we can use them as continuations [Rees and Clinger] and as meta-continuations [Danvyand Malmkjær 88]. Ameta-continuation is to a tower as a continuationis to a stack. It represents the frozen state of a tower, much as a continuationrepresents the frozen state of a process. We willuse the term meta-continuationboth forthe continuationof a simple tower, and forthat ofa meta-towerofany dimensionality.

The result returned by a reifier is always either a meta-continuationor part of one. Because meta-continuations are values ofan ordinary structured type, programs can manipulate (or create) them just as they do any other data; this manipulationis not reflection, and has no effect on the live state of the tower. Reflection occurs when a meta-continuationis explicitlymade into the new towerstate. Bycallingand passing meta-continuations,co-routine-liketowers (co-towers) may be implemented. Indeed, any form of flow controlmay be done by reifying,modifyingand reflecting meta-continuations, although this is not necessarily the best or cleanest way of implementing features; ifitmaps poorlyonto the implementedlanguage’s ownmodelof computation,it may be quiteobscure, and not make itat alleasy to handle the reified data.

8.2 Reflective and non-reflective calls

There are two classes ofprocedure call, between whichitis importantto distinguish:

• the non-reflective call, whichadds an activationrecord to the stack withinthe current level

• the reflective call, whichadds a level to the tower

In thisway, the tower is the callstack forreflectivecalls.

In implementingLisp on such a reflectivesubstrate, non-reflectivecalls can be used to implement Lisp’s procedure calls, whilereflective calls can be used to implement Lisp’s special forms. This is covered in detail in [Smith] and [Smithand des Rivières 84a].

It is natural, inwritingprograms in the base language ofsuch a system, to make allcalls reflectively, so that each procedure called can be reified as a fulltower level in its own right,with all the informationbeing availabledirectly. Also, intuitivelythis seems right;itmakes the power of reflective calls available at every call, as wellas organizing the arguments intoa regular form,in

126

whichthe argument passed is always the overallstate. The callee then extracts the informationit needs fromagreed places in its single argument, whichfora traditionalcallmeans fromthe top of the value list.

For the design of new languages, the distinctionbetween reflectiveand non-reflective calls seems artificial,and the provisionof non-reflective calls unnecessary, when reflective calls are always available. Using just the one form of call throughout makes the tower into a simpler structure than is possible with two types of call. Unfortunately, it is not possible to abandon non-reflectivecallingand stillimplementmost existinglanguages smoothly, because their designs typicallyassume that everythingexists at the same level; whilethiswouldnotprevent our reflective model frombeing used forinterpretation,itwouldmake the results of reifiers be a poor match to the language’s own model of computation, because extra tower levels wouldappear that would not map onto any level shift apparent in the source language. Since one of the aims of this development is to allowprograms to extend the languages in which they are written,this is worth avoiding.

Procedure calls may done implicitlyby the standard interpreter, using the funcall operator, if an operator definitionis not found, as explained in section 7.3. When this happens, a level is constructed whichwillrun the funcall operator on the procedure to be called. The default funcallaction (whichthis operator is expected to provide) should evaluate the arguments to the procedure, thus makingthe normalcallingbycall-by-value.Call-by-nameis nearer to the reflective calls mentioned above, as the informationstructure ofthe argument willnot have been collapsed down into its simplestform,but willbe in its originalform,whichnames the value.

Ifthisautomatic evaluationofarguments is required,itmust be providedby the routines that read programs from the input files and convert them into parse trees. It is very simple to embed each procedure in the user program in a standard piece of code whichcalls a procedure which evaluates each element of the callingexpression, putting the results onto the value list in turn, before callingthe procedure body.

The procedure callingmechanism in our system is ingeneral based onthat ofLisp,while also being designed withother languages in mind. It is a fairlyprimitiveoperation: features such as choosing differentprocedure bodies accordingto the formofthe argument list(usefulforML,for example) are notprovided;they must be moved intothe bodies ofthe procedures that need them. This implies that some re-arranging may be required to go from source code in such languages to our common parse-tree form of procedure bodies. Whilethis may make the reified forms of procedures less natural in some cases, it also makes them common, so that a program in any

127

language can understand data representing reified programs from any other language. Witha suitable choice of operators, it should usually be possible to find a reasonable compromise; for example, in ML,procedure bodies mightalways have as their top-leveloperator something that chooses which part of the procedure to run, according to the arguments list, and have as the sub-expressions ofthat top-levelexpression an alternation ofguard clauses and originaldefinition bodies (a bitlikeLisp’s CONDconstruct). Worse mismatches than thisoccur withnon-deterministic languages, as covered insection 8.8.

Open-stack languages are easily accomodated, as the design of the stack shares the local data section between caller and callee—a littlelikeregister windowing inCPUs such as the SPARC.For languages whichviewthe local data as a stack, the top item is what other languages regard as the first argument. This convenientlyallowsprocedures witha variablenumber of arguments to use the earlier arguments todecide howmany arguments to use. Itdoes, however, mean that such things as Lisps’s &rest and &optional argument controlmust always be implemented withthe help ofthe caller, so that the extent ofthe arguments to a particular callis alwaysknown; it is not possible to say “therest of them”or “allof them”where a local stack is shared without distinctionbetween alllevelsof procedure call;some formof marker must be used.

This is a problemwhichrequires furtherinvestigation,as itis undesirable fora caller to have to knowwhether a particularcallee requires a marker at the end ofits argument list. Probably the best solutionisforthe markerto be used always, inwhichcase the funcall procedure and any equivalents (such as apply) must always supply it (whichis no trouble) and allprocedures must understand itinreceivingtheirargument lists. It isthen appropriatethat theyleave itthere, to mark the end of the result list—some languages, includingCommon Lisp [Steele 84, ] and PostScript [PostScript, ] allowmultipleresults—for the funcall procedure to remove when the callee has returned. Non-localcontrol transfers (throw, longjump) must also be able to workwith these markers.

8.3 Flow control

Ina language in whichallcalls are byvalue, itis not possible to implementa flowcontrol construct using a procedure writtenin that language (at least, at that level ofinterpretation)except by quotingits arguments (in Lisp terminology)—in whichcase the new construct is not on a par withthose initiallybuiltintothe language, whichrequire no quotation.

The fewtraditionallanguage designs and implementationsthat have addressed thisprob-

128

lem have used two techniques: macros, and call-by-name (fexprs, in Lisp). In both of these techniques, the body of the construct is not evaluated before being passed to the procedure, but is passed as a piece of program text. Amacro transforms that text to another text, whichis used in its place, whilea fexpr performsdirectlythe action denoted to itby the text.

In many languages, macros are defined in a part of the language that is separate from the rest of the language; the #define construct ofC is a good example—it may even be handled by a program separate fromthe C compiler.

These macro languages are unusual in havingnointerpretationsemantics oftheirown— they are semantic parasites on their host languages. This separation may be taken as a form of mixed-language programming.

Lisp, however, uses its main language formacro expander functions; to tailorfurther its suitabilityforthis, ithas provideda feature specificallyto help withthis, the back-quote.

Conditionals

The implementationof conditionaloperators requires conditionaloperators in the language used forthe implementation,and so conditionaloperators ofsome kindmust be present in the ground interpreter. The ground-levelconditionalsmay be described in conventionalterms:

(ifabc) ” l (abc).b when a = true (8.1)

(ifabc) ” l (abc).c when a = false (8.2) but the aim of our system is not to make these attempts at absolute statements but to describe each level interms of another level. So instead ofthe conventionaldescription above, weuse our intensionaldescription:

(defun_1 if_1 (a_1 b_1 c_1)

(if_2 (eval_2 a_1)

(eval_2 b_1) (eval_2 c_1))) in which the fundamental conditionalityis transferred to another level, and thence infinitelyfar away. Thus, it,likeinput,and random numbers, is a featurethat we can use, but cannot generate. So, to use conditionality, a closure must be linkedwith integrityover conditionalityto a grounded interpreter that provides conditionality(a conditionalitytermed ef (etensional if) by Smith).

Since we want the standard ground interpreterto be verysimple (so that itis a minimum pinning-downto Turing-computablereality)wewillmake itprovideonlyone formofthe conditional:

129

if a

then b else c

and otherlevels and languages can buildtheirownconditionalformsfromthisas needed, such as Lisp’s cond.

Iteration

Iteration, involvingdestructive assignment to state, is often regarded as undesirable in language descriptions, and so represented withcleaner tail-recursion. We can use tail-recursion, or we can represent it as side-effects. Since in representing it as side-effects we must use an iterationconstructinthe levelabove, wepresent a paradox bysaying that at one levelitisiteration by side effects, but at the next level itcouldjust as wellbe represented indirectlyby tail-recursion.

In the terms introduced in section 2.2 and described in [Danvyand Malmkjær 88] and in section 9.4, ifwe represent iterationas iteration,we use jumpycontinuations,whereas ifwe make each loop into a tail-recursiveprocedure withoutconvertingthe tail-callingto tail-jumping,we can use pushy continuations. Since a pushy continuationwithtail-reflectionremoved is equivalentto a jumpycontinuation(see section 9.4), fornormal program interpretationthis does not make much difference: programs willbehave the same way.

In practice, convertingiteration intotail-recursionmay make reflection into loop control variables more obscure, because it separates loop bodies into sub-procedures (in-line lambdas, in Lisp terminology).Inpractice, real iterationin the interpreter is a closer match to the semantics of many target languages, and so we willgenerally use that. Also,itmay be confusingto find the wrongnumber ofcalllevels on the controlstack, although programs handlingreified program data (perhaps througha library)must be able to understand the equivalence between tail-recursionand iteration.

Jumps and continuations; non-local exits

Usingthe grand jumpyreflector(the reifierthat returns a simple snapshot ofthe wholeof the current state and code—see sections 2.2 and 9.4) that assigns the entire state ofthe system from an arbitrary value that an arbitrarylevel has produced, we can implement any kind of flow

130

control structure. For example, a GOTOmay be implementedby capturing the state, changing the continuationexpression of the current closure (see section 3.1) and making that modifiedstate the new state. A non-localexit may do likewise,but also take some stack frames away entirely before changing the expression of the current continuationclosure of the last remaining one. A reflective system permits another form of non-localexit in which several levels of the tower may be spanned. This exitmay carry withit,to the catcher ofthe exit,informationfromfurtherintothe tower or meta-tower, thus being both an exit and a reifier. This can be used to pass back to a program errors in the interpretationofthat program.

8.4 Variables, bindings and assignments

Assignments are straightforward,since wecan change any partofthe state ofthe system through reflectors. To make an assignment to a variable, we simplywriteinto the appropriateslot in the structure holdingthe current level’s data. Each level’s data is stored in the values-listand environments of the closure representing that level.

Localvariables are referred to by indices intothe value list (fromthe growable end of it) and non-localvariables bysymbols whichmust be lookedup in the environment (whichcould be a hash table, forexample). Bindinga local variable means making a new local variable to hold values referred to by that name, whilebindinga non-localvariablemeans storingits oldvalue ina saved bindingschain associated withthe environment’s lookuptable.

Variable access in conventional languages is often compiled in-line,and is perhaps a good example ofhowlevels could be merged (‘mixed’[Jones, Sestoft and Søndergaard] [Danvy]) to produceprograms withthe reflectionpartlycompiledout—variable access, althoughhere defined in terms of reflection, is an operation that can be done non-reflectively, and so is a candidate for compilingout on a suitable combinedreflective-and-plainsystem, as suggested in section 13.2.

8.5 Types

On the whole,we have assumed that a dynamic typingsystem (see chapter 6) is available foruse throughout the system, and that it is providedby the ground level, and is consistent throughoutthe system.

Static typingis, ofcourse, possible; the values are stilltagged as normal,but a particular language’s inputparser may have checked the types as itbuildsthe parse tree whichweexecute.

131

Itis, ingeneral, desirable to keep the same type system foralllevels(forease ofpassing data between levels at reflection and reification)but it is possible fora level to implement special typingrequirements forthe levelbelowit.whichisacceptable except infirst-dimensionlevelshifts, where it makes the underlyingimplementationrepeatedly translate data as it moves it between levels—work whichis best avoided when much data must be passed between levels.

In a shift in the second dimension, that takes us to the system that implements nonreflectivelythe first tower, itmaybe commonlyuseful,and desirable, to change the type system to help withmodellingthe representation scheme used in the first tower.

The reason forthisdifference is inthe meaning ofeach kindoflevelshift. Theusefulness ofchangingthe typesystem is forimplementingthe type system ofanother tower, whereas withina toweritisuseful tohave the same typesystem throughout,to make itsimplerto pass data between levels.

8.6 Objects and messages, and actors

Reification and reflection are useful in object-oriented systems, so that an object processing a message can invoke further methods by sending other messages to its self (that is, to the same object). This self-reference is a form of reflection. In the language structure represented here, wecan modeleach objector actorbya closure,whichcloses the programmedactions (methods) of the object withthe environmentwithinwhichitoriginated.When the actor receives a message, the closure has itsexpression modifiedto contain the message, and is then evaluated.

8.7 Parallelism

Languages withparallel evaluation constructs [Ben-Ari] may be implemented using our model ofinterpretation,withoperators that use jumpyreflectors to switchevaluation contexts. For example, to implementOccam’s [Occam]par construct, a par operator could be writtento create new contexts (threads of execution) and put them onto the list of contexts being executed, and the operators that rendezvous between threads (input,the ? operator, and output, the ! operator) wouldperformthe context switchingrequired; ? wouldtransfercontrolto the thread fromwhichthe inputwillcome, and ! wouldtransfer controlto the thread whichwillreceive the output.

Our evaluation framework has not been designed with genuine parallel evaluation in mind, but itcould be added in the same way that itcan to any otherserial execution system.

132

8.8 Declarative languages

Declarative languages do not map wellto the model of interpretationthat we use here. One way ofimplementingthem on itis to procedurize the programs, so that they run in a manner more likethat ofprocedural languages [Clocksinand Mellish][Warren]. For example, the clauses

fish(A) :- chondroicthyes(A); fish(A) :- osteoicthyes(A);

procedurizes to make

(defun fishp(A)

(or (chondroicthyesp a)

(osteoicthyesp a)))

However, withthe need forbacktracking and cuts, the translationis more complicated than this— one approach istouse ContinuationPassing Style[Hayneset al 84][Jackson][Abelsonand Sussman ]. Anotheristo writean evaluator that implementsthem inanyconvenientmanner, providingsuitable procedurized operators in its language—it need not use these operators forexecution (it would have alternativemeans fordoing the real evaluation), but should provide them to allow program analysis and compilation.Closures in thisform should stillsupport the protocolrequired fortower levels, so that they can be used as evaluators, and can be interpreted by ordinary evaluators. There are furtherproblems arising from the nondeterminism commonlyfound in declarative languages. It is in principlepossible to match this with the rest of the system by writinga special version ofthe evaluator, whichhandles collectionsof results (non-deterministicresults) as though they were single values, and makes some kind of translationwhen transferringdata in out ofthis world. However, this is almost certainlyof very limitedusefulness—for example, what should the + operator do when asked to add two such non-deterministicvalues (possiblywith each of them havinga differentnumberofpossible deterministicvalues)? Abetter solutionis probablyto provide extensions to such languages to improvetheirinterface withconventional languages, forexample using streams [Steele 90, Chapter 21] or generators [Perdue and Waters] or some other form of lazy evaluation to workthrough successive possible results.

Anotherapproach requires specialized librariesforprograms that want to callacross this divide—bearing inmindthe specialized applicationthat such programs are likelyto have, thismay well be appropriate (or at least unobtrusive) but it is not the purely transparent cross-language

133

callingthat wegenerally hope to provide.

One wayin whichPlatypus does facilitatecross-callingbetween unificationlanguages (a subset ofdeclarativelanguages) and procedural languages is that the environmentof the continuation closure may be used as the unificationenvironment,and the value listis a suitable common formof argument/resultlist. When a procedure ina unificationlanguage calls one in a procedural language, the instantiated unificationvariables are available to the procedural procedure as normal dynamicvariables, and whena procedurallanguage procedure calls a unificationone, bindings made by the procedural code appear as instantiated variables to the unificationcode.

8.9 Changing the implementation of features dynamically

As wellas being useful forthe implementationoflanguage features, reflectiveprogrammingtechniques maybe used to alter the implementationas the program runs. As an example of this, Iimplementeda procedure to evaluate a formusing deep bindinginstead of the semi-shallow bindingthat Platypus normallyuses. There were three parts to thischange: new implementations ofthe bindingand assigningoperators (let and setq inthe Lisp-likebase language); a new implementation of the typeevaluator forsymbols (variablenames); and an adaptor functionto evaluate a formgiven as its argument, withconversion ofenvironments between the standard representation and the new one happening before and after the evaluation itself. Some of the code used is presented in the followingparagraphs.

Beforereading thisre-implementationofvariableaccess, itmaybe instructivetoconsider howmuch effortwouldbe involvedinmakingthe same change to a non-reflectiveevaluator, or toa reflectiveevaluator that does not use the evaluator, type-evaluators and language structure used in these experiments.

First, the new lookupand bindingprocedures that are reflected in. Alookupprocedure, using association lists, is defined as follows,to be inserted by reflection. (The definitionis in two parts, to avoid duplicatingcode. The first routine allowsforenvironments to be represented either by association lists or by the original form of environments, to avoid having to scan the entire meta-tower system below the current pointto convert all environments. It wouldbe more typical of our reflectivesystem to use an environmentinstead ofa typecase, but that wouldmake itmore complicated to set up than is warranted fora presented example.)

134

(defun new-lookup (item env)

(typecase env

(environment

(lookup item env)) (list

(cdr (assoc item env)))))

This routine is analogous to the normalsymbol lookuproutinepresented in section 7.3:

(defun new-symbol-lookup (symbol background-level)

(cond ((eq symbol t) t) ((keywordp (the symbol symbol)) symbol) (t (let ((dynamically-found

(new-lookup symbol

(level-dynamic-environment

background-level)))) (if dynamically-found

dynamically-found (new-lookup symbol

(level-lexical-environment

background-level)))))))

and a bindingprocedure, also using association lists, is defined:

(defun new-bind (name environment value)

(cons (cons name value) environment))

These are reflected in using something that calls the followingprocedure. First, ittakes apart the data structures used, and saves the old values invariables:

135

(defun eval-with-typevals-and-ops (level typeval-bindings opbindings form) (let ((the-closure (level-current-closure level)) (the-old-language (closure-language the-closure)) (the-old-type-evaluators (closure-type-evaluators the-closure)) (the-language (copy-language the-old-language)) (the-type-evaluators (copy-language the-old-type-evaluators))) (set-closure-language the-closure the-language)

then itadds new bindingsin the language and type-evaluators environments:

(dolist (this-binding opbindings) (let ((opname (car this-binding)) (opform (cdr this-binding)))

(bind opname the-language opform))) (dolist (this-binding typeval-bindings) (let ((tyname (car this-binding)) (tyform (cdr this-binding)))

(bind tyname the-type-evaluators tyform)))

Afterthat, itevaluates its argument form,and restores the oldvalues ofthe language and type-- evaluator environments:

(let ((result (eval-in-level form level)))

(set-closure-language

the-closure the-old-language) (set-closure-type-evaluators

the-closure the-old-type-evaluators) result)))

This provides a general facilityforany reflectivechanges that modifythe handlingof a particular type ofsub-expression orother value;these changes oftenrequire both alterations tothe evaluator and to existingoperators, and also possiblythe additionofsome new operators.

To use this forchanging the implementationof non-localvariables, itis called fromthe followingprocedure:

136

(defun eval-with-alternate-bindings-by-type-evals (form)

(progn

(eval-with-typevals-and-ops (current-level) ’( (symbol . new-symbol-lookup) ) ’( (lookup . new-lookup) ) (cons ’eval-with-alternate-environment-representation (cons form nil)))))

Thisconstructs a formtoevaluate itsoriginalargumentformusing’eval-with-alternate-envir-onment-representation, whichconverts the environments between the two representations:

(defun eval-with-alternate-environment-representation (form)

(progn

(let ((closure (level-current-closure (current-level))) (old-lex-env (closure-lexical-environment closure)) (new-lex-env (environment-to-alist old-lex-env)) (old-dyn-env (closure-fluid-environment closure)) (new-dyn-env (environment-to-alist old-dyn-env)))

(set-closure-lexical-environment closure new-lex-env) (set-closure-fluid-environment closure new-dyn-env) (let ((res (eval form))) (set-closure-lexical-environment closure old-lex-env) (set-closure-fluid-environment closure old-dyn-env) res))))

8.10 Evaluation order—strict or lazy

InPlatypus, evaluationorder is largelydefined bythe operator definitions,whichcallthe evaluator to evaluate each argument at the appropriate point. It is, in principle,possible to write an evaluator that normallyreturns lazy results, probablyas closures to be evaluated later (or on a separate computer, to provideparallelism;see [Halstead], [Kranzet al], [Miller], [Osborne])and whichevaluates thingsonlywhennecessary. However, because Platypus’s modelofevaluationallowsside-effects anywhere (includingthe verygeneral side-effect ofjumpyreflection,as described in section 9.4), this does not initselfprovidea universalmeans forlazifyinganyexistinglanguage! It could, however, be used to implementlanguages knownnot to allowside-effects.

Itis possible to get roundthe problemofimplementinglanguages withside-effects, using the powerand flexibilityofan interpretivesystembased uponmetacontinuations. Thismaybe done

137

by returninglazy results (futures) but keeping a list of them (that is, of futures that need further evaluationto become proper values)ina variableofthe evaluator ofthe levelabove that containing the lazifiedprogram. Whenevera side-effectis about to occur (the evaluator must monitorforthis, by catching alluse of primitive(shadowed) operators that can produce side-effects) allthe stored lazy results are evaluated furthertowardtheir real results, and any that finish theirevaluation can be dropped fromthis list. Thisway, consistency is guaranteed when side-effects happen, although the system is otherwise lazy.

Ifa lazy evaluator were installed at some level in the tower, alllevels below that would become lazy, as no evaluationwouldoccur there untilneeded. Thisis an example ofhowchanges at one level may be pervasive through to alllowerlevels (whichhave no controlover the matter— see section 5.3).

8.11 Special substrate features for specific languages

Some languages, particularlythose that are primarilypart of a special-purpose system, and only secondarily programming languages (for example, expansion languages for programmable text editors, and graphics languages such as PostScript, require special features in their implementations that wouldnot be present in more general-purpose languages. For example, an editor language typicallywillhave one or more buffers in which to hold text, each witha current point, and PostScript has a current graphics state (transformation,colour, linewidth,etc), and usuallyan underlyingimagingsystem forpaintingonto a bitmap.

Whatisthe most appropriateplace to store such special substrate data? Itis notinnamed variables at the applicationprogram level—the namespace must be kept clear forthe application program to use in its entirity—but neither may itmake the generic evaluator become specialized. The solutionis to put itat the evaluator’s level,using variables named byagreement between the operators concerned (such as editor-specificor graphics-specificoperators)—observe inthe code at section 7.3that the core evaluator routines donot use any non-localvariablesat theirownlevel.

Difficult substrate features

Some languages require features that are difficultto integrate withthe rest of the system—for example, PostScript’s access permissionflags whichare a part ofeach ofits[compound?] values. Theoretically, this could be implemented tidilyby changing the substrate on which the

138

evaluator runs, so that the evaluator worksin a worldwiththe relevantunderlyingtype system, but thisdoes notseem verypractical. For most purposes, such incompatibilitiesseem quiteminor, and often itmaybe simplest to tolerate them—for example, to say that allvalues always allowreading and writing.(Inthe trialimplementationofPostScriptin Platypus, we cheat, through good chance, on PostScript’s executable and non-executable (literal)arrays, by representing them as arrays and expressions (Lisplists)respectively—thus mappinga non-standard distinctiononto a standard one not otherwise made by that language.)

The need forsuch substrate features is oftenconnected withthe need forspecial types of value. For such types, itmay be appropriateto compileprocedures forhandlingtheirvalues, as described in section 13.2.

8.12 Summary of building languages with reflection

Our mixed-language interpretationis designed to allow many languages to be builton top ofit. Languages whichcan be convertedreadilyto a procedural formare most suitable forthis: procedural and functionallanguages are easiest, declarativeand rule-based languages are harder.

We assume handling of such types as numbers to be made available underneath the implementationofreflection. Reflectiondoes nothelp to describe these, anyway, so nothingwould be gained were itpossible to includethem inthe reflectivesystem.

Mostconventionallanguage features map readilyonto a reflectivemixed-languagearchi-tecture. Occasionallythere is a mismatch,such as itbeing naturalto tryto make allcalls reflective (whichbuilds a tower levelforeach procedure call).

Using jumpyreflectors (that assign to parts ofthe state, withoutsavingthe oldvalues on a stack) to change specific parts of a tower allowsvery natural implementationof many common language features such as jumps,calls and assignments.

Reflective features may be used to group together parts of a system, such as all the operators ofa language, forinterpretationin a particularway.

As wellas any languages implemented on top of the reflectivesystem, there is a base language which provides reflective facilitiesand some simple flow controland callingoperators. This is sufficientforrunningthe rest ofthe system, so long as allparts ofthe system are connected withintegrityto the base language.

Reflectionallowsnew features tobe added to conventionallanguages, includingextreme examples such as a non-localexit that goes rightout ofseveral levelsof interpretation.

139

Procedure calls are to some extent builtintothe evaluator, but other features are notso much so. Our procedure callingis naturallycall-by-name, but call-by-valuemay be implemented easily on topofthis;such a facilityis providedin a formthat is usefulto many language implementations.

“Musta name meansomething?” Alice asked doubtfully.

“Ofcourse it must” Humpty Dumpty saidwith a short laugh.

Through the LookingGlass, chapter 6

Chapter 9

A suitable language for the standard interpreter

9.1 Requirements

What are the requirements for a language for the standard interpreter? Withinthe requirements, we can devise a varietyofpossible languages, but we willaim forsomething that is simple, and expressive fora wide range of programs, withparticularemphasis on interpreters.

Computational completeness

The first requirementis that the language must be able to express allTuring-computable functions. This is usuallysatisfied throughcommon-sense indesigning the language. Itis possible to devise computationallycomplete languages that are poorlyexpressive, forexample the Turing Machine[Turing]. However, we willprovidea range ofoperators more expressive than the Turing Machine(and workingon a basic type system whichsupports mappingofabstract types to itrather better than does the TuringMachine Tape). Here are some kinds of operators that we expect to find ina serious programminglanguage (and even in a smallexample language):

• binding

• functionapplication

• recursion

• conditionalexecution

140

141

• operations on objects that are specific to types of particular types (such as arithmetic),in particular: comparison forequality and ordering; addition, disjunction; multiplication,conjunction;

• optionally:iteration(whichmay be done withrecursion and conditionals)

• assignment

• jumps

• stack manipulation

Provisionofoperators ofallthese kindsis sufficientforthe implementationofa wide variety ofprogramminglanguages, through interpreters writtenin a reasonably expressive style. Support foralgorithmicand functionalstyles is particularlygood, and implementationofother styles of language, whilenotso succinct,is not particularlycumbersome. Declarativeand pattern-matching languages are the worst fit to our model, and require pre-processing into a suitable procedurebased representation, as explained in section 8.8.

I have presented the base language as a form of Lisp, partlybecause, having simple syntax, it is a convenient notation for simple new procedural or functionallanguages, and partly because the semantics of the base language, and the operators available,are generally Lisp-like. This followsfromLisp’s originsand its evolutiontowardlanguage and other symbolicprocessing.

Reflectiveness

Our othermajorrequirement forthe base language is that itmust support reificationand reflection. This needs onlytwo operators:

• grand-jumpy-reifier returns the tower’s state

• grand-jumpy-reflector sets the tower’s state An implementationforeach ofthese is given in section 9.4.

Other reifiers and reflectors can be builton top of these, as explained in section 9.4, through use of the type system and the functionapplicationoperator, forexample the mainoperations on meta-continuationsas described (under differentnames) in section 9.4:

• grand-pushy-reifier runs a functionwiththe tower’s state as its argument

• grand-pushy-reflector runs a functionin a tower constructed fromits argument.

142

Completeness of operators

As mentioned in section 5.4, the language fora closure must provide allthe operators used in the expression ofthat closure. This is no new requirement introduced by the tower. The tower oflevels withlanguages has only made itpossible forthis conditionnot to be satisfied. Ina conventionallanguage, allthe operators inthe language are alwaysthere. Onlyina system where the language can be reflected into can thisconditionbe broken.

Therefore, the base language must include at least all the operators needed to implement the standard evaluator. This is an extension of the idea ofstructural integrity, but applied to interpretation,rather than to the handling,of reified values. To be useful, itshould also include a varietyofoperators typicallyusefulinimplementingoperators ofotherlanguages, such as structure field accessors forthe data types returned by reifiers.

It is not necessary foralloperators ofthe base language to be shadowed by the metaevaluator, butin practice (forefficiency)theyallare. (Operators not includedin the base language may also be shadowed. The onlylinkbetween inclusioninthe base language and beingshadowed is that a computationallycomplete subset ofthe base language, and enough ofthe reflectiveoperators to reifyand reflect the entire towerstate, must be shadowed.) [Smithand des Rivières 84b] contains a description ofhow to derive a minimalset ofgrounded operators.

9.2 The implementation of the base language

Likethose in other languages, many ofthe operators in the base language willneed to evaluate alltheirarguments, but do not need to specifyinwhat order to evaluate them. Arithmetic operators are a good example ofthis. Inthe explanationbelow, we willuse

((lambda (a b c) (+ a b c)) 1 2 3)

as an example.

The most concise way to implementsuch a familyofoperators is to spliteach operator into three parts:

• An argument evaluator, evaluate-sub-expressions (described in section 7.7), which evaluates each sub-expression of the expression being interpreted for which the original operator was used. Inthe example above, thiswilltake the a b c of(+ a b c) as the list

143

ofsub-expressions to evaluate. Since the lambda construct makes local bindings,a, b and c are localvariables, that is, indices intothe value list. The value listcontains 1 2 3 inthe positionsa, b and c, and so the result of the sub-expression evaluationis (1 2 3).

• Primitive operators such as prim+2, capable of doing the basic action on objects of the relevanttype, but not ofevaluating their arguments.

• The operators themselves, such as +. These first callevaluate-sub-expressions, and then map their correspondingprimitiveoperator along the result ofthis, and return the result accumulated atthe end ofthe mapping.Thus, +willcalculate(throughiteration,here unrolled forexplanation)(prim+2 (prim+2 1 2) 3) as itaccumulates its result.

In the experimentalimplementationPlatypus (see section 11.1) the base language and its shadows are set up bya groupofLispmacros platypus-defprim, platypus-def-control-- prim, platypus-def-lispy-prim, and platypus-def-lispy-expr-prim, whichbothdefine the code to be interpreted withinthe tower, and name (oreven define) the Lispfunctionto be used as the shadow outside the tower.

Since the operators structured in this way call more rudimentary operators such as dyadic-add, these more rudimentaryones may be providedas operators in theirown right;they may be used directlyfor implementingsome languages. Since they do not evaluate their arguments, the arguments must be fed tothem in a fixedmanner—non-evaluation ofarguments means they cannot even be given throughvaryinglocalvariableindices. The values to be processed must be placed at the end ofthe values list—the topofthe stack—and the operatorcalled. Itremoves its arguments fromthe values list bytreating itas a stack and popping them fromit,performs its essential action,and puts any results onto the end ofthe values listby pushingthem as onto a stack. This formofcallingmakes these operators suitable foruse directlyin a FORTH-likelanguage such as PostScript—this is done in the implementationof PostScriptused here.

9.3 The real set of primitive operators

In practice, many more operators than strictlynecessary may be provided as primitive (shadowed), for efficiency and to make better use of the richness of the substrate system. The operators providedin Platypus include flowcontrol,evaluation, arithmetic,data structure manipulation,reification,reflection,and inputand output.

144

9.4 Operators for reification and reflection

In this section, we look at adding reflective operators to a language, takingLisp as our example language. Allofthisapplies to any otherlanguage used inour experimentalsystem; Lisp is the most convenient example language.

The same reflective operators may be provided in any language. Furthermore, since we make alllanguages equivalent and transparentlycross-callable, and interpretableby the same interpreter, byhaving common formats forprogram, language definition,and state, a program Pa writtenin language La mayreifya sub-program Pb(perhaps a libraryroutinecalled fromPa) written in Lb, and willreceive itin the same formas that it wouldreceive the representation ofitselffrom a reifier. The operators used willbe different, but ifPa does any analysis of the program, itmay use the definitionsof the operators ofthe language Lb(whichis builtintothe closure ofPb) to find what each operator does.

Adding reflective facilities to an existing language

Since Lisp’s callsare the same as ournon-reflectivecalls,a commonwaytoadd reflective features toa Lispsystem isto add a specialformthat does a reflective call, inwhicha procedure is applied to some otherwise hidden part ofthe Lispsystem (such as the environment orthe stack) along withany other arguments whichare given as normalin the callingform.

This gives us reifiers such as

call-with-environment(procedure args env)

whichis called as

(call-with-environment procedure arg1 arg2 ... argn)

but as a callee has an environmentand a listof the originalarguments supplied as its arguments, withthe interpreter interposingthe extra information.In effect, the interpreterexecutes

(call-with-environment procedure arg1 arg2 ... argn)

as ifitwere

145 (apply

procedure *current-environment* (list arg1 arg2 ... argn))

where *current-environment* is a reifyingvariable—a variablehandled speciallybythe evaluator, holdingpart of the informationused by the evaluator in evaluatingthe program—holding the current environment.

Here is a sample piece using this styleof reifier:

(defun print-environment (reified-environment arglist)

"Print out the environment to a stream. This expects to be passed two arguments: the environment of its caller, and the argument list with which its caller thought it called it. That argument list should have one element, a stream to which to print."

(format

(car arglist) ; should be a stream "The caller’s environment is ~S~%" reified-environment))

(defun env-to-file (fn)

"This uses a reifying call to pass its environment to a function which will print out that environment."

(with-open-file (str fn :direction :output)

(call-with-environment print-environment str)))

The general case of such a reifier is call-with-level proc (level args), which is called as (call-with-level proc arg1 arg2 … argn) but as callee receives the level at which it is running and the originalargument list, as if it were called as: (call-with-level *current-level* proc args).

Since the callframecontainsa level,the call frame (activationrecord)ofsuch a reflective callis in effect a towerlevel,into whichinformationhas been reified fromthe callinglevel.

When using activationrecords as towerlevels, the linkto the lowerlevelsis an ordinary local variable/parameter in the stack frame. The nextlowerlevel foran interpreter must be held in variables ofthe interpreteranyway, even in a non-reflectivesystem, as the interpreter must store somewhere the program itis interpreting.Inour experimentalimplementation,the linkto the lower

146

levels is always in the same place in the level: itis in the second argument positionin the value list ofthe interpreter, just after the interpreter’s evaluand.

In this form of reflective interpretation,every call(transfer of meaning) to a lowerlevel must pass that lower level to itselfas part of its parameter list. This is easily accomplished, as the callinginterpreterhas that informationavailableforits ownuse already, although possiblyina different form. Allthat it needs to do is includethe data in the stack frame that itbuilds,so that it appears as ifgiven as an argument to the call.

About to call reflectively to do reification

(let ((a (reify)

Reifier now collecting data from other level

(let ((a...

...(reify)

Reifier has now brought data back to own level

(let ((a (reify)

Forreflection,one ofa second range ofspecialforms,complementarytothe first one, and characterized bythe form(eval-with-<context> <procedure> <context>) (where<context> is whichever part of the context we wish to reflect), calls a procedure given as one of its arguments, with parts of the context surroundingit being taken from its other arguments. For example, wecouldhave reflectiveoperators such as (eval-with-environment form environment), which evaluates form using environment to provide any free variables needed by form, and (eval-with-arglistform arglist) called funcall in Lisp, or, to be as general as possible, (eval-with-level form level). For example, this function

(defun another-level-cons (d e)

(eval-with-level

’(cons d e) (construct-funny-level)))

returns a cons cellwhichwas constructed bythe cons operator ofa different level.

Althoughthese additionsto Lisp can providefullreflective facilities,they present no organized model of non-reflective and reflective calls. Also, they often (although not necessarily) workin terms of the internals of a normal Lispsystem, which,meta-circularitynotwithstanding,is not particularlysuited to manipulatinglanguage elements as data values. For example, to repre-

147

sent environments we mightconvenientlyuse a-lists, but an abstract type forenvironment, with appropriate operators (bind, unbind, lookup, assign, boundp) wouldbe more appropriate. This is a consequence ofthe poor support fordata abstraction (that is, justcons cells!) that classical Lisp provides. It seems appropriate to find a model of computation, and a type system to support it, designed more specificallyforreflectiveevaluation, and not builtaround the facilitiesof one particularlanguage. Such a system wouldhave a data type representing the state ofa computation, in whichtype grand reifiers wouldalways return their results, and in whichgrand reflectors would always take their arguments. Each field ofthis type wouldalso be ofa particular type, and these types wouldbe fewand ofsimple well-definedcharacteristics.

The type we willuse to represent the state ofa computationis the interpretiveclosure, as described in chapter 3, and the types of its fields, as described in chapter 6 are interpretive closure, environment,expression (orparse tree) and values list.

Jumpy and pushy reflection and reification

Instead ofthe twospecialcalls eval-with-level and call-with-level, whichalways start new levelsofinterpretation,we can use alternative,and simpler, formsofreifierand reflector. In these operators, the state is represented as a tower. The reifier, whichis a procedure takingno arguments, returns the state of the system as its result, and the reflector takes one argument, a tower, whichreplaces the current tower.

These jumpyoperators differ from the reflective operations described in section 9.4 in that they assign to the state rather than bind the state. The pushy reflectiveoperators may be implemented on top ofthe jumpyones withthe addition ofa stack.

The grand pushy reflector may be implemented as the followingmacro, which takes something to evaluate and a level in which to evaluate it, and performs the evaluation in that context. The variable*tower* belongs to the level of the current level’s evaluator. The action of reading itis a grand jumpyreifier, and writingit,a grand jumpyreflector.

148

(defmacro eval-with-level (form level)

‘(let ((old-levels (tower-levels *tower*)))

(setf (tower-levels *tower*)

(cons ,level old-levels))

(eval ’,form) ; this is implicitly in ; the context of *tower*

(setf (tower-levels *tower*)

old-levels)))

Amatching reifieris implementedby the followingmacro, whichtakes a procedure to calland an argument list, and splices onto the start of the argument list the level withinwhichitwillcallthat procedure:

(defmacro call-with-level (function &rest args)

‘(funcall ,function (car (tower-levels *tower*)) ,@args))

As demonstrated by the procedures above, when used on a conventionalarchitecture (that does not providestack pushing as a primitive)these assigning (jumpy)reflective operations are more primitivethanthe binding(pushy)ones, inthe sense that theymaybe used as partofthe internalsof the pushyoperators. However, givenan interpreteroutsidethe tower, the pushy operators mayalso be implementedas primitively, in that they are simplyfunctionsthat produce or consume an extra argument before callinga given function,and where the meta-evaluator handles that argument. (However, on a conventional computer system, all reflectiveoperators are actuallyjumpy at the exact point of reflection, as there is a point when control switches from one context to another, regardless of whether the old context has been pushed onto some kind of stack, or otherwise stored.)

Each ofthese twoapproaches to handlingreified executionstate uses one oftwokindsof meta-continuations, as explained in sections 2.2 and in [Danvyand Malmkjær88]: pushy metacontinuations, which bind the tower state, and jumpy meta-continuations, which assign to the state. In activatinga pushy continuation,no informationis lost, as the oldstate is kept on a stack of continuations; whilea jumpycontinuationdiscards information,simplyreplacing the old state withthe new one. These terms may be used to describe both controlflowwithinone level(where pushy continuationsare procedures to be called, and jumpycontinuationsare labels to be jumped

149

to) and flowof meaning between levels, where pushy and jumpymeta-continuations are the two formsof reflectionthat we have justdescribed.

Pushy and jumpymeta-continuations may be mixedwithinone tower, and even within one level. Viewed as tower-constructingdevices, they have rather different forms. Ajumpymetacontinuationdestroys towerlevels, by replacinga stringofthem destructivelywitha shorter string, or creates them, by replacing one level witha string ofseveral levels.

Apushy meta-continuationcannot destroy orcreate levelsinthe same towerinthissense, but starts a new tower, orthogonalto the first. (Thisis as described in section 4.5.) The analogyfor this in (non-meta)continuationsis that a jumpycontinuationmodifies a sequence ofactions within a procedure, whilea pushy continuationstarts a fresh sequence in another procedure. Just as tail-recursivepushy procedure continuationscan be transformed into iterativecontinuations, tailrecursivepushy meta-continuationscan be transformedintoiterativemetacontinuations. Functions forthese transformationsare given in [Danvyand Malmkjær 88].

From here on, we willuse more systematic naming for reflective operators. The reifier called eval-with-level above willnowbe called grand-pushy-reifier, and the reflector call-with-level willbe called grand-pushy-reflector. The jumpyreflectiveoperations, not given as named procedures above, but used implicitlyin-line,willbe called grand-jumpy-reifier and grand-jumpy-reflector. Here is the code forthe two grand jumpyreflectiveoperators:

(proclaim ’(special *tower*))

(defun grand-jumpy-reifier ()

*tower*)

(defun grand-jumpy-reflector (new-tower)

(setq *tower* new-tower))

Reifying and reflecting specific parts of a level

The grand jumpyor pushy reifierand reflector are the onlyreflective operations that we need. However, most of our reflective actions willcopy the current tower, make some change, and make the changed tower become the current one. To make this kindof activitymore convenient, and also to avoid unnecessary work, we provide some more specialized jumpyreflectors, forchanging individualcomponents ofthe current tower.

150

Changing one part ofa level’s state usuallymaps to one operation in a typicalprogramminglanguage. For example, alterations to the value list can implement assignment to variables or bindingofvariables; changingthe continuationexpression implementsa jumpor a call. Assignment to the interpreter has no equivalentin conventional programminglanguages, althoughthere are commonlystatements to make new procedure definitions(usuallystatically)and to implement non-localflowcontrol(longjumps).

Providingseparate reflectors for each part of the state stored in the closure thereby models cleanlythe actions that a typicalinterpretermust implement. We also providea collection of procedures forhandlingthe reified values. These not only make handling these values easier, but also help to maintainconsistency in the tower—not a theoretical consideration, but helpfulin avoidingan easy way ofcrashing the system.

The reflectors (and, less importantly, reifiers) whichaffect only part of the state are as follows:

• set_procedure_evaluator and procedure_evaluator

• set_current_evaluator and current_evaluator

• set_procedure_language and procedure_language

• set_current_language and current_language

• set_procedure_expression and procedure_expression

• set_current_expression and current_expression

• set_procedure_values and procedure_values

• set_current_values and current_values

• set_lexical_environment and lexical_environment

• set_dynamic_environment and dynamic_environment

The reifiers above may be built on top of the grand-jumpy-reifier, and select a field of the the resultingrecord. The reflectors are different: they must find the part of the structure that the correspondingreifierwouldreturn,and modifyjustthat part. Interms ofconventionalprogramming language technology, this is findingthe lefthand side value(abstract address) ofthe reifier’s result and then through itassigning the new righthand side value.

151

This is more efficient than findingthe whole reified object by grand-jumpy-reifier, changing just one part and reflecting the whole thingback in with grand-jumpy-reflector. In some forms ofLisp [Steele 84, section 7.2],efficientcode forthese operations can be generated automaticallythrough the use ofdefsetf, producingan interfacepresented as setf forms.

Integrity

A requirement met implicitlyby providinga set of whole-tower reflective operators is that reflective integrityshould be preserved in going through a level that uses this language. A procedure shifted up to execute into such a level can always return informationback to its home level.Therefore,informationmayalwaysbe passed up and downthe towerbyreflectingprocedures to run in different levels as long as the language at each level has at least the facilitiesof the minimalbase language. This requirement must be met anyway forother reasons: were a level not to include facilitiesequivalent to those ofthe base language, itcould not formpart ofa integral string of interpreters(this is a circularargument)and so the integrityof the towerwouldbe lost at that point. This wouldmake itinto two orthogonal towers, as described in section 4.5. However, itwouldstillhave structuralintegrityforreification(as described later in thissection), and so lower levels wouldbe able to access levelswhichthey are not interpreted by at all. Thus, such a tower wouldno longer be grounded,as itsconnection withthe umbrellainterpreterwouldno longerhave integrity—it wouldbe twotowers forpurposes ofinterpretation,but only one forreflection.

Structural integrityfor reification,that is, foraccess to remote levels through reifiers in one’s own level,is ensured through the structure of each level, rather than through the language.

Integrityofgroundedness through this levelis met through the computationalcompleteness of the language. It is grounded because it can, in its own right, compute anything that is computable. Its groundedness does not depend on that ofany otherlevels.

Inserting and removing levels of evaluation

The most importantofthe reflected data manipulationprocedures are one to insert a new evaluator just above the base ofthe tower, and a complementaryone to remove an evaluator from just above the base ofthe tower.

Since an evaluator is an ordinary closure, itis guaranteed that when inserted above an existing, interpretable (grounded) evaluator, it can be interpreted by the previous first evaluator, and also that itcan interpretthe old application.

152

Here are the procedures forinsertingand deletingevaluators fromthe end ofthe tower:

(defun add-evaluator (evaluator)

(let* ((our-tower (grand-jumpy-reifier))

(new-level (make-evaluator-interpretation-level (car (level-call-record-stack our-tower)) evaluator))) (push new-level

(level-call-record-stack our-tower)) (grand-jumpy-reflector our-tower)))

(defun remove-evaluator ()

(pop (level-call-record-stack (grand-jumpy-reifier))))

Anoperationonthe towerthat preserves itsintegrityis one that replaces a stringoflevels by another string oflevels that also has integrity. For the string to have integrityeach interpreter must be able to interpret its lower neighbour, and so the new sequence must fit the interpreters above and below itcorrectly:

must be in Algol must be in Algol

whichwe can guarantee by takingthose end interfaces, labelled Algol language and Algol program entirelyintothe operation, replacing not only the linkbetween them but those levels themselves. This way, we never try to linklevels whichwillbe incompatible,but can always insert an extra level inbetween as a buffer, withthe appropriatelanguage definitionsforthe previous evaluator. (The abilityto do this depends on an evaluator being provided writtenin the new language.) Unfortunately, this may add more levels of interpretation,and so perhaps should be avoided in

153

practice, forefficiency.

In practice,common towermanipulationschange onlyone level, adding or removingan interpreter between two that remain unchanged:

must be FORTRAN

must be FORTRAN

an operation whichis referentiallytransparent to all lowerlevels. Althoughthe intensional meaning has been changed, the extensional meaning is stillthe same, because a transformationthat preserves integrityis one that does not destroy the correctness of the previous interpretation.

An example of the usefulness of this is adding and removing tracing of evaluation, by adding and removingan evaluator that traces what is being processed.

Handling collections of closures

To change en masse howa groupofclosures (such as those implementingthe operators of a language) are interpreted, the closures may be grouped by givingthem the same evaluator. This makes them share a tower level together. Then, all that group of closures can have their processing affected by changing that one evaluator.

For example, all the operator closures of the language of a closure could be given the same evaluator, and then allactivityinthat language could be traced bytracingthat evaluator. (To trace an evaluator i1whichis interpretedby an evaluatori2, weinsert an evaluator it, whichtraces what itprocesses, between i1 and i2.)

Groupingclosures inthismanner can cause harmless dimensionalanomalies inthe tower structure. The closures that have been grouped share a towerlevel because they have the same evaluator; yet they mayalso be at distincttowerlevelsforotherreasons, such as one being part of

154

the interpreterof another. Thus, an evaluator may exist at more than one level, and so the same tower can have more than one number oflevels between the base and the umbrella, as shown in the followingdiagram:

operators

Level [i]

Level [j]

Level [i+1 or j+1?]

The same reificationand reflectionoperators may be made intoa part of any language; their action is always the same. Some languages willrequire some amount of packaging around the bare reflectiveoperators, as they may not providemeans forhandlingsuch data directly(they mighthave to present itin terms ofa procedure libraryforhandlingreified data), or theymay prefer to present the data in some formthat matches the language’s natural modelof computationmore closely.

Unrolling the infinite tower

As mentionedinsections 4.2and 4.4, the boringsection ofthe toweris keptas a circular reference, whichcould inprinciplebe followedindefinitely. If,however, wewere to allowa program to do so via the reifiers, itwouldbe hard to detect how many levels of the tower it had climbed before eventually changing something. So, to simplifythe tracking of realized tower levels, we make the shadow versions of the the operators reifyingand manipulatingtowercomponents to do some extra workthat is invisiblefrom withinthe tower (unless the program withinthe tower calls forreificationofthe meta-tower, as described insection 4.5. These are the extra actions needed:

• Operators forreifyingstructures, and for accessing parts of structures, that return a value from higher in the tower than their caller (for reifiers) or their argument (for structure field

155

accessors), and forwhichthe result typemay be closure, compare the valuefoundwiththe standard evaluator(see sections4.4and 4.4. Ifthe valueis the same (eq inLispterminology), a copy (one level deep, not a tree copy) of it is returned instead, otherwise the value is returned itself. The closure is also lookupup in the tower’s shadow maps, and ifit is found to be shadowed, a copy is returned likewise. Inthe copy, the original field points to the closure ofwhichitis a copy (see section 4.4), and so the meta-evaluatorrecognizes that this is stillpart of the boring section of the tower, and so shadows its evaluation. This copying ensures that the standard evaluator and the shadowed operators can never be changed—it is never actuallyheld in any place reachable from any variable of any program withinthe tower.

• Operators formodifyingfieldsofclosures set the original fieldofthe closure tothe closure itself,so that itis no longerrecognizable as a shadowed closure ifitoriginallywas one, and when the meta-evaluator evaluates the closure, it willdo so by interpretationinstead ofby shadowing. The code used fordoingthese actions is part ofthe meta-evaluator, and so is presented in the meta-evaluatorchapter, in section 11.5, page 193.

Reflective operators that reach the substrate

There are a few operators that reflect down(orup!) to the substrate language. The main one of these is eval-in-cl, whichtakes an argument formthat itpasses to the evaluator ofthe substrate language, whichis the eval procedure of Common Lisp. The result of the evaluation is then passed back as the result of this Platypus operator. This operator was provided so that the benchmark suite for Platypus could also run the same tests in Common Lisp automatically, forcomparisons ofthe speeds. It could also be used fora form ofreflection, rightthrough to the substrate, to ask forcompilationof Lisp formsthat could then be installed in the shadow map to make new primitives.(This is discussed furtherin section 13.2.)

There is also a break operator, foruse as a breakpoint, that runs a read-eval-printloop in the substrate language. When the user quits from the loop, possibly having reflected some changes intothe system after reifyingand displayingsome information,thisoperator returns.

The time-now and input-outputprocedures are also in some sense substrate system reflectiveoperations.

156

9.5 Summary of the base language

Alanguage foruse withthe standard interpreter in the boringsection of the towermust be powerfulenough to support both the standard interpreter and the procedures that willrun on it, whichwilltypicallybe operators forother languages.

The implementationof the base language has two parts: the operators themselves, and their shadows, whichare run at the nextmeta-levelin the tower. (The last meta-toweris run inthe substrate language on whichthe wholereflective system is built,and itis there that all operator definitionsare eventuallyevaluated.)

The language should provide operations typicallyneeded by interpreters, and those needed for reification and reflection. It is also desirable that the base language be reasonably expressive.

As wellas the fundamental reifiers and reflectors, itis convenientto providesome jumpy reflectors that assign onlypart ofthe state; these are notonlymore efficient,butalso more expressive of many common language features that they may be used to model.

In practice,we providemany moreoperators inthe base language than are strictlynecessary. ([Smithand des Rivìeres 84a] explains howto workout whichoperators are necessary.)

Summary of reflective operators

Operators forreflectionmaybe added to an existinglanguage. Withourmodelformixedlanguage interpretation,the same operators willworkforany language.

Reflective operators (reifiers and reflectors) are of two kinds, jumpy whichmove data between program-as-agent and program-as-subjectwithoutautomaticallycreatingnew levelsofinterpretation,and pushy whichcreate new levelseitherprovidingdata fromthe program-as-subject or using it to create a new (or modified) program-as-subject. Jumpy operators are more primitive than pushy operators, in that (on a conventionalarchitecture) they may be used to implement pushy operators, whereas, withinone levelof interpretation,pushy operators may not be used as the primitiveon whichjumpyoperators may be built(other than byconsiderable wasted work).

One formofreflectiveoperator is the grand reflective operator whichreifies or reflects the entire state of the system. However, itis more efficient, as wellas often more convenient, to reflect into just the part of the state required, and so reflectors that set only specific parts of the state are also worthprovidingin a practicalsystem.

157

Reification of programs is homogenous between languages. The same reifiers (and reflectors) may be used in any language, and the values returned have closed intothem all the linguisticinformationneeded to understand the value in any way that mightbe required.

A fool hath no delight in understanding,but that his heart may discover itself.

Proverbs 18:2

Chapter 10

A model meta-evaluator

Havingalready described the standard interpreter we nowlook at a modelforthe metaevaluator. The meta-evaluator stands in foran infinitestring of meta-circularstandard interpreter levels, and in so doingimplementsthe entire first dimension ofthe tower. To do so, whenever itis about to calla procedure—whether that is the evaluator, a type-evaluator or an operator—which is shadowed, itmust callthe shadow procedure (whichruns in the meta-evaluator’s ownlevel,but performs actions as though itwere inthe meta-evaluatee’s level)instead of the originalprocedure.

10.1 Requirements for the meta-evaluator

There are two majorrequirements forthe meta-evaluator:

• itmust be able to do everythingthat the standard interpreter can do;

• itmust support level-shiftingwithinitsownlevel, insuch a way that itcan realize on demand levelsforuse in the tower that itimplements.

Since we are not requiringitto conformto the structure ofa tower levelitself,we can observe that

• itmay be a wholeinterpreter(evaluator and language in one);

• itmust provideoperations onthe fundamental types on whichthe standard interpreter’s type system is based.

Most of the operations of the meta-evaluator willbe directlyequivalent to those of the standard interpreter, and the formsofthe twowillbe similar. Reflective operations do not translate

158

159

so directlyintooperations ofthe meta-evaluatorbecause theydo level-shifting,whichisnotpossible when there is only one level. The operations whichcause level-shiftsin the standard interpreter must translate to non-reflective actions in the meta-evaluator. Allthese actions affect variables of the meta-evaluator, whichrepresent the state ofthe tower. The meta-evaluator has one important variable, letus callit *tower*, whose value is the tower whichitinterprets. This is the argument withwhichthe meta-evaluator was called.

Anon-reflective operation in the tower works on the contents of the base of the tower. For example, arithmeticoperators handle values in the values element of the current closure at the lowest level of the tower, and flow control operators affect the stack of sub-functions (subexpressions) implicitin the expressions elements ofthe stack ofclosures at that level.

Reflective operations may change the contents of the tower more significantly. For example, the grand-jumpy-reflector operation sets *tower* to a fresh value that has been produced from somewhere withinthe (old)contents of *tower*. Likewise,grand-jumpy-reifier assigns to a location(such as the value part ofa variablebinding)stored withinthe current value of *tower*. These may be used, in conjunctionwitha stack in the meta-evaluator, to implement pushy reflection.

This descriptionwouldsuffice were the meta-evaluatorto be positioned at the end ofthe tower. Alightning bolt [Smith]is needed to reach fromthe top ofthe tower(where the ground is) toward the base of the tower. This must cut through the infiniterepetitive(boring)section of the tower:

needs lightning to get past infinite section of tower

However, as wellas being at the infinitelyremote upper end of the tower, the meta-evaluator has to be alongside the whole tower, so that itcan reach through the infinitesection of the tower, to shadow things at the lowestlevel at whichitis possible:

160

needs lightning

The lightninghere travels along the tower through the meta-evaluator, whichcan conduct itfrom one level to another as needed. As already discussed, it strikes the highest point on the tower that is notmimickedbythe meta-evaluator;before this, itis justtravellingthroughopen space, and does not touch anything.

Because ofthe meta-evaluatorbeing beside the tower, itsconnectionto the towerismore complicated. Indeed the tower is more complicated than that, as ithas a castle of towers arising fromthe operator closures in the language ofeach level, thus:

operators

where, at any one time,exactlyone ofthe towers drawn smallon the diagram—the one starting at the closure forthe current operator—is active.

161

The followingdiagram shows that the meta-evaluator is alongside everything, and that it contacts (shadows) any tower in the castle wherever a towerin that tree reaches meta-circular standard interpretation:

Meta-Evaluator

operators

Here, the meta-evaluatorbringsthe lightning’s power to any part ofthe tower, whether in the main tower or in a side tower.

10.2 An introduction to Platypus

Platypus is a non-reflective,single-language implementationof a reflective, mixed-lan-guage interpreter. (Its name originallystood forPractical Language Algebrawith TYpes, Procedures, Unificationand Sending, althoughthe lattertwo features are not implementedin thisversion of it.)

There are now three implementations of Platypus: an early prototype written in Cambridge Lisp,a version inC writtenforspeed, and a more readable and concise version inCommon Lisp. Both of the latter two are referred to below. Example code throughout the thesis is drawn largelyfromthe Common Lispimplementation,Platypus89.

Platypus is a shadowing interpreter, as described in sections 4.4 and 10.1, and has to

162

implement:

• allthe operators needed inthe standard interpreter that itmimics;

• level-shifting,includingthe creationof new levels on demand;

• auxiliaryfunctions,such as storage management, inputand output.

10.3 The pull of efficiency

Mythesis is that the reflectivefacilitiesdescribed can be implementedefficientlyenough (compared against a conventional system) that a programming system using them is useable in practice, at least for prototyping. Hence the intensivelyused parts of Platypus are writtenwith efficiencyin mind. Itis also essential that everything required in the reflectivesystem is provided correctly—correctness cannot be compromised to gain speed. Therefore, there is a divisionof Platypus’internals intotwo parts:

• those that are mapped onto bythe standard interpreter: these are visibleand hence have to fit exactlyto the abstract modelofinterpretationused byPlatypus;

• those that are private to the meta-evaluator: these are not visible to programs running on the system, and so can be implementedwithany programmingtechniques that willprovide enough speed.

This divisionis particularlynoticeable in the C version. InPlatypus89, the equivalent procedures inside and outside the tower could be produced from the same source, with one branch being held as a lambda-expression inside the tower, and the other compiled to machine code by the substrate Lispsystem. (Inpractice, the sources are similarbut not identicalformost ofthe code, forhistoricalreasons. Some ofthe compiledcode is generated mechanicallyfromthe non-compiled code definitions,particularlyforLisp-likefunctionsthat evaluate alloftheirarguments.)

10.4 Representation strategies

There are two waysin whichwe could store towercomponents:

• in exactlythe formin whichthey are seen through reifiers;

163

• in a form convenientto the meta-evaluator, whichmust be converted to and from the form seen withinthe tower.

Inallversions ofPlatypus, to be sure ofthe correctrepresentation ofreified state to the application, we use the formerapproach: everything is pre-reified—only ever kept in its reified form—rather than reified on demand. This means we that have to writethe meta-evaluator to handle all the reifiablestructures in theirreified formthroughout. The only values whichare not always kept ina reified formare those that have no reified form,such as the internals of filestream descriptors.

In practice, it turns out that this workswell;representations suitable foruse withreified data are also suitable foruse bythe evaluator and meta-evaluator, and there are nopoints atwhich some other representation wouldhave been obviouslymore suitable.

However, were translationat reificationand reflection to be used, it wouldoccur at very specific points (the reifiers and reflectors). Much of it wouldbe simple, although there are possibilities for complicated reifiers and reflectors, ranging from buildingof reified stack frames to de-compilationat reificationand compilationat reflection [Watson and Tillotson]. Because of the translationoccuringatsuch well-definedplaces, the possibilitiesforerrors introducedbythisfeature are restricted, and the possible effects on the rest ofthe system are reduced.

10.5 Mapping

Objects in the towerworldthat have special meaning to the meta-evaluator, such as the closures representing functionswhichthe meta-evaluator evaluates directlyitself,must be mapped onto the corresponding objects in the meta-evaluator. In the C implementationof Platypus, this mapping is done by a pair of hash tables, using a perfect hashing scheme—that is, hash table lookupstake a constanttime. Thisismade possible byspecialallocationofmemorywhileinitializing the system (see section 11.7), such that there is somethingspecial about the addresses ofthe heap objects that have special meanings to the meta-evaluator.

The moresignificantof the twohash tables in the C implementation,as faras reflective interpretation is concerned, is the operator map. This maps from objects inside the tower to functions inthe meta-evaluator. Ifthe object is a closure representing a primitiveoperator, that is, one whichis shadowed bythe meta-evaluator, and is being called fromthe standard evaluator, this mappingsucceeds and returns the meta-evaluator function.Ifthe objectis not a primitiveoperator closure, it is mapped to a distinguishednullvalue.

164

The other hash table, called the location map, is concerned withgarbage collection. It is used to update C variables pointingto distinguishedheap objects (such as nil)as the garbage collectormoves things around.

In the Common Lisp implementation,Platypus89, the hashing forthe operator map is done by normal Lisp hash-tables. There is no location map in this implementation,as we use Lisp’s garbage collector, and alllevels share one conceptual undividedaddress space (and type space!), and so our meta-evaluator variables pointinginto the towerare updated automaticallyas part ofthe normal actionof Lisp’s garbage collector.

The meaning of the map

Asmentionedinsection 10.6,the operator map isinsome waysanalagous toa language. Just as a language maps operator names (whichare symbols, ortokens) to operator closures, the operator map maps operator closures at one meta-level to those at another.

Now, since the meaning of a name is not inherent in the name, but only in the context (environment)inwhichthe name is de-referenced, any kindofvalue (such as an operator closure) may be used as a name. Thus, both operator maps and languages translate operator names (operator extensions) ofsome kindto operator closures (operator intensions)so that the intension of the operator may be used to fulfil,in that context, the extension of the operator.

10.6 How the meta-evaluator works

Meta-circularcalls to the standard interpreter are recognized witha single comparison operation. When the meta-evaluator begins to evaluate a level, it compares the evaluator ofthat level withthe standard evaluator.

• Ifthey are the same, the meta-evaluator evaluates the levelitself;

• Ifthey are different, the meta-evaluator builds a new real tower level in which to run the evaluator of the level with the level as the argument to the evaluator. (The new level was already there inprinciple,butwas notrealized inmemory). Themeta-evaluatorthen recurses to evaluate this level.

When the meta-evaluator is interpretinga level directly, each time it tries to apply an operator or type-evaluator, on behalf of a standard interpreter level whichit is shadowing, it first looks itup in the appropriatemap.

165

• Ifitfinds the nullvalue (that is, the operator or type-evaluator is not mapped), itclimbs the tower, by realizing a new level of the tower to run the evaluator of that operator or typeevaluator, and recursing to interpretit;

• Ifitfinds a non-nullvalue,itcalls the shadow function(inthe language ofthe implementation) denoted bythat value, withthe current level as its argument. The wholetoweris accessible through this level, since each level has its evaluator builtinto its structure, and holds its evaluee, ifany, in the argument listof its current closure.

This is almost identicalto the action ofthe standard interpreter withinthe tower, except that there is a conditionallevel-shiftin a one-level-deep second tower dimension,and when thislevel shiftis taken, the operator or type-evaluatorshadowing map is used much likea language.

The actions of the C and Lisp implementations are very similar. As far as the ideas of reflectiveinterpretationare concerned, they are equivalent. In the implementations, the main difference between the evaluatorsis inthe mappingmechanism—and thisis a smalldifference, and in either implementation,itcould be done some other way. The most notable difference between the substrate systems is that Lisp provides a lot of useful things (such as memorymanagement) that had to be writtenintothe C version directly.

10.7 Summary of the model meta-evaluator

The boringpart ofeach toweris notreallyevaluated, but itsevaluationis mimickedbythe meta-evaluator ofthat tower. The meta-evaluatorhas tworôles: itimplements finitelythe infinite tower, and itstands in forany number of levels.

To do this, ithas to be able to absorb level shifts,to stop them going any further along the tower. It does this by realizingnew levels, (and abandoning old ones), on demand, when it must extend the non-boringpart of the tower, and shadowing things itselfwhen stillon the boring section.

The code ofthe meta-evaluator can be similarto that ofthe standard evaluator, withthe addition of some level-shiftingcode that wouldnot, withinthe tower, be allowedto exist withina single level,because itis capable of generating (realizing)levels1.

The meta-evaluator is alongside the tower (from the tower’s point of view) and both alongside and above the tower (fromthe meta-evaluator’s pointofview).

1Withinthetower, eachproceduremaybeinonlyonelevelatatime.

166

The meta-evaluatorruns beside the lowesttowerlevelthat itcan, that is, one levelabove the highest one that is not mimickedbythe meta-evaluator. Itfollowsthis boundarybyclimbingup to new levels as itrealizes them, and climbingback off them when they are no longerneeded.

There are twoapproaches to howthe meta-evaluator should viewdata withinthe tower, in terms of how each type of data is represented, and whether each type appears as the same type inside and outside the tower, or as distincttypes. Inthis thesis, we hold the data in the same form in both, and hence, forexample, stack frames do not have to be re-encoded when reified or reflected.

The meta-evaluator must have a map from shadowed operators in the tower to shadowing operators inthe meta-evaluator. Ina system withonlyone dimensionto the tower, this map must be visibleto the meta-evaluatorbut not to the tower.

Ifthe meta-evaluatorimplementsthe storage system ofthe tower, itmustalso have a map fromdistinguishedobjects withinthe towerto variablesinthe meta-evaluator. Ifthe meta-evaluator and the tower share a storage system, such a map is not needed.

“Andpart of the roof came off, and ever so much thunder got in—and it went rolling round the room in great lumps—and knocking over the tables andthings—till I was so frightened, I couldn’t remembermy own name!”

The WhiteQueen,Through the LookingGlass, Chapter 9

Chapter 11

The meta-evaluator

Inthischapter, wepresent a meta-evaluatorfortowers ofthe formdescribed inthisthesis. There are two implementationsof the meta-evaluator, the earlier of these two being writtenin C, and the other in Lisp. Theyare presented in the other order, however, since the Lispone is more important,and has superseded the C version.

The Lisp implementationhas two versions, the second being derived from the first by movingcommon code fromseveral procedures intoa separate procedure, whichis the kernel of this formofthe meta-evaluator.

In section 11.1 we look at Platypus89, the Lisp implementationof Platypus, which is written for conciseness, readabilityand programming aesthetics. A fulllistingof Platypus89 is given as AppendixAof thisthesis.

In section 11.7, we look briefly at C-Platypus, the C implementationof Platypus. This is written forefficiency. Althoughthis line of development was abandoned in favour of the Lispbased approach, some ofthe ideas exploredin thisversion may be usefulin future developments of reflectiveinterpreters, and so are stillpresented.

11.1 Platypus89 - a tower evaluator in Lisp

The meta-evaluator of Platypus89 is a Lisp functionlookingmuch likethe standard interpreter. The listinggiven here is produced directlyfromthe real sources (usinga mixed-language style ofLaTEX and Lisp!).Aswithotherlistingsfromthe real source code, the Lispsyntaxhas been modifiedto allowlabellingof pointsin the code withtext in square brackets.

167

168

The standard meta-evaluator itself

The general tower meta-evaluator functionis very similarin structure to the standard evaluator, but itmust also performlevel shiftingwhen required.

(defun evaluate-anything (anything background-level)

"Evaluate ANYTHINGin the context of LEVEL." (let* ((cont (level-current-closure background-level))

(evaluator (closure-evaluator cont))) [is-on-standard-evaluator?]

(if (not (eq (closure-original evaluator) (tower-standard-evaluator-closure (level-tower background-level)))) [interpret-evaluator]

(let ((evaluator-interpretation-level

(make-interpretation-level background-level evaluator))) (evaluate-anything evaluator-interpretation-level evaluator-interpretation-level)) [evaluator]

(let ((inside-tower-type-eval

(env-lookup (type-of anything) (closure-type-evaluators cont)))) (if inside-tower-type-eval

(let ((outside-tower-type-eval [type-shadow-lookup] (env-lookup (closure-original inside-tower-type-eval) (tower-type-shadow-map (level-tower

background-level))))) (if outside-tower-type-eval [shadowed-type] (funcall outside-tower-type-eval anything background-level cont) (let ((type-interpretation-level

(make-interpretation-level

background-level inside-tower-type-eval))) (evaluate-anything type-interpretation-level type-interpretation-level)))) anything)))))

169

The firstdecisiontomake inthe meta-evaluationofa levelis whetherthe the levelcan be interpreted directlyby the meta-evaluator, or whether the level’s evaluator must be interpreted. The rule for this, as explained in section 10.6, is that the levelcan be interpreted directlyifits evaluator is the standard evaluator, and otherwise its evaluator must be interpreted by the meta-evaluator. This decision is taken at [is-on-standard-evaluator?]. Ifthe level cannot be evaluated directly, the meta-evaluatorrecurses to run it,at [interpret-evaluator]. Thisrealizes (see section 4.4) a level ofthe tower, whichpreviouslyexisted abstractly but had no separate representation in the implementation.The realizationis done inmake-interpretation-level, whichallocates a new level and fillsitin such that when interpreted itwillinterpret the given evaluator withthe original level as the evaluator’s argument.

If the level can be evaluated directly, this is done at [evaluator], a point which has a direct equivalent in the standard evaluator. The type of the evaluand is looked up in the type-evaluators environment of the level to find a closure to instantiate and apply to evaluate that kind of evaluand. If no way of evaluating it is found, the evaluand is returned unchanged, at [type-unknown]. Otherwise, the original of the type-evaluator is looked up in the type-shadow-map of the tower, at [type-shadow-lookup]. As explained in section 9.4, the original field may be used to determine whether a closure is an instantiationof a particular closure (usuallya shadowed one). If a closure is modified (other than in the values list),its original field—not accessible to be changed independently—is changed automaticallyto point to the closure itself,rather than that ofwhichis was an instantiation,and so itwillnot be treated as an instantiationofthat one any longer. Ifthe type evaluator is shadowed, the shadow is called, at [shadow-type]. Otherwisethe type evaluator must be interpreted, in a modifiedcopy ofthis levl, made and evaluated at [non-shadowed-type]. Fora system witha one-dimensioned tower, the shadow procedure is in the substrate language, Common Lisp. It willbe one of the procedures presented below.

The list evaluator

The list evaluator is like that withintowers (includingthe all-too-Lisp-specificpart for handlingnil!), but must also lookforthe shadow of an operator, and, if ithas one, use that, otherwise realizes (see section 4.4) a new level to interpret the operator definition,and interpretsthat level using the current evaluator—this is done using the Platypus form(or Common Lisp macro) evaluate-by-evaluator-of-level (presented in section 11.4) rather than as a direct call, so

170

that this procedure may be called fromplaces other than evaluate-anything:

(defun meta-eval-list (list background-level curr-cont)

"Evaluate LIST in the context of BACKGROUND-LEVEL. CURR-CONTis the current continuation closure, which the caller has already extracted and so might as well pass along."

(if (null list) nil (let* ((operator-name (expression-operator list))

(operator (env-lookup operator-name (closure-language curr-cont)))) (if (null operator) [funcall] (with-changed-level

background-level (:continuation-expression (cons ’funcall list)) (evaluate-anything background-level background-level)) [operator]

(let ((shadow-definition [shadow-lookup] (shadow-lookup operator (level-tower background-level)))) (if (null shadow-definition) [non-shadowed-op] (let ((operator-interpretation-level

(make-interpretation-level background-level operator))) (evaluate-anything operator-interpretation-level operator-interpretation-level)) [shadowed-op] (funcall shadow-definition

list background-level curr-cont)))))))

Extractionofthe expression, operator and operator definitionofthe current continuation closure ofthe levelare justas in the standard evaluator, as is the automaticconversionofunknown operators intoprocedure calls.

171

Once an operator has been found, the actionis similarto that of the standard evaluator, but withthe additionofcode to handle shadowing ofsome operators by primitivedefinitions. The splitbetween shadowed and non-shadowed operators is,interms ofthe standard evaluator, entirely withinthe (funcall op anything) at [operator]. Inprinciple,the standard evaluator and the meta-evaluator couldbe produced fromthe same source code, using an operator/procedurewhich could be described as shadowable-funcall; withinthe tower, thiswouldbe a normalfuncall,but in the meta-evaluator, wouldhave the extra rôle offindingand using the shadow versions ofcallee procedures that have shadows.

At [shadow-lookup], the shadow map forthe tower is looked up. This shadow map must match the tower’s meta-evaluator, and describes which operators the meta-evaluator has shadows for. Ideally, itshould be a fieldofthe value stored in the meta-evaluator fieldofthe tower.

Ifthere is no shadow forthat operator, the meta-evaluator recurses to interpretthe interpretable definitionofthe operator. This is done at [non-shadowed-op].

Ifa shadow has been found, it is called directly(that is, to run at the level of the metaevaluator),at [shadowed-op]. Thisis writtenas a macro partlyto giveita moredescriptivename, and partlyto hideeven moreoptionallycompiledtracingcode! Itis,inthe underlyingCommonLisp, simplya funcall.

The symbol evaluator

Symbol evaluationis verysimilar—there is no shadowing to do here either! The code below is simplifiedslightlyfrom what a real system should do, in that if nil is returned by the first lookup, the second lookupis performed. This should reallybe done using a multiple-valuereturn [Steele 84, Section 7.9] with the first value being the result of the lookup and the second value being the success code. However, there is another approach to this, using a distinct return value (whichthe next meta-level mightnot make available forgeneral use at this level). This is described in section 11.2.

LikeCommon Lisp,our dialect ofLispprovides keywords—symbols whichalwaysevaluate to themselves—and they are handled at [keyword]. (Keywordsare printed with a colon preceding the symbol name.) They are generally useful as simple token values; forexample, in the listof changes given to with-changed-level, they are used to name the parts of the levelto change.

172

(defun meta-eval-symbol (symbol background-level curr-cont)

"Evaluate SYMBOLin BACKGROUND-LEVEL." (cond ((eq symbol t) t) [keyword] ((keywordp (the symbol symbol)) symbol) (t (let

((dynamically-found

(env-lookup symbol (closure-fluid-environment curr-cont)))) (if dynamically-found

dynamically-found (env-lookup symbol (level-lexical-environment background-level)))))))

The string-char evaluator

Evaluation of local variable indices (string characters) is just as in the evaluator inside the tower. Since the listingshere present the workingcode of the system, they use forefficiency a Common Lisp feature that does not affect the semantics of the program: the declaration the, whichallowsthe compilerto make assumptions about the types ofexpressions’ results. Afixnum is a number whichis an integer and which need not have heap memory allocated forit—that it is, it is not a double and not a bignum (a number stored as a string of digits). (This requires it to be small enough to fit, along with its tag bits, into one machine word.) Tellingthe compiler explicitlythat values are of this type permits the use of efficient number handling code, with,for example, addition instructionsthat are compiledin-line,instead of tests on the types ofthe arguments, and calls to a general-purpose addition procedure to deal with any cases that the in-line code cannot handle directlyitself. (Inaddition to this, some parts of the system are compiledwith an implementation-specificproclamation, (fixnum-safety 0), which tells the compiler that all arithmeticis to be performed withfixnum operations (whichare typicallyinlined)rather than calling general arithmeticfunctions.)

173

(defun meta-eval-stringchar (char background-level curr-cont)

"Evaluate CHARin the context of BACKGROUND-LEVEL. CURR-CONTis the current continuation closure, which the caller has already extracted and so might as well pass along."

(declare (ignore background-level)) (nth-value (the fixnum (char-int char)) (closure-values curr-cont)))

The local variable references evaluator

Localvariablereference structures also involveno shadowing:

(defun meta-eval-lvr (lvr background-level curr-cont)

"Evaluate LVRin BACKGROUND-LEVEL." (declare (ignore background-level)) (nth-value (the fixnum (local-variable-reference-slot-number lvr)) (closure-values curr-cont)))

The level evaluator

Levels are handled exactly as inside the tower (perhaps a littlesurprising, considering their close involvementwiththe modelofreflectiveevaluation):

(defun meta-eval-level (arglevel background-level curr-cont)

"Evaluate ARGLEVELin BACKGROUND-LEVEL." (declare (ignore background-level curr-cont)) (evaluate-anything (level-current-expression arglevel) arglevel))

The closure evaluator

The same goes forclosure evaluation:

174

(defun meta-eval-closure (closure background-level)

"Evaluate CLOSUREin BACKGROUND-LEVEL." (with-changed-level background-level

(:evaluator

(closure-evaluator closure) :language (closure-language closure) :procedure-expression (closure-procedure-expression closure) :continuation-expression (closure-continuation-expression closure)) (call-meta-evaluator background-level)))

The macro with-changed-level is explained in section 11.4.

The other evaluators justpass the arguments straightthrough:

(defun meta-eval-string (string background-level curr-cont)

"Evaluate STRINGin BACKGROUND-LEVEL." string)

(defun meta-eval-integer (integer background-level curr-cont)

"Evaluate INTEGERin BACKGROUND-LEVEL." integer)

(defun meta-eval-nil (the-nil background-level curr-cont)

"Evaluate THE-NILin BACKGROUND-LEVEL." the-nil)

This is allofthe significantcode ofthe meta-evaluator. Muchofthe rest ofPlatypus89 is made up of the operators and theirshadows.

Summary of the meta-evaluator code.

Inthe smallamount ofcode presented above are allthe semanticallysignificantparts ofa mixed-languagemeta-tower-based evaluator—and perhaps morethan is strictlynecessary forthat function. The apparently complex goal turned out to have an essentially simple solution, refined to be just what is required forthe generalization of what itis forsomething to be an evaluator for procedural and functionallanguages.

Is itpossible to refine this further, to derive a functionwhich describes the essence of

175

tower-reflectiveinterpretationin the context ofa mixed-languagesystem?

Several parts of this are directlyequivalent to parts of the standard evaluator, and the explanations given insection 7.3 apply preciselyto these points too. These include those marked as [funcall], [operator], and [evaluator].

11.2 The essence of reflective tower evaluation

Just as itis possible to refine the standard evaluator to a formin whichseveral parts of the evaluator are calls to a suitably parameterized function,itis also possible to do this withthe standard meta-evaluator.

This parameterized function,the snark, is this:

;;;; Is this the ultimate Lisp function? (defun snark (thing level selector env-selector shadow-selector cont) "Parameterized meta-tower evaluator kernel for mixed languages."

(funcall (lookup (lookup (funcall selector thing) (funcall env-selector level)) (funcall shadow-selector level)) thing level cont))

It is very similarto boojum, but witha second selection and lookup. It is an optimizedform of a boojum-boojum function:

176

(defun boojum-boojum (thing level selector env-selector meaning-selector shadow-selector) "Parameterized meta-tower evaluator kernel for mixed languages."

(funcall (lookup (funcall meaning-selector (lookup (funcall selector thing) (funcall env-selector level))) (funcall shadow-selector level)) thing level))

the optimizationbeing that meaning-selector is always the identityfunction.The snark function is used in the followingprocedures to make the new version of the meta-evaluator. This is a replacement forthe code presented in section 11.1, but ituses snark foreach ofthe appropriate parts ofthe evaluator, instead ofthe ad-hoc evaluationfunctionsthere shown. Itmaybe instructive to compare this withthe code presented on page 168, to see the similaritybetween snark and the last part ofthat version ofevaluate-anything. The general tower meta-evaluatorfunctionis very similarinstructure to the standard evaluator presented on page 118,, butitmust also perform level shiftingwhen required.

In thiscase, snark is used to do the switchingon the argument type,and the level shift is performed conditionally, to get the type evaluatoreither interpreted ormimickedas appropriate.

177

(defun evaluate-anything (anything background-level)

"Evaluate ANYTHINGin the context of LEVEL." (let* ((cont (level-current-closure background-level))

(evaluator (closure-evaluator cont))) (if (not (eq (closure-original evaluator) (tower-standard-evaluator-closure (level-tower background-level)))) (let ((evaluator-interpretation-level [non-shadowed-eval] (make-interpretation-level background-level evaluator))) (evaluate-anything evaluator-interpretation-level evaluator-interpretation-level)) [shadowed-eval]

(snark anything

background-level #’type-of #’level-type-evaluators-function #’level-type-shadow-map-function cont))))

It wouldbe possible to simplifythis evaluator further, with added flexibility, but at the expense of speed, byusinganother mapto gofromthe evaluatorinthe towertoitsshadow, the meta-evaluator. In such a system, this new map (whichreplaces the if in the code presented above) wouldmap the standard evaluator to a procedure whichcalls snark to switchon the evaluand type, as at [shadowed-eval], and anythingelse (viathe map environment’s unbound value) to a procedure whichmakes a new level in whichto interpret the evaluation,as at [non-shadowed-eval]. The use of the extra map would, naturally, be implemented by another call to snark. The further flexibilitythat this bringsis that itwouldthen be possible formore than one possible evaluator to be shadowed by more than one meta-evaluator.

The expression evaluator

The expression evaluator uses snark to dispatch on the operator name and to do the level shift,ifnecessary, to get the operator definitioninterpretedor mimickedas appropriate.

In this version of the expression evaluator, there is no code to convert unknownoperators to functioncalls. This may be done by having the unbound pseudo-binding in the language environmentbindunknownoperators to a procedure whichconverts themto functioncallsand tries

178

again.

(defun meta-eval-list (list background-level curr-cont)

"Evaluate LIST in the context of BACKGROUND-LEVEL. CURR-CONTis the current continuation closure, which the caller has already extracted and so might as well pass along."

(if (null list) nil (snark list

background-level #’expression-operator-function #’level-language-function #’level-operator-shadow-map-function curr-cont)))

The symbol evaluator could use snark withthe identityfunctionas the key selector for use on symbols, and have the unbound bindingin the lexicalenvironmentbind to a functionthat looks the name up in the dynamicenvironment. Then, as snark always evaluates the result ofits lookups, this inheritance between the two environments is provided—at the cost of each binding being of a procedure that returns the intended value of the binding—rather like a continuationpassing style ofenvironmentimplementation.

(defun meta-eval-symbol (symbol background-level curr-cont)

"Evaluate SYMBOLin BACKGROUND-LEVEL." (cond ((eq symbol t) t) [keyword] ((keywordp (the symbol symbol)) symbol) (t (let

((dynamically-found

(env-lookup symbol (closure-fluid-environment curr-cont)))) (if dynamically-found

dynamically-found (env-lookup symbol (level-lexical-environment background-level)))))))

179

The remaining functions are as in the other version of the evaluator, as they have no particular use forcallingsnark.

This is allofthe significantcode of the compact meta-evaluator, occupyingonly83 lines ofopenlyformattedLisp,in11 procedures—perhaps rather shorterthan an ad-hoc versionsofsuch a functionwouldbe!

This is shorter than I originallyexpected such a program to be, and is quite a small part of the overallsystem. Ananalysis of the size of the system is presented in section 12.4.

11.3 Summary of the meta-evaluator code.

Is itpossible to refine this functionfurther? There is one thingthat can be done: to pun on the names ofstructure components, making an isomorphismbetween the union ofallpossible evaluands (ortheirtypes) and the structuralfieldwhereinthey existand are evaluated. Doingthis, the key selector and the environment selector take on the same names foreach pair. Are there any parallels to this in other programming systems? It is similarin some ways to instances and classes in object-orientedsystem such as SmallTalk-80 and CLOS.

Structuralpunningapart, the boojum/snarkappears to be the most refined formofevaluator that can be derived along these lines. Seen inmore general terms than Computer Science, it does seem to make sense as a description ofperformingan action according to instructions: use some keyaspect ofthe situationand some keyaspect ofthe contextto find an action,and perform that action, possiblymovingto the plane ofabstraction necessary forhandlingthat action.

Howdoes this fitin withgeneral models foraction,forexample the deliberationmodelof Doyle[Doyle], as re-presented in [Batali]? This is examined furtherin chapter 14.

The data stack representation in the meta-evaluator

InPlatypus89, the data stackis represented as a single extensiblevector, the values list, whichis shared between allclosures that referto it.Its divisionintostack frames is an abstraction visibleonly in the operators of languages, and a language may treat itas an open stack, as does PostScript, forexample.

There are several advantages tothisformofstack, whichIconsider to be a correctchoice of stack design here.

180

• Open-stack (eg FORTH,PostScript) and framed-stack (eg Lisp,Algol)languages can use it interchangeably, and can cross-call transparently usingit.

• It is easy to pass a variable number of arguments, although either an end-of-listmarker or a count must be passed, unless the extent of the argument-listis impliedby the values of some of the arguments. This provides, forexample, forLisp’s &rest, and for PostScript’s array operator, and its overloaded transformationoperators such as rotate.

• Itis easy to reify—and the structure is simple to manipulate.

• It is efficient—there are no stack frames to allocate and collect, onlya pointer or index that represents the end ofthe stack.

• Multipleresults can be returned, as required forPostScript and CommonLisp.

• The only assumption that it echoes is that there is a conventional call-returnstacking—an assumption made throughoutthe rest ofthe system anyway.

• Thereare no“live,butreturned-from”stackframes to manage—this stackorganizationforces operators to store the data off the stack at the appropriate time.

One point that mightseem unusual or counter-intuitiveabout the correct implementationof this kindofstack is that Lisp/Algol-likelanguages must take theirfirstargument as being the firston the stack–that is, the highest-indexed in terms of the stack implementation. This gives compatibility withlanguages likePostScript, even to the extent of&rest workingcompatiblybetween them and other languages.

The onlydrawbackwiththisorderingis that ifarguments to a functionare to be evaluated leftto right,as CommonLispand many otherlanguages require,the results cannot be pushed onto the stack in the order in whichthey are evaluated. The solutionto this is to access the value list as an indexable array rather than as a stack while doing this. The auxiliaryfunctionforfuncall, funcall-helper, whichis presented on page 193 in section 11.5, uses the followingmacro to evaluate the argument sub-expressions fromleft to rightbut to push theirresults rightto left:

181 (defmacro eval-and-push-sub-exprs (expr level)

"Evaluate each sub-expr (except the first) of EXPRin the context of LEVEL. If optional extra argument START is given, that specifies where to start in the sub-expr list, with 1 being the usual place, that is, it is how many initial sub-exprs not to evaluate. The results are pushed onto the stack of LEVEL."

‘(with-values-of-level

,level

(let* ((the-exprs ,expr)

(the-length (length the-exprs)))

(when (>= (+ the-length (the-value-list-last)) (the-value-list-max)) (extend-value-list (the-value-list) the-length))

(do* ((x the-exprs (cdr x))

(n (- the-length) (1+ n))) ((endp x)) (setf (the-nth-value n)

(evaluate-by-evaluator-of-level (car x) ,level))) (incf (the-value-list-last) the-length))

nil))

It would, in principle,be possible to use the same stack mechanism to implement the stack ofsaved closures ineach level(the returnstack, inconventionalterms) and alsoto implement the stackoflevelsthat, along withthe shadowing system, makes upeach tower. Thiswouldreduce the amount ofcode needed, not onlyto implementthe tower, but also in programs that use reified data.

11.4 Other parts of the meta-evaluator

The central procedure of the meta-evaluator is similarto that ofthe standard evaluator, and there are other parts that are analogous to some in the standard evaluator. These includethe operators, and procedures called by the operators forcommonpurposes such as the evaluation of arguments.

182

As wellas the parts that do have analogues in the standard evaluator, there are those that handle the tower manipulation—constructing levels and shiftingbetween them.

ThePlatypus operator(orLispmacro, inthe meta-evaluator)evaluate-by-evaluator-- of-level callsthe evaluatorofthe current level,or, ifthat evaluator is the standard evaluator, calls the meta-evaluator directly. It is used where procedures called by the evaluator need to callthe evaluator. Goingvia the evaluator ofthe current closure ofthe current levelis preferableto calling standard-evaluator or evaluate-anything directly, as itallowssuch procedures to be called from places other than the standard evaluator and meta-evaluator. The code of evaluate-by-- evaluator-of-level is is follows:

(defmacro evaluate-by-evaluator-of-level (thing level)

"Evaluate THINGin the tower of LEVEL using the evaluator of that tower."

‘(let* ((our-level ,level)

(evaluator (level-evaluator our-level))) (with-changed-level our-level (:continuation-expression ,thing) (if (= standard-evaluator-closure-number

(closure-number evaluator)) (evaluate-anything ,thing our-level) (call-meta-evaluator our-level)))))

Creating and using towers and levels

The procedures presented here create and maintaintowers and the levels that make up the towers. Theyare in two groups, those handlingwholetowers and those handlinglevels.

Procedures for handling towers

The followingprocedures set up and start towers. Starting a tower means applyingits meta-evaluator to it;starting a towerin the real evaluator (ofwhichthese routinesare part)means applyingsomething one stage further away than the meta-evaluator, as alllevels of meta-tower that support that tower must also be started at the same time.

A tower is a complex data structure with many cycles of references; new-tower and funcall-shadow, and many of the procedures presented furtherbelow, are used in the mainte-

183

nance ofthis structure.

Muchofthe manipulationofthe toweris done in the core ofthe meta-evaluator, butitcan also be done by operators, includingsome that mightnot normallybe regarded as reflective. For example, funcall-shadow is unusual in being an operator that manipulates the tower structure explicitly(inthe formofadding a callrecord to the callrecord chain ofa level)—although thismay be done by any procedure in the system, whether or not itis an operator, and whetheror not itis shadowed, as these actions are simplythe manipulationof a data structure.

Some structure access operators, for manipulatingfields of tower components, may sometimes be ineffectreflective, ifthe components that they alterare parts ofa livetower, as reifier results are—reifiers in Platypus do not take a copy (snapshot) of the tower, but return references to parts ofthe real tower. When this is the case, operators such as set-closure-evaluator are jumpy reflectors. As described in section 9.4, the shadow versions of such operators take specialactions to ensure that shadowed procedures are never altered—a copy is alwaystaken at the appropriate place and itis that copy that is altered.

Towers are created by the functionnew-tower, whichtakes as its arguments the metaevaluator, the base level program, and the standard procedure. The towerthat it sets up has the base levelalready realized,completewitha reference back to the tower. Ifthere are already some evaluator levelsattached to the base level,theyare retained, and these levelsare given references back to the towerjust as the base level is.

184 (defun new-tower (meta-eval base stand-proc)

"Make a new tower, with META-EVALas its meta-evaluator, BASEas the program it is to run at its base level, and STAND-PROCthe evaluator it is to use as its standard evaluator. Any evaluators BASEmay already have are kept, and STAND-PROCis put above them all."

(let ((the-tower

(make-tower :meta-evaluator meta-eval :base-level base :standard-evaluator-closure stand-proc))) (do* ((this-one base next-one) (next-one (closure-evaluator (level-current-closure this-one)) (closure-evaluator (level-current-closure this-one)))) ((eq next-one stand-proc) nil) (when (null next-one)

(setf next-one

stand-proc (closure-evaluator (level-current-closure this-one)) stand-proc))) the-tower))

new-tower creates a tower witha given meta-evaluator, applicationprogram, and standard evaluator. Thistower is suitable forpassing to run-tower.

(defun run-tower (tower)

"Evaluate TOWER." (begin-define-in-tower tower) (prog1

(call-meta-evaluator (tower-base-level tower)) (end-define-in-tower tower)))

run-tower is the real substrate language procedure that starts the evaluation of a tower. It sets the definitioncontext (for such things as defun) to be that tower, and then passes controlto the tower’s meta-evaluator, and, after setting the definitioncontext back to what it was, returns the

185

result fromthe meta-evaluator.

Procedures for handling levels

These macros and procedures are forcreating(orrealizing—see section 4.4) new levels. Theyare used inthe meta-evaluatorwhen ithas to do levelshiftswhena evaluator, type-evaluator or operator must be interpreted.

(defmacro make-interpretation-level (level evaluator)

"Make a level with the context from LEVEL to evaluate an instance of EVALUATORwith an argument of LEVEL. EVALUATORis a closure."

‘(new-level

,level ; level ,evaluator ; closure (list ,level ,level))) ; arguments

new-level is the central routine forcreatingnew levelsready forparts ofthe evaluator to shiftthe evaluation intothem. It takes as arguments:

• Alevel, from whicha tower is found. The new level is put into the same tower as this argument level. This level also provides the template closure used to fill in parts of the instantiated closure that the level willstart running.

• Aclosure to instantiate, providingthe expression that the new level is to run. The rest of the instantiated closure (apart from the argument list, that is, the initialvalue list)is made fromthe template closure whichis part ofthe level supplied as the first argument.

• Aargument list whichis used to fillin the initialcontents of the value list of the current closure ofthe new level.

new-level creates two linkedstructures, a level and the current closure forthat level, and completes the cycle ofreferences between them.

The code of new-level is as follows:

186 (defun new-level (level closure args)

"Construct a level to go in the tower of LEVEL made by instantiating CLOSUREwith ARGSfor its arguments."

(let* ((tower (level-tower level))

(template (level-template-closure level)) (the-new-closure (make-closure :evaluator (closure-evaluator template) :language (closure-language template) :type-evaluators (closure-type-evaluators template) :procedure-expression (closure-procedure-expression closure) :continuation-expression (closure-continuation-expression closure) :values (convert-to-value-list args) :lexical-environment (closure-lexical-environment template) :fluid-environment (closure-fluid-environment template) :level nil ; filled in later to complete a circle :original (closure-original closure) :number (incf closure-counter))) (the-new-level (make-level :call-record-stack (list the-new-closure) :tower tower :template-closure (closure-original closure)))) (setf (closure-level the-new-closure) ; complete the circle

the-new-level) the-new-level))

187

Modifying levels

The macro with-changed-level is used in a varietyofways. It modifies its argument level as specified by a list ofchanges, evaluates its body forms,and undoes the changes itmade to the level,before returningthe result ofthe last ofthe body forms.

Ineffect,thisis a rebindingofsome fields ofthe level,the scope ofthe rebindingbeing the body arguments ofthis macro. However, the rebindingis not done withinthe levelbeing modified, but in the meta-evaluator handlingthat level—in this case, in the stack ofthe substrate system.

This is importantnot only forintuitivelycorrect evaluation of the interpretive tower, but also forits efficientevaluation. It is correct, because some ofthis workis done behind the scenes by the meta-evaluator, and is hidden from the tower being worked on; it is efficient, because it avoids creating temporary tower levels and throwingthem away after use—the originallevel is re-used, and the temporarystorage is on the substrate system’s stack.

The coincidenceofcorrectness and efficiencygoes furtherthan that, too: were temporary levels to be made for use in the evaluation, changes made to those levels through the use of reflection wouldbe discarded unless copied back intothe levelsfrom whichthe temporarylevels were copied.

The disputable pointhere is not whether this technique should be used, but where the saved data should be stored, in the version that runs on the substrate system. (Obviouslyenough, when run on an ordinarymeta-evaluator, the saved data may be kept on that evaluator’s stack.)

The expansion ofwith-changed-level can be quitecomplex;its macro-expander procedure calls the followingprocedure, make-change-savers, to generate pieces of the code to return. Ittakes a listof change descriptions, each ofwhichconsists ofa listcontaininga keyword indicatingwhat to change, and a formindicatingwhat to change itto. It returns a listoflists, each of whichcontains (inorder):

• the name ofa variablein whichto save the oldvalue,

• the name of a temporary variablein whichto store the new value whileother changes may be being calculated—they all take effect simultaneously as far as the evaluand tower is concerned

• the formto evaluate to get the new value,

• and the structurefielddescriptionofwhat to change inthe level(ina formsuitable forpassing to Common Lisp’s setf [Steele 84, section 7.2]).

188

The elements of these lists are builtinto the result ofthe with-changed-level expander.

(defun make-change-savers (change-list)

"Shadow function for expanding with-changed-level." (let ((the-savers nil))

(let ((evaluator-value

(member :evaluator change-list

:test #’eq))) (when evaluator-value

(push ‘(old-evaluator new-evaluator

,(second evaluator-value) (closure-evaluator the-cont-clo)) the-savers))) (let ((language-value

(member :language change-list

:test #’eq))) (when language-value

(push ‘(old-language new-language

,(second language-value) (closure-language the-cont-clo)) the-savers)))

(let ((type-evaluators-value

(member :type-evaluators change-list

:test #’eq))) (when type-evaluators-value

(push ‘(old-type-evaluators new-type-evaluators

,(second type-evaluators-value) (closure-type-evaluators the-cont-clo)) the-savers)))

189

(let ((procedure-expression-value

(member :procedure-expression change-list

:test #’eq))) (when procedure-expression-value

(push ‘(old-procedure-expression new-procedure-expression ,(second procedure-expression-value) (closure-procedure-expression the-cont-clo)) the-savers)))

(let ((continuation-expression-value

(member :continuation-expression change-list :test #’eq))) (when continuation-expression-value

(push ‘(old-continuation-expression new-continuation-expression ,(second continuation-expression-value) (closure-continuation-expression the-cont-clo)) the-savers)))

(let ((values-value

(member :values change-list :test #’eq))) (when values-value

(push ‘(old-values new-values

,(second values-value) (closure-values the-cont-clo)) the-savers))) (let ((lexical-environment-value

(member :lexical-environment change-list :test #’eq))) (when lexical-environment-value

(push ‘(old-lexical-environment new-lexical-environment

,(second lexical-environment-value) (closure-lexical-environment the-cont-clo)) the-savers)))

190

(let ((fluid-environment-value

(member :fluid-environment change-list :test #’eq))) (when fluid-environment-value

(push ‘(old-fluid-environment new-fluid-environment

,(second fluid-environment-value) (closure-fluid-environment the-cont-clo)) the-savers))) the-savers))

with-changed-level has a macro expansion in whichthe subject leveland the parts involvedin the change are bound to variables, usinglet*. Withinthe body ofthe let*, the modificationsare made, the argument bodyevaluated, and the modificationsreversed, before returningthe result of the last ofthe argument bodyforms.

(defmacro with-changed-level (level changes &body body)

"Modify LEVELas specified by the keyword arguments in CHANGES,and run BODY. Then change the changed parts back."

(let ((change-savers (make-change-savers changes)))

‘(let* ((the-level ,level)

(the-cont-clo (car (level-call-record-stack the-level))) ,@(map ’list #’(lambda (saver) ‘(,(first saver) ,(fourth saver))) change-savers) ,@(map ’list #’(lambda (saver) ‘(,(second saver) ,(third saver))) change-savers)) ,@(map ’list #’(lambda (saver) ‘(setf ,(fourth saver)

,(second saver))) change-savers) (let ((result (progn ,@body)))

,@(map ’list #’(lambda (saver) ‘(setf ,(fourth saver)

,(first saver))) change-savers) result))))

Examplesofthe use ofwith-changed-level maybe foundinseveral places inthe code presented in this thesis, includingat section 11.1.

191

11.5 Operators and their shadows

Each operator ofthe base language (as described inchapter 9) is shadowed bya procedure inthe meta-evaluator. These could inprinciplebe compiledfromthe correspondingdefinitions withinthe tower, but (for historicalreasons) most of them are writtenseparately. They are largely generated byLispmacros, as there is an appreciable amount ofstandard code at the start ofeach, to pickapart the level that is passed inas an argument,and, inthe case ofoperators that evaluate alltheir arguments (such as arithmeticoperators, cons, etc), to performthe argument evaluation.

There are one or twoparts to the definitionofeach shadowed operator:

• the definitionof the version that is kept withinthe tower, whichalso includes a reference to the compiledLispcode to use outside the tower;

• the Lisp code that is compiledto make the shadow definition;for some operators, this can be compiledfromthe definitionthat goes inside the tower.

An example ofthe kindwitha separate Lisp functionis the primitiveif operator, which has the Lisphelper function:

(defun if-helper (expr level cont)

"Interpret a LEVELthat wants to do an if-then-else." (let* ((condition (second expr))

(if-case (third expr)) (else-case (fourth expr))) (if (evaluate-by-evaluator-of-level condition level)

(evaluate-by-evaluator-of-level if-case level) (evaluate-by-evaluator-of-level else-case level))))

and the definitionin the tower:

(platypus-def-control-prim

if ; name if-helper ; helper function to use (condition then else) ; argument names for definer ; macro to generate for use ; in procedure body ;; procedure body (to run in tower for non-shadowed ;; interpretation) (if (eval-in-level condition int-level)

(eval-in-level then int-level) (eval-in-level else int-level)))

192

Platypus89 operators that are very likeexistingLisp functions,and need alltheir arguments evaluated anyway, may be defined in one piece, as follows:

(platypus-def-lispy-prim

cons ; name within tower cons ; name of primitive Lisp function to call (a d) ; argument list (cons a d)) ; code to run inside or outside the tower

The operator + is one of those defined to evaluate allits arguments. Itsdefinitionis as follows:

(platypus-def-lispy-prim + + (a b) (+ a b))

In section 9.4 it is mentioned that reflectors and structure accessors that mightreturn data consisting of closures higher in the tower must check that what they are returningis not the standard processor—in whichcase they must make and return a copy ofitinstead. Theyuse the followingprocedure to do this:

(defun unroll-closure (closure)

"Wetake a copy of the evaluator if it would be the standard evaluator, so that the user program can’t get at the standard evaluator to modify it. Otherwise we return the closure as it is."

(if (eq closure standard-evaluator)

(let ((the-closure (copy-closure closure)))

(setf (closure-number the-closure) (incf closure-counter)) the-closure) closure))

It is used in the structure accessor that definitelyreturns data fromfurtherup a tower:

193

(defun closure-evaluator-function (closure)

"Return the evaluator of CLOSURE." (unroll-closure (closure-evaluator closure)))

and in anythingthat mightmodifya closure (accessed through some other means, such as as a component ofa language) in case that closure is the standard evaluator:

(defun closure-type-evaluators-setter-function (closure type-evaluators) "Set the type-evaluators of CLOSUREto TYPE-EVALUATORS" (let ((modifiable-closure (unroll-closure closure)))

(setf (closure-type-evaluators modifiable-closure) type-evaluators (closure-original modifiable-closure)

modifiable-closure) modifiable-closure))

funcall is a particularlyimportantoperator, as itis part ofthe general evaluationmechanism. It evaluates its arguments, and creates a new closure by instantiatingthe closure held in its first argument. The remaining evaluated arguments are placed on the end of the values list (pushed as onto a stack) and the closure placed on the end of the listof closures run at that level (that is, pushed onto the return stack). The current meta-evaluator is called to evaluate the new closure—that is, to continue evaluationwiththe new closure as the current evaluationpoint.

Note that since manylanguages requiretheirarguments to be evaluated fromleftto right, but pushing them in order ofevaluation leaves them in the wrong order on the stack, we must in effectcollectthe evaluated arguments intoa listwhichwe reverse before pushingits contents onto the value list. In practice, this is done more efficientlyby movingto the new end positionof the stack, and fillingthe values in in reverse order, as explained on page 181.

Here is the code offuncall-helper:

194 (defun funcall-helper (expr level cont)

"Interpret a LEVELthat wants to do a funcall." (let* ((values (closure-values cont))

(nvalues (value-list-length values)) (callee-name (second expr)) (callee (evaluate-by-evaluator-of-level callee-name level)) (instantiated-callee (if (not (closure-p callee))

(error "funcall-helper: Platypus function ~S ~

(derived from functor ~S in level ~S) ~ is not a closure~%" callee callee-name level) (copy-closure callee))) )

(setf (closure-number instantiated-callee)

(incf closure-counter)) (eval-and-push-sub-exprs (cdr (expression-tail expr)) level) (let ((nvalues-incl-args (value-list-length values)))

(setf (closure-values instantiated-callee)

values) (setf (closure-fluid-environment instantiated-callee)

(closure-fluid-environment cont))

(setf (closure-evaluator instantiated-callee)

(closure-evaluator cont))

;; Put the new call record onto the stack of the ;; current level (push instantiated-callee

(level-call-record-stack level))

195

;; Let the underlying evaluator continue ;; evaluating. This is like handing the new ;; code-vector address over to the program ;; counter to be run, in a conventional machine. (let ((funcall-result (call-meta-evaluator level)))

;; put the activation stack back to normal (pop (level-call-record-stack level))

;; pop the args (pop-below values nvalues-incl-args nvalues) funcall-result))))

Since procedure callingisso centraltothe system, forefficiencyanother operator, funcall1, is provided that does a funcall an extra level lowerdown the tower. This is suitable foruse as the entire bodyof the in-towerdefinitionoffuncall. Itevaluates its arguments to get to the level need, to pass them on to funcall-helper, whichitthen calls. Its implementationis as follows:

(defun funcall1-helper (expr level cont)

"Interpret a LEVELthat wants to do a funcall1, that is, to interpret the interpretation of a funcall. funcall1 is provided for use by interpreters only, really."

(let* ((res nil)

(cont-values (closure-values cont)) (cont-value-1 (nth-value 1 cont-values))) (let* ((lcc (level-current-closure cont-value-1))

(lcx (closure-continuation-expression lcc))) (setq res (funcall-helper lcx cont-value-1 lcc)) res)))

and its use in the in-towerdefinitionsis this:

(platypus-defprim funcall funcall-helper (fun &body args) (funcall1 fun args))

Another use of this procedure is that made by the standard evaluator and the meta-evaluator to convert unknownoperators intofuncalls:

196

(platypus-defprim

:default convert-missing-op-to-funcall-helper

(fun &body args) (funcall1 fun args))

The stack-based operators are defined in the same way as other operators, but use in their helper procedures the macros with-popped-args, push-results and with-popped-- args-push-results, whichare explained on page 209. Here are some examples; not that they are similarto theirLisp-stylecounterparts, but simplerin that they do not evaluate their arguments but just take what is provided forthem on the stack:

(defun ps-add-helper (expr level cont)

"Interpret a level that wants to do a PostScript add." (with-popped-args-push-results level (a1 a2) ; the args ((+ a1 a2)) ; the results ; arbitrary body follows, may be empty ))

The if procedure, whichhas no “else”clause in PostScript:

(defun ps-if-helper (expr level cont)

"Interpret a level that wants to do a PostScript if." (with-popped-args level (condition proc) (if condition (with-level-interpret-ps-block level (cdr proc)))))

Almostallof the stack-style operators may be defined in this manner, makingtheir definitions generally succinct. It would, naturally, be possible to define them in terms of stack-like operators, as is done in the PostScript-in-PostScriptimplementationdescribed in [Hopkins].

197

11.6 Definition of operators

The operators and theirshadows are defined usingthe macros andprocedures presented in the followingpages.

Definitions in towers

We need to make each definitionin the context of a particulartower, to get various bits of background fordefinitions.

(defvar *platypus-definition-towers* nil

"A list of towers open for defining things in. New definitions go in the topmost one of these. This is a pushy equivalent to CL’s jumpy in-package system.")

(defmacro current-definition-tower ()

"Return the current definition tower." ’(car *platypus-definition-towers*))

Lisp to Platypus expression conversion

In Platypus’closures’ expressions, local variables are referred to not by a name (inthe sense of a Lisp symbol) but by a number which is stored either as a Lisp character value (as described insection 7.3) or, ifitwillnot fit inthe range ofnumericvalues denotable by characters, in a local-variable-referencestructure. The procedure lisp-to-platypus-expression takes in a lambda expression withformalparameter names, in whichLisp let* constructs may be used, and converts formalparameter and local variablereferences intothe character or structure form.

Whenever a let* form is found, it is converted into a let-local, which does whatever its operator definitionin the language at run-time provides: it should evaluate its subexpressions, and append (push) them onto the value list. The let*ted variable names are then added to the read-time local variables and formalparameters list to be passed to recursive calls of lisp-to-platypus-expression—this list is started withthe formal parameter list on the outermost callto lisp-to-platypus-expression.

This maybe used forlanguages other than Lisp,as long as theirparsers produce locally scoped variabledeclarations in the same formas Lisp’s let*s.

198

(defun lisp-to-platypus-expression (the-args the-body)

"Convert lambda-body-like expression with args THE-ARGSand body THE-BODYfrom Lisp format to Platypus format."

(typecase the-body (list (if (eq (car the-body) ’quote)

the-body (if (eq (car the-body) ’let*)

(let* ((bindings-list

(without-fluids (cadr the-body))) (new-body (cddr the-body)) (all-the-args the-args) (bind-exprs (map ’list #’(lambda (binding)

(progn

(push (car binding)

all-the-args) (lisp-to-platypus-expression all-the-args (cadr binding)))) bindings-list))) (let ((new-expr (cons ’let-local (cons bind-exprs

(lisp-to-platypus-expression all-the-args new-body))))) new-expr)) (map ’list #’(lambda (x) (lisp-to-platypus-expression the-args x)) the-body)))) (symbol (if (member the-body the-args)

(as-local-variable-index the-body the-args) the-body)) (t the-body)))

Making closures from parse trees

The procedure make-closure-with-expression takes an expression, inthe formproduced by lisp-to-platypus-expression, and a tower, and returns a closure ready to run that

199

expression and suitable forinstantiationinthat tower. Each towerincludesa templateclosure, from whichnew closures bydefaultinheritcomponents that are not specified explicitlywhenthe closure is created. The template closure normallymust have as its evaluator the standard-evaluator that is used in that tower, so that closures instantiated in the initialcontext ofthe towerwillbe shadowed by the meta-evaluator ofthat tower.

(defun make-closure-with-expression (expr &optional (tower (current-definition-tower))) "Make a closure for the current definition tower or for a specified tower, with EXPRas its expression, and the TOWER(if not the default one) as the second argument."

(let* ((template (tower-template tower))

(closure (make-closure :evaluator (closure-evaluator template) :type-evaluators (closure-type-evaluators template) :language (closure-language template) :continuation-expression expr :procedure-expression expr :values nil :lexical-environment (closure-lexical-environment template) :fluid-environment (closure-fluid-environment template) :level (closure-level template) :original nil :number (incf closure-counter) ))) (setf (closure-original closure)

closure) closure))

The fact that thisclosure is a static closure (see section 3.4)is indicatedbyits closure-original field being eq to this closure itself.

Closures produced by instantiatingthis closure willhave this closure as theirclosure-- original field.

Lisp-style defining forms

Platypus provides several defining forms in the syntax of its Lisp-likebase language, corresponding approximatelyto defun in Common Lisp. There are variants for definingordinary

200

functions,operators, and primitives—that is,shadowed operators. There are several waysofdefining shadowed operators, according to whether they require all their arguments to be evaluated automaticallybefore their provided code body is entered, and accordingto whether a named existing Lispprocedure is to be used as the procedure to wrap intothe wholeshadow code body, or whether the shadow code is to be generated automaticallydirectlyfromthe code that itshadows.

There is much in common between all these kindsof defining forms, such as the need to translate parameter and local variablereferences to the formdescribed in section 6.3, and they are implementedas macros whichcallthe procedure platypus-defun1 to do the commonparts of theirwork.

There are two optional (keyed) arguments to this macro, which indicate whether the form being defined is to be shadowed (primitive), and whether it is to be bound in the language (define-as-operator) or in the environment (as a callable procedure). The callers of platypus-defun1 use various combinations ofthese arguments, the only combinationnot used in practice being a shadowed callable procedure—all shadowed procedures are normallyrun directlyfromthe evaluator, as operators, rather than being called through the funcall operator.

201 (defun platypus-defun1 (fun-name fun-args fun-body &key primitive define-as-operator) "Define a platypus function, called FUN-NAME,with args FUN-ARGSand body FUN-BODY.Keyword argument PRIMITIVE, if specified, specifies a lisp function with which to implement this function. This is mapped in the shadow map of the current definition tower."

(let* ((the-body (if (and (> (length fun-body) 1) (stringp (car fun-body))) (cdr fun-body) ; throw away docstring fun-body)) (the-name (if (listp fun-name) (cadr fun-name) fun-name)) (the-env (if (listp fun-name) (car fun-name) (if define-as-operator

(tower-language (current-definition-tower)) (tower-environment (current-definition-tower))))) (closure (make-closure-with-expression (lisp-to-platypus-expression fun-args the-body)))) (when *print-platypus-defuns*

(format t "Setting defun in env: ~A~%"

the-env)) (platypus-set-environment-variable the-env the-name closure) (when (not (null primitive))

(when *print-platypus-defuns*

(format t "Setting primitive~%")) (platypus-set-environment-variable (tower-operator-shadow-map (current-definition-tower)) closure primitive)) nil)) ; value to return from macro

Defining ordinary procedures

This is the simplest use ofplatypus-defun1. Atthisstage in the definitionprocess, the procedure body must be a single form,rather than an implicitprogn.

202 (defmacro platypus-defun (fun-name fun-args ;;&body fun-body) "Define a platypus function, called FUN-NAME,with args FUN-ARGSand body FUN-BODY."

‘(platypus-defun1 ’,fun-name ’,fun-args ’,fun-body))

Defining non-shadowed operators

platypus-defop is similarto platypus-defun, but it makes the definitionin the language of the initialcontext ofthe tower, rather than inits general environment.

(defmacro platypus-defop (op-name op-args ;;&body op-body) "Define a platypus operator, called OP-NAME,with args OP-ARGSand body OP-BODY."

‘(platypus-defun1 ’,op-name ’,op-args ’,op-body :define-as-operator t))

Defining ordinary primitives

platypus-defprim is the simplest way to define a shadowed primitive. It is similarto platypus-defun, withthe additionofthe prim-name argument, whichis the name ofthe shadow procedure to run when interpretingthisprocedure and findingthat itis eligibleforshadowing (see sections 10.1 and 11.1).

203

(defmacro platypus-defprim (fun-name prim-name fun-args ;; &body fun-body) "Define a platypus function, called FUN-NAME,and implemented by the lisp function called PRIM-NAME,with args FUN-ARGSand body FUN-BODY.The primitive named by PRIM-NAMEis called with one argument, the level to interpret."

‘(platypus-defun1 ’,fun-name ’,fun-args ’,fun-body :define-as-operator t :primitive ’,prim-name))

Defining control primitives

The followingfunctionis foruse in a macro-expander, platypus-def-control-prim, whichis presented after it. Ittakes an expression template, whichis a listofnames forsuccessive sub-expressions of the expression, and produces a let-binding list for bindingthose names to those parts of the expression. If do-eval is true, the code returned has the sub-expressions evaluated in the context of the level, accessible in the context in whichthis bindingcode is run, under the name given bylevel-name, and the results of those evaluations are bound;otherwise the un-evaluated sub-expressions are boundthroughout.

For example, the description of the arguments forif, (condition then else), given the name expr forthe expression willproduce the list:

((condition (nth 1 expr)) (then (nth 2 expr)) (else (nth 3 expr)))

whereas the description ofthe arguments forcons, whichneeds itsarguments evaluated forit,will expand to:

((a (eval-in-level (nth 2 expr) level)) (b (eval-in-level (nth 3 expr) level)))

where level is passed in as the name ofthe level in whichto evaluate the arguments.

204

(defun make-control-arg-splitter (level-name expr-name arg-names do-eval) "Make a let-binding-list, in which the argument expr bound to EXPR-NAMEis split into its successive part and bound, part by part, to the names in ARG-NAMES.If the third argument, DO-EVAL,is non-nil, each argument expr is wrapped in a call to eval."

(do* ((args arg-names (cdr args))

(arg (car args) (car args)) (arg-index 1 (1+ arg-index)) (let-list nil)) ((endp args) (nreverse let-list)) (if (eq arg ’&body)

(progn

(setq args (cdr args)) (setq arg (car args)) (push (if do-eval ‘(,arg (eval-in-level

(nthcdr ,arg-index ,expr-name) ,level-name)) ‘(,arg (nthcdr ,arg-index ,expr-name))) let-list)) (push (if do-eval

‘(,arg (eval-in-level

(nth ,arg-index ,expr-name) ,level-name)) ‘(,arg (nth ,arg-index ,expr-name))) let-list))))

The results of make-control-arg-splitter are used in the followingmacro-expander:

205

(defmacro platypus-def-control-prim (fun-name prim-name fun-args &body fun-body) "Define a platypus function, called FUN-NAME,and implemented by the lisp function called PRIM-NAME,with args FUN-ARGSand body FUN-BODY.The primitive named by PRIM-NAMEis called with one argument, the level to interpret. If interpreted, the body has the parts of the expression of the current continuation closure of the argument level split out into the appropriate named variables as specified by fun-args."

‘(platypus-defun1 ’,fun-name ’(int-expr int-level int-cont) ’(let* (,@(make-control-arg-splitter ’int-level ’int-expr fun-args nil)) ,@fun-body) :define-as-operator t :primitive ’,prim-name))

Defining Lisp-like primitives

The Lisp-likeprimitivesare those that require all oftheir arguments to be evaluated beforeenteringthe providedcode body. Theevaluationofthe arguments isdone bysome code which the followingmacro wraps around the providedcode body. The extra code calls eval-sub-exprs, whichworks itway along the argument sub-expressions evaluating each one and returninga list made fromthe results of these evaluations. eval-sub-exprs is presented in section 7.7. This is used forthe version that runs inside the tower. For the shadow version, the argument evaluationis done inside the code fragments returned by make-control-arg-splitters, whicharranges this argument evaluationwhen called withits do-eval argument non-nil.

206

(defmacro platypus-def-lispy-prim (fun-name prim-name fun-args &body fun-body) "Define a lispy platypus function, called FUN-NAME, and with an implementation based on the lisp function called PRIM-NAME,with args FUN-ARGSand body FUN-BODY. The arguments for the call are evaluated by the wrapper provided by this macro, and given to the function named by PRIM-NAME."

(let ((shadow-name (intern (concatenate ’string "frame-" (symbol-name prim-name))))) ‘(progn

(compile ’,shadow-name ‘(lambda (expr level cont)

(let ((the-expr expr))

(apply #’,’,prim-name

(eval-sub-exprs the-expr level))))) (platypus-defun1 ’,fun-name ;; ’,fun-args ’,fun-body ’(int-expr int-level int-cont) ’(let* (,@(make-control-arg-splitter ’int-level ’int-expr fun-args t)) ,@fun-body) :define-as-operator t :primitive ’,shadow-name))))

Defining Lisp-like primitives based on a given expression

These primitives,like those defined by platypus-def-lispy-prim, have their arguments evaluated before runningthe given code body, but whereas those calla Lisp functionthat exists anyway, this macro platypus-def-lispy-expr-prim also create the Lisp functionfrom the expression provided,and compilesit.

207

(defmacro platypus-def-lispy-expr-prim (fun-name fun-args ;; &body fun-body) "Define a lispy platypus function, called FUN-NAME, and with an implementation based on the lisp expression given as the function body, below, with args FUN-ARGS and body FUN-BODY.The arguments for the call are evaluated by the wrapper produced by this macro, and given to the function supplied as FUN-BODY."

(let ((shadow-name

(intern (concatenate ’string "frame-" (symbol-name fun-name))))) ‘(progn

(compile ’,shadow-name ‘(lambda (expr level cont)

(let ((the-expr expr))

(apply #’,’(lambda ,fun-args ,fun-body)

(eval-sub-exprs the-expr level))))) (platypus-defun1 ’,fun-name ’(int-expr int-level int-cont) ’(let*

(,@(make-control-arg-splitter

’int-level ’int-expr fun-args t)) ,@fun-body) :define-as-operator t :primitive ’,shadow-name))))

Defining static closures

As described insection 3.4, closures are used to represent procedures availableforcalling. These are not trueclosures, as theydonot have allofthe fields filledin—they are completedin the copymade wheninstantiatingthe closure. Whena closureis instantiated(byfuncall-shadow, for example), itis copied and completed. The closure-original field of the copy points to the originalfromwhichitwas copied, and thisis used to determine whether the closure is shadowed.

208 (defmacro def-unclosure (name args ;;&body body) "Set NAMEto a new closure with ARGSfor its arguments and BODYfor its expression and the rest made to distinguished nonsense values. This may then be copied into towers having the rest of the slots filled in as appropriate for that tower. It is used for defining things that are useful in many towers. BODY may have a docstring, which is thrown away."

#| (when (and (stringp (car body)) (not (endp (cdr body))))

(setq body (cdr body))) |# ‘(let ((expr (lisp-to-platypus-expression ’,args ’,body))) (setf ,name (make-closure :evaluator nil ; :no-evaluator :language :no-language :type-evaluators :no-type-evaluators :procedure-expression expr :continuation-expression expr :values :no-values :lexical-environment :no-lexical-environment :fluid-environment :no-fluid-environment :original nil :level nil :number (incf closure-counter) ))

(format t "def-unclosure: ~S now set to ~S~%"

’,name ,name) (setf (closure-original ,name)

,name) ;; This will work even if ,name is ;; standard-evaluator, so long as we do the ;; def-unclosure for standard-evaluator before any ;; other def-unclosures (setf (closure-evaluator ,name)

standard-evaluator) ,name))

209

Placing definitions in towers

Procedure and operator definitions are placed in the appropriate part—language or environment—of a tower. The towerthey go inis the current-definition-tower, whichis the top of a stack ofsuch towers. To change the towerinto whichdefinitionsare placed, the procedures begin-define-in-tower and end-define-in-tower are provided.

(defun tell-current-definition-tower ()

"Say which the current definition tower is." (format t "Definitions now go into tower ~S~%"

(current-definition-tower)))

(defun begin-define-in-tower (tower)

"Make TOWERthe current tower for definitions." (setq *platypus-definition-towers*

(cons tower *platypus-definition-towers*)) (tell-current-definition-tower))

(defun end-define-in-tower (&optional tower)

"Revert to the previous tower for definitions. TOWER is used to check the nesting of definitions, unless it is nil."

(unless (or (null tower) (eq tower (car *platypus-definition-towers*))) (error "Closing towers for definition in the wrong order."))

(setq *platypus-definition-towers*

(cdr *platypus-definition-towers*)) (tell-current-definition-tower))

In defining the helper functions for stack-style operators (as used in PostScript and FORTH)the macros with-popped-args, push-results and with-popped-args-push-results are useful. They take values fromthe end ofa level’s value listand bind them to Lisp names, and push result ofLisp expressions onto the valuelist. Theirdefinitionsinvolvemany obscure macros, but, withsome of the internalmacros expanded out,look likethis:

210

(defmacro with-values (some-vl &body some-body)

"Using the values list SOME-VL,run SOME-BODY." ‘(let* ((.values-list. ,some-vl)

(.values-last. (value-list-last .values-list.)) (.values-max. (value-list-max .values-list.)) (.values-data. (value-list-data .values-list.)) ) (declare (type fixnum .values-last. .values-max.) (type values-list .values-list.) (type simple-vector .values-data.))

(let ((the-with-values-result

(progn

,@some-body))) ;; assume only this has changed: (setf (value-list-last .values-list.)

.values-last.) the-with-values-result)))

with-values makes a particular value list into the current value list, as used by the macros tt the-value-list-last,ttthe-value-list-max,tt the-value-list-data,and ttthe-nth-value.

(defmacro with-values-of-level (some-level &bodysome-body)

"Using the values list of SOME-LEVEL,run SOME-BODY." ‘(with-values (level-values ,some-level) ,@some-body))

with-values-of-level buildson with-values, forthe commonest use of it.

Theexpander forthe macro with-the-popped-args needs an auxiliaryprocedure which returns a let bindinglist:

(defun make-popping-arg-list (args)

"Make a let binding list for ARGS, with the current value list."

(let ((i (length args)))

(map ’list #’(lambda (arg) (decf i) ‘(,arg (the-nth-value ,i))) args)))

211

The bindingsdescribed in that listare executed in the providedcode bodyby the followingmacro:

(defmacro with-the-popped-args (args &body body)

"Using the values list set by with-values-of, pop the args needed to fill ARGS,and run BODY."

‘(let ,(make-popping-arg-list args)

(setf (value-list-last (the-value-list))

(decf (the-value-list-last) ,(length args))) ,@body))

This macro packages the above on into its most useful form:

(defmacro with-popped-args (level args &body body)

"Using LEVELto supply the arguments, pop the args needed to fill ARGS,and run BODY."

‘(with-values-of-level ,level (with-the-popped-args ,args ,@body)))

The followingdefinitionsare the complementofthe precedingones—pushing resultsback onto the stack. The results are specified as a listof arbitraryLispexpressions. The followingprocedure is used by the macro expander after it:

(defun make-result-placer-pushers (forms n)

"Return a list of code to put FORMSinto the current value list; for efficiency, we are told that there are N forms."

(let ((i n))

(map ’list #’(lambda (form) (decf i) ‘(setf (the-nth-value ,i)

,form)) forms)))

This macro runs through its arguments, whichare forms(expressions), making code to evaluate each formand push itonto the stack:

212

(defmacro push-the-results (&rest results)

"Using the values list set by with-values-of, push &RESTRESULTS." (let ((added-value (length results)))

‘(progn

(when (>= (+ ,added-value (the-value-list-last)) (the-value-list-max)) ; is this enough?

(extend-value-list .values-list. ,added-value)) (setf (value-list-last (the-value-list))

(incf (the-value-list-last) ,added-value)) ,@(make-result-placer-pushers results added-value))))

This packages itintoits most useful form:

(defmacro push-results (level &rest results)

"Into LEVELpush &RESTRESULTS." ‘(with-values-of-level ,level (push-the-results ,@results)))

The followingmacro combines the two stack facilitiesabove, and may be used as the outermost part ofeach stack-based operator shadow body:

(defmacro with-popped-args-push-results (level args results &bodybody) "Using LEVELto supply the arguments, pop the args needed to fill ARGS,and run BODY,finally pushing RESULTSonto the stack of LEVEL."

‘(with-values-of-level ,level (with-the-popped-args ,args ,@body (push-the-results ,@results))))

213

11.7 The C implementation of Platypus

The C implementationofPlatypus is a complete system implementation,not relyingon another language’s support system and libraryformemory management and other facilities.Because of this, it is fairlylarge and complex, and contains much code not directlyrelevant to the research.

C-Platypus keeps the entire tower system withina storage heap. The meta-evaluator is not visible from the tower, and is a C program, which is not contained withinthe heap. All values in the heap are tagged withtheirtype; to allowas much flexibilityas possible, the tags are whole machine words (makingeach C-Platypus word two machine words), and pointto the type descriptors concerned. Each object inthe heap has a header, consistingof twoC-Platypus words: the length and the type. (The type of the type points to the type descriptor forthe whole object, and the value of the type is the object itself—a redundant reference that turned out very useful fordebugging.) This type system makes all types first-class [Lang and Pearlmutter]. There is no distinctionbetween predefined system types and user-defined types.

The garbage-collector is a stop-and-copy one. It is complicated by the need to update the shadowing tables in the meta-evaluator. As an interestingreflection curiosity, the heap is also an objectthat contains itself.

The shadowing tables use a perfecthashing scheme fromaddresses withinthe heap to addresses in the meta-evaluator. The hash code is the low few bits of the address in the heap, and the size ofthe hash table is a power of two. Inthe initializationofthe heap withthe shadowed objects, and when the garbage collectormoves them, when a shadowed object is about to be allocated, if its address has the same hash code as one that has already been marked in the shadow map, words of memory are thrown away untilone with a free hash code is found. This typicallywasted 22 words at any one time, and seems a small overhead to pay forsuch a fast hashing scheme. However, it is not so suitable for a system using many more mapping tables (environments)as the wastage wouldgo up, as wouldthe amount of special treatment ofobjects done bythe garbage collector.

The meta-evaluator is similarto the one writtenin Lisp forPlatypus89, but is writtenin as a loop, instead of using the compiler’s tail-recursion removal. It does not use a level-type-evaluators environmentmechanism forevaluating things of different types, but has it builtin to a switch statement.

The shadow operators are implementedin a similarway to those in Platypus89, but the

214

C code that defines them must be pre-processed beforecompilation,to insert some ofthe standard helper code fortakingapart levels and closures, and for evaluating arguments for operators that simplywant alltheir arguments evaluated.

11.8 Summary of the meta-evaluator

Platypus is a trialimplementationofa reflectivetower-based evaluationsystem inwhich data representations inside and outside the tower are the same. Ithas been through two broadly similarimplementationgenerations, one in C and one inCommon Lisp.

Dynamictypingis used throughout the system, both inside and outside the tower. All objects in the tower are kept in a storage heap; in the C implementationthis is scavenged by a stop-and-copy garbage collector, whichmust pay attention to updating variables of the metaevaluator as itmoves the thingsto whichthey point.

Whileseveral meta-evaluatorvariablespointintothe heap, itis notpossible fora program in the towerto find froman objectinthe heap what itcorresponds to inthe meta-evaluator(although a meta-evaluator that makes this informationavailable could be written).

The meta-interpreter must contain:

• a meta-evaluator that mimics(shadows) the standard evaluator as wellas generating levels on demand;

• shadow operator definitionsshadowing some ofthe operators inthe tower’s base language;

• and an argument evaluator forshadowing operators to use.

These are allfairlysimilarto their equivalentswithinthe tower.

The meta-evaluator may be reduced to a very concise form builtaround one function, whichis appropriatelyverysimilarto the correspondingfunctionforthe concise formofthe standard internal evaluator fora tower. This functionconsists of fourprocedure calls and two environment lookups.

The code forallthe shadow operator definitions has much in common; in particular, all operators that must evaluate alltheirarguments independentlyshare an argument evaluatormechanism. Such operators are builtaround primitiveprocedures in the implementationlanguage, bya macro-preprocessor, that takes functionsin the implementationlanguage, and produces wrapper functionsforuse as the shadow operators.

215

For the snark was a boojum,you see.

The Hunting ofthe Snark

Chapter 12

Results

12.1 Overview of results

In researching thisthesis, I developed three implementationsofPlatypus, at each stage having a different level of experience with reflective programming. The three systems have the same underlyingprinciples,but differentimplementationtechnology. Each contributedsome different things to my understanding ofpractical and theoreticalprocedural reflection,whilstallagreed on the majorpoints.

Performance testing of Platypus tookthe formofrunninga set ofsimple benchmarks—a mixture ofthe Griss tests and Gabrieltests [Gabriel] in Lisp and a recursive picture“CircleLimit” in PostScript—on a varietyofconfigurations ofthe system. The same benchmarks were also run on conventionalLispand PostScript interpretersto providea reference point.

The tests were run foreach the two versions ofthe evaluator and meta-evaluator—that is, the versions withoutand withthe boojum and snark functions. For each ofthese versions, the tests were run

• withthe evaluation system in its initialstate (inwhichthe operators used by the application are always shadowed directly);

• withthe evaluator changed, butto an identicalone, thus forcinganother levelofinterpretation to be added;

• withparts ofthe evaluator and some ofthe operators changed to make the wholelevel use association-list based deep binding instead of Platypus’s usual hash-table based shallow binding. 216

217

The expected results were that the performance of configurationin which the evaluator and operators used by the applicationwere shadowed directlywouldbe withinan order of magnitude of the performance ofthe conventional Lisp and PostScript systems, and the versions in whichthe evaluator and operators used by the evaluatorand operators were shadowed wouldbe very much slower.

12.2 The design ideas

Before developing the first implementation,I spent some time in devising a way ofrepresenting a language interpreter in a manipulable form. Myfirst attempt used re-write rules to describe a language, but itsoon became clear that, as wellas not being very expressive for describing most languages, they were also hard to manipulate forreasoning about and computing withlanguages.

I experimented brieflywitha message-passing representation ofclosures in Lisp. Isoon realized that, formanipulatinglanguages, thiswas notmuch betterthan the re-writerules, although, witheach operator being an object,it was some improvement.

Althoughthe different possible representations forlanguages were the same inthe computational power, they were very different in their expressiveness. Both of these forms lacked expressiveness in this problem domain. Expressiveness is hard to quantify, although for many pairs of expressions of the same idea, one is often clearlymore expressive than the other. Yet this is a subjectiveevaluation,and itis difficulteven to describe the parameters weuse in deciding expressiveness. Conciseness is, perhaps, an importantfactor: a good expression of an idea is usuallymore concise than a poor one. This could be quantifiedobjectivelyby the number ofterms used in the expression, as a poor match between an idea and the language used to express the idea usuallyresults inextra terms that are present onlyto make up forthe poor match. (Consider, for example, using FORTRANinstead of Lisp for consed-list manipulation, or a command shell language such as sh forFourierTransforms.)

Interpretive closures

Mythird way of structuringa language forrepresentation dividedit into operators and proccesor, each being represented as a procedure. The closure operation for procedures was extended to close over the language (environmentof operators) and the evaluator, and thus this

218

representation automaticallyprovidedinterpretivetowers.

This was the representation I took into the first implementation(writtenin Cambridge Lisp),whichshowed itto be basically suitable. I used the same representation in C-Platypus,and extended itslightlyinPlatypus89,whilestillkeepingthe same structureforthe actual representation of languages—the changes were concerned withtower representation and interpretation.

Meta-towers

The idea of many-dimensioned towers, or meta-towers, was importantin designing the system, and they are provided in Platypus89 as a compile-timeoption,making a slightchange in the performance.

The slight loss in performance brought about by adding meta-towers appears because the operation call-meta-evaluator (used in the real, compiled,meta-evaluator) can no longer be simplya funcall inthe substrate language, butmust nowswitchon whetherthe meta-evaluator of the tower given as an argument to call-meta-evaluator is shadowed by the real one. For simplicityand efficiency, Iused a differentimplementationofshadowingfromthat used inthe normal towers; when the meta-evaluator has not been reflected into, it simplyis the compiled one, and this is called witha Lisp funcall. Otherwise, a Platypus closure is there, and a levelis launched to evaluate it. The selection here is done by a Lisp typecase form, althoughit wouldhave been more consistent withthe rest of Platypus forit to be done by an environment—another shadow map, in effect. The reason why the real meta-evaluator can be builtinto the tower at this point is that this is the direct, and singular groundingpointof the tower. It wouldhave been possible, although inelegant, to connect the meta-evaluator of an ordinarytower to that tower by putting it in place ofthe rolled-upboringsection of the tower, and having the unrollingmechanism find the thingfromwhichto unrollcopies from elsewhere. The asymmetry ofthe direct connection seems more excusable in the lightof the idea that, whereas reified data structures continue indefinitely outward, the real meta-evaluator must start fromsomewhere. This is not so much where the buck does not stop, as where itstarts!

The development ofthe meta-towersystem was closelylinkedwiththe theoreticaldevelopment ofthe type system.

219

The type system

Platypus is a dynamicallytyped system, providingdynamic typing to the languages it supports. It wouldbe much harder to implement dynamicallytyped languages on only a statically typed base, as static typing simply introduces a pre-execution check, after which evaluation of the program may procede withdynamic types (although allthe values’ types willbe predictable). Implementing dynamic types on statically typed system requires the definitionof a (static) type includinga (dynamic) type field and a value field that can contain values of any type used in the system (and so must be of a union type—and thus not strictlystaticallytyped). Languages withstatic typingmay have theirtype-checkingdone when programs are read and converted into Platypus’expression representation.

In allthe substrate languages (Cambridge Lisp,C, and Common Lisp),the type system providedwas notpowerfulenough initselftosupport Platypus’requirementsdirectly. CommonLisp was the best here, lackingonlythe facilityforthe programmerto add new atomic (non-structured) types, whichwouldhave been useful forlocalvariableindices; instead, string-characters (see sections 6.5 and 7.3) were used forthis, as being a distincttype ofinteger that was already available.

The first two implementationshad double type systems, using both the type system of the implementationlanguage, and a separate type system forprograms running in the tower. In the first implementation,this was very confusing,as the towertype system and the meta-evaluator type system were both dynamic,and some code inthe meta-evaluatorused one system, and some used the other. InC-Platypus,thiswas not so confusing,as C’s typesystem isstatic, and the static types were usefulforensuring that data stored inthe towercouldnotbe confused withnon-reifiable internaldata ofthe meta-evaluator.

In the first two implementations,the type system of the implementationlanguage was concealed, sometimes withsome effort,fromprograms running in the tower.

InPlatypus89, the type system of the substrate language is used withinthe tower, which made the implementationverymuch quickerand easier both to constructand to understand. Common Lisp’s typesystem is sufficientlysimilarto that required byPlatypus that this has provedto be a good strategy.

The uniform representation

Early on in designing Platypus, I decided that the representation of reified information handled bya program inthe towerwas to be the same as that used forthe same informationwhen

220

reflected. (Insome systems, thisis not the case. For example, typicalSmallTalk implementations have to construct reified stack frames withsome effortwhen asked fora stack frame. InPlatypus, reifiers neither modifyvalues nor construct new ones, except to realize levels, as described in section 4.4—an activitywhich,from the application program’s viewpoint,is not happening: it is backstage.) The success of this scheme depends on being able to evaluate efficientlyusing data representations that are suitable foruse as reified data, as long as we generate all stack frames in heap. One representation is suitable for both uses. If we use conventional stacks, to avoid excessive garbage generation, the simplicityof our reifiers is lost, and a more active reifier is needed. Decidingwhichstack frames must be kept after returningfromthem, and reifyingthem then, is probablyan appropriatesolution, but maywellbe difficultto implement. This is discussed in [Moss]. In some cases, we know that we can use the substrate system’s stack frames instead of allocatingthem in the heap, as explained in section 11.4.

Shadowing

Shadowingis an essential part oftowerinterpretation,and so appears inallthe Platypus implementations. There are twoapproaches to implementingshadowing:

• storingthe shadow of a closure a field inthe closure;

• not storingthe shadow ofa closure a field inthe closure, but instead recognizingshadowed closures fromoutside.

The second ofthese is better, since the shadowing informationbelongs on the outside ofthe tower, and so should not be part ofany object withinthe tower.

I used the first of these in the Cambridge Lisp implementationof Platypus, and forC- Platypus switched to the second, to make sure that the tower remained hidden. (C-Platypusdoes not reveal higher dimensions of towers.) Havingfullcontrolof the storage heap, it was possible to make a perfect hashing system fromaddresses ofclosures to their shadows, thus bringingthe overhead ofthe mappingsystem down to onlya littlemorethan that ofstructure access, involving, at the machine code level,just 4 instructions:a bitwise and, an indexed load, a comparison, and another indexed load.

InPlatypus89, Iused a similarmappingsystem, althoughusingCommonLisp’s gethash (whichis rather less efficient)instead ofthe perfect hashing system described above.

221

It may be possible to make a furthershort-cut forspeed, using numbers stored in each closure, and doinga faster formofhashing based on the number, perhaps likethe address hashing used in C-Platypus. This avoids hardwiringshadows intoshadowed closures, whilestillproviding very fast access froma closure to its shadow.

12.3 The implementations

Platypus-0

Platypus-0, writtenin Cambridge Lisp, was extremely slow; at 1.2 seconds to interpret (cons 1 2) (on an Orion-1,a machine ofsimilarprocessing powerto an earlyVax),itshowed that the ideas wereviable,whileleavingopen-ended the question ofwhetheran efficientimplementation wouldbe possible.

Platypus-0 provided a more sophisticated type system than the substrate Lisp, using conses of(type . value) to represent single values. This made the codingvery confusing, as it was hard to keep track of whether a particularvalue was a (type . value) pair, or a simple Lisp value (perhaps with the type it had once had, removed). The very simple dynamic typing provided byCambridge Lisp was not reallypowerfulenough to be helpfulhere.

C-Platypus

C-Platypus was writtenlargelywithspeed in mind. Using an unusual hashing system to map between the towerand the meta-evaluator, itset out to show that itwas possible to implement a tower efficientlywithan absolutelypure reified heap withoutany pointers out fromthe heap to the the meta-evaluator.

Thisimplementationwas never sufficientlyreliabletoperformextensive timingtests, butit seemed to be capable ofevaluatingsimpleLispand FASL(a stack-based language orientedtoward efficientconstruction of data structures, used forloading Lisp programs) code withoutnoticeable inefficiency.

C-Platypus built some very complex data structures when starting. These were built entirelybyhand-coded C routines, whichwere one ofthe majorreasons formovingback to Lispfor continuingthe work. The initializationcode was very sensitive to changes, and difficultto maintain or re-organize. Inconjunctionwiththe use ofa staticallycompiledimplementationlanguage, and the lack of higher dimensions of the tower, this made itimpossible to extend the meta-evaluator

222

once the towerhad started to run. Thisisverymuch against the spiritoftruereflectivesystems! The difficultyofinitializingthe system was one ofthe reasons forits being abandoned and superseded by a system builton a morepowerfuland flexiblesubstrate language.

One verydefinite result ofthisstage ofthe workis that itis importantto allowthe building of the meta-evaluatorincrementally, rather than providingallthe pieces and puttingthem together at once. Retrospectively, in embarking on the C implementationof a tower, I should first have planned tools to extract the initializationcode fromcomments or macros in the rest of the source code.

The implementationof C-Platypus included two languages, a Lisp-likeone for general use (likethe base language ofPlatypus89),and a FORTH-likelanguage foruse inprogram loading (inLispterminology, a FASLreader—a simple language forconstructingdata structures faster than can be done from a Lisp-likelanguage, as its syntax and semantics are even simpler than those of Lisp).

C-Platypus made no provisionfor higher dimensions of the tower. Partly due to this, and partlydue to the greater ease of development in Lisp, particularlyconcerning structuringand initializingthe system, I proceeded to the thirdimplementation,Platypus89. This left C-Platypus insufficientlyreliablefortimingresults, so these are omittedfromthe result table givenhere.

Platypus89

Platypus89 was very much simpler to implement than the earlier systems, as wellas being much more powerful.Common Lispprovides the combinationof a reasonable type system (not quite present in C, and not present in Cambridge Lisp)withincremental compilationand the evaluation facilitiesofthe language being made availableat compilationtime.

The technologicalcontributionofCommonLispmade a great difference here, butperhaps not as much as the further understanding of reflective interpretationthat I had developed while implementingC-Platypus,and whileponderingitafterwards. Twoconceptual advances were most significanthere:

• the mappingof types at successive levelsof meta-towers;

• an understanding of higher-dimensionedtowers.

Althoughstructurallythe formeris butpart ofthe latter, itis the formerthat gave rise to the latter.

223

The implementationof Platypus89 includes a starter set of two languages: a dialect of Lisp, and a subset of PostScript. Both of these have all their operators defined directlyin the base language ofthe system, althoughthere is nothingto stop a language fromusing a mixtureof shadowed and non-shadowed operators—indeed, formany languages thiswouldbe the case—it is desirable, forefficiency, fora language’s inputparser to use shadowed operators wherever itcan; for example, many languages willhave a two-wayconditional,if... then... else..., for whichthe base language’s if operator may be used; whereas FORTRAN’s subroutinebodies with GOTOs,includingthree-way arithmeticGOTOs,and calculated GOTOs;or traditionalLisp’s prog... go... return... forms,are obscure and high-levelenough—away fromthe naturalarchitecture of the system—not to match anythingin the base language, and these wouldbe implementedby non-shadowed operators, that are always interpreted bythe meta-evaluator.

Performance of Platypus89

To compare the performance ofPlatypus89 against otherinterpreters, Iused as the main benchmarks:

• the Griss tests forLisp—a set of simple benchmarks testing the performance of various parts of Lispsystems; Itranslated these fromPSL (Portable Standard Lisp)to Platypus89’s base language dialect ofLisp, and wrote a fewmacros forCommon Lispto enable itto run the tests fromthe same file.

• circle limit, based on a pictureby M.C. Escher [Escher], forPostScript, the only change requiredto the test file being renamingsome tokens to avoid dependence on case (as Platypus89 uses a Lisp readtable and the Common Lisp reader system to read PostScript, it is case-insensitive, unlikereal PostScript).

Lisp performance

The Grisstests consistofmany separate tests, each ofwhichdoes one thingmanytimes. Atable ofthe results forthis is given below. The number ofiterations foreach test was chosen to bringthe total time forthe fastest version (usuallythe Common Lispinterpretiveevaluator—the interpretive implementationofthe substrate language) to around 10seconds foreach test, the timing resolution of the system being 10mS. The computer used for the tests was a Solbourne SPARC

224

system (Sun-4compatible)and the CommonLispinterpreteris thatofHarlequin’s LispWorks,which is also the substrate system on whichPlatypus89 was compiledand run forthe tests.

The times are in seconds, and the column “cl/pl”is the ratio of speeds between Common Lisp(LispWorks) and Platypus (inthe version not using the snark function),and the column “cl/snark”is the ratioof speeds between CommonLisp and the snark-based meta-evaluator.

It can be seen fromthis that, forthese tests, Platypus89 is around one-halfofthe speed of a plainLisp interpreter, or better—which is wellwithinthe one-tenth (see section 2) that Ichose as myacceptance level.

I had expected the version usingsnarkto be slower than the other, because of the

225

extra procedure calls; at least one (evaluate-anythingcallingsnark) at each evaluation. This did not prove to be the case; the most likelyexplanation is that makingeach ofthe most central routinessmaller and simplerallowsthe substrate compilerto emitmoreefficientcode, witha higher proportionof the livevalues being in CPU registers at any one time, and less traffic between CPU registers and the spillarea (the part ofthe stack frame in whichlocal values not currentlyin CPU registers are stored).

The complexityofsnarkand the meta-evaluator routines buildaround itis, as it turns out, closely matched to the number of registers available on the SPARCcomputers used to run it forthe benchmarks.

PostScript performance

Since Platypus’PostScriptimplementationdoes notcontain anyactual graphics routines, but instead outputs distilledPostScript1, itis harder to compare this witha conventionalPostScript interpreter. To give a more realistic comparison, I compared itwithstill.ps, a program which redefines the graphics operators ofPostScript to output distilledPostScriptinstead ofdrawingthe pictureitself.The PostScriptsystem used forcomparisonis Harlequin’s ScriptWorks, and is run on the same kindofcomputer as Platypus89 was forthese tests—again, a SolbourneSPARCsystem. The results of thisbenchmark are shown below:

This gives a performance of42% ofthat ofthe ScriptWorksinterpreter;as withthe Lisp,thisis well withinthe 10% aimed forat the start ofthe project.

The commonlyused PostScript benchmarks are not particularlyrelevant here, as they are chosen primarilyto test the graphics system attached to the PostScript language, rather than the language itself. The program used here was chosen for its complex control flow; it uses a simple picturedrawn witha graphictools, withhand-writtenprogram forrepeating that pictureina tessellating pattern.

1DistilledPostScriptistheresultofrunninga PostScriptprogramwiththelow-leveldrawingoperatorsredefinedto outputhePostScriptcodeneededtocallthem,withtheappropriatearguments.Allco-ordinatesystemtransformations havebeendonebythetimetheyarecalled,andloopsintheinputprogramdonotappearintheoutput—theyhavebeen unrolledbythisprocessing.Thus,adistilledPostScriptprogramconsistspurelyofasequenceofdrawingoperators—no transformations,andnoflowcontrolbeyondtheimplicitsequentialexecution.

226

Performance with extra levels of interpretation

Performance testing of the reflectivefacilitiesof Platypus89 is, of necessity, largelyselfreferential. Here are the results of adding one level of interpretationin various versions of the system:

The timesare inseconds, and the column“pl/intratio”gives the ratio ofspeeds between Platypus shadowing the application’s evaluator and operators directly, and itinterpretingthem. Likewise, “snark/boojum”ratio gives the ratio of speeds forsnarkevaluating the benchmarks directly, and snarkevaluatingboojumevaluating the benchmarks, and so is equivalentto the pl/intratioofthe non-snark-based system.

227

Some ofthese figures seem anomalous, in that adding a levelofinterpretationimproves the performance. This is not an impossibility;since a shadowed procedure and its shadow are two different extensions (implementations)ofthe same intension (specification)itis possible, for example, fora shadow to be less efficientthan the interpretedprocedure itshadows. In particular, the meta-evaluator has been optimized(by helping the substrate compilerby givingit more type information)especially heavily. However, the results are strange in places. They cannot be explained away simplyas timinginconsistencies, since timingwitha resolutionof 10mS over a total of 10S gives an accuracy of 0.1%—and some ofthe speed ratios are on the mysterious side by twicethis much.

Aconsiderable loss inperformancemightbe expected fromaddinglevelsofinterpretation between the applicationand the meta-evaluator. However, since the meta-evaluator consists of several small procedures, ofwhichnotallneed be changed formany practicaluses ofreflection,it need notallbe interpreted,and so the overhead is lowerthan itwouldbe forreflectivearchitectures ofcoarser granularityofreflection. As the table shows, inpractice the loss ofefficiencyisjusta few percent. Experimentswithinterpretationofthe entireevaluatorshowed a slowdownfactorofaround 40, so the fine-grained reflectivechanges yielda considerable advantage when reflection intothe interpreter is broughtintoplay, a the cost ofextra procedure callsat alltimes, whencompared with an evaluator using a single procedure withatypecasecontrol structure to do this.

As may be expected, theboojum/snark-based system suffers less loss ofperformance on reflection, as less ofthe system is givenanother level ofinterpretationby each change. This is the positiveside ofthe expected trade-off, but as explained on page 225, the negative side ofthe expected trade-off turned outto be another positiveinthe realized trade-off,and so, at least inthis situation,thesnark-based evaluator is the faster ofthe two.

Room for improvement?

Anevaluator builtaroundboojumandsnarkis highlyparameterized, and thus inherently difficultfora compilerto optimizeas wellas itcan an ad-hoc evaluator.

Changes to the levels ofoptimizationallowedto the compiler, particularlyincriticalareas such as the evaluator itself,affected the performance by several percent. These changes include switchingon or off various checks made by the compiledcode, and adding type declarations that promise to the compilerthat the expressions declared willbe ofspecific types.

Althoughin general I expected code in which the same functionalitywas packed into

228

fewer procedures (because of using fewer functioncalls),in practice smaller procedures allowed more effectiveuse ofCPU registers, and this version was slightlyfaster.

12.4 Time and space used

Profiling—where does the time go?

Astatisticalprofileofthesnarkversion ofthe evaluator, runningthe Grisstests, revealed that the followingfunctionswere on the top ofthe stack 1% of the time ormore:

The profileis taken byexaminingthe stack on a regular timedinterrupt. The thirdcolumnindicates howmany times the functionwas foundanywhereon the stack (countingmultipletimesformultiple appearances) and the fourthshows this as a percentage—thus, something always present twice on the stack willshow as being on the stack 200% of the time. The next two columns show the count and percentage forthe procedure being on the top ofthe stack. Alsonoticeableinthe profile was the system procedureSYSTEM::DUMMY-STRUCTURE-ACCESSOR,whichimplements access to defstructed data. It was called 166919089 times, but did not occupy the stack even 1% ofthe time,being calledinsuch a waythat itdoes notshow initsownright(as a machine-code subroutine, rather than as a conventional compiledprocedure).gethash(disguised aslookupin the listings in section 11.1) occupies 11% ofthe time, whichis much what I had expected.snarktakes 35% of the time (includingthe time spent in structure accessors, because of the callingstructure ofthe substrate system—they do not appear on the stack in their ownright).SYSTEM::ARG-IS-SAFEis part of the implementationofCommon Lisp’sapply—it checks that the last argument (the list of

229

further arguments to the function)is not a circularlist. (This has since been made more efficient, whichwouldaffect both the timingsand the profiling;but the newer version ofthe substrate system inlinesmany functionsthat weare interested inthe appearance ofon the profile,and so is notused here.)

The functionsnamed |frame-x| are shadow procedures forthe operatorsx. These are all Lisp-likeoperators, whichevaluate theirarguments. The timeforthe evaluationofthese arguments is included in the time forwhichtheir procedures are on the stack, since the argument evaluator is called from withinthe |frame-x| procedure. (See section 11.6 for details of how the |frame-x| procedures are defined.)

Code size and distribution

The Platypus89 system is implemented in around 5000 lines of Lisp, not includingthe large comments that make up the running text in sections that are presented in this thesis. Since the core ofthe system (as presented insection 7.3) is so simple,this leaves a lot to be accounted for. Where does allthe bulkgo?

Alarge piece of the system—about one thirdofthe total—is the shadow procedures for the base language, and another one-sixth sets up the implementationofthe in-towerequivalents of these—the shadowed procedures. Thus, about halfof the system is the implementationofthe base language, rather than ofthe generic language framework.

One-sixthof the code defines the data structures used in the tower, and accessor functions and macros forthem. Anotherone-sixth defines syntactic extensions to Lisp, and defining forms forsetting up procedures, operators and shadowing. Abouthalfof the remainingone sixth is the actual core of the Platypus89 evaluator, and the rest is a varietyof miscellaneous support functions.

I consider thisto be reasonably concise foran implementationof a language framework and reasonable subsets of two real programminglanguages, although it is in part parasitic on its substrate language, CommonLisp,of which,forexample, the garbage collectoris needed.

Further routines needed to make a standalone system

Platypus89, as itstands, relieson the substrate Lispsystem forseveral runtimefacilities, as wellas forcompilingthe real meta-evaluator. In particular, it needs the storage allocator, the garbage collector, and the input/outputsystem.

230

One thingnotpresent inPlatypus89 isa completetypedefinitionsystem, such asdefstruct in Common Lisp. This wouldhave to be provided—but itcan, of course, be provided byan application program and reflected in.

Platypus89 also depends on the substrate system forstorage management, that is, allocationand garbage collection. C-Platypus providedthese itself,whichwas complicated by the meta-evaluator being effectivelyin a separate address space from the evaluator, so the garbage collector(whichwas ofthe stop-and-copy variety)had to update the meta-evaluator’s pointersinto the heap as a separate action fromnormalblock movements.

12.5 Changes needed to support non Lisp-like languages

When I first wrote Platypus89, its Lisp-likebase language was the onlylanguage which it ran. On adding PostScript, I changed some parts of the common meta-evaluator to make this easier. The most significantof these changes was the reversing of the order of the variables in each apparent frame ofthe stack, so that the first argument (fromLisp’s pointof view)is also the first argument fromPostScript’s pointof view. This change was not connected at allwithreflection or evaluation, but purelywithmixed-languageoperation.

12.6 General results

Most procedural languages map readilyonto reflective systems. The worst mismatch between conventionallanguages and a reflectiveinterpreter is that itis naturalto design reflective languages such that allcalls are reflective—or rather, such that allprocedures take the towerstate as their argument, and return a new state—which does not map wellto conventional procedure calls. Withhindsight,I can see that this problemcould have been tackled with towers and metatowers.

Parameterized evaluators and meta-evaluators prove to be remarkablysimple, particularlywhen each has a recurringpart that may be isolated intoa procedure in its own right. These procedures—representable as 4 and 12 lines ofLisp respectively—may be seen as refined representations of what evaluation and meta-evaluationare. Having been found, they seem intuitively very natural procedural realizations ofthese functions.

231

Debugging on a reflective system

Areflectivesystem providesaccess to moreinformationthan a conventionalsystem, and the amount of informationdisplayed when tracing execution, getting backtraces and inspecting values turned out to be to voluminous for many purposes. However, debugging in terms of a specific language or situationcan be done withmore selective displayofinformation.

The informationprovidedis also in terms ofPlatypus’ownmodelof execution,and may be at a lower level (inconventional terms, not reflective!) than an application programmer might expect. The raw data may need to be processed back intoterms of the originallanguage—which could be regarded as a form of decompilation, although not all of the data provided is program code. Thisdecompilationwillalso reduce the bulkofdata to be examined; forexample, the insides of languages mightnotbe shown when workingin the context of a single language.

Decompilationofreified data should be quite general, and capable ofproducingsensible debugging printoutinto each language from any language wherever the equivalent facilitiesare available in both. This makes it possible, for example, for someone workingin Lisp to debug a PostScript program withouthaving to knowPostScriptsyntax. The PostScript can be displayed as Lisp, and the interpreted definitions of the PostScript operators may be used as explanations of the PostScript language.

What debugging techniques were useful?

Amajorproblemwithdebuggingany ofthe Platypus implementationswas the amount, or complexity, ofthe data being handled. Afullbacktrace ofthe stack, withall procedure arguments being printed, was too voluminousto be manageable, althoughthere were a few occasions when it proved necessary. The bulk was partlybecause of the depth of the call stack, withmany calls to each of the central evaluator routines active at any one time, and partlybecause of the size of the printed representation of each of the objects. The most useful part of a level to printout was the top entry of its call stack—a closure—and the most useful parts of a closure were its expression (printedas its procedure expression, witha marker pointingat the sub-expression that is currentlythe currentexpression) and itsclosure number, and the closurenumberofitsevaluator. The closure number fieldwas originallyintroduced fordebugging, but subsequently also used for other things; it is a number that is issued from a counter every time a closure is allocated, and so identifies closures uniquelyin their printed representation, makingit visibleto the programmer whether a closure iseqto some other closure.

232

Atsome stages of the work,itwas useful to make the meta-evaluator printwhen itwas doing a level-shift,andfuncall-helperprint when itwas called. Moregeneral tracingthan this was too voluminousto be helpfulin most cases.

Backtraces ofthe meta-evaluator’s (CommonLisp)stack were rarelyuseful,as the central meta-evaluator components called each other to such a depth of indirectrecursion that itwas difficultto workout, and to remember, what each invocationon the stack was there for.

Abreakpointoperator, whichused CommonLisp’sbreakfunction, providedaread-eval-- printloop in the substrate language, whichwas useful forinvestigatingthe towercontents interactively at various points in the tower’s application’s execution—this was often more convenient than bulkynon-interactiveprintoutsof the towercontents.

Occasionallyitwas usefulto set a globalvariablein the substrate language to the value passed through a particularpointinthe meta-evaluator, so the last value that had appeared inthat place could be inspected interactivelyat a breakpoint or after a crash.

An anecdotal result on resilience

On encountering a bug ingethashon the substrate Lisp system, whichprevented the meta-evaluator from finding the shadow for an operator, the meta-evaluator went into deep recursion to interpret it from the shadowed definition(as distinct fromthe shadowing definition.) I spotted this whileitwas running,broke intothe execution, patched around thegethashproblem, and resumed executionfromthe break. Thetowernowshrunk back, shedding the unwantedlevels of interpretation,and carriedon as ifnothinghad been wrong.

12.7 Summary of results

Platypus has proved to be a practical interpretivesystem for Lisp-likelanguages, and promises to be able torun atspeeds comparableto other, non-reflective,interpretedLispsystems— it is already wellwithinthe factor of ten that I chose initiallyas a suitable limitfor regarding this new interpretation technique as practical. There is certainly promise of being able to improve the performance, and I would expect to reach speeds similarto those of non-reflective, singlelanguage interpreters. Theusefulness ofdynamictypingis clearlyevident,and the appropriateness of implementingreflectiveinterpretationbyshadowing has been demonstrated.

Workingwithmixturesof two type systems, one forthe substrate language and one for

233

the tower, was particularlyconfusing, and this should either be avoided, or handled with careful planning,in future workin thisarea.

The amount of garbage generated is a potential problem, as all stack frames are, in principle,builton the heap. The problem is reduced by using the stack frames of the substrate system to store some of the data that might have otherwise needed more frames to be builtfor very short-term use.

Initializingthe system is complicated by the number of cross-references and self-refer-ences that must be set up. It wouldbe useful to have some program tools for generating (or gathering)the initializationcode automaticallyfromthe rest ofthe source code.

It is possible to produce very compact versions of both the evaluator and the metaevaluator, these being based on a pairoffunctions,boojumandsnark, that appear to encapsulate the essence ofevaluation and meta-evaluation respectively.

And I gave my heart my heart to seek and search out by wisdom concerning all the things that are done under heaven: thissore travail hath God given to the sons of man to be exercised with.

Ecclesiastes 1:13

Chapter 13

History and future; related work; observations

Reflective systems have grownin partfroma desire to make a tidybutpracticalmodelfor the meaning ofinterpretation,and in part fromthe need forpowerfullanguage and program development and debugging tools. Systems such asSmallT alk[Goldberg and Robson] have demonstrated the usefulness and flexibilityof reflective interpretation, as wellas its practicality, while systems such as 3-Lisp[Smithand des Rivìeres 84a]have showntheirpowerand expressiveness.

As the results of this thesis, and other workon reflective interpreters, have shown, implementation ofreflectiveinterpreters is nowestablished as feasible and reasonably efficient.

13.1 Other recent developments in interpretation

Reflection is one of a group of computational techniques that have been explored recently. Others includepartial evaluation(mixing) [Jones, Sestoft and Søndergaard ]and abstract interpretation[Mycroft]. Allthese techniques are to some extent applicableto a varietyoflanguage styles (algorithmic,functional,logical).

13.2 Possible further work

Tower implementation

Many variations are possible on the theme of Platypus-likereflective language implementations. Some of these concern implementationdetails, inparticular the mechanism bywhich an object in one tower is connected to any shadow that it may have in the next meta-level. The

234

235

possibilitieshere include

•A shadow map with a perfect hash, as used inC-Platypus. This is efficient,and hides the shadowing mechanism, but places strange requirements on the storage manager.

•A shadow map with a conventional hash table, as used inPlatypus89. This is slow, but, like the system used in C-Platypus, hides the shadowing mechanism, which is important because itavoids makingshadowed objects any different fromotherobjects.

•Pointers from shadowed objects to their shadowswhich has the disadvantage ofmaking the shadowing part ofthe shadowed object,rather than part ofthe shadowing system, but is efficient. This may be done in two ways:

– Allobjects have a shadow slotbuilt intotheirrepresentation, whichtakes morespace forthe wholesystem. Objects withouta shadow have a distinguishednullvalue inthis slot.

– Only shadowed objects have a shadow slot, whichmeans that they must be distinguished (perhaps by tag bits) fromother objects ofthe same type.

Buildingthe shadowing intoeach shadowed objectworksforsystems withflat second levels, and forthose withtoweringsecond levels that do not share representations between levels, but makes itimpossible to represent more than one level ofshadowing directly, and would also make itimpossibleto have multiplemeta-evaluators as suggested in section 11.2. Anotherimplementationtechnique is to replace the boringsection of the towerdirectywith its shadow (as used in Platypus for meta-tower reflection), and have the procedures that move along the tower recognize this and hide itby returninginstead copies ofthe repeating element of the boringsection. This is not very different fromthe present system, but should allowslightlymore efficientevaluation.

Meta-towers

Platypus89 implementsone dimensionofmeta-towers,butdoes not gobeyond thew 2+1 tower. This wouldbe a simple experiment,butshould probablybe done inconjunctionwithmaking Platypus89 more efficient. Work withsuch a system mightwellawait the development of a better user/programmer interface to reflection,perhaps withgraphical output to draw towers.

236

Better integration with the substrate language

Fullimplementationof meta-towers wouldfall out naturallyif towers could be called as if they seemed to be ordinaryLisp functionsto the substrate Lispsystem. Itmightbe possible to represent them as Lispclosures forthe substrate system, so that they wouldbecome callable.

It wouldbe possible fora tower reflective system based on a substrate language such as Lisp(withincrementalcompilation)to make new primitivesbycompilingfunctionsdefined within the tower bycallinga primitiveoperator that calls the nativesystem compilerto make the shadow definition, and installingin the language and the shadow map to make it accessible as a real primitive.(The usual rules forwhenit is run as primitiveand when itis interpreted willapply.)

Further applications of reflection: reflection with mixing

It is in principlepossible to use the architecture described here to buildan interpreter mixingsystem using some of the ideas from[Jones, Sestoft and Søndergaard]. Withour simple and regular program and language architecture, we can make this much simplerthan the partial evaluator presented by[Jones, Sestoft and Søndergaard]. This results not in a fullmixerfunction, but in a compilationsystem; foreach node of the expression tree, we expand the node out using the operator definitionclosure forthat node—an inliningof the operators. There are two notable restrictions on this operation: the procedure being compiled must not change its expression reflectively;and all the operator definitionsmust be in the same language as each other, since the resultingclosure willbe in the language used to define the operators, and each closure is allowed only one language. (Thissecond restrictionmay be relaxed at the cost ofhavingto merge several languages, withautomatic renamingof operators where necessary.)

Ifoperators are providedto escape entirelyfromthe meta-towersystem down to the real substrate system (inPlatypus, thisis CommonLisp),itshouldbe possible togenerate real compiled code fromany executable procedure (that is, one using only grounded definitions)that does not reflect intoits expression or interpreter, by repeated substitutionof operators as described above, untiloperators shadowed bythe real substrate are reached. Atthispoint,code inthe real substrate language maybe substituted (possiblyfromthe shadow definitions,but itmay be necessary, or at least better, to have other code forthis), and the results passed to the substrate’s native compiler. The result ofthiscompilationmaythen be putintothe appropriateshadow maps, ifitwas generated froma closure used as a type-evaluator or as an operator.

Using these techniques, a program-tuningsystem could be written,that runs a program

237

(possibly its caller) on an interpreter that does time- or call-counting-profiling,then arranges for new primitivesto be installed,ifpossible, to make that program run faster.

Register-based implementation

It is possible to compile reflective programs to an abstract machine code, or to real machine code using a model of execution suited to reification. Aregister model that might be suitable; itcould have a group ofworkingregisters similarto those of the SECD machine [Landin], and reification wouldread from those registers, and reflection write to them. Apossible set of registers is:

•code: a series of instructions. This corresponds to theControlregister of the SECD machine, and theprocedure-expressionof Platypus’closures.

•code_index: the current index intothecode. Withthecoderegister , it is equivalent to the continuation-expressionof the current closure in Platypus.

•evaluator: a procedure to call to implement the current closure. Shadowing can be implemented by letting each shadowed closure be its own shadow. For such closures, the evaluator’s closure is the closure’s code itself,and that code is the same as the underlying machine code. This is equivalent to theevaluatorof Platypus’closures.

•type-evaluators: an environment bindingtype names to the closures implementingthe evaluationof those types.

•values: a series of values, used forprocedure arguments and results, and forlocal workspace. This is equivalent to theStackregister of the SECD machine, and to thevalues of Platypus’closures, and, as in those closures, if a closure represents an interpreter, the closure itinterprets is passed to itas its first argument.

•language: a map frominstructionsto instructiondefinitions. This is used to interpret each instructionin the code. For procedures that are theirownshadows, the language is ignored, since self-processing procedures are implicitlywrittenin the underlyingmachine language. This is equivalent to thelanguageof Platypus’closures.

•environment: the environmentinwhichnon-localvariables are to be found. This is equivalent to theEnvironmentregister of the SECD machine, and theenvironmentof Platypus’ closures.

238

•dump: the chain ofsaved register sets at this levelofinterpretation. Thisis equivalent to the Dumpregisterofthe SECD machine, and to the listofsaved closures in Platypus.

This modelallowsreflection to take place as in Platypus, but can potentiallyrun faster. It may be possible to compilethe standard evaluator down to real machine code, using real machine registers forthe abstract registers listedabove. Manymodern computers have enough CPU registers forthisto be possible, and I propose to followthis lineof research further.

Anotheruse of compilationwithreflectionis forproducingmore efficientversions ofprograms that were developed using reflectiveinterpretation.

Object-oriented programming

I have deliberately avoided the object-oriented style in developing Platypus, particularlyfor Platypus89. This was to emphasize the point that reflection and objects are completely separable—Platypus worksinterms ofvaluesrather thanobjects. This pointhavingbeen made, it wouldbe interestingto use an object-based style in implementingsuch towers. On a Lisp substrate, such as CommonLisp withCLOS(the Common LispObject System) this wouldprovidea simple way of integratingthe tower with the substrate Lisp, as towers could simplybe a kind of self-evaluatingobject.

Efficient use of heap

Platypus generates allstack frames onthe heap, whichresults ina high turnoverofheap storage. This problemis to some extent in allreflectiveinterpreters, as any functionmay have its stack frame returnedas a result. Ithas been solvedin practicein some SmallTalkimplementations [Moss], whichtry to use real stack frames whenever possible, and convert them to heap objects as needed. Platypus could be modifiedto handle stack framegeneration more efficiently.

A more thorough theoretical framework

The complexitytheory describingmeta-towerevaluationcould be developedfurther, and could be extended to include the complexityof the shadowing mechanisms, thus describing the evaluation time forwholemeta-towers.

239

Lexical and syntactics aspects of languages

Aspresented here, Platypusrequires programstobe presented inthe formofparse trees, represented as Lispexpressions (althoughitdoes includea modificationofthe Lispparser, to read PostScript). Anatural extension wouldbe to include a facilityfordefining the lexicaland syntactic aspects of a language to a flexible parsing mechanism, whichwouldbe able to read programs in the conventionalsyntax fortheirlanguage, intothe internalparse-tree form. The techniques forthis are already well-developed[Leskand Schmidt] [Johnson] butare not usuallyfitted intoa Lisp-type framework.

Ideally, the parser control system should allowthe listingof programs from the internal representations intothe usual textual format,fordebugging. In some cases itmay be possible to printout inone language a program that was originallyread in another, which,in a mixed-language system, allowsprogrammers to read routines listed in a backtrace, forexample, in the language withwhichthey are most familiar. The abilityto do thisdepends on the rôles ofparticularoperators being recognized—which, as longs as the procedures preparing the parse trees tryto use base language operators where possible, may be quite straightforward.

Asystematic frameworkforsyntactic analysis could be provided,perhaps using a mechanism like the “source code transformations”used by some compilers, includingsome Lisp compilers. These mightalso be used to effect partial compilation,and be linkedclosely to operator definitionbodies forinterpreted operators.

13.3 Higher-level tools

Reflection has been used in conjunction with inspection tools, such as the SmallTalk browser system. This is suitable for flat reflectivesystems, but tools workingat a more abstract levelmayprove necessary forworkingwithfulltowers and meta-towers. Inparticular, the amount of informationavailablecan be overwhelming,and some means offocussing interactionon particular parts of a meta-toweringsystem may be necessary, and, withthat, means fornavigatingaround the meta-tower.

240

13.4 Further applications

Reflection has so far been used largely withinthe field of programming language research, and has not been appliedsignificantlyto otherareas ofComputerScience. Fieldsinwhich itcould prove useful include:

•The organizationoflargesoftware systems (includingdistributedsystems), and faultanalysis and circumnavigation

•Object-oriented simulation

•Explanation in deductionsystems

13.5 Summary of history and future

Reflection is a young field of Computer Science and formal logic (and an older field of philosophy)and there is much yet to be explored in it. Enough is now understood to make an intuitivegrasp possible, and, although always touchingon the meta-physical, it is possible to explain itformally, although formalismsin common use today do not express reflective concepts very well.

In three main areas of research on the topic,twopresent considerable scope forfurther research, and the other presents scope fordevelopment and enhancement of ideas that are now established:

•Understandinganddescribingreflection is a large and very open field. Some forms of reflection have now been described and analyzed extensively, particularlythose concerning procedural languages, but there is much more to be done, particularlyon declarative languages. The mathematical description of infinitereflective towers, using transfinite numbers, is an intriguingfieldwhichcould be developed much further, particularlywithreference to the type system needed to represent such towers.

•Implementingreflective systems has been researched, to theextent thatitispossible tobuild fullytower-reflectiveinterpreters of similarspeed to their nearest non-reflectiveequivalents [Smithand des Rivières 84b]. This couldbe developed further, and applied more widely.

241

•Applicationof reflection to real logical,computationaland scientific problems has scarcely begun. To date, ithas been used withinthe area of language research, but littlefurther.

The thingthat hath been, it is that which shall be; and that which is done is that which shallbe done; and there is no new thingunder the sun. Is there any thingwhereof it may be said, See, thisis new? it hath been already of old time, which was before us.

There is no remembrance of former things; neither shall there be any remembrance of things that are to come with those that shall come after.

Ecclesiastes 1:9-11

Chapter 14

Reflections

14.1 What did I find?

To interpret or evaluate something at one level, we find the appropriate attributeof the thingand appropriate attributeof the level,look the first up in the second, andapplythe result of the lookupto the thingand the level.

But what does apply mean?

To interpretsomething inthe frame ofreference withinwhichits meaning is understood, do the selection and lookupas above, but instead of applyingthe result, we lookup it up in the appropriate part of the higher level,and apply that. Butwhat, in turn, doesthis“apply” mean?

Thus leans the tower ofmeaning ever outward. The search forhowmeaning is given to the levelunder scrutinyis infinite. However, to give meaning to a level constructed, implemented and understood bythe level concerned is one easy step. This is because meaning, at thislevel of givingmeaning, is inthe context only ofthe provider, and so can be given entirelyby the provider, and is validto that provider.

So nowwehave twoarguments; one to demonstrate that fora leveltoreceiveits meaning intoitself,itmust first receivean infinitenumberofotherlevels, and so cannot receive its grounded meaning and yet terminate;and the other to demonstrate that to givemeaning to a leveldoes not make an infinitelydistant connexion,but an immediatelyproximalone.

242

243

How is it that both of these can be true?

One wayto see a solutiontothis problemis to see that the meta-evaluatoris an ordinary, non-reflective program, runningon an ordinarycomputing system, whereas the system withinthe tower is runningon an illusoryreflectivecomputer, providedwiththe illusionof an infinitenumber of levels of interpretation. The meta-evaluator can realize as many levels as the programs in the tower require(withinthe constraintofmemoryspace). Theapparent infinitudeof the towersystem is simplygenerated by a perfectlyordinarypiece of compiledLispcode.

14.2 Human reflection

It is naturalto try to apply some of the ideas of procedural reflection to our ownhuman thought processes. For example, learning a new manual skillmay be seen as installinga new abilityinto our store of knowledgeand reactions. We reifyour thoughtprocesses, and attempt to reifyour intuitions,when producing a rationâle fora decision. This area of reflection touches on very general philosphicaltopics [Batali] [Doyle] [Ryle].

As wellas the reification and reflection of ‘natural’mental processes, we performrapid shiftingofinformationup and down between our internalreasoning activitiesand external media such as paper, computers, counters, abaci, coins…. We writeand read informationon external media not only to transfer it between people and for long-term archival, but also to assist our short-term memories in areas in whichthe brain, withconventional training,is generally weak— performinga longdivisioncalculationon paper is an obviousexample. The amount of information to remember is not significanton the scale ofthe brain’s overallmemory capacity (whatever that may be), and the lengthof time forwhichit must be remembered is only seconds or minutes, but formost people the workspace storage forthismust be external rather than internal.

However, we can devise and learn methods for performingmental arithmetic,perhaps transformingan algorithmforexternallyassisted calculationintosomething easier fora particular individualto workwith.

Howcan we describe such externalstorage in terms ofthe reflective devices described in this thesis? We reifythings fromthe conceptual formin whichwe manipulate them, and reflect them intothe state ofthe storage machine ‘onitsbehalf’—or doweinteractwiththe storage ina less mentalisticmanner? We read what is on the storage medium, perhaps reifyingit in the process, and reflect itback in to our brain’s internalstorage. Here, the human agent is the interpreter that

244

implements the external device’s semantic storage abilities;but it is also the user of the external storage, so itcould be seen as a co-toweringrelationship.

14.3 Reflective changes through other artifices

Findingit difficultto influence mood and mental activitydirectlyby thinkingabout them, people have accumulated a collectionof ways of influencing themselves; forexample, trying to become more alert and wakefulsimply by deciding to do so often proves ineffective; whereas implementingthe intentionby drinkingcoffee is more reliable. This is, in one sense, an instance of reflectivecontrolofour ownmental machinery.

14.4 Tower reflective interpretation and other models of computation

Tower-reflectiveinterpretation is just one of many possible models of computation. It does not make computable anythingthat was not already computable (that is to say, a reflective interpreter cannot do anythingbeyond what a Turing machine can do) but, intuitivelyspeaking, it seems to bring in fresh possibilitiesfordescribing action, language and meaning. What does it introduce that is new, and does itmake difficultanythingthat other systems make easier?

Tower-reflectiveinterpretationtakes an unconventionalapproach to definingthe meanings ofprograms. Whereas othersystems offer a purportedlyabsolute definitionofmeaning using a substrate that must be taken as representing the framework(world-view)in whichthe program is taken to have meaning, reflectiveinterpretationaimsto bringthe frameworkintothe structuralfield on whichthe program operates, thus makingthe definitionrelative,and at the same timeenriching the structuralfield. Or does itremove the absolute qualityof the definition? Is such an absolute qualityever reallypresent withinany computationalsystem? Gödel’s theorem states that nomathematical system can ever possiblydescribe itself. Perhaps one ofthe best waysof comparingthe power ofdescriptivesystems is toexamine theirstrengths at the veryboundaries (event-horizons?) of self-description.But what is a strength here, and how can we measure it? Andhow do we examine something that approaches self-description? (On a more philosophicallevel, we may ask whether thiscan only be answered absolutelyby a whollyself-descriptiveagent—and ifso, do we qualifyourselves, and bywhat means and in what frameof reference do we allowourselves that qualification?)

245

14.5 Summary of reflections

Areasonably efficientreflectiveevaluationsystem can emulate an infinitemeta-towerof evaluation, in remarkablyfew lines ofLisp. The most central ofthese linesmay be regarded as a refined formofgeneralized or parameterized evaluator.

Perhaps somewhat fancifully, parallels may be drawn withnon-computationalprocedural activities,such as deliberation,and learning,in people.

The reflectiveapproach to language definitionavoidsthe conventionalroute ofdefinition in terms ofsomething outside the the system, after the acknowledgementthat no system—neither computationalnor mathematical—nor forthat matter those based on anyother linguisticnotation— can describe itselfcompletely. An outside reference—visible to the same observer—must always be present, and we allow such a reference to be arbitrary, rather than from some denotational frameworkfrom mathematics, for which in turn the same problem of an outside reference also occurs.

Who hath ascendedinto heaven, or descended?

who hathgathered the wind in his fists? who hath boundthe waters in a garment? who hath established all the ends of the earth? what is his name,and what is his son’s name, if thou canst tell?

Proverbs 30:4

Chapter 15

Recapitulation

This chapter is composed fromthe summaries that appear at the end ofeach chapter.

15.1 Survey

The mechanisms ofprogram interpretationmay be analyzed intoseveral areas, some of whichare currentlyactive research areas. These include program transformation, partialevaluation,reflection, and mixed-languageprogramming.This thesis concentrates on the lattertwo.

Reflection—the causal linkbetween actions of a program and its state, text, behaviour and environment—combines ideas frominterpretationtheory, logic,mathematical philosophy, linguistics, compilation,abstraction and other fields of Computer Science. It also contributes new techniques whichmay be used in these, and other, fields.

Mixed-languageworkingis already common practice, but has not been formalized. Its existinguse argues stronglyforitsusefulness, and the limitationson itspresent use, and its current haphazardness argue forfurtherdevelopment of the ideas underlyingit.

In common between these fields is the systematic definitionof programming language interpreters, and the idea ofprovisionofmeaning fora valuein terms ofthe context surroundingit (includingits interpreter).

15.2 Introduction

Reflective techniques are based on two facilities:reification, by whicha program may examine its owncode, state and interpreter; andreflection, bywhichitmay modifyany of these.

246

247

The connection that reflection makes between a programs actions and its behaviour is causal in nature: modificationsthat a program makes to its interpreter may cause changes in the way that the program is interpreted.

Some programming languages, not normallyregarded as reflective, provide a limited range of reflectiveoperations, such as access to the parameter list ofa procedure call. However, ina fullyreflectiveprograminterpretationsystem, allthe features ofanyprogramminglanguage can be implemented through reflective programmingin the program, thus removingthe distinguished status from the interpreter of a language, and making it equivalent to any other program in the system.

There are twokindsofreflection:simple reflectionandtower reflection. Simplereflectionprovidesa program withaccess to itsowncode and state and interpreter. Tower reflectionalso provides itwithaccess to its means ofinterpretation—that is, the mechanism by whicha program is related to its interpreter, and thence to its interpreter’s interpreter, and so forth. Towerreflection is more general, and, not having an arbitrary stop after the first level, is a more regular conceptual structure. Thus itis a more powerfultoolforreasoning about intensionalreflection and about interpretation.

Althoughtower reflectiondeals withinfinitestructures, itis possible to implementitwith finite constructions. This thesis explores the infinitetowers and their finite implementations,and investigates whether an interpretiveprogrammingsystem builtthis way can be made reasonably efficient,compared withconventional,non-reflectiveinterpreters.

In this thesis, we develop a reflective tower implementation,called Platypus, and use it to demonstrate many ofthe points discussed.

15.3 Closures

Ateach levelin our infinitetower, there are one or moreprocedures, ofwhichat any one time one willbe active, and some (possiblynone) willbe on a listofsaved procedure evaluations to be returned to.

In common withmany other language systems, we represent procedures byclosures, each containingthe code ofthe procedure and any context that must be carried withthat code to interpret it.

To make explicitthe interpreter ofa procedure, weclose overthe interpreter when constructing the closure of the procedure, and thence the rest of the tower ofwhichthat evaluator is

248

the lowerend, thus makingitcontain the wholeofthe context in whichthe procedure isinterpreted.

Aclosure constructed thisway we callaninterpretive closure, since itencloses allthe informationneeded forinterpretinga procedure.

We use interpretiveclosures as the buildingblockforconstructingreflective interpretive towers. Each level of a tower contains a closure (actually, a stack (or list) of closures). The interpreter ofan interpretiveclosure is also an interpretiveclosure, as are the operator definitions. Closures are also used to represent procedures available forcalling.When a procedure is called, its closure is instantiated by copyingin onto the top of the stack, and fillingin fields that come from other parts of the level and the tower (such as the dynamic environmentwithinwhichitwas called.)

15.4 Links between levels

The tower of interpreters is made up fromlinks between adjacent levels of interpretation. Reificationand reflection are complementary operations, and they use complementary links between tower levels. Since both linksare set up byparts of the callingmechanism, they always occur in pairs. These linksmake a bidirectionalchain throughoutthe tower.

Since a tower is an infinitestructure, any computation involvingall levels of it cannot terminate. An applicationthat uses reflection and does terminate must therefore make reference to onlya finitepart of the tower.

Therefore, the infinitetowermaybe represented finitely, and itispossible to reason about how many steps ofinterpretationare needed at one levelto implementeach step of interpretation at a lowerlevel.

To make the finite representation of an infinitestring of identical levels, we make the highest part of the towerintoa circle,in whichthe same level occurs again and again. Whenever an interpreter tries to reifythe level that makes up this circle, a hidden meta-evaluator makes a copy ofthe level in the circle,and passes thatcopyout as the reificationofthe level in the circle. The applicationcan then modifythe level ithas been given, withoutupsetting the levelthat is still in the circle.

Thus, the infinitepart of the tower is stored compactlyas a circle, whichis unrolledon demand to produce an infinitesupply ofidenticallevels. To the application,thisis indistinguishable from there being a real infinitechain of levelsat the top of the tower, instead of the circleand the unrollingmechanism.

249

The idea ofthe reflectivetowerand the means ofreflectionmay also be applied to towers of towers—that is, meta-towers. Meta-towersmightat first seem complicated to reason about, but an understanding ofthem bringsa readier understanding of ordinarytowers.

The design ofthe meta-evaluator, and particularlythe mechanisms fordetectingthe need to unrolla new level fromthe circleand for unrollingthe levels, are a majornew development of this thesis.

15.5 Languages in closures

As wellas being a reflectivesystem, our system is a mixed-languageone, makingreified languages intopartofthe evaluation data that isavailableformanipulationbyapplicationprograms running on the system.

To make the language a variablepart ofthe context ofa closure,wedividethe interpreter into twoparts, theevaluator, whichis language-independent, and thelanguage.

To do this, we need an abstraction for languages. The abstraction must be general enough to handle most languages reasonably well,and to handle all languages to some extent. Such an abstraction can be devised onlyin conjunctionwithan abstractionforthe programs inthe languages. For the programs,we choose to use parse trees, witheach node being identifiedbyits operatorsuch asifor+, and forthe languages, weuse environments bindingoperator names to operator definitions.

This abstraction makes it easy to add new operators to a language, and also keeps separate the general evaluator, thus making it possible to redefine the evaluator independently fromthe language.

Bymakingthelanguage(the environmentbindingoperator names to operators) ofeach tower level an explicitpart of that level, we extend tower reflection from being a tool forreasoning about interpretationof programs to also being one for reasoning about languages and their interpretation.

15.6 The standard evaluator

The evaluator isthe kingpinofa level. Itlinksthe parts ofthe level toeach otherbyusing them to evaluate the level, and linksadjacent tower levels bymaking itpossible to shiftdata from one level to another. Its formis tied to the formofthe tower leveltype.

250

Each evaluable infinitetower(inthe scope ofthis thesis) eventuallyreaches a repetitive stage (termed theboringstage by [Smithand des Rivières 84a]), the procedure running in each of these identicallevels being knownas thestandard evaluatorlevel.

The standard evaluator is a fairlysmall and skeletal procedure, needing, in its most refined form,onlysixoperators inits definition,most ofthose being forstructurehandling. Therest of the evaluator is defined separately, partlyin individualoperator definitions,and partlyin some general evaluator procedures that maybe calledbyoperator definitions.These general procedures are used forevaluatingarguments tooperators. To do this, theyinvokethe evaluator and language mechanism to do the evaluation in the appropriatecontext.

The concise formofthe standard evaluator maybe seen as a distillationofthe essential matter of a programming language interpreter (independently of any particular language). This may be refined furtherto a procedure whichimplementsseveral ofthe main parts ofthe evaluator. This procedure consists ofthree procedure calls and one environment lookup.

15.7 Types, abstraction, and representation

The ideas behindthe towers’type system are importantinunderstanding towerreflection. Types are an essential part ofthe way werepresent values, and the mappingfromone towerlevel to the next is a representation of a value in one system by a value in another. The basis for representing values in a computer is Gödelization,in which digits in numbers denote words in a language.

The type system we use must allowthe representation ofprocedures and of procedural evaluation, as well as the representation of the application’s problem domain. It must also be possible to represent the infinitetowers and meta-towers used in reflectiveevaluation.

The system must provideoperations on types concerned withreflection (thatis, types for objects representing parts ofthe tower)as wellas forthe types ofobjects normallyhandled by an interpreter. We dividetypes intotwo kinds: simple and compound.

Afew types are of particular importance in a reflective tower. Closures are the central type. Other importanttypes include expressions, environments and value lists.

As informationis moved between levels, its representation may be changed, although in Platypus itis not changed. The meaning of the same informationmay be different at different levels even when the representation is the same.

Althoughthe meaning and representation of informationdoes not normallychange be-

251

tween levels of a normal tower, it may wellhave to change in going between the tower and the meta-evaluator that implementsthe tower.

15.8 Building languages with reflection

Our mixed-language interpretationis designed to allow many languages to be builton top ofit. Languages whichcan be convertedreadilyto a procedural formare most suitable forthis: procedural and functionallanguages are easiest, declarativeand rule-based languages are harder.

We assume handling of such types as numbers to be made available underneath the implementationofreflection. Reflectiondoes nothelp to describe these, anyway, so nothingwould be gained were itpossible to includethem inthe reflectivesystem.

Mostconventionallanguage features map readilyonto a reflectivemixed-languagearchi-tecture. Occasionallythere is a mismatch,such as itbeing naturalto tryto make allcalls reflective (whichbuilds a tower levelforeach procedure call).

Using jumpyreflectors (that assign to parts ofthe state, withoutsavingthe oldvalues on a stack) to change specific parts of a tower allowsvery natural implementationof many common language features such as jumps,calls and assignments.

Reflective features may be used to group together parts of a system, such as all the operators ofa language, forinterpretationin a particularway.

As wellas any languages implemented on top of the reflectivesystem, there is a base language which provides reflective facilitiesand some simple flow controland callingoperators. This is sufficientforrunningthe rest ofthe system, so long as allparts ofthe system are connected withintegrityto the base language.

Reflectionallowsnew features tobe added to conventionallanguages, includingextreme examples such as a non-localexit that goes rightout ofseveral levelsof interpretation.

Procedure calls are to some extent builtintothe evaluator, but other features are notso much so. Our procedure callingis naturallycall-by-name, but call-by-valuemay be implemented easily on topofthis;such a facilityis providedin a formthat is usefulto many language implementations.

252

15.9 The base language

Alanguage foruse withthe standard interpreter in the boringsection of the towermust be powerfulenough to support both the standard interpreter and the procedures that willrun on it, whichwilltypicallybe operators forother languages.

The implementationof the base language has two parts: the operators themselves, and their shadows, whichare run at the nextmeta-levelin the tower. (The last meta-toweris run inthe substrate language on whichthe wholereflective system is built,and itis there that all operator definitionsare eventuallyevaluated.)

The language should provide operations typicallyneeded by interpreters, and those needed for reification and reflection. It is also desirable that the base language be reasonably expressive.

As wellas the fundamental reifiers and reflectors, itis convenientto providesome jumpy reflectors that assign onlypart ofthe state; these are notonlymore efficient,butalso more expressive of many common language features that they may be used to model.

In practice,we providemany moreoperators inthe base language than are strictlynecessary. ([Smithand des Rivìeres 84a] explains howto workout whichoperators are necessary.)

Reflective operators

Operators forreflectionmaybe added to an existinglanguage. Withourmodelformixedlanguage interpretation,the same operators willworkforany language.

Reflective operators (reifiers and reflectors) are of two kinds,jumpywhich move data between program-as-agent and program-as-subjectwithoutautomaticallycreatingnew levelsofinterpretation,andpushywhich create new levelseitherprovidingdata fromthe program-as-subject or using it to create a new (or modified) program-as-subject. Jumpy operators are more primitive than pushy operators, in that (on a conventionalarchitecture) they may be used to implement pushy operators, whereas, withinone levelof interpretation,pushy operators may not be used as the primitiveon whichjumpyoperators may be built(other than byconsiderable wasted work).

One formofreflectiveoperator is thegrand reflective operatorwhich reifies or reflects the entire state of the system. However, itis more efficient, as wellas often more convenient, to reflect into just the part of the state required, and so reflectors that set only specific parts of the state are also worthprovidingin a practicalsystem.

253

Reification of programs is homogenous between languages. The same reifiers (and reflectors) may be used in any language, and the values returned have closed intothem all the linguisticinformationneeded to understand the value in any way that mightbe required.

15.10 A model for the meta-evaluator

The boringpart ofeach toweris notreallyevaluated, but itsevaluationis mimickedbythe meta-evaluatorof that tower. The meta-evaluatorhas tworôles: itimplements finitelythe infinite tower, and itstands in forany number of levels.

To do this, ithas to be able to absorb level shifts,to stop them going any further along the tower. It does this by realizingnew levels, (and abandoning old ones), on demand, when it must extend the non-boringpart of the tower, and shadowing things itselfwhen stillon the boring section.

The code ofthe meta-evaluator can be similarto that ofthe standard evaluator, withthe addition of some level-shiftingcode that wouldnot, withinthe tower, be allowedto exist withina single level,because itis capable of generating (realizing)levels1.

The meta-evaluator is alongside the tower (from the tower’s point of view) and both alongside and above the tower (fromthe meta-evaluator’s pointofview).

The meta-evaluatorruns beside the lowesttowerlevelthat itcan, that is, one levelabove the highest one that is not mimickedbythe meta-evaluator. Itfollowsthis boundarybyclimbingup to new levels as itrealizes them, and climbingback off them when they are no longerneeded.

There are twoapproaches to howthe meta-evaluator should viewdata withinthe tower, in terms of how each type of data is represented, and whether each type appears as the same type inside and outside the tower, or as distincttypes. Inthis thesis, we hold the data in the same form in both, and hence, forexample, stack frames do not have to be re-encoded when reified or reflected.

The meta-evaluator must have a map fromshadowedoperators in the tower toshadowingoperators inthe meta-evaluator. Ina system withonlyone dimensionto the tower, this map must be visibleto the meta-evaluatorbut not to the tower.

Ifthe meta-evaluatorimplementsthe storage system ofthe tower, itmustalso have a map fromdistinguishedobjects withinthe towerto variablesinthe meta-evaluator. Ifthe meta-evaluator and the tower share a storage system, such a map is not needed.

1Withinthetower, eachproceduremaybeinonlyonelevelatatime.

254

15.11 An implementation of the meta-evaluator

Platypus is a trialimplementationofa reflectivetower-based evaluationsystem inwhich data representations inside and outside the tower are the same. Ithas been through two broadly similarimplementationgenerations, one in C and one inCommon Lisp.

Dynamictypingis used throughout the system, both inside and outside the tower. All objects in the tower are kept in a storage heap; in the C implementationthis is scavenged by a stop-and-copy garbage collector, whichmust pay attention to updating variables of the metaevaluator as itmoves the thingsto whichthey point.

Whileseveral meta-evaluatorvariablespointintothe heap, itis notpossible fora program in the towerto find froman objectinthe heap what itcorresponds to inthe meta-evaluator(although a meta-evaluator that makes this informationavailable could be written).

The meta-interpreter must contain: •a meta-evaluator that mimics(shadows) the standard evaluator as wellas generating levels on demand;

•shadow operator definitionsshadowing some ofthe operators inthe tower’s base language;

•and an argument evaluator forshadowing operators to use. These are allfairlysimilarto their equivalentswithinthe tower.

The meta-evaluator may be reduced to a very concise form builtaround one function, whichis appropriatelyverysimilarto the correspondingfunctionforthe concise formofthe standard internal evaluator fora tower. This functionconsists of fourprocedure calls and two environment lookups.

The code forallthe shadow operator definitions has much in common; in particular, all operators that must evaluate alltheirarguments independentlyshare an argument evaluatormechanism. Such operators are builtaround primitiveprocedures in the implementationlanguage, bya macro-preprocessor, that takes functionsin the implementationlanguage, and produces wrapper functionsforuse as the shadow operators.

15.12 Results

Platypus has proved to be a practical interpretivesystem for Lisp-likelanguages, and promises to be able torun atspeeds comparableto other, non-reflective,interpretedLispsystems—

255

it is already wellwithinthe factor of ten that I chose initiallyas a suitable limitfor regarding this new interpretation technique as practical. There is certainly promise of being able to improve the performance, and I would expect to reach speeds similarto those of non-reflective, singlelanguage interpreters. Theusefulness ofdynamictypingis clearlyevident,and the appropriateness of implementingreflectiveinterpretationbyshadowing has been demonstrated.

Workingwithmixturesof two type systems, one forthe substrate language and one for the tower, was particularlyconfusing, and this should either be avoided, or handled with careful planning,in future workin thisarea.

The amount of garbage generated is a potential problem, as all stack frames are, in principle,builton the heap. The problem is reduced by using the stack frames of the substrate system to store some of the data that might have otherwise needed more frames to be builtfor very short-term use.

Initializingthe system is complicated by the number of cross-references and self-refer-ences that must be set up. It wouldbe useful to have some program tools for generating (or gathering)the initializationcode automaticallyfromthe rest ofthe source code.

It is possible to produce very compact versions of both the evaluator and the metaevaluator, these being based on a pairoffunctions,boojumandsnark, that appear to encapsulate the essence ofevaluation and meta-evaluation respectively.

15.13 History and future

Reflection is a young field of Computer Science and formal logic (and an older field of philosophy)and there is much yet to be explored in it. Enough is now understood to make an intuitivegrasp possible, and, although always touchingon the meta-physical, it is possible to explain itformally, although formalismsin common use today do not express reflective concepts very well.

In three main areas of research on the topic,twopresent considerable scope forfurther research, and the other presents scope fordevelopment and enhancement of ideas that are now established:

•Understandinganddescribingreflection is a large and very open field. Some forms of reflection have now been described and analyzed extensively, particularlythose concerning procedural languages, but there is much more to be done, particularlyon declarative

256

languages. The mathematical description of infinitereflective towers, using transfinite numbers, is an intriguingfieldwhichcould be developed much further, particularlywithreference to the type system needed to represent such towers.

•Implementingreflective systems has been researched, to theextent thatitispossible tobuild fullytower-reflectiveinterpreters of similarspeed to their nearest non-reflectiveequivalents [Smithand des Rivières 84b]. This couldbe developed further, and applied more widely.

•Applicationof reflection to real logical,computationaland scientific problems has scarcely begun. To date, ithas been used withinthe area of language research, but littlefurther.

15.14 Reflections

Areasonably efficientreflectiveevaluationsystem can emulate an infinitemeta-towerof evaluation, in remarkablyfew lines ofLisp. The most central ofthese linesmay be regarded as a refined formofgeneralized or parameterized evaluator.

Perhaps somewhat fancifully, parallels may be drawn withnon-computationalprocedural activities,such as deliberation,and learning,in people.

The reflectiveapproach to language definitionavoidsthe conventionalroute ofdefinition in terms ofsomething outside the the system, after the acknowledgementthat no system—neither computationalnor mathematical—nor forthat matter those based on anyother linguisticnotation— can describe itselfcompletely. An outside reference—visible to the same observer—must always be present, and we allow such a reference to be arbitrary, rather than from some denotational frameworkfrom mathematics, for which in turn the same problem of an outside reference also occurs.

15.15 Summary

Reflection and reificationletprograms access themselves and theirinterpretersas data. This access is causal in nature: modificationsa program makes to its interpreterchanges howthe program runs.

Simple reflectionlets a program access its code and state and interpreter.T ower reflectionalso lets itaccess itsmeans ofinterpretation—that is, the mechanism bywhicha program

257

is related to its interpreter, and thence to its interpreter’s interpreter, etcetera.

Weclose overthe interpreterwhenconstructingthe closureofthe procedure, and thence the tower ofinterpretersstarting there, makingitcontain the wholecontext in whichthe procedure is interpreted.

Bymakingthelanguageof each towerlevel an explicitpart of that level—a new contribution to this field — we extend reflection from being a toolfor reasoning about interpretationof programs to being one forreasoning about language interpretation.

Themeta-evaluatorimplementing a towerhas tworôles: itimplementsfinitelythe infinite tower, and stands in forany number oflevels.

To do this, itmust absorb level shifts,by realizingnew levels, and abandoning old ones, on demand.

We use ashadow mapfromshadowedoperators in the towertoshadowingoperators in the meta-evaluator.

The meta-evaluator can itselfbe a program executed bya towerof interpreters, starting ameta-tower—an originaldevelopment.

Platypus is an implementationofa reflectivetower in whichdata representations inside and outside the tower are identical. It has twosimilarimplementations,in C and in Lisp.

Platypus has provedto be a practicalinterpreterforLisp-likelanguages, and promises to be able to run at speeds comparable to non-reflective interpreted systems. The appropriateness of implementingreflectiveinterpretationbyshadowing has been demonstrated.

Scheme,now,feelslike Algol-60 (the world’s sweetest version of Fortran), and I’dsay that feel is moreimportant than look.

Reuben_Bert_Mayo@cup.portal.com

Bibliography

[Abelsonand Sussman] H.Abelsonand G. Sussman withJ. Sussman:Structure and Interpretation of Computer Programs, MITPress, 1985

[Agha] G. Agha:Actors—a model of concurrent computation in distributed systems, The MITPress, 1986.

[ANSIC] ANSI X3J11:Draft proposed American National Standard for Information Systems—Programming Language C, ANSIdocument X3J11/88-158 (December 1988)

[Barendregt] H. Barendregt:The Lambda Calculus: Its syntax and semantics, Studies in Logicand the Foundations ofMathematics, Volume103, North-Holland(1981)

[Batali] J. Batali:Computational Introspection, MIT AI Memo No.701 (February 1983)

[Ben-Ari] M. Ben-Ari:Principles of Concurrent Programming, Prentice-Hall,1982

[Cardelliand Wagner] L. Cardelliand P. Wagner:On Understanding Types, Data Abstraction and Polymorphism, Technical Report CS-85- 14,BrownUniversity, Department ofComputer Science, 1985

[Carroll] L.Carroll: , Macmillan, 1871

Through the Looking Glass

[Clocksinand Mellish] W. Clocksin and C. Mellish:Programming in Prolog, Springer-Verlag (1981)

258

259

[Danvy] O. Danvy:Across the bridge between Reflection and PartialEvaluation, Proceedings ofthe WorkShopon PartialEvaluation and MixedComputation,Dines Bjørner, AndreiP. Ershov and Neil D. Jones (eds), North-Holland,Gl. Avernes, Denmark(October 1987)

[Danvyand Malmkjær 88] O. Danvy and K. Malmkjær:Intensions and extensions in a reflective tower, Proceedings ofthe 1988 ACMconference on Lisp and Functional Programming, Snowbird, Utah (July 1988)

[Danvyand Malmkjær 8?] O. Danvy and K. Malmkjær:An approach for formalizing computational reflection, unpublished,Köbenhavns Universitet, 1988

[Doyle] J. Doyle:A Model for Deliberation, Action, and Introspection, MITAILaboratoryTechnicalReport 581.

[Escher] M. Escher:The Graphic Work of M. C. Escher, Meredith Press, 1967

[Futamura] Y. Futamura:Partial evaluation of computation process – an approach to a compiler-compiler, Systems, Computers and ControlVol 2 No 5 pp45-50 (1971)

[Gabriel] R. Gabriel:Performance and evaluation of Lisp systems, The MITPress, 1985.

[Goldbergand Robson] A.Goldberg, D. Robson:SmallT alk-80: The Language and its implementation, Addison-Wesley (1983)

[Gödel] K. Gödel: Über Formal Unentscheidbare Sätze defPrincipia Mathematicund Verwandter Systeme, I, Monatshefte für Mathematikund Physik,38, 1931

[Hardy] S. Hardy:The Poplog programming system, Universityof Sussex CognitiveScience Research Paper No.3, 1982

260

[Harpaz] Y. Harpaz:Migrating Common Lisp, Harlequin Ltd, Chameleon report TR-87-46,1987

[Hayneset al84] C. Haynes, D. Friedman, M. Wand:Continuations and Coroutines, CACMPOPL 84?

[Hopkins] D. Hopkins:A PostScript interpreter written in PostScript, Usenet article incomp.lang.postscript (don@BRILLIG.UMD.EDU),27 Aug89.

[Halstead] R. Halstead,Multilisp: A Language for Concurrent Symbolic Computation, ACMTOPLAS7, October 1985, pp501– 538.

[Johnson] S. Johnson:Y acc: Yet Another Compiler-Compiler, Unix manual Volume2B(July 1978)

[Jackson] J. Jackson, HarlequinLtd:private communication

[Jones, Sestoft and Søndergaard] A. Jones, Sestoft and Søndergaard:MIX: a self-applicable partial evaluator for experiments in compiler generation, DIKU,Universityof Copenhagen (June 1987)

[Kranzet al] D.Kranz,R.Halstead &E. Mohr,Mul-T: AHigh-Performance Parallel Lisp, in Proceedings of SIGPLAN’89 Conference on ProgrammingLanguage Design and Implementation,published by ACMPress, NewYork, pp81–90, 1989

[Köhlbecker86] E. Köhlbecker:Syntactic extensions in the Programming Language Lisp, PhD dissertation, Indiana University(August 1986)

[Köhlbeckeret al86] E. Köhlbecker, D. Friedman, M.Felleisen,B. Duba:Hygienic MacroExpansion, Proceedings ofthe 1986ACMConference on Lispand FunctionalProgramming(1986)

[Köhlbeckerand Wand] E. Köhlbecker and M. Wand:Macro-by-example: Deriving Syntactic Transformations from their Specifications, Con-

261

ference Record ofthe 14th ACMSIGACT-SIGPLANSympo-sium on Principlesof ProgrammingLanguages (Munich,January, 1987)

[Landin] P. Landin:The Mechanical Evaluation of Expressions, Computer Journal, Volume6, pp308-320, 1963

[Langand Pearlmutter] K. Lang and B. Pearlmutter:Oaklisp: an object-oriented dialect of Scheme, Lisp and SymbolicComputation,Volume 1, Number 1, 1988

[Leskand Schmidt] M.Lesk and E. Schmidt:Lex—A Lexical Analyzer Generator, Unixmanual Volume2B, July 1975

[Loeliger] R. Loeliger:Threaded Interpretive Languages, BYTEPublications,1981.

[Magritte] R. Magritte:The Two Mysteries, 1966

[Miller] J. Miller,MultiScheme: A Parallel Processing System, PhD. thesis, Massachussetts InstituteofTechnology, 1987.

[Moss] J. Moss:Managing Stack Frames in SmallTalk, Proceedings of the SIGPLAN’87 Symposium on Interpreters and Interpretive Techniques, St. Paul, Minnesota

[Mycroft] A. Mycroft:Abstract Interpretation and Optimising Transformations of Applicative Programs, Ph.D. thesis, Edinburgh University, 1981. Availableas computer science report CST-15-81.

[Occam] Inmos Ltd:Occam programming manual, Prentice-Hall, 1984

[Osborne] R. Osborne:Speculative Computation in MultiLisp, published in the Proceedings of the 1990 ACCMConference on Lisp and Functional Programming, ACMPress, ACM,New York,pp198–208.

262

[Padget] J. Padget:The ecology of Lisp, PhD thesis, Bath University (1984)

[Padget and ffitch] J. Padget and J. ffitch:Closurize and Concentrate, School ofMathematicalSciences, UniversityofBath

[Perdue and Waters] C. Perdue and R. Waters:Generators and Gatherers, in Common Lisp the Language, second edition, edited byG. Steele, DigitalPress, 1990

[PostScript] Adobe Systems Incorporated:PostScript Language Reference Manual, Addison-Wesley, 1985.

[Rees and Clinger] Rees and W. Clinger(eds):Revised Revised Revised Report on the algorithmic language Scheme, Sigplannotices Vol 21 No 12 pp37-39 (December 1986)

[Ryle] G. Ryle:The Concept of Mind,Peregrine Books, 1949.

[Shivers] O. Shivers:Partial evaluation in Scheme, SIGPLAN’88conference ProgrammingLanguage Design and Implementation, published byACMPress, NewYork,1988

[Smithand des Rivìeres 84a] B. Smith and J. des Rivières:Reflection and semantics in Lisp, Conference recordingsof14th AnnualACMSymposium on PrinciplesofProgrammingLanguages, pp23-35,Salt Lake City, Utah (January 1984)

[Smithand des Rivìeres 84b] B.Smithand J. des Rivières:The implementation of procedurally reflective languages, Conference record ofthe 1984 ACMSymposiumon Lispand FunctionalProgrammingpp341- 347, Austin,Texas (August1984)

[Smith] B. Smith:Reflection and semantics in a procedural language, PhD thesis MIT/LCS/TR-272,MIT, Cambridge, Massachussetts (January 1982). Summarized in Batali,ComputationalIntrospection,MITAI-Memo701.

263

[Steele 84] G. Steele:Common Lisp the Language, DigitalPress (1984)

[Steele 90] G. Steele:Common Lisp the Language, second edition DigitalPress, 1990,

[Turing] A. Turing:On computable numbers, with an application to the Entscheidungsproblem, Proceedings of the London MathematicalSociety, Ser. 2, 42 (1936-37) pp230-265. Corrections, ibid(1937), pp544-546. Reprinted inThe Undecidable, edited by Martin Davies, Raven Press, Hewlett, NY, 1965, pp115-154

[Wand and Friedman] M. Wand and D. Friedman:The Mystery of the Tower revealed: a non-reflective description of the reflective tower, Vol 1 No1 pp11-38 ofthe InternationalJournal of Lisp and SymbolicComputation

[Winograd] T. Winograd:Understanding Natural Language, Academic Press, NewYork, 1972

[Warren] D.Warren:An Improved Prolog Implementation which Optimizes Tail Recursion, Research Paper 156, Department of ArtificialIntelligence,Universityof Edinburgh,1980

[Watson and Tillotson] A. Watson and M. Tillotson:Efficient Decompilation from Machine Code, Harlequin Ltd,Chameleon report TR-89-69, 1989

264

As a tailpiece,the Escher pictureused forthe PostScripttimingtests is presented here: