22Chapter

Computational Reflectionand Open Systems

2.1Introduction�Reflection hypothesis: In as much as a computational process can be constructed to reason about an external world in virtue of comprising an ingredient process (interpreter) formally manipulating representations of that world, so too a computational process could be made to reason about itself in virtue of comprising an ingredient process (interpreter) formally manipulating representations of its own operations and structures."

Smith (1982)The notion of reflection can be found in disciplines as diverse as philosophy,linguistics, logic and computer science. It is not clear how all these differentnotions of reflection are connected. Even in computer science the notion ofreflection, mainly used in the disciplines of artificial intelligence andprogramming language design, has different connotations, and especiallydifferent motivations. The common theme is that of building computationalsystems that, in a substantial way, have access to, reason about, and act upontheir own computational process.Before plunging into the technical, or less technical, details of what a reflectivesystem looks like and how to build it, we will first try to answer the question�why ?�. Why is it necessary to build reflective systems ? Obviously, there is noneed for reasoning about one�s self if this doesn�t increase one�s capabilities forreasoning about one�s subject domain. A full analysis of representation, efficiency,and reflection in the most general case is certainly beyond the scope of thisdissertation, and would necessarily have to follow the analysis that can be foundin [Smith86]. Rather than doing that, we analyse these concepts in the more

Chapter 2

12restricted case of programming languages and computational systems described byprograms expressed in a programming language.For the particular case of programming languages, we will give an in-depthanswer to the question why reflection is needed in section 2.4 and section 2.5. Thenotions of absorption and reification are introduced as two main factors in theneed to design systems that open up their implementation. It is shown what itmeans for one system to access the implementational structures of another system.The notion of systems with an open implementation1 is contrasted with the notionof systems that allow implementational access. Reflective systems are thenintroduced as a specific kind of systems with an open implementation.While doing so, we will take a less conventional, more constructive, approach toreflective programming languages. It is a constructive introduction of reflectionsince we introduce reflection almost by saying how to construct a reflectivesystem. It is less conventional because of the firm link that is made betweenreflection and systems with an open implementation. Rather than directlyturning to the question of how a system can have access to, reason about and actupon its own internal structures, we first turn to the question of how one system canhave access to, reason about and act upon another system. In particular we use thenotion of open implementations where one system can inspect and manipulate theimplementation of another system. It is our strong belief that this is an importantstep in the demystification of reflection.We conclude this section with a discussion on the difference between systemswith an open implementation and systems with an open design. We start withsome assumptions and some terminology. Note that inevitably the terminologyused, can differ from that of other author�s.

2.2Model of ComputationThe assumption with which we start is that a program expressed in someprogramming language is turned into a computational system by means of anothercomputational system commonly called the meta-system [Maes87]. For example,for a program this meta-system can take the form of an evaluator.Meta-SystemProgramexecutes

ComputationalSystemFigure 2.1

1It should be stressed that the notion of open implementations must not be confused with thatof meta-systems [Maes87a] nor with meta-level architectures. See the section on openimplementations for a discussion on the topic.

13Although we find that for this special case, the term meta-system is somewhatmisleading, it will be adopted in this text. In contrast with what would beexpected, the meta-system is not a system that reasons, or acts upon anothersystem, but rather it is a system that reasons about a program which is adescription or representation of a computational system2. In the section on openimplementations examples will be given of computational systems that do reasonabout other computational systems.The meta-system is called a language processor in the case where the descriptionof the computational system is a program expressed in some programminglanguage. A language processor can take on different forms. In this text we willfocus on evaluators.A language processor itself can be composed of a program (the processor program)processed by another processor.Meta system’sMeta-SystemProcessorProgramexecutes

ComputationalSystem

Programexecutes

Meta-SystemFigure 2.2In the special case where the language in which the processor program isimplemented, is the same as the language implemented by the processor program,the processor program is called meta-circular 3 [Abelson&Sussman84].Programs that describe computational systems that manipulate other programsare often termed meta-programs. The program describing a programmingenvironment is an example. The programs manipulated by meta-programs arecalled object-level programs; a relative notion, of course: object-level programs, intheir own turn can be meta-programs.The program of our meta-system is a special sort of meta-program. It is specialsince it is the meta-program that describes how to turn programs intocomputational systems. The architecture where the program of the meta-systemis explicitly available for inspection and modification is a particular instance ofa meta-level architecture. It has the advantage of being able to modify themeta-system prior to (or even during) the execution of a program.

2It is the author’s conviction that much of the misunderstandings about reflective programminglanguages comes from a lack of distinction between computational systems andrepresentations or descriptions of computational systems.3This process of decomposition can be repeated ad infinitum for meta-circular processorprograms. In the literature about reflective systems this ’tower of meta-circular processors’ istaken as the basis to introduce reflective programming languages, giving a slightly differentview on reflection as it is introduced in this text. See [De Volder&Steyaert94] (also inappendix) for a discussion on the topic.

Chapter 2

14In general a meta-level architecture is an architecture where the meta-systemcan be acted upon. In the above case this is done by acting upon the description ofthe meta-system. Below we will see an example where this is done by actingdirectly upon the meta-system as is, i.e. acting upon it as a computational systemrather than on its description.Finally, we presume that a computational system has a well-defined interface,called the base-level interface, by which its behaviour can be invoked. Forexample the base-level interface of a language processor comprises theevaluation function.

2.3Absorption and Reification in Programming LanguagesThe main reason for constructing reflective systems is efficiency and modularityin the structures used in representing a computational system. Typically only partof the system can be explicitly encoded in such a representation. A substantialpart of the system’s behaviour remains implicit in the internal relations betweenelements of the representation, the process that interprets this representationand the circumstances in the world in which the system is embedded. This is notonly an essential characteristic of such representations. It is also an integral partof being able to efficiently express the behaviour of computational systems, if wetake a representation in which every aspect of the computational system must beexplicitly encoded as an inefficient representation. On the other hand thischaracteristic puts limits on the generality and power of the underlyingrepresentational system. Not all systems can be expressed in an equally efficientway.This may all seem to be in want of a more thorough explanation, and indeed it is.But, an in-depth analysis of representation, efficiency, and reflection in the mostgeneral case is certainly beyond the scope of this dissertation, and wouldnecessarily have to follow the analysis that can be found in [Smith86]. Ratherthan doing that, we will analyse these concepts in the more restricted case ofprogramming languages and computational systems described by programsexpressed in a programming language.Programming languages are used to describe implementations of computationalsystems. They do so by giving a means to express the internal workings of acomputational system that is relatively close to executable code. Whatdifferentiates one programming language from another is how the internalworkings are expressed. By this we don�t mean the syntactical differencesbetween one programming language and another, but rather the notabledifferences of how a system is divided into subsystems. How a system is dividedinto subsystems is determined by the kinds of abstractions (e.g. proceduralabstraction, data abstraction) or programming concepts [Maes87a] that aresupported by the programming language.In the discipline of programming language design, one speaks of programmingparadigms as those classes of languages that support fundamentally differentprogramming concepts [Wegner90]. The major programming paradigms are:procedural programming, object-oriented programming, concurrent programming,functional programming, logic programming and rule-based programming.

15Programs expressed in exemplar programming languages of the differentprogramming paradigms will exhibit different characteristics. They will differessentially in what aspects of the internal workings of a computational systemcan be left implicit, and what aspects must be explicitly encoded. For example, itis obvious that for a backtracking problem (e.g. the 8-queens problem) expressedin a procedural programming language, the flow of control that is typical forbacktracking must be explicitly encoded, whereas in an implementation in a logicprogramming language this can be left implicit.In a program where a certain aspect of the internal workings of the implementedcomputational system is left implicit, we say that this aspect is absorbed (by theprogramming concepts of the programming language). When it is made explicitwe say that it is reified. Efficiency, in terms of how concise a computationalsystem can be expressed4, is defined as the amount of detail that can be absorbedin the implementation language.Obviously, it is not possible to give a total ordering of programming languagesaccording to this kind of efficiency. Not just because we can only speak aboutefficiency for implementing a certain system (or a set of systems that belong to aparticular problem domain if we are a bit liberal), but also because even withinone system, conflicting demands with respect to the programming paradigm cancoexist.Notice that not all aspects of a computational system that can be absorbed in theimplementation language also need to be absorbed. This is, for example, the basison which different language interpreters (in most cases preferably meta-circularinterpreters) are compared. A meta-circular interpreter for a Scheme-likelanguage can choose to absorb or make explicit different aspects of the underlyingstructure of the Scheme language (see also [Abelson&Sussman84], [Maes87a]). Theentire evaluation function can be absorbed by falling back on the meta-levelprogramming facilities of Scheme, i.e. by using the explicit evaluation function ofScheme in Scheme. Or, the evaluation function can be implemented in terms ofexpressions and environments, thereby absorbing continuations and consequentlythe explicit encoding of the flow of control. Or, the evaluation function can beexplicitly encoded with expressions, environments and continuations, but leavingimplicit storage handling for lists. Or, an evaluation function can be constructedthat makes explicit all machine actions performed by a hypothetical, or realprocessor. All these differences become relevant in case one wants to reason aboutor alter this implementation. As we will see in a moment, it is exactly thesedifferences that will determine the theory with which we will be able to reasonabout our language implementation.Within one and the same programming paradigm, also, differences exist betweenprogramming languages regarding their abilities to absorb implementationaspects of computational systems.One set of examples are facilities such as garbage collection, persistency aspectsof data, scoping issues, modularity etc. (in a mind boggling way, reflection itselfcan be added to this list, see also [Maes87a]). These facilities are generallyconsidered as programming concepts that can, or should, be added orthogonal tomost of the above programming paradigms. Languages that include thesefacilities have a larger capability to absorb implementation details.

4We hesitate to use the term expressivity here. It is not clear whether expressivity, in itsnormal usage of �expressivity of a programming language� applies to the efficiency inexpression or generality in expression.

Chapter 2

16Other more specific examples are (lack of) refinements of existing programmingparadigms, or programming languages. We will discuss one example that is bynow part of the folklore of object-oriented reflection (example from [Kiczales,desRivi�res&Bobrow91]). Consider a computational system in which we need torepresent data elements that are composed of other (named) data elements. Inthe object-oriented paradigm it is customary to implement such a data element asan object. The composition structure is reflected in the instance variables theobject has. However, most object-oriented languages only provide facilities forrepresenting objects with a small number of instance variables, all of whichtypically have a non-default value. Sometimes we need to implement acompound data element that has a possibly large number of components of whicha large number has a default value for the major part of the object�s life-time.Such a data element must be explicitly encoded as a dictionary for example. Onlyan object-oriented language that has the facility to represent objects with a largenumber of instance variables of which only a few have a non-default value, canabsorb the implementation of this sort of data elements.So, we observe that programming languages have different potential to absorbimplementation details of a computational system, going from large grainedprogramming paradigms, to more fine grained orthogonal sets of languagefeatures, to fine grained specific refinements of certain language features.Whereas the efficiency of programming paradigms is very hard to comparerelative to each other, within one paradigm it is possible to compare theabsorption capabilities of different language features.One could be tempted to conclude that the more that can be absorbed by theprogramming language the better programs can be expressed, and thus thatprogramming language design has as its goal the design of programminglanguages with ever better absorption capabilities. There is a catch however. Ithas the form of a trade-off between efficiency in expression, and generality ofprograms expressed in a programming language. Stated otherwise, the more thatcan be absorbed by the programming language the less general programs expressedin such a programming language tend to be. This is illustrated by the followingexample (example due to [Agha90]).Consider writing a program that calculates the product of values that are storedin the leaf nodes of a tree. When expressed in a programming language thatsupports recursion, a substantial part of the control flow of this program can beabsorbed by the programming language. The return stack of procedure calls canremain implicit. Such an encoding is more efficient than an encoding where weexplicitly need to keep track of the visited nodes. It is less general, however,since we are unable to express, in a simple way, the fact that when a leaf nodewith the value ’0’ is encountered, the entire computation can stop and return thevalue ’0’ as a result. In an encoding with an explicit return stack, this can beencoded simply by emptying the control stack.It is true that, in the above example, programs are not forced to use all thefacilities (i.e. recursion) given by the programming language. Then again, ifprograms do not use such facilities out of fear of loss of generality, then whyprovide them ? One could also say that when such features are given, then allthe complementary features to recover the loss of generality must be provided aswell. For the above example this means that recursion must be complemented by afeature to �jump out� of recursion. This, however, leads us to a (very old and oftenheld) discussion on efficiency and generality on the level of programminglanguages, i.e. a small, concise programming language definition for a less generalprogramming language versus a large, less concise programming languagedefinition for a general programming language.

172.4Open Implemented Computational SystemsSo we seem to be stuck with an apparent contradiction between generality andefficiency. This need not be the case. What we truly wanted, in the aboveexample, is a mechanism where the control stack can be left implicit until it isreally needed. At that moment the control stack is made explicit, it is emptiedand given back to the implementation to be absorbed. In general we need amechanism where aspects that are absorbed in the underlying structures of theimplementation language can, at any point in time, be made explicit, modified,and absorbed back again in the implementation of the programming language.A mechanism is needed to inspect and alter the implementation structures of aprogramming language. Rather than tackling the question of how a program caninspect and alter the implementation structure of its own underlyingimplementation language, we will first tackle the question of what it means forone system to reason about the implementation of another system5.Computational systems, either programming language processors or othersystems, that give access to their implementational structures are not new.Systems that provide, for example, facilities to test whether some extension ofthe system is available and how to use it, facilities for testing what version ofthe system is running, facilities for setting and testing parameters of internaldata-structures (e.g. buffer-sizes, block-sizes, � in the area of operating systems)can be found in abundance.

inspects/altersimplementationalstructures

ComputationalSystemComputationalSystem with Facilities for Implementational Access

Figure 2.3In the case of programming languages, access to implementational structuresmeans that one can, for example, inspect the control stack or the variable bindingenvironment, and that one is able to change these or hand back a modifiedversion, so that the changes are reflected in the further execution of the program(i.e. in a causally connected way). Access takes the form of operations such as’get-environment’, ’put-environment’ that are defined for the language’sevaluator. These facilities are, in most cases, the basis for implementingdebugging systems, or can even be put to use to partially solve the problemsdiscussed in the previous section.

5[Rao91] uses the term "implementational reflection" for inspecting and/or manipulating theimplementational structures of other systems used by a program. We prefer to restrict usage ofthe term reflection to systems that reason about themselves.

Chapter 2

18DebuggingSysteminspects/altersimplementational structuresMeta-SystemProgramexecutes

ComputationalSystem

Figure 2.4All of the above are limited cases of implementational access. First of all, it isnot always clear whether such facilities are part of the ’ordinary’ usage of thesystem, or whether they are ’special’ in the sense of revealing part of thesystem’s implementation. Moreover, they do not solve all problems of the abovesection.For example, in order to solve our problem of absorbing the representation ofcomposite data elements with a large number of components, it is not sufficient tobe able to inspect, and possibly change the implementational structures of anobject. Rather, an alternative implementation of objects is needed. It is notsufficient to be able to inspect all the instance variables, nor is it sufficient to beable to add or delete instance variables. An instance variable, even if it has adefault value, is an instance variable that must be represented in the object.What is needed is that, for this particular kind of objects, we can override themechanism to look up instance variables.In the general case, a more structured, ’open-ended’ access to a system’simplementation6 must be provided. Presuming that a computational system hasan interface, the base-level interface, that shields its users from theimplementation details that are involved in realising the system, and that isused by all users of the system, we can define the following:Open Implementations [Rao91] : A system with an open implementationprovides (at least) two linked interfaces to its clients, a base-levelinterface to the system’s functionality similar to the interface of othersuch systems, and a meta-level interface that reveals aspects of how thebase-level interface is implemented.The idea is that a user of an open implemented system can, by means of the meta-level interface, have a substantial influence on the implementation, andaccordingly, the behaviour of the system. The notion of open implementationswas introduced by Rao in [Rao91], where an open implementation is given of awindowing system that allows the exploration of different window systembehaviours and implementations. The base-level interface of the windowingsystem is, obviously, an interface that allows the opening and closing of windows,dragging, generating pictures in windows, etc. The meta-level interface allows,for example, for the definition of new windowing relationships (such as window,sub-window relations).

6The difference between plain implementational access, and structured , open-ended access toa system’s implementation is parallel to the difference between reflective facilities andreflective architectures [Maes88].

19A programming language with an open implementation will be called an openimplemented programming language. A well-designed open implementation ofrespectively our object-oriented programming language and our recursionsupporting language can, in principle, solve the respective problems of objectrepresentations and access to the control stack of the previous section.Consider the problem of representing composite data elements with a largenumber of components. Any well-designed open implementation of an object-oriented programming language (the CLOS meta-object protocol is such anexample [Kiczales,des Rivi�res&Bobrow91]) will provide a meta-level interfacethat allows alternative implementations for object representations. An objectrepresentation can be implemented in which only the instance variables withnon-default values are stored.In an open implementation the meta-level interface specifies points where theuser can provide alternative implementations. Such an alternativeimplementation can differ from the default implementation of the system inperformance characteristics, or it can alter the behaviour of the system, or it canextend the system with new behaviour. The extent to which the behaviour of thesystem can be altered, or extended, depends on the meta-level interface and itslink to the object-level interface. To illustrate this we will consider two exampleopen implementations.Example 1: A Meta-function for a Scheme-like LanguageAn evaluator for a Scheme like language can be expressed as a dispatcher onthe type of expression to be evaluated. Each expression is tagged with anexpression type. A tag can for example be an atom at the head of each list thatrepresents an expression. Typical tags for expression types are ’lambda’, ’if’,�.This tag is used by the dispatcher to invoke an appropriate evaluationfunction. For the above listed tags these evaluation function wouldrespectively be a function to construct a closure, evaluate an if expression, �.A useful open implementation would be one in which clauses can be added tothis dispatcher, thereby allowing to add new expression types and theircorresponding evaluation function. An extension to the dispatcher can beformulated as a list that associates tags to evaluation functions. The openimplementation takes the form of a function (the meta-function) that has sucha list as argument and returns an extended evaluator.The base-level interface of this simple open implementation is the evaluator.The meta-level interface is the above meta-function. Base and meta-levelinterface are linked by the fact that the meta-function, given an appropriateextension to the dispatcher, returns an extended evaluator as a result.Note that this open implementation implements many different variants ofthe Scheme programming language. Each particular usage of the meta-levelinterface engenders a different variant.Example 2: A Class Hierarchy for a Scheme-like LanguageAlternatively, a Scheme-like language can be implemented in the form of aclass hierarchy in some object-oriented programming language. In this caseexpressions, lists, closures, and all other components of the evaluator areexpressed as objects. To a certain degree the class hierarchy, to which allthese objects belong, exposes aspects of the implementation of our evaluator.This has much to do with the often talked about code-reuse facilities thatcome with object-oriented programming.

Chapter 2

20To turn this class hierarchy into a true open implementation, however, weneed to explicitly identify the base and the meta-level interface, and the linkbetween both. In casu, the base-level interface will have the form of aprotocol to which, for example, all objects representing expressions mustconform, thereby establishing a contract between implementors of the classesthat are used for instantiating ’expression objects’, and users of these objects(e.g. users that invoke the evaluator). The meta-level interface will beexpressed as an interface with which new classes that implement expressionobjects can be added to the class hierarchy, or with which expression objectsthemselves can be added to a program representation such that they can beused in combination with the already existing expressions.Not only the protocol of expression objects needs to be specified. All otherobjects that are part of the implementation may play an important role in thedivision between base and meta-level interface. The result of such anidentification and specification of protocols is called a framework in object-oriented terminology; in the reflection community the term meta-objectprotocol is used.This open implementation, just like the previous one, defines many differentflavours of the Scheme programming language.Both of the above open implementations give rise to the meta-level architectureas depicted in figure 2.5. In this meta-level architecture it is possible for a meta-program to act upon the meta-system prior to, or during execution of a program.Meta-ProgramMeta-Program’s Meta-Systeminspects/altersimplementational structuresexecutesProgram

ComputationalSystem

Open Implemented ComputationalSystem

Meta-SystemProgramexecutes

Figure 2.5What differentiates this architecture from 1) the debugging system of above andfrom 2) a meta-level architecture where the program of the meta-system can beacted upon, is the structured access it provides to the meta-system. In the firstcase access to the meta-system is too limited (as already shown above); in thesecond case access to the meta-system is too �unlimited�7. Especially thedifference with this latter is important.If modifications to the meta-system�s program are allowed, then the result can be

7We can actually define a continuum with four marker points: a �plain� evaluator withoutaccess to the implementation, an evaluator with implementational access, an openimplemented evaluator and an explicitly encoded evaluator.

21just about anything. It is the programmer that explicitly modifies the meta-system. And this is a matter of text-editing the meta-system�s program-text.When the meta-level architecture is based upon an open implementation, itactually is another computational system (admittedly, one programmed by theprogrammer, but still a separately identifiable computational system) thataccesses and modifies the meta-system. It does so by using the meta-levelinterface to extend the meta-system with functions or objects (not program text butfirst class values˚!). The meta-level interfaces of the meta-system constrains thesort of modifications that can be done.Finally, note that in the above meta-level architecture, the meta-programexplicitly handles implementational structures of the meta-system used toexecute a program, i.e. structures that are implicit for that program. So, what isexplicit for the meta-program is implicit for the object-level program. Asalready mentioned before, a system’s implementation itself also absorbs andreifies certain aspects of the implemented system (cf. the different meta-circularinterpreters of the previous section). This obviously puts a limit on what ispossible with open implementations.In conclusion we can say that by opening up the implementation of acomputational system it is possible to have, to a certain degree, both efficiency inexpression and generality. In order to open up the implementation we need toidentify a base and a meta-level interface. The meta-level interface is used toalter and/or extend the behaviour of the system. An open implementation can beused to construct a particular kind of meta-level architecture, in which the meta-system can be modified in a controlled manner.We considered the special case of open implemented programming languages i.e.programming languages that have an open implementation. For an openimplemented programming language we observed that they implement not onebut many different languages, according to how the meta-level interface is used.These are called the languages engendered by the open implementation.

2.5Reflection: Accessing One�s Own Meta-systemThe above meta-level architectures have in common that one computationalsystem acts upon the meta-system of another, in any other way unrelated,computational system. Meta-level architectures of this kind have theirpractical applications, even in the area of programming languages. For examplein [Kiczales93] a CLOS open implementation for a Scheme compiler is brieflymentioned.

Chapter 2

22CLOS-ProgramCLOSExecuterinspects/altersimplementational structuresexecutes

Scheme-CompilerScheme-Programexecutes

ComputationalSystem

Figure 2.6A more specific kind of architectures can be studied, i.e. that of reflectivesystems. Since a program is turned into a computational system by a meta-system,we can ask ourselves the question how and under what conditions a computationalsystem described by some program processed by a meta-system can be given accessto, use and alter the behaviour of its own meta-system (figure 2.7).We will consider three forms of access to the meta-system: 1) access to the base-level interface of the meta-system, 2) implementational access to the meta-system, and 3) access to the meta-level interface of an open implemented meta-system. For the special case of programming languages the first will result in aspecial kind of meta-programming, the second in programming languages withreflective facilities, and the third in programming languages with a reflectivearchitecture. The last architecture in this list being the most interesting one.Meta-SystemProgramexecutes inspects/altersimplementationalstructuresFigure 2.7Not every open implementation is suitable as the basis for a reflectivearchitecture. We will consider the conditions that must be met. This will lead usto the definition of open implementations with reflective potential.The question how this access can be given can be answered in general. A programcan be given access to its meta-system by extending the programming languagewith the necessary reflection operators. Reflection operators are languagefacilities, offered by the programming language, that allow programs to accessthe meta-system with which they are executed. A language that is extendedwith a set of reflection operators, can be called a reflective programminglanguage.

23A programming language must be extended with reflection operators. The specialcase can be identified where the open implementation of the programminglanguage is powerful enough to formulate this extension. The openimplementation of Agora that will be given will be of this kind. In all othercases reflection operators must be added to the programming language in an adhoc fashion.A program that uses reflection operators to access its own meta-system can becalled a reflective program. A reflective program is both meta-program andobject-level program at the same time. As mentioned before, the meta-programcan explicitly handle implementational structures that are implicit for theobject-level program. Collapsing meta-, and object-level program into onereflective program may lead to reflective overlap, i.e. implementationalstructures that are both explicit and implicit in the same expression. Reflectiveoverlap is a phenomenon that can not be observed in ordinary meta-levelarchitectures. Sometimes reflective overlap is undesirable. We will discuss atechnique to manage reflective overlap.An issue related to reflective overlap is that of meta-regression. A reflectiveprogram is said to reflect when it actually uses reflection operators to access itsmeta-system. The part of the program that reflects must, by definition, be ameta-program. On the other hand in a reflective program, not only the object-level program can reflect, but also the meta-program itself can reflect since it isexecuted by the same meta-system as the object-level program. This process ofreflection can go on ad infinitum. If so, the program is said to regress infinitely.We will talk about static reflection when the maximum number of levels theprogram regresses can be statically determined. When the number of times theprogram regresses is dynamically determined, the program is said to exhibitdynamic reflection.2.5.1Reflective ArchitecturesIf the meta-system has an open implementation, then a program processed bythis meta-system can be given access to the meta-level interface of the meta-system with the intention of altering its behaviour. This gives rise to reflectivearchitectures.For example, in the case of the above "meta-function" open implementation ofScheme, access to the meta-function (i.e. to the meta-level interface) can be givenunder the form of reflection operators that allow the "installation" of extensionsto the dispatcher (see [Simmons II&al.92] for an actual example).The conditions under which access to the meta-level interface of an openimplementation can be given, are reminiscent of, but fundamentally differentfrom, meta-circular language processors.In an open implemented programming language, two (kinds of) languages are ofimportance. First, the language in which the open implementation, andconsequently all code that is added to this open implementation by means of themeta-level interface, is expressed. And second, the languages that are beingimplemented (not one but many, according to how the meta-level interface isprogrammed). We will call the former language the meta-level language of theopen implementation, and the latter will be called the languages engendered bythe open implementation. The meta-level language and the engenderedlanguages need not be related. Even in practice examples can be found where it isadvantageous to have a meta-level language that totally differs from theengendered languages. For example in the above CLOS open implementation for a

Chapter 2

24Scheme compiler these languages are different.Since programs are processed by the open implementation, they are expressed inone of the engendered languages, and since the meta-level interface is coded fromwithin such a program, a class of ’special’ open implemented programminglanguages needs to be identified. This is the class of open implementedprogramming languages for which the meta-level can be programmed in anylanguage engendered by this same open implementation. This class will be calledthe class of open implemented programming languages with reflective potential.How can we construct such ’special’ open implementations ? Notice that, incontrast with e.g. a plain evaluator, it is not possible to talk about a metacircularly implemented open implementation, exactly because an openimplementation can be used to engender many different languages8 (whereas aplain evaluator engenders only one). A meta circular open implementation wouldhave to pick one engendered language as being preferred, excluding all the restfor programming the meta-level. For a reflective programming language thiswould mean that only the �vanilla variant� of the programming language can beused for reflective programming, excluding all languages engendered by reflectiveprogramming, themselves, to be used for reflective programming. This latterability, however, is considered as an essential characteristic of reflection[Smith82].What is needed to construct an open implemented programming language withreflective potential is that all first class values (primitive values, functions,objects, �) can freely travel between implementation language and engenderedlanguage, and that both languages can transparently use each others first classvalues. Such a construction is called a linguistic symbiosis [Ichisugi&al.92] of theimplementation language of the open implementation and possible engenderedlanguages. A detailed description of such a construction for Agora will be given ina subsequent section.2.5.2Reflective FacilitiesIn the weaker case where the meta-system only allows access to itsimplementational structures (and is not a full-fledged open implementation), thesystem can only be extended with reflective facilities.Reflective facilities usually take the form of two sets of operators. One set ofoperators to read the implementational structures of the meta-system. And oneset of operators to overwrite the implementational structures of the meta-system.In the former case one speaks of reification [Friedman&Wand84]; in the latterthe term absorption, or deification is used. Typical examples include reflectivefacilities to get access to and alter the variable binding environment or thecontrol stack. See [Jagannathan&Agha92] for a fairly complex example of theusage of reflective facilities.Reflective facilities often give rise to reflective overlap. Reflective overlapoccurs when a part of the implementational structures of the meta-system is bothreified (explicit) and absorbed (implicit) at the same time. Take for example alanguage with reflection operators ’get-environment’ and ’put-environment’ toreify and absorb environments (i.e. the reflective variants of the operators forimplementational access from the previous section). Here, reflective overlap ismost noticeable when environments are reified in a causally connected way, i.e. ina way such that modifications to the reified environment have an effect upon the

8This is in fact a manifestation of what is called the causal connection requirement [Smith82].

25executing program’s implicit environment. Stated otherwise, the environmentthat is made explicit is shared by the program in which it is made explicit andthe meta-system. Environments that are reified are both explicit to the programand implicit in the meta-system. In such a case one speaks of reflective overlap.In our example this is apparent by the fact that the variable that holds theenvironment is also part of that environment.This sort of reflective overlap can be disturbing. In the above example theprograms that want to manipulate and alter environments must be careful not todestroy or alter their own variables for example. Reflective architectures oftenprovide better mechanisms to control reflective overlap. It must be stressed,however, that not all cases of reflective overlap need to be avoided.2.5.3Meta-ProgrammingIn practice programs are not executed by assembling expressions by hand, and thenmaking an explicit call to the evaluator. Rather, an entire set of programs (or tobe correct: computational systems) is available to construct and execute programs.Programs that describe computational systems that manipulate other programsare often termed meta-programs. The program of our meta-system is such a meta-program. It is often desirable to construct one’s own meta-programs. Constructing aprogramming environment is an example.To support meta-programming the base-level interface of the meta-system can bemade available to programs executed by the meta-system. This enables theconstruction of meta-programs such that the processing of programs is absorbed,i.e. the language processor is not explicitly encoded. The difference9 with thecase where the language processor is explicitly encoded as a meta-circularprocessor, is that in that case we are using two different meta-systems; eventhough they have a possibly similar representation (i.e. one is meta-circularlydefined in the other).In our Scheme example access to the base-level interface, means that a Schemeprogram can explicitly invoke the underlying evaluator. A feature that isavailable in most Scheme implementations.Finally note that in a reflective architecture, the code that is used inprogramming the meta-level interface is typically a meta-program,manipulating pieces of its own program, and applying the evaluator upon theseprogram pieces. Meta-programming and reflective programming often go hand inhand.

9In a more general account of reflection this distinction would be made on the basis of causalconnection, i.e. the difference would be made on the basis whether programs are executed byan executer program that is causally connected to the meta-system or executer programs thatare not causally connected to the meta-system. Given our modest goals, our differentiationbetween the two is based on our consequent distinction between programs andcomputations.

Chapter 2

262.6Managing Reflective Overlap and Tower ArchitecturesWhat differentiates access to the meta system through reflection operators from’ordinary’ access to the meta-system is its dynamic character. The meta-system isaccessed from within an executing program, and therefore meta-program andprogram possibly execute in the same execution environment. On the other hand,since meta-programs may actually reify and act upon this execution environmentthis may lead to reflective overlap. It is exactly this aspect that is the mostdifficult to manage in a practical setting.A general recipe to avoid reflective overlap is closely connected to the notion oftower architectures [Smith82]. Conventionally, tower architectures are based onthe notion of towers of meta-circular processors. Since our discussion on reflectionis based on open implementations rather than meta-circular processors, we willbriefly discuss the notion of towers of open implementations, and how they can beused to avoid reflective overlap. A more thorough discussion can be found in[De˚Volder&Steyaert94] (also in appendix).The general idea is to provide a vantage point on which to stand when reasoningabout one’s own meta-system. Moreover, a vantage point that is similar in natureto the vantage point one system has when reasoning about another system (as infigure 2.5).Reflective tower architectures mimic the fact that meta-programs execute intheir own execution-environment. Actually, a tower of execution environments isneeded rather than a single one, since in a true reflective system, not only is itpossible to reflect on the meta-system of ’ordinary’ programs, but also is itpossible to reflect over the meta-system of meta-programs, and so on. What isactually mimicked is the infinite ascending chain of figure 2.8.

Meta-SystemProgramexecutes

Meta-ProgramMeta-Program’s Meta-Systemexecutes

Figure 2.8A couple of notes should be made here. The first is that in an actualimplementation this infinite ascending chain can not be realised literally. In anactual implementation all meta-systems in the chain are one and the same (i.e.the open implementation with reflective potential), only a chain of executionstates is realised. This chain of execution states conforms to those parts of thereflective program that can be identified as meta-programs. This leads us to thesecond remark. What is the nature of meta-programs, and how can they be

27identified, if they are part of the object-level program ?In the conventional tower model meta-programs mostly take the form of meta-circular processor programs. In the tower model based on open implementations,meta-programs are generally programs that use the base and meta-levelinterface of the open implemented meta-system. A typical meta-program is aprogram that first uses the meta-level interface to alter the behaviour of themeta-system, and then uses the base-level interface of this altered meta-systemto execute a program. Whether meta-programs can be identified as such dependson the exact nature of the reflection operators. It should be kept in mind howeverthat in order to avoid reflective overlap, meta-programs should bedistinguishable as separate entities in a reflective program. Examples will begiven in later sections.

2.7Computational Systems with an Open DesignIn the previous section we saw that open implementations can be used as a basis toconstruct reflective systems. In this section we argue that for programminglanguages mere open implementations are not enough. We will analyse what iswrong with open implementations as a basis for safe and fully expressivereflective programming languages and introduce the improved concept of opendesigns. We will analyse the question of abstract representations in programminglanguages. The discussion on how to construct open designs is deferred till thesection on object-oriented frameworks.A computational system with an open implementation does not define a singlesystem but an entire design space of (related) systems. The behaviour of a systemwith an open implementation can be altered through the meta-level interface.Although the meta-level interface puts constraints on the extent to which thebehaviour of the system can be altered, merely opening up a system’simplementation gives no guarantee that the so created design space is coherent oris the intended design space.For an open programming language, for example, we could want such a designspace to cover all languages belonging to the same programming paradigm.Merely opening up the implementation of a particular programming languagedoes not guarantee that the intended design space is covered, nor does itguarantee that no languages out of the intended design space can be reached. Theformer obviously is important, having to do with expressivity, but also thelatter, having to do with safety and the ability to reason about programs.Take for example the design space of pure functional languages. In opening up aparticular programming language we need to make sure that we make explicitthe important language concepts. In case of our functional programming languageobviously what needs to be made explicit is the concept of a function. In an actualimplementation of a functional programming language this notion need not beexplicitly represented. The implementation is not necessarily a good source forfinding the important language concepts.Furthermore it is equally important to identify the constraints surrounding thelanguage concepts that are made explicit. Take for example an open

Chapter 2

28implementation of a pure functional programming language, where one canprovide one’s own function representation. Here, an important constraint is thatfunctions stay pure, i.e. that one does not introduce function representations thatcan be used to construct functions that are not referentially transparent. Certainlysuch constraints will not be found in an implementation, they may not even beenforceable by an implementation.Finally, one must see to it that the concepts that are made explicit arerepresented abstractly enough. Or vice versa, that they are not represented toooperationally. Take the above example again. Functions might be made explicitas closures, i.e. as a record with three fields: formal parameters, body and lexicalcontext. Clearly closures are a representation of functions highly inspired by aparticular implementation. Obviously such a representation does not conform tothe truly abstract notion of a function, i.e. something that uniquely associateseach input argument to an output argument. In case where the important languageconcepts are too operationally defined, it is possible that not the entire intendeddesign space is covered.A system with an open design differs exactly in the above points from a systemwith an open implementation. Rather than elaborating on these issues in generalterms, we will explore them in more restricted settings.The notion of abstractness will be explored in the particular setting ofprogramming languages. We will see that in the area of programming languagesemantics, these issues have already been investigated, and that a set ofobjective criteria to test abstractness has already been developed for semanticdefinitions. These criteria will be adopted.The questions how to make explicit the important design issues and what formsthe constraints can take, will be discussed in the particular area of open object-oriented programs. As already said, this discussion is deferred to the section onobject-oriented frameworks.

2.8Full Abstraction and Compositionality in ProgrammingLanguages�Programs are not text; they are hierarchical compositional structures and should be edited, executed and debugged in an environment that consistently acknowledges and reinforces this viewpoint.�

Teitelbaum & Reps (1981)�The meaning of a sentence must remain unchanged when a part of the sentence is replaced by an expression having the same meaning.�

G. Frege (1892)As said in the previous section, criteria are needed to test whether animplementation or design is defined abstract enough. For programming languages,and in particular in the domain of programming language semantics, such criteriahave been defined. They are called full abstraction and compositionality. Fullabstraction and compositionality are two complementary constraints. The latterensures an abstract representation of expressions, the former an abstract

29representation of the first class values of the programming language. In thissection we will discuss how these mechanisms can be adapted to the context ofprogramming language implementations.2.8.1Full Abstraction and Compositionality in Semantics of ProgrammingLanguagesAlthough different kinds of semantic definitions exist for programminglanguages, it is possible to identify a common set of evaluation criteria. Semanticdefinitions are primarily judged by their soundness and completeness and thepossibility to prove this. Any semantical description that lacks one of both isvery questionable. Other evaluation criteria for semantic descriptions includeformality, mathematical rigour and intelligibility. Although all of the formercriteria are important, they are of lesser interest to us since they give noconstructive indication on how semantical descriptions should be structured, andthese criteria are not directly applicable to the implementation of programminglanguages. However, we will discuss two other criteria, compositionality[Frege92] [Tennent91] and full abstraction [Tennent91], that can be interpreted inthe context of implementation of programming languages and can be used in aconstructive way.Throughout this discussion, and to illustrate it, we will adopt a denotationalstyle of semantics. In general we define the semantics as a function that mapselements of the syntactic domain to the semantic domain. Each expression ismapped to its �meaning�.m : S y n t a c t i c D o m a i n - > S e m a n t i c D o m a i n CompositionalityA semantic description is compositional if the meaning of composite expressions isexpressed as a function of the meaning of its immediate subexpressions. For acompositionally defined semantics one can say that, in a composite expression,subexpressions can be substituted by semantically equivalent subexpressionswithout changing the meaning of the composite expression.C o m p o s i t i o n a l i t y : A semantic definition is compositional if twosemantically equivalent expressions X and X� (i.e. m(X) = m(X�)); ineach program context (�_�) where X can be used, X� can be substituted suchthat: m(�X�) = m(�X�). [Tennent91]A compositionally defined semantics should not be confused with a semanticsthat is defined in a recursive compositional style (e.g. [Smith82]). In the latterthe meaning of a composite expression is defined as a function of its immediatesubexpressions, and not necessarily of the meaning of the subexpressions.Although in this latter kind of semantics the compositional nature is still animportant issue, it does not have the above discussed property of substitutabilityof semantically equivalent expressions. An example of a semantics that isdefined in a recursive compositional style but is not compositionally defined(example taken from [Smith82]) is the semantics of a Lisp-like language with a(one argument) quote expression, in which the meaning of this quote expression isthe quoted expression. Clearly the semantics of the quote expression is not afunction of the meaning of its subexpression.Compositionality is crucial in proving properties of programs. It allows inductivereasoning about the structure of programs, i.e. to prove a property one proves theproperty for all non-composite (primitive) syntactic structures first, then the

Chapter 2

30property can be inductively proven for each composite expression on thehypothesis that the property holds for the immediate subexpressions.Full AbstractionSemantic definitions can be classified according to how operational, or viceversa, how abstract they are. A �too operational� semantic definition is one thatmakes too much distinction in assigning meaning to expressions; abstractlyequivalent expressions are assigned different meanings. An abstract semanticsmaps abstractly equivalent expressions to the same meaning.A fully abstract semantics is a semantics that considers those expressionsas equivalent that are indistinguishable in any program context. Considertwo expressions X and X�. X and X� are indistinguishable if for all programcontexts (�_�) it can be observed that: m(�X�) = m(�X�). A semanticdescription is fully abstract if for all indistinguishable X and X� it is truethat m(X) = m(X�). [Tennent91]The difference between a semantics that is too operational and an abstractsemantics is best illustrated with an example. Consider defining the semantics ofan object-oriented programming language that supports strong encapsulation ofobjects.On the programming level, strong encapsulation means that if we have twoobjects with the same behaviour, then these two objects are indistinguishable,according to our definition of indistinguishability above, regardless of how thebehaviour of both objects is realised. For example two strongly encapsulatedobjects can have different private attributes and still be indistinguishable.The semantic domain will consist mainly of a representation of objects. Asemantic description where objects are, for example, represented as a couple(public methods, private instance variables), would be called too operational.Objects in this case can be considered semantically different on the basis of theirprivate attributes. In contrast, a fully abstract semantics must consider all objectswith the same behaviour as semantically equivalent.The question of abstractness of the semantics boils down, in this case, to thequestion of how well the semantical representation of objects supports the notionof encapsulation. The question of whether such semantics exist remains open,however, and certainly lies beyond the scope of this work.As Tennent [Tennent91] points out, the practical significance of full abstraction isthat: if the semantics unnecessarily distinguishes the meaning of expression Pand P�, an axiom asserting the equivalence of P and P� could not be validated bythe semantics, and an axiom asserting that P and P� are not equivalent mightincorrectly be regarded as sound. This means, as can also be observed in the aboveexample, that the semantics is too fine-grained in distinguishing values.Full abstraction and compositionality are two complementary constraints. Thelatter assures an abstract representation of expressions, the former an abstractrepresentation of the semantic values.

312.8.2Full Abstraction and Compositionality in Implementation of ProgrammingLanguagesThe notions of full abstraction and compositionality are informally applicable tothe implementation of programming languages. First remark that animplementation of a programming language in general involves more than thesimple execution of programs. The different components, i.e. compiler, evaluator,program browser, program debugger, type checker, � of an entire programmingenvironment must be taken into consideration. Although we will focus on theexecution of programs, it is important to keep in mind that all that will bediscussed is part of a larger whole, i.e. the programming environment.There are two major mechanisms to execute a program. The first is pureinterpretation, i.e. the program is executed by direct inspection of the internalrepresentation of the program. The second is pure compilation, i.e. the program istranslated to a form that is directly executable by the hardware. Hybrid formsexist, whereby a program is first translated to some intermediate program codewhich is then interpreted (by a virtual machine).In this text we concentrate on pure interpretation. The issue of compilation of openprogramming languages is outside the scope of this dissertation and is leftuntouched. We refer the reader to [Asai,Matsuoka&Yonezawa93] [Ruf93][Kiczales&Paepcke93] for this matter.CompositionalityA programming language evaluator takes a program representation as input andprocesses it to generate a result. It is a recursive process over the programrepresentation that generates the result of evaluating the program. In an abstractform, it can be looked upon as a procedure, possibly involving side effects, takingan expression argument and returning a result from some type of answers:E v a l : E x p r e s s i o n - > A n s w e r The compositionality criterium, as defined for the semantics of programminglanguages, can be adopted for programming language evaluators, albeit in aninformal way.An evaluator is compositionally implemented if for each composite expressionthis evaluator is implemented by means of the application of the evaluator to itssubexpressions and its result depends only on the result of the application of theevaluator to the subexpressions. The evaluator may not depend on any otherproperties of the subexpressions.The role of compositionality in the implementation of evaluators isextensibility. An evaluator can be extended for each new expression type that isadded to the programming language in an incremental way.Full AbstractionIn implementations in general it is hard to devise a criterium for what is a moreabstract implementation and what is a more concrete implementation. In the caseof an evaluator, however, the notion of full abstraction is such a criterium. Inanalogy with semantic definitions, the notion of full abstraction can be used as acriterium for the implementation of evaluators. Moreover this notion conforms tothe notion of abstractness in implementations in general; i.e. in a fully abstractinterpreter implementation details of the values that are manipulated by thatinterpreter are hidden.

Chapter 2

32An evaluator is a recursive process over the representation of a program. Theresult of evaluation is a value of some data type of values. It can be representedabstractly as a function of expressions to values. In analogy with full abstractionin semantic definitions, an interpreter is fully abstract if indistinguishableexpressions X1 and X2, evaluate to indistinguishable values.Indistinguishability of expressions has already been discussed. Whether twovalues are indistinguishable depends, of course, on how these values areexpressed (e.g. as data types). In general however this amounts to simpleequality or some sort of behavioural equality (all operations that are applicableon the value type give the same results on indistinguishable values).The importance of full abstraction at the implementation level lies, again, in theincremental extensibility of the implemented system. An example is indicated.Consider implementing a functional programming language. In theimplementation of the evaluator the question arises how functions are going to beimplemented. We can make two apparent choices. The first is to implement afunction as a record with three fields, i.e. the formal parameter names, the bodyand the lexical context of the function. Or we can implement our language levelfunctions directly as functions that are available at the implementation level,i.e. as a function that takes a list of actual arguments. The formal parameternames, the body and the lexical context are encapsulated in this function. Noticethat no circularity is involved here.The second implementation is fully abstract: at the programming level functionscan only be distinguished by observing their effect on all possible arguments, atthe implementation level also functions can only be distinguished by observingtheir effect on all possible arguments. The first implementation of functions is notfully abstract. Functions can be distinguished at the implementation level bycomparing their formal parameter names, whereas at the programming level theformal parameter names have no effect on a function’s input-output behaviour.The abstract implementation is more suited for extension. Consider adding afunction type that is extensionally defined, i.e. a function is explicitly defined asa mapping of input values to output values. In the abstract implementation thisfunction type can be added without modifying the implementation of functioncalling. In the non-abstract implementation the interpreter must be adapted totake into consideration this new function type.It should be clear that the potential for constructing an abstractly implementedinterpreter largely depends on the abstraction capabilities of theimplementation language.

332.9ConclusionA program expressed in some programming language is turned into acomputational system by means of a language processor (the meta-system). Notall aspects of the resulting computational system are explicit in the program.Some aspects are absorbed by the programming language concepts. We showedthat due to this, there is trade-off between generality and efficiency in thedescription of computational systems.Computational systems that allow implementational access try to improve onthis trade-off by allowing a program to leave certain aspects implicit until theyare needed. When needed, these aspects can be made explicit, modified and givenback to the system to be absorbed. Computational systems that have an openimplementation allow structured access to their implementation. They have anexplicit meta-level interface by which a substantial part of the implementation,and accordingly, the behaviour of the system can be influenced. Languageprocessors that have an open implementation can be used to construct a particularform of a meta-level architecture whereby the behaviour of the languageprocessor can be customised prior to executing a program. Programs that alter thebehaviour of a meta-system that executes a base-level program, are called meta-level programs.Architectures in which programs can access their own executing meta-systemhave been studied. Different flavours of such architectures can be identifiedaccording to what aspect of the meta-system can be accessed. The particular kindwhere the meta-level interface of the meta-system can be accessed was called areflective architecture. Open implementations with reflective potential allowthe construction of reflective architectures.Finally we discussed the difference between open implementations and opendesigns. The role of compositionality and full abstraction was discussed in therepresentation of aspects of programming languages.In the next two chapters we will develop an open design for object-orientedprogramming languages. In chapter 5 we will come back to the issues of how toturn an open design into a reflective system.