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AbstractMost modular programming languages provide an encapsulation concept. Suchconcepts are used to protect the representational details of the implementationof an abstraction from abuse by its clients. Unfortunately, strict encapsulationis hindered by the separate compilation facilities provided by modern languages.The goal of the work presented here is to introduce techniques which allow mod-ular languages to support both separate compilation and strict encapsulationwithout undue translation-time or execution-time cost.The thesis is divided into four parts. The �rst part surveys existing mod-ular languages and modular language translation techniques. The second partpresents the experimental modular imperative and object-oriented languageZuse, which supports strict and 
exible encapsulation facilities. The thirdpart describes four translation system designs for Zuse based on high-levelmodule binding. The fourth part evaluates these systems.The Zuse design applies the principle of orthogonality to encapsulation:every aspect of every exported item may be either hidden or revealed. Speci�-cally, Zuse supports three types of exported items: abstract, semi-abstract, andconcrete. These di�er in the amount of implementation information revealed toclient modules: concrete items reveal all representational details, semi-abstractitems some, and abstract items none. Exported items can also be paired witha protection clause that restricts the ways in which they may be manipulatedby particular clients.The four translation system designs presented in the third part of the thesisassure { through the use of intermediate code module binding { that the cost(in terms of execution-time and storage) of using an abstract or semi-abstractitem will be no greater than if the same item had been concrete. In additionto performing the tasks of traditional system link editors the sequential binderchecks deferred context conditions, performs inter-modular optimizations, andgenerates code for deferred procedures. A deferred procedure is one for whichthe compiler is unable to generate code because of references to imported ab-stract items. Similarly, a deferred context condition is a static semantic check



ivwhich could not be performed at compile-time. The other translation systemsdiscussed in the thesis perform the same actions as the sequential binder, butapply di�erent techniques to improve performance: the distributed binder dis-tributes its actions over the sites of a distributed system such as a network ofworkstations, the incremental binder inserts the code of modi�ed modules in-place in the executable program, and the hierarchical binder binds collectionsof modules into libraries which themselves can take part in later binds.The sequential and distributed binders have been implemented, and theirperformance is evaluated in the last part of the thesis. To examine the behaviorof the binders, a model of modular programs has been developed which allowsprograms with widely di�ering qualities to be generated. Results indicate thatthe distributed binder runs between 2 and 3:5 times as fast as the sequentialbinder; for some programs it is even faster than traditional link editors.
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Chapter 1IntroductionIt is well known that ninety-nine percent of theworld's problems are not susceptible to solution byscienti�c research. It is widely believed thatninety-nine percent of scienti�c research is notrelevant to the problems of the real world. Yet thewhole achievement and promise of moderntechnological society rests on the minute fraction ofthose scienti�c discoveries which are both usefuland true. C.A.R Hoare in Jones [112]1.1 Background
C

omputer programming is set apart from other engineering disciplines bythe complexity of the artifacts produced: not only may a computer pro-gram contain literally millions of components { each the result of distinctdesign decision { but it is also the case that the correctness and robustness ofthe program may depend on the behavior of each and every one of these indi-vidual components. In contrast to disciplines such as civil engineering, wherean artifact is made robust by duplicating components likely to fail or by in-creasing the strength of each component, a computer program to which morecomponents are added or in which the complexity of a component is increasedwill have greater potential for failure.A wide variety of research directions have been pursued with the goal of bet-ter managing this inherent complexity in computer programming. Developersof languages, tools, and methodologies for the formal speci�cation and veri�-cation of programs hold the view that programs should be considered pieces of



2 1 Introductionmathematical text, and as such should be subjected to formal analysis and proofof correctness. Complexity, it is argued, arises because insu�cient attention isgiven to the separation of what a program should do (its speci�cation, which isa statement best expressed mathematically), how it should be done (the pro-gram's implementation), and the way a speci�cation is best transformed intoa correct implementation (a process best carried out using mathematical argu-mentation).Programming language researchers, on the other hand, maintain that thebest way of furthering the science of computer programming is to build on theconcepts and notations already familiar to programmers; i.e. to further developprogramming languages to allow the clear and precise expression of designs andideas. Programs are complex, it is argued, because the programming languagesin which they are written do not have the appropriate facilities for organizingthe program and expressing the necessary concepts in a natural way.Programming environment designers, �nally, argue that complex computerprograms become manageable when maintained by other programs. A program-ming environment can help a programmer to keep track of the interrelationshipsof the many components of his program, can increase his productivity by mak-ing it easy to add, change, and test components, and can help him towardsa full understanding of the program by allowing him to view it from di�erentperspectives.These approaches are of course not mutually exclusive and we feel all ofthem to be worthwhile �elds of study. However, in this thesis we will mostly sidewith the programming language design community. We will present re�nementsto the abstraction primitives found in many systems programming languagesand argue that these re�nements are essential to harnessing the complexity ofprogramming. We will furthermore argue that our language design { and itsaccompanying translating system designs { have secondary bene�ts such as theproduction of e�cient code and reductions in overall translation time.1.2 Programming by AbstractionsThe paradigm that pervades most of the �eld of systems programming is pro-gramming by abstractions. The idea that distinguishes this paradigm fromothers is the following three-step approach to problem-solving:1. Identify basic concepts inherent in the problem.2. Isolate these concepts from details regarding their representation.3. Determine the relationships between the concepts.



1.3 Contributions and Their Relation to Previous Work 3This thesis will be concerned with programming language designs for the pro-gramming by abstractions paradigm, particularly with linguistic support forthe second item on this list, a principle known as information hiding or encap-sulation.The principle of information hiding may also be paraphrased such thatmodules1 should be manipulated only through well-de�ned interfaces. Suchinterfaces should be complete and minimal; i.e. contain enough informationfor programmers to use and implement the modules, but no more informationthan that. The main advantages of this are that a user of a module needonly consult its interface in order to determine the services it provides andhow these services should be used, and that an implementer of a module candetermine from the interface exactly which services need to be implemented.Furthermore, since the particulars of a module's implementation are not evidentfrom the interface, there is no risk of a user inadvertently making use of suchinformation, a dangerous situation in the event of an implementation change.Many languages with a module concept also support separate compilationof module interfaces and implementations. In addition to reducing the cost ofcompilation after small changes, separate compilation is also essential for teamprogramming, since it allows many programmers to work independently ondi�erent parts of the same program. Unfortunately, however, encapsulation andseparate compilation are in one sense con
icting concepts, encapsulation aimingto minimize and separate compilation needing to maximize the informationpresent in interfaces. This inherent con
ict and the way it a�ects programminglanguage and translation system design lies at the heart of this thesis.1.3 Contributions and Their Relation to PreviousWorkThis thesis is { at its very basic level { concerned with modular language trans-lation techniques which increase the 
ow of information between separatelycompiled modules. We will show how such techniques allow the design of pro-gramming languages with strict encapsulation and support the implementationof inter-modular program optimizers more e�cient and e�ective than the onescurrently available. More concretely, we will propose a new modular object-oriented programming language with more 
exible and orthogonal encapsula-tion facilities than other similar languages, discuss the problems this languageposes for its translating system, and based on this discussion propose and eval-1The module (also known as class, package, or cluster) is the prime programming languageconstruct for representing the implementation of abstractions.



4 1 Introductionuate four concrete translating system designs. All four designs (classi�ed assequential, hierarchical, distributed, and incremental) are based on intermediatecode module binding.No research is performed in a vacuum, and the contributions of this thesisnaturally extend the work of others. As is customary we will indicate our moreimportant sources of inspiration,2 and at the same time give a brief expos�e ofthe structure and contributions of the thesis. Numbers in parentheses refer tosections where a particular work receives more thorough attention.Chapter 2 We present a comparative study of module concepts as they ap-pear in a variety of programming languages and survey some existingtranslating system designs for modular languages.Chapter 3 We present a new modular object-oriented language with 
exibleencapsulation facilities. The design of the language is based on the prin-ciple that any aspect of a program which can be revealed should alsobe able to be hidden. Brie
y, the language supports fully and partiallyhidden (abstract and semi-abstract) types, constants, and (inline) proce-dures.Precursory forms of 
exible encapsulation have been incorporated into asmall number of languages: Milano-Pascal [45, 46] (2.8.6) supports hier-archies of modules and a form of abstract types and constants; Mesa [235](2.8.5) and Oberon-1 [225] use compiler hints to support abstract typesand semi-abstract records, respectively; and Modula-3 [41] (2.8.9) em-ploys run-time processing in order to allow partial revelation of objecttypes. Sale [183] also proposes a language similar to ours with abstracttypes, constants, and inline procedures.Chapter 4 We discuss how the language of Chapter 3 di�ers semantically fromother similar languages.Chapter 5 We present a novel translating system speci�cally designed to sup-port the 
exible encapsulation facilities of Chapter 3. The translatingsystem { which is based on the binding of intermediate code { achievesexecution-time e�ciency at the expense of translation-time overhead. Wealso present a hierarchical version of this translating system, which ise�cient when some parts of a program are rarely changed.2Strictly speaking, the work of Sale and the MIPS group discussed below appeared in printaround the same time as the �rst published account of the work reported in this thesis [52],and should hence be considered independent work.



1.3 Contributions and Their Relation to Previous Work 5Sale [183] proposes a translation scheme similar to ours with the intentto support abstract types and inter-modular inlining. It was never imple-mented. The MIPS compiler suite [48, 94] (5.6) supports inter-modularinlining by concatenating the intermediate code �les of all modules priorto optimization and code generation. Horowitz [104] discusses the 
exibleuse of binding-time in programming language translators.Chapter 6 We present a distributed version of the translating system de-scribed in Chapter 5. The system achieves execution-time e�ciency with-out any translation-time penalty and furthermore shows promise as a basefor e�cient inter-modular optimizations.Chapter 7 We present an incremental version of the translating system inChapter 5, which is likely to achieve translation-time e�ciency when smalllocal changes are made.Incremental translating techniques have been studied extensively in theliterature, but the system which has in
uenced the work in this chapterthe most is Linton and Quong's [139, 172] (7.2) incremental linker. TheRnincremental scienti�c programming environment [44, 58, 57] (7.2) whichsupports inter-modular optimizations has also been an in
uence.Chapter 8 We present a model of modular programs with 
exible encapsula-tion facilities and examine how some of the previously presented translat-ing systems behave when subjected to various types of programs generatedby the model.Chapter 9 We conclude the thesis with a discussion of the results achievedand an indication of directions we intend to pursue in the future.
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Chapter 2Modular Languages andTheir ProcessorsIt would take quite a University to accept adoctoral thesis in which the candidate refusedto de�ne his central term.Robert M Pirsig [167]Lambdaman: Forget about these unprincipled Modulaopaque types. What we need are real abstract types.Pluckless: What are real abstract types?Lambdaman: It's an abstract type whose correspondingconcrete type is guaranteed to be hidden at runtime as wellas at compile time. Anonymous in Nelson [160]2.1 Introduction
T

he central theme of this thesis is the module, the cornerstone on whichmany programming languages build their concepts of abstraction andencapsulation. This chapter seeks to review the various module con-cepts that have been proposed, examine their strengths and weaknesses, espe-cially in regard to their facilities for encapsulation and separate compilation,and further to survey the processors (translators and executors) which havebeen designed with modular languages in mind. We will use the de�nitions andexamples presented here to motivate our programming language design in Chap-ter 3, and to compare our translating system designs (Chapters 5 through 7)to the previous designs of others.



8 2 Modular Languages and Their ProcessorsIn Section 2.2 we will start by reviewing the concepts of abstraction andencapsulation. Section 2.3 will introduce some basic de�nitions related to pro-gramming language concepts for abstraction and modularity. Section 2.4 willintroduce concepts which may serve as a basis for the classi�cation of di�erentforms of modularity. Here we will also discuss how separate compilation facili-ties blend with the module systems found in di�erent languages. Section 2.5 isof utmost signi�cance to the work presented in this thesis: it describes how dif-ferent modular language designs have approached encapsulation, and how thedesign choices a�ect the execution e�ciency and translation cost of these lan-guages. Section 2.6 presents the pragmatics of modules; i.e. how modules maybe used. Section 2.7 surveys translation system designs for modular languages,with an emphasis on binding-time operations. In an attempt to visualize theclassi�cation concepts introduced in the chapter, Section 2.8 gives program-ming examples from a total of ten languages and discusses how each languagedesign has approached the problems inherent in abstraction, encapsulation, andseparate compilation. Finally, Section 2.9 summarizes our �ndings.The content of this chapter is not original but rather summarizes originalwork by others, and furthermore draws heavily on previous surveys. The moreimportant such in
uences include Ambler [9] (protection), Calliss [39] (modularlanguages), Blaschek [29] (object-oriented languages), Conradi [54] (separatecompilation), Cardelli [43] and Meyer [150] (polymorphism), and Wulf [234](abstraction).2.2 Abstraction and EncapsulationFor several decades the most important programming methodology has beenbased on the principle of \problem decomposition based on the recognition ofuseful abstractions (Liskov [141])." Here, to abstract means \to ignore certaindetails in an e�ort to convert the original problem to a simpler one (ibid)." Therationale of this tenet is that programmers can only keep a limited amount ofinformation active at any one time, and dividing a large and complex programinto smaller and simpler units will make the programming process more manage-able. Programming using this methodology becomes the process of identifyingthe abstractions in the problem, turning each abstraction into a self-containedunit, and then �nally combining the units into a functioning program.An important concept which often goes hand-in-hand with the abstractionmethodology is information hiding or encapsulation. The essence of this prin-ciple is that each abstraction should only be manipulated through a well-de�nedinterface. The client of such an abstraction will have no need to know just how



2.2 Abstraction and Encapsulation 9the abstraction is realized, only how it should be used. There are many com-pelling reasons for hiding the implementation details of an abstraction from thescrutiny of clients. First of all, a client that has no knowledge of the implemen-tation details of an abstraction will never be tempted to use such knowledge.Hence, if the implementation should ever change it will have no e�ect on theclient, provided the interface remains the same. A second reason is that animplementer of an abstraction will, when given its well-de�ned interface, knowexactly what to implement. The implementer may, furthermore, rest assuredthat the integrity of the internal data structures used to implement the abstrac-tion cannot be compromised by the client.Parnas [166] originally formulated these principles in the following two rulesof information hiding:1. The speci�cation must provide to the intended user all the informationthat he will need to use the program, and nothing more.2. The speci�cation must provide to the implementer all the informationabout the intended use that he needs to complete the program, and noadditional information; [� � �].Abstraction and encapsulation have many applications outside the area ofcomputer programming. In fact, information hiding has been a central part ofmost engineering disciplines for a long time. For example, while to the mate-rials scientist a girder is essentially a particular alloy molded into a particularshape, to the civil engineer it is a building block (a module) with certain prop-erties such as dimension and durability. The civil engineer (the client of thegirder abstraction) is not required to know the details of the manufacture ofthe particular alloy or of its behavior at the molecular level, only the propertieswhich are of interest in his design of bridges and houses. Similarly, the mate-rials scientist (the implementer or supplier of the girder abstraction) will notwant to keep in mind all the potential uses of the alloy he is developing, onlythe required properties of the new material. The essence of encapsulation andabstraction is thus to look at problems from the right perspective: too muchdetail only gets in the way and not enough detail hinders us from �nding theright solution to the problem at hand.2.2.1 Programming Language Abstraction and EncapsulationConceptsMany di�erent concepts have been introduced in programming languages inorder to support the programming-by-abstractions methodology. The most im-



10 2 Modular Languages and Their Processorsportant such concepts are modules and classes1 (used for data abstraction) anditerators and processes (used for control abstraction). Data abstractions de-scribe the data objects which will be useful in a program and the operationsneeded to operate on these objects. Control abstractions are used for the order-ing of the events in the program. Often, there is a one-to-one correspondencebetween the modules in a program and the data abstractions that the programembodies, but as we shall see later there are other uses for modules as well.The module may be the principal abstraction primitive in many languages,but it often also serves to enforce encapsulation. A popular design { and the onewhich will be of most interest to us in this thesis { is to explicitly divide a mod-ule into two parts: an interface (or speci�cation) part and an implementationpart. In the spirit of the Parnas quote above the interface describes the moduleso that clients can �nd out exactly what abstraction the module implements,and so that implemementers can know exactly what needs to be implemented.Ideally, and in keeping with Parnas' intentions, the speci�cation should con-tain only this information, and nothing more. As we shall see in the nextfew sections, however, module interfaces in most languages leak informationwhich really ought to be con�ned to the implementation. To counter this somelanguages have introduced an alternative to the aforementioned concept (en-capsulation by hiding), namely encapsulation by protection. Language designswhich embrace a protection approach to encapsulation allow implementationdetails to be revealed in the module interface, but protect these revelations sothat clients cannot easily make use of them.In this thesis we will argue that encapsulation is a fundamental and im-portant concept and that programming languages should be designed so as toprovide maximum control over encapsulation. In particular, programming lan-guages should have facilities for strict encapsulation; i.e. it should be possibleto specify interfaces to abstractions such that no information regarding the im-plementation of the abstraction is leaked to clients. It should be clear, however,that not everyone shares this view. Many designers of object oriented-languages{ which have traditionally relied on protection rather than hiding concepts { inparticular seem to hold the view that encapsulation is more of a hindrance thana boon. Stroustroup [203], for example, notes that \Hiding is for the preventionof accidents, not the prevention of fraud." In the same vein Meyer [151, p. 23]says, \Client designers may well be permitted to read all the details they want;1Modules and classes are very similar concepts, distinguished by the fact that modules arestatic entities while classes are dynamic, and that classes are types while modules may containtypes. Thus, a program can contain only one copy of each module but several instances ofeach class. In the following we shall mostly limit our discussion to modules, although it shouldbe clear that much of what we have to say applies to classes as well.



2.2 Abstraction and Encapsulation 11but they should be unable to write client modules whose correct functioning de-pends on private information." Our experience is that even accidental breachesof encapsulation may have consequences resembling a fraudulent attack, andthat it is therefore important for modules to hide as much implementation in-formation as possible from the scrutiny of clients. The conclusion must be thatprogramming languages should provide as secure encapsulation primitives aspossible, and that these should �rst and foremost be based on hiding ratherthan protection.2.2.2 The Structure of a Speci�cationSo far, all we have said about the speci�cation of a module is that it shouldcontain a minimum of information; only enough for a client to use it and animplementer to implement it. But what kind of information is actually needed?Ho�man [95] divides a speci�cation into four parts: The INTRODUCTION sec-tion gives a short natural language description of the module and the servicesit provides, the SYNTAX section describes how a client should syntacticallyuse the operations provided by the module, the EFFECTS section describes themodule's behavior (or semantics), i.e. what happens when the operations areused, and the EXCEPTIONS section describes the conditions under which theoperations listed in the SYNTAX section will fail.Few programming languages allow all four sections to appear in a modulespeci�cation. The EFFECTS section in particular is often missing. However,almost all languages we will consider allow or require speci�cations to containthe declarations of data types and procedure headings, i.e. enough informationto allow cross-module type checking. We will discuss this more thoroughly inSection 2.3.A speci�cation as we have described it here is related to Meyer's softwarecontracting [151]. The speci�cation of a module should, in Meyer's opinion, be acontract between a client and a supplier of an abstraction. The contract statesthat provided the client uses the abstraction in accordance with the rules statedin the SYNTAX and EXCEPTIONS sections, the behavior of the abstraction willbe as described in the EFFECTS section.2.2.3 Relationships Between AbstractionsThe abstractions (and hence the modules) in a program can be related to oneanother in di�erent ways. Two modules may, for example, be involved in animport-export relationship, meaning that one of the modules (the importer orclient) directly uses some of the features de�ned by the other (the exporter or



12 2 Modular Languages and Their Processorssupplier). If we are dealing with data abstractions the relationship will oftenbe such that the importer uses the exporter's data objects as a part of its owndata, in which case the relationship is one of aggregation. All languages with amodule concept provide these kinds of import-export mechanisms.A fundamentally di�erent kind of relationship is inheritance, which orga-nizes abstractions hierarchically, much like animals and plants are organizedin families, genera, and species. We say that if an abstraction B inherits froman abstraction A, then B has all of A's features, and possibly some additionalfeatures. B is then said to be a specialization of A, much like a lion is a specialkind of cat which is a special kind of mammal, etc. We also say that B is anextension to A, since it may have extra features in addition to the ones it hasinherited from A.Wegner [220] provides a convenient classi�cation of languages based onwhether they provide modules, classes, and inheritance: A language whereclasses can be related through the inheritance relation is said to be object-oriented, a language with classes but not inheritance is class-based, and a lan-guage which has some linguistic concept such as modules for data abstractionbut not classes or inheritance is object-based. Thus the three terms form a hi-erarchy such that object-based languages form a proper subset of class-basedlanguages, which form a proper subset of object-oriented languages.2.3 Basic De�nitionsIn the previous section we introduced { in general terms { the notions of ab-straction, module, and encapsulation. Now that the scene of discourse has beenset, it is appropriate to stop and regroup and provide some solid terminologyto help us talk about how these terms relate to programming language design.There is a proliferation of terminology associated with programming languagesand programming paradigms, and much of it is confusing, redundant, and ar-bitrary. For the bene�t of the discussions in this and the following chapters wewill adopt our own terminology, adapted from a variety of sources. This sectionwill only give de�nitions of the most fundamental terms; more specialized termswill be de�ned as needed.2.3.1 Items and ModulesA declarative item (or item for short) in a language is any syntactic categorywhich may be declared (i.e. given a name) and manipulated within the realmsof the language. Typical items are types, variables, constants, and procedures,but may also include macros, exceptions, modules, processes, classes, etc.



2.3 Basic Definitions 13A module encapsulates a collection of items and restricts the ways in whichthey may be manipulated by other modules.2 In order to be able to distinguishmodules from procedures we require that a module be able to export the itemswhich it wants to make available to other modules and selectively import theitems needed from other modules. We furthermore require that a module shouldnot be callable.A class is a typed module. Modules and classes are therefore distinguishedby the fact that the former are static (there can be only one instance perprogram) and the latter dynamic (a program can create many instances of aclass at run-time).A module may be made up of several parts, or units. Often these comein two 
avors, speci�cation and implementation units. The speci�cation unitsde�ne the capabilities of the module and list the items the module exportsto its clients. The implementation units contain the realizations of the itemslisted in the speci�cation units. Most languages make some restrictions on themaximum number of speci�cation and implementation units per module, andthese restrictions vary from language to language. Restrictions are also oftenimposed on the kinds of items which a module may export and how these itemsmay be divided between the di�erent units.2.3.2 De�nitions and RealizationsThe de�nition and realization of an item may mean di�erent things to di�erentkinds of items. As a general rule, however, the de�nition of an item contains allthe information necessary in order for it to be used in a correct way, accordingto the static semantic rules of the language. The realization of an item, onthe other hand, contains the information necessary for the item to be correctlyrepresented in the memory of an executing program. As a concrete examplewe will consider named (or manifest) constants. In a statically typed languagethe de�nition of a constant must at least include its name (so that the constantmay be referred to) and its type (so that the static semantic correctness of ause of the constant may be determined):C : INTEGER =;
2Providing an all-encompassing de�nition of the term module has apparently been a prob-lem to many authors, and many fail to de�ne the term at all. Even David Parnas, the earlychampion of modularity and information hiding, decides to use the term \without a precisede�nition [165]."



14 2 Modular Languages and Their ProcessorsThe realization of a named constant, on the other hand, must at least containits value: C : INTEGER += 10;Similarly, the de�nition of a subprogram must contain its name, the types,modes, and order of its formal parameters, and the return type in case of afunction. This information, sometimes referred to as the subprogram header, issu�cient and necessary in order to perform strict static semantic analysis of acall to the subprogram. The subprogram realization is usually its code togetherwith the realizations of any items de�ned locally.2.3.3 Abstract and Concrete ItemsIn the same vein, we will consider abstract and concrete items and modules. In-tuitively, an item is concrete if its realization is visible to a user, and abstract ifthe realization is invisible. More formally, we say that an item is abstract if itsspeci�cation unit de�nition contains only the information necessary to performstrict static semantic analysis of any use of the item, and no more information.Similarly, an item is concrete if its de�nition as well as its realization is givenin the speci�cation unit. Some languages allow part of an item's realization tobe given in a speci�cation unit and the remainder in the implementation. Wewill call such items semi-abstract and denote the speci�cation and implementa-tion unit parts the visible and hidden parts, respectively. Further, an abstract(concrete) module is one which contains only abstract (concrete) items.2.3.4 Other TerminologyTo allow for some variation of expression in this very restricted domain ofdiscourse the terms interface and speci�cation will be treated as synonyms, aswill representation and realization, module and package, and (module) part and(module) unit. By abuse of terminology we may also refer to the realization ofa module, thereby meaning its implementation unit.2.4 Modules and Separate CompilationIn this section we will examine and classify some of the module systems whichhave been proposed and realized in concrete language designs. We will payparticular attention to facilities for separate compilation and the separation ofspeci�cation and implementation units, since this is of special interest to usin this thesis. The classi�cation schemes proposed here will be put to use inSection 2.8 where some real language designs will be surveyed.



2.4 Modules and Separate Compilation 152.4.1 Speci�cations and ImplementationsAs has already been mentioned, di�erent languages impose di�erent constraintson the way modules may be divided into speci�cation and implementation units.The following list categorizes languages according to the correspondence be-tween the number of speci�cations and implementations:zero-to-one Several languages, among them Euclid, Oberon-2, and Ei�el, donot provide separate module speci�cations. Instead, the text of a module'simplementation unit contains an indication of the items which the moduleexports.one-to-one A Modula-2 module has one speci�cation and one implementationunit.3one-to-at-most-one An Ada module has one speci�cation and zero or oneimplementation units. A module without an implementation unit is re-stricted to exporting types, variables, and constants.one-to-at-least-one Collberg [53] suggests a module system with linguisticsupport for multiple implementations of the same speci�cation.many-to-many The relationship between Modula-3's interfaces and modulesand Mesa's de�nitions and program modules (speci�cation and implemen-tation units in our terminology) is more general than the n-to-m modulesystems discussed above. A procedure de�ned by a particular speci�ca-tion unit can, for example, be realized by any one of the implementationunits in the program, and a particular implementation unit can realizeprocedures de�ned by several di�erent speci�cations.It should be kept in mind that the list above is concerned only with linguis-tic mechanisms for modularity. A programming environment for a particularprogramming language may provide facilities which make it possible to simu-late the existence of separate speci�cation units or handle several alternativeimplementations of the same speci�cation, although the language proper doesnot provide linguistic mechanisms for these kinds of module concepts. TheMIT CLU [142, 13, 140] programming environment [64], for example, handlesmodule speci�cations as well as implementations, although the language doesnot provide any explicit syntax for speci�cation units. The MIT environmentcan also handle several implementations of the same speci�cation, even though3We ignore the fact that the Modula-2 main program module does not have a separatespeci�cation.



16 2 Modular Languages and Their Processorsthe language de�nition does not state how an application may choose betweenthe various implementations. Similarly, the Ei�el programming environmentprovides a special operation which extracts a module's speci�cation from itsimplementation. This speci�cation, however, is only for programmer conve-nience and does not take part in the processing of the module.Although their module systems are much less restrictive than those of otherlanguages, it is common for actual Mesa and Modula-3 modules to exhibit aone-to-one relationship between speci�cations and implementations. A two-to-one correspondence is also often used in Modula-3 to give a module oneabstract speci�cation (for use by client modules which do not need to accessthe representation of the module) and one concrete speci�cation (for clientmodules which modify the module's behavior in some way). A one-to-manycorrespondence is common in Mesa as a means of dividing a large module intoseveral smaller, separately compilable pieces.2.4.2 Import-by-Name or Import-by-StructureIn most languages a module which needs to refer to an item exported by anothermodule imports that module, and then simply uses the name of the desired item.Several varieties of this scheme have been devised:quali�ed import The construction IMPORT M in Modula-2 is known asquali�ed import. The importer can refer to M's items by use of the dot-notation: M.i means item i in module M.unquali�ed import Modula-2 also permits the constructionFROM M IMPORT i which allows importers to refer to i directly with-out quali�cation.quali�ed and unquali�ed import The two previous forms of importationcan be combined in Modula-2: IMPORT M; FROM M IMPORT i.This allows both quali�ed (M.i) and unquali�ed (i) references.overloaded import Ada allows quali�ed import (with M) but also permitsa client to import all the exported items of a module: with M; use M.Ada's rules for overloading resolution are used to disambiguate referencesto names de�ned by several modules imported this way.Another interesting, though rarely used, approach to referencing externalitems is import-by-structure. The basic idea is that rather than specifying thename of the module from which a particular item should be imported, a client



2.4 Modules and Separate Compilation 17speci�es the item's structure, and the translating system is responsible for �nd-ing a module which provides a matching item. One can imagine a language inwhich a client in need of a stack abstraction gives the behavior speci�cation (us-ing pre- and post-conditions, for example) of Push and Pop, and the translatingsystem searches all modules for one which exports these operations with thematching behavior. To the best of our knowledge no such language is availabletoday; the one closest in spirit is Milano-Pascal, although this language doesnot support speci�cation of behavior, only syntactic speci�cation (see section2.8.6).2.4.3 Modules and PolymorphismA further distinction between di�erent module concepts is to what extent amodule may be parameterized. A parametric module is a template representinga family of modules with similar behavior. Generic modules represent the mostcommon form of module parameterization, and are present in one form or an-other in languages such as Ada, CLU, Ei�el, and Modula-3. Usually, a genericmodule is allowed to take one or more type parameters, but some languages(most notably Ada) also permit constant and procedure parameters. Genericmodules are most often used to implement container abstractions (lists, sets,bags, and maps) which have identical behavior regardless of the type of datastored.Meyer [151] distinguishes between two kinds of genericity: constrained andunconstrained. An unconstrained generic module M with a formal type pa-rameter T may pose no restrictions on the kinds of types a client may use inan instantiation of M. A constrained generic module, on the other hand, mayrequire the instantiating type to ful�ll certain requirements, such as having anequality operator de�ned, being enumerable, etc.Parameterization is one form of polymorphism, but there are many others.Languages such as Ei�el whose module systems are based on classes with inher-itance support a form of polymorphism known as inclusion polymorphism [43].The basic idea is that a subclass can appear wherever the class itself can appear.Some object-oriented languages (Object Pascal, Modula-3) de�ne classes andinheritance at the type system level rather than at the module system level.Naturally, these languages, too, support inclusion polymorphism.2.4.4 Speci�cation of BehaviorIn Section 2.2.2 we noted that the interface to an abstraction should contain fourkinds of information, one of which should describe the behavior or semantics



18 2 Modular Languages and Their Processorsof the abstraction. A few modular languages have direct linguistic supportfor semantic speci�cation (Euclid, Alphard, Ei�el), while others have de�nedancillary speci�cation languages (Anna for Ada, traces for C [96, 95], Larch forModula-3 [114]). This is still an important area of research, and no consensushas been reached on whether speci�cations should be language-independent orde�ned within the language proper, or on what type of speci�cation paradigmshould be supported. A more detailed analysis of the problems involved isoutside the scope of this thesis.2.4.5 Separate CompilationCompilation units are language constructs which may be submitted for com-pilation in source �les textually separate from the rest of the program. Thereis some variety among languages as to what constitutes a compilation unit,but most modular languages at least allow modules to be separately compiled.In fact, in many languages the module system is so tightly coupled with theseparate compilation facilities that programmers often think of them as oneand the same. An Oberon-2 module, for example, is the only construct in thatlanguage which may (indeed must) be compiled separately. At the other endof the spectrum is Alphard [194],4 which allows any kind of declarative item tobe separately compiled.A language de�nition must settle two issues in regard to the language'sseparate compilation facilities. First of all, the de�nition needs to state whatlanguage constructs may serve as compilation units. Secondly, it must state towhat extent a translating system may impose an order of compilation betweendi�erent types of units. Languages with explicit module interfaces usually im-pose an order of compilation between the exporting module's interface and theimporting unit in order for the translating system to be able to enforce strictinter-modular static semantic correctness. Thus, if a unit B imports from a unitA, such languages require the interface of A to be compiled prior to B. Lan-guages which do not require strict type checking between separately compiledmodules (FORTRAN 77 and C, for example) do not need to impose an orderof compilation between modules. Separate compilation in these languages isknown as independent compilation [192].To exemplify we will consider Ada and Modula-2, which have slightly di�er-ent compilation dependency rules. Modula-2 allows compilation dependenciesto exist between two speci�cation units and between a speci�cation unit andan implementation unit, but not between two implementation units. This is4It should be noted that Alphard has never been completely implemented.



2.4 Modules and Separate Compilation 19the preferred compilation dependency rule, since it guarantees that once a pro-gram's interface units have been compiled the implementation units may becompiled in an arbitrary order. Consequentially, future changes to implemen-tation units will only require the recompilation of the a�ected units themselves.Ada, on the other hand, has more complex rules which permit dependencies be-tween the implementation units of two modules involved in an import-exportrelationship if the exporting module is generic or exports inline procedures. Inboth these cases a compiler needs access to the code in the exporter's imple-mentation unit when compiling the importer's implementation in order to beable to perform generic instantiations or procedure integrations.Languages with a separate compilation facility have two important advan-tages over monolithic languages: compilation time is reduced since only a�ectedmodules need to be recompiled after a change, and several programmers canwork concurrently and independently on di�erent parts of the same program.However, very complex and restrictive compilation dependency rules may nullifyall of the advantages of separate compilation. One may imagine, for example,an Ada program in which all modules depend on a particular module whichexports an inline procedure. According to Ada's compilation rules the entireprogram will have to be recompiled whenever the body of the inline procedureis changed. If this is a frequently occurring phenomenon separate compilationmay turn out to be slower than monolithic compilation. Furthermore, thesekinds of restrictive compilation rules also make it more di�cult for program-mers to work independently: a programmer who makes a seemingly innocuouschange to one of his own implementation units may force all other programmersto recompile all of their modules.Trickle-down recompilation, or the \transitive propagation of possible inter-face changes [54]," is a related phenomenon which also negatively a�ects theusefulness of separate compilation. Since the compilation rules of languageswith explicit interfaces require the recompilation of all units which transitivelydepend on an altered interface, a small change (such as the addition of a newoperation or even the correction of a spelling mistake in a comment) to theinterface of a basic module may in the worst case cause the recompilation ofthe entire program. The more information contained in the interface units of aprogram the more acute the risk that the program will su�er from many trickle-down recompilations during its lifetime. As we shall see in Sections 2.5 and 2.8,certain languages (most notably Ada) require interfaces to contain extraneousinformation. Programs written in these languages are thus more prone to suf-fer from trickle-down recompilations than programs written in other languages.Adams [5] proves this point in his analysis of the change history of a particularAda program: 37% of all changed units were speci�cations.



20 2 Modular Languages and Their Processors2.5 Approaches to EncapsulationMany of the problems regarding abstraction and encapsulation that designers ofrecent imperative and object-oriented modular languages have been wrestlingwith originate in a desire to satisfy four requirements:� to allow fully abstract module speci�cation units� to disallow compilation dependencies between module implementationunits� to disallow language features which would entail undue execution-timeoverhead� to disallow language features would entail undue translation-time over-head or which would require a non-standard translation system.It has turned out to be a di�cult task to accommodate all four of thesegoals in the same design. The reason is that a fully abstract separately com-piled module interface { while containing enough information for a client to usethe module and the implementer to implement it { does not contain enoughinformation for a standard module compiler to generate e�cient code for themodule's clients. In Section 2.8 we will examine a number of concrete languagedesigns which have selected slightly di�erent compromises in the attempt toaccommodate as many as possible of the four con
icting goals. In this sectionwe will discuss the seven basic approaches employed by these languages, eachstriking a di�erent balance between level of interface abstraction, complexity ofcompilation rules, and translation-time or execution-time overhead. We labelthem as follows:realization restriction An exported item may be fully abstract, but the lan-guage restricts the range of possible realizations.realization revelation The realization of an abstract item is revealed in themodule speci�cation.realization protection Similar to realization revelation, but the realiza-tion is coupled with a restriction on the kinds of operations an importermay perform on the exported item.partial revelation The realization of an abstract item is deferred to the mod-ule implementation; but, in order to facilitate translation, some aspectsof the representation of the item are revealed in the module speci�cation.



2.5 Approaches to Encapsulation 21implementation ordering There is an order of compilation imposed on im-plementation units.binding-time support Inter-modular information needed in order to imple-ment abstract items is assumed to be exchanged when modules are joinedtogether to form an executable program.run-time support The use of an abstract item is more expensive (in termsof the memory or time required at run-time) than the use of the corre-sponding concrete item.Modula-2 and Modula-3's abstract types, known as opaque types, are theprime example of realization restriction, since they may only be realized aspointer types.5 This rule ensures that a Modula-2 or Modula-3 compiler, whichonly has access to the information given in speci�cation units, will always knowthe size of an imported abstract type.Inline procedures in Mesa and C++ fall in the realization revelation cat-egory. The bodies of inline procedures are revealed in the speci�cation unitin order to give the compiler access to the procedure's code when processingimporting modules.Ada's abstract types, private and limited private types, fall in the realizationprotection category. An Ada private type reveals its realization in the modulespeci�cation unit, but the compiler refuses a client access to the internals ofthe realization. The reason for revealing the realization is to make the size ofthe type available to the compiler: Ada favors static allocation over dynamicallocation, and without compile-time knowledge of the sizes of all types staticallocation would not be possible.Mesa's opaque type, which in regard to degree of encapsulation falls inbetween Ada's private type and Modula-2's opaque type, is an example ofpartial revelation. Much like in Modula-2, the realization of a Mesa opaquetype is deferred to the module implementation, but unlike Modula-2 there isno restriction imposed on the realization. Instead, the module speci�cationmust reveal the maximum size of the realization. A similar approach is used forthe implementation of Oberon-1 public projection types, record types which mayreveal some �elds in the speci�cation unit and defer some to the implementationunit.One advantage that Mesa's opaque type and Ada's private types have overModula-2 and Modula-3's opaque types is that they permit static allocation.Modula-2 and Modula-3's opaque types, on the other hand, must be allocated5This is the rule imposed by the Modula-2 standard. Actual implementations often relaxthe rule to include any type with the same size as a pointer.



22 2 Modular Languages and Their Processorson the heap. Thus, in Ada and Mesa there is never any need for explicit de-allocation of variables of abstract types, since these are automatically removedfrom the execution stack when the 
ow of control reaches the end of the scopein which they were declared. In the case of Modula-2, variables of opaquetypes have to be explicitly deallocated, while in Modula-3 a garbage collectorremoves unreferenced dynamically allocated variables. In one respect, how-ever, Modula-2 and Modula-3's opaque types have the edge on Mesa's opaqueand Ada's private types: changes to the realizations of the latter may triggertrickle-down recompilations, while changes to the former only a�ect the modulein which they are declared.Ada generic modules and Ada modules that export inline procedures mayfall in the implementation ordering category, since it is legal for the compiler torequire that the implementation units of such modules be compiled prior to anyclient implementation units. Languages without explicit module speci�cationunits, such as Ei�el or Oberon-2, also fall in this category.The only programming language which falls in the binding-time supportcategory is Milano-Pascal, which requires that inter-modular information re-garding its abstract types and constants be exchanged at module binding-time.Inline procedures in the MIPS compiler suite also fall in this category. Theproblem with this category is, of course, that extensive binding-time processingcan cause excessively long turn-around-times.The Albericht (an Oberon descendant) public projection type andModula-3'sopaque object type (at least as implemented in the currently available trans-lating system) require extra work at run-time, and hence fall in the run-timesupport category. This extra work, as we shall see in Section 2.8.9, involvesthe calculation of o�sets of �elds and methods and the construction of objecttype templates, work that other translating systems perform at compile-time.Languages which fall in this category may thus have problems with executione�ciency.2.6 The Pragmatics of ModulesAbstract data types may be the most frequently occurring abstractions, butthey are certainly not the only ones. There have been several attempts atclassifying modules according to the way they are used and the abstractionsthey implement. We will call this the pragmatics of modules. Booch [31] givesfour uses of Ada modules (see Ross [181] for a slightly di�erent classi�cation):1. Named collections of declarations.



2.6 The Pragmatics of Modules 232. Groups of related program units.3. Abstract data types.4. Abstract state machines.A typical example from the �rst category is a module which exports onlymanifest constants. These may be related physical or mathematical constantsor constants which describe the hard-wired limits of a particular program. Themodule in Figure 2.1 is an example of such a module taken from the translat-ing systems described in Chapters 5 through 7. The programming languagenotation used is that which will be introduced in Chapter 3.SPECIFICATION Con�guration;TYPEString == ARRAY [RANGE CARDINAL [0 .. 4]] [CHAR];CONSTANTMaxNrOfModulesPerProgram : CARDINAL =;MaxNumberOfSites : CARDINAL =;ImplementationExtension : String =;Speci�cationExtension : String =;END Con�guration.IMPLEMENTATION Con�guration;CONSTANTMaxNrOfModulesPerProgram : CARDINAL += 1024;MaxNumberOfSites : CARDINAL += 20;ImplementationExtension : String += ".imp";Speci�cationExtension : String += ".spe";END Con�guration.Figure 2.1: Example of a module from Booch's category Named collections ofdeclarations.A module in the second category (Groups of related program units) typi-cally exports no types or constants, only procedures. Examples include librarymodules for trigonometric or other mathematical functions, modules contain-ing procedures for converting between data formats, etc. Again we providean example from the implementation of the translating systems in Chapters 5through 7. The module Bits in Figure 2.2 provides operations for the low-level manipulation of machine words not provided in the language in which thetranslating systems were written. Again we use the language to be describedin Chapter 3.



24 2 Modular Languages and Their ProcessorsSPECIFICATION Bits;PROCEDURE ShiftLeft : (REF B : BITSET;N : CARDINAL) =;PROCEDURE ShiftRight : (REF B : BITSET;N : CARDINAL) =;PROCEDURE Insert : (Source : BITSET;Low, High : CARDINAL;REF Dest : BITSET) =;PROCEDURE Extract : (Source : BITSET;Low, High : CARDINAL;REF Dest : BITSET) =;END Bits.

IMPLEMENTATION Bits;INLINE PROCEDURE ShiftLeft : (REF B : BITSET;N : CARDINAL) +=BEGIN � � � END ShiftLeft;INLINE PROCEDURE ShiftLeft : (REF B : BITSET;N : CARDINAL) +=BEGIN � � � END ShiftRight;� � � � � �END Bits.
Figure 2.2: Example of a module from Booch's category Groups of relatedprogram units.A module implementing an Abstract data type will at least export a typeand a number of procedures which operate on the type. Often the module willalso export some auxiliary type and maybe a constant providing a default ornull value for the type. In class-based and object-oriented languages the classwill not explicitly have to name and export a type, since the class itself is thetype. We will not provide any abstract data type examples here, since therewill be plenty of examples in Section 2.8 of this chapter and Section 3.6 of thenext chapter.An abstract state machine module, �nally, di�ers from an abstract data typemodule by having an internal state which is operated on by clients throughthe exported procedures. The module may of course also export types andconstants, but the procedures are the main objects. An abstract state machineis essentially a \black box": a box with dials (operations which change the stateof the box) and readout indicators (operations which examine the current state).The di�erence between an abstract state machine module and an abstract datatype module is that while there can only exist one copy of the former, the lattercan create many instances of its exported data type such that each instance isitself an abstract state machine. Figure 2.3 gives a simple example of an abstractstate machine module.



2.7 Translating and Executing Modular Programs 25SPECIFICATION Elevators;PROCEDURE Init : (NrOfElevators : CARDINAL) =;PROCEDURE GoTo : (Floor : CARDINAL) =;PROCEDURE CallFrom : (Floor : CARDINAL) =;PROCEDURE AtFloor : () RETURN CARDINAL =;END Elevators.IMPLEMENTATION Elevators;IMPORT Threads, CardToCardMap;VARIABLE NowAt : CardToCardMap�T;� � � � � �END Elevators.Figure 2.3: Example of a module from Booch's category Abstract state ma-chines. The example is adapted from Ross [181]. Init, GoTo, and CallFromchange the state of the machine, whereas AtFloor queries the current state ofthe machine.2.7 Translating and Executing Modular ProgramsA separately compiled modular program goes through several processing stageson its way from infancy (its source code form) to adulthood (its executing imagein the memory of a computer). We identify four such stages:Compilation Check the static semantic correctness of and generate code foreach module.Binding Combine the code generated for each module into one program. Re-solve inter-modular references.Loading Load the program generated during binding into the memory of thecomputer.Execution Run the loaded program.Depending on the type of translating system used, any one of these stages(except the execution stage) may be missing or may be designed to do more orless processing than indicated here. In this section we shall examine some ofthe translating systems which have been proposed for modular programminglanguages and compare their strengths and weaknesses. Of special interest to usin this thesis will be module binding, and we will therefore pay special attentionto this stage of translation.



26 2 Modular Languages and Their Processors2.7.1 Compiling Modular ProgramsCompilingmonolithic modular programming languages { languages with a mod-ule concept but without a separate compilation facility { is not much di�erentfrom compiling programming languages without a module concept. Euclid (seeSection 2.8.4) falls in this category. Languages with separately compiled mod-ules are more challenging, particularly if modules may be divided into textuallyseparate speci�cation and implementation units.6 The main challenge is to pro-vide compile time type checking across module boundaries. This means thatthere has to be some way for the compiler to determine the names and types ofthe items exported by the imported modules. A common design is to associatewith each module a symbol �le which describes the module's exported items.This symbol �le is read by the compiler when processing the module's clients.Gutknecht [87] identi�es the following classes of symbol �les:class A The symbol �le for a moduleM contains only the items found inM'sspeci�cation unit.class B The symbol �le for a module M contains the items found in M'sspeci�cation unit as well as any imported items on which these transitivelydepend.class � The symbol �le data is in a source code or a slightly processed sourcecode format.class � The symbol �le data is essentially an encoding of the compiler's symboltable.The di�erence between class A and B is one of compilation e�ciency. Aclass B compiler only needs to load the symbol �les of directly imported mod-ules, whereas a classA compiler must load all the symbol �les which transitivelydepend on the directly imported modules. Class � and � also di�er in regard toe�ciency: compiled declarations can be loaded faster than declarations still intheir source code format. The A� approach (used by Foster [76]) is somewhatsimilar to the include-�le mechanism used for separate compilation in the Cand C++ languages, except that each imported module opens up a new scopefor its items. Most often � approaches are implemented by letting symbol �lesbe the speci�cation units themselves. This has the advantage that speci�cationunits do not need to be compiled, and that there does not need to exist anyexplicit symbol �les. The disadvantage is that errors in a speci�cation unit6Units are textually separate if each unit resides in its own �le.



2.7 Translating and Executing Modular Programs 27are not caught until a client is compiled. See Gutknecht [87] for a detaileddescription of the B� method.Once a modular language compiler has loaded the symbol �les of importedmodules, compilation can proceed in much the same way as in a compiler fora monolithic language. One complication is name lookup for imported items,and the methods employed must depend largely on the language compiled: Adauses overloading to resolve name clashes, Modula-2 allows both quali�ed andunquali�ed references to imported items, Ei�el allows only quali�ed reference,etc. See Calliss [39] for a more detailed classi�cation. In languages whichtake a protection approach to encapsulation, the compiler must of course alsocheck that client modules do not make illegal references to imported protecteditems. A �nal problem for compilers using the class B approach describedabove involves consistency checking between imported modules. Consider, forexample, the case where module M's implementation unit imports modules Aand B, both of whose speci�cation units import module C. Assume that aftera change to C's speci�cation unit C and A are recompiled, but not B. WhenM is recompiled it will read two incompatible versions of C's symbol �le: onefrom A's symbol �le and one from B's. Most compilers counter this problemby including in each symbol �le the time when the corresponding speci�cationunit was compiled. The compiler can then easily check these time-stamps toassure that the imported modules have been compiled in the correct order.2.7.2 Maintaining the Correct Order of CompilationIn the discussion above and in our description of the order-of-compilation rulesimposed by languages with a separate compilation concept (Section 2.4.5), weassumed that the rules were enforced simply by the detection of the moduleswhich have changed since the last compilation. This is indeed often the case,and in most systems it is accomplished by checking the �le modi�cation dateof the �les in which the module source and object code are stored. The pro-cess is most often automated through the use of programs such as the Unixmake [73, 213, 14, 15, 16] facility, which recompiles a�ected modules after editingchanges. This is a very coarse-grained approach since, as we have already noted,simple formatting changes can lead to massive recompilations. To counter this,more �ne-grained approaches have been developed. Known as smart recompi-lation [209, 190], these methods take into account not only which modules havebeen changed but also which items in the modules have been changed. Un-fortunately, smart recompilation methods have met with limited success sincethey require compiler cooperation and since the overhead of checking whethera particular module needs to be recompiled sometimes outweighs the cost of



28 2 Modular Languages and Their Processorsactual recompilation.2.7.3 Binding Modular ProgramsMost compilers for separately compiled modular languages produce one objectcode �le per source code module. This �le contains the code generated for thesubprograms exported by the module, space for the static variables declared inthe module, and the values of the module's structured manifest constants. Inaddition to this information the object code �le often contains an encoding ofthe module's symbol table, to be used by debuggers and module binders.A module binder is a program which combines the object code �les producedby compilers or assemblers into a �le which can be directly loaded and exe-cuted. Most operating systems contain a simple module binder (often called alink(age)-editor or linker) which handles the binding requirements of assemblersand languages with rudimentary module systems such as C and FORTRAN.The main task of these system linkers is to gather together the code and dataproduced by the compiler for the modules which are to take part in the re-sulting program, to resolve references between these modules (this is known asrelocation), and to include whatever other system-speci�c routines the programwill need at run-time. The link editor often also serves as the main instrumentfor inter-language programming; i.e. the linker allows modules written in onelanguage to be bound together with modules produced by compilers for otherlanguages.Special Linking TechniquesLanguages with module concepts more advanced than C and FORTRAN oftenrequire more complex link-time processing than what is o�ered by ordinary sys-tem link editors. Often this problem is handled through the use of a pre-linker,a program which is designed to take care of the special link-time requirementsof a particular language and which as a part of its processing calls the systemlinker to handle the relocation and concatenation of code and data. Typicaltasks performed by pre-linkers include: checking time-stamps (similar to thecompile-time checks discussed previously), �nding the modules that should bepart of the �nal program, and determining the order of execution between mod-ule bodies.In operating systems where several processes can execute concurrently it isoften the case that certain modules or groups of modules are used by severalprograms simultaneously. Examples include modules for bu�ered I/O, math-ematical routines, and graphics primitives. To avoid having several copies of



2.7 Translating and Executing Modular Programs 29the same modules in core at the same time, some operating systems employ atechnique known as dynamic linking. A module is linked dynamically if severalconcurrently executing programs can share the same copy of the module. Ifa particular module is to be linked dynamically (rather than statically) into acertain program, the linker refrains from including its code and data into theresulting executable �le. Rather, when the program is loaded or when a routinein the dynamic module is called for the �rst time, the module's object code �leis loaded into main memory and cross-module references are relocated. If, how-ever, at this point the object code �le is already present in main memory (dueto the fact that it is being used by another concurrently executing program),the loading can be dispensed with.Another linking technique, sometimes called smart linking, is supported bysome linkers to reduce the size of the executable �le. The idea is to try toavoid including code and data in the resulting executable �le which could neverbe referred to at run-time. The linker accomplishes this by constructing thecall-graph of the procedures in the program and traversing the graph (startingat the main module) to determine the procedures which might be called. Theresult is, of course, never more than a conservative estimate of the procedureswhich are actually called at run-time.Two techniques have been employed in attempts to speed up the linkingprocess: incremental and hierarchical linking. An incremental linker saves theresulting executable �le and data structures used during linking between ses-sions and uses this information to incrementally update the executable �le inresponse to changes in the object code �les. See Section 7.2 for a more thor-ough discussion. A hierarchical linker speeds up linking by binding togetherthe object code �les of groups of modules to form new object code �les (or li-braries). Since all cross-module references within the modules in such a libraryare resolved once and for all when the library is created, future links which usethe library will be faster. See also Section 5.11.We refer to Presser [170] and Beck [20] for early and modern views of linkingand loading.Code Generation and Optimization at Module Binding TimeIt has often been observed that due to a lack of inter-modular informationmany code optimization techniques cannot be successfully applied at compile-time. Such inter-modular (or inter-procedural) optimization techniques includeinter-procedural register allocation, inter-procedural constant propagation, andinter-modular inlining. It is natural to investigate whether these techniques caninstead be applied at module binding-time when all the necessary inter-modular



30 2 Modular Languages and Their Processorsinformation is available. Indeed, this is exactly what we will do in Chapters 5through 7.Previous work in this area includes the MIPS [48, 94] compiler suite whichperforms procedure integration and other inter-procedural optimizations atlink-time, Wall's [214, 218, 216, 217] and Santhanam's [186] inter-proceduralregister allocators, and Benitez's [21] optimizing linker which performs proce-dure call optimizations at link-time. In the MIPS system the linker simplyconcatenates the intermediate code �les produced by various compilers intoone large �le. Other tools then perform optimization and code generation onthis �le, and the resulting code is run through the assembler and system linkeditor to form the executable �le. Wall's linker works on object code �leswhere the relocation information has been extended to include information re-garding variable usage. Based on this information, the program's call-graph,and collected pro�ling information, the linker allocates frequently used vari-ables to global registers and restructures the code generated by the compileraccordingly. Benitez's optimizing linker works on machine code in a registertransfer list (RTL) representation. The linker (which is designed to restructureprocedure calls to pass arguments in registers and to remove unnecessary testinstructions after procedure calls) emits assembly code which is run throughthe system assembler and linker to produce the executable �le. Santhanamalso performs optimizations at link-time, although his translating system doesnot contain an optimizing linker. Rather, each module is run through the com-piler twice, the �rst time to gather inter-modular information, and the secondtime to perform the actual optimizations. The object code �les are then linkedas usual with the system link editor.Naturally, linkers which have been extended with functions for optimizationare likely to be much slower than traditional link editors. Benitez reports thathis optimizing linker is three to six times slower than the system linker. Mostof the time is spent in the assembly phase. Wall's link-time optimizations slowdown the linker by a factor of 2 to 4. In Chapters 6 and 7 we will proposetechniques for link-time optimization which have the potential for making op-timizing linkers as fast as (and sometimes faster than) traditional link editors.Language-speci�c Module BindersSo far, we have only discussed language-independent module binders, i.e. binderswhich are designed to handle modules produced by compilers for many di�er-ent languages. In this section, however, we will give a brief overview of sometranslating systems where the module binder has been designed to work withonly one particular language or to handle certain language-speci�c problems.



2.7 Translating and Executing Modular Programs 31The module binder for the Mesa language can combine modules in manyinteresting ways. However, Sweet reports [204] that most binding requests aresimply of the kind \bind them [the modules] together in the only way possible."For more complicated situations Mesa provides a special con�guration language,C/Mesa [204, 235]. C/Mesa, for example, allows one to describe how groups ofmodules should be joined into libraries (hierarchical linking).Ancona [11] describes a system whereby Pascal modules are bound at thesource code level. After binding, the output of the binder is submitted to acompiler for monolithic Pascal. The binder is able to support a simple form ofgeneric modules.Some special binders are also designed to perform inter-modular semanticchecking. Kieburtz [124] and Celentano [45, 46] both describe binders whichperform inter-modular type checking for modular Pascal dialects. For a discus-sion of the latter system see Section 2.8.6.Thorelli [206, 207, 208] describes a binder for modules in the language PL.PL modules fall under the import-by-structure (see Section 2.4.2) and zero-to-one headings (Section 2.4.1) and are, unlike modules in most languages otherthan Milano-Pascal (Section 2.8.6), completely autonomous. The binder is de-signed to combine separately compiled modules according to instructions givento it in the linking language LL, which can describe module interconnections ina variety of ways. Since no inter-modular type checking can be performed atcompile-time, this task has to be deferred to the linker.2.7.4 Loading and Executing Modular ProgramsLoading and execution are the last translation phases of any modular program,and one might expect these to be uncomplicated. For the most part this is true,but we will touch on some of the more salient issues.An important question is what happens when a program starts and �nishesexecuting. Many languages allow the programmer to specify actions to betaken at one or both of these points. Each Modula-2 module, for example, hasa (possibly empty) module body which is executed after the program has beenloaded. The actions performed in module bodies are usually limited to theinitialization of static variables, and if this is the case the order in which themodule bodies are executed is most often immaterial (the main module bodymust, of course, be executed last). However, if a module body makes use ofoperations de�ned in imported modules, it is essential that these modules beinitialized �rst. The Modula-2 standard therefore states that the body of aclient module should be executed before the bodies of the modules it imports.In case of circular dependencies the order is left unspeci�ed.



32 2 Modular Languages and Their ProcessorsSimilarly, Euclid, whose modules are typed, allows initial and �nal actionsto be associated with each module. The initial action is executed when amodule variable is created, and the �nal action is executed when the variableis destroyed.Object-oriented languages (class-based languages with inheritance) have asomewhat more complicated run-time behavior than object-based languages.There are two main sources of complexity: dynamic binding and run-time typechecking. As we have already explained, object-oriented languages allow a cer-tain degree of polymorphism { descendants of a class can be used wherever theclass itself can be used (they essentially are the class since they ful�ll the is-arelationship) { and in some cases it is not possible to determine at compile-time whether the assignment of one class instance to another is legal. Thischeck therefore has to be deferred till run-time where it is performed basedon a type-tag stored with each instance. Object-oriented languages also sup-port dynamically bound procedures (also known as virtual procedures or virtualmethods). A virtual procedure declared in a class can be overridden by descen-dant classes, i.e. replaced by another procedure whose behavior is more suitedto the descendant's needs. Dynamic binding is usually implemented (see for ex-ample Harbison [89, pp. 199{204]) by storing with each class instance a pointerto a method template, which is a list of addresses constructed at compile-timeof the class' virtual procedures. All method calls are done indirectly throughthis template.The �nal point we will consider is run-time code generation and optimiza-tion. We have already seen that optimization can be done at compile-time aswell as link-time, and it is therefore natural to ask whether there are sometypes of optimizations which are best applied during execution. The answerto this question (at least for some types of languages) seems to be `yes', butunfortunately there has yet to be much work done in this area. Chambers [47]describes a translating system for the SELF language which performs run-timecode generation in order to produce customized code for di�erent combinationsof run-time types. See also Keppel [122] for a thorough discussion of run-timecode generation.2.7.5 Integrating Translation PhasesA obvious method for achieving faster turn-around times in program develop-ment environments is to integrate two or more of the translation phases. Load-and-go [20] assemblers and compilers, for example, dispense with the linkingphase and load the generated code directly into main memory for execution.The Oberon system [228] also dispenses with linking altogether. Instead



2.8 A Survey of Programming Language Module Concepts 33modules are loaded and bound together as needed during execution. This issomewhat similar to dynamic linking as described earlier in this section. Theadvantage is, of course, faster turn-around time for the programmer: not onlyis one translation phase completely eliminated, but it may also be possibleto change a running program simply by reloading a new version of a changedmodule. The disadvantage, at least for the Oberon system, is a \noticeable [228,p. 893]" procedure call overhead. The reason is that an inter-modular procedurecall must be preceded by a table lookup to �nd the procedure's address.Integrated and incremental programming environments such as the Ratio-nal [222, 12, 71] Ada environment and Gandalf [161] integrate editing and allor most of the di�erent stages of translation. The result is a translation systemwhich continuously updates the executable code in response to editing changes.See Section 7.2 for a more detailed discussion.2.8 A Survey of Programming Language ModuleConceptsWe will next attempt to illustrate the concepts discussed previously in the chap-ter by reproducing the ubiquitous stack abstraction in ten model languages:Ada, Beta, Ei�el, Euclid, Mesa, Milano-Pascal, Standard ML, Modula-2,Modula-3, and Zuse. The languages have been chosen so as to illustrate thetrade-o�s between abstraction, encapsulation, modularity, and separate compi-lation in programming language design, and each example has been coded in away that we believe best illuminates the language's strengths and weaknesses.2.8.1 AdaAda's module system is characterized by three things: use of realization protec-tion as the prime encapsulation mechanism (although Modula-2 style pointerhiding { realization restriction { is also supported), the availability of con-strained as well as unconstrained generics, and implementation ordering forgeneric modules and packages exporting inline routines.The generic stack de�nition of Figure 2.4 illustrates these points. The real-ization of the stack abstraction is given in the module speci�cation unit underthe private heading. The only operations available to clients on variables oftype GENERIC STACK.STACK are PUSH and POP; the declaration limitedprivate explicitly outlaws assignments and equality-tests which would havebeen legal if STACK had just been declared private.In general, Ada speci�cation and implementation units are compiled sepa-



34 2 Modular Languages and Their Processorsgenerictype ITEM is private;package GENERIC STACK istype STACK (SIZE : POSITIVE) is limited private;procedure PUSH (S : in out STACK; E : in ITEM);procedure POP (S : in out STACK; E : out ITEM);pragma INLINE (PUSH, POP);privatetype VECTOR is array (POSITIVE range < >) of ITEM;type STACK (SIZE : POSITIVE) is recordSPACE : VECTOR (1 .. SIZE);INDEX : NATURAL := 0;end record;end GENERIC STACK;package body GENERIC STACK is-- Implementations of PUSH and POP ...end GENERIC STACK;with GENERIC STACK;procedure MAIN ispackage STACK INT is new GENERIC STACK (INTEGER);S : STACK INT.STACK (100);beginSTACK INT.PUSH (S, 314);end MAIN;Figure 2.4: Ada generic stack example, adapted from Rogers [179].rately, and changes to implementation units do not a�ect importing modules.The Ada reference manual however allows programming environments to re-quire implementation units of modules containing exported inline routines tobe compiled prior to the module's clients. Similarly, programming environmentsmay disallow the separate compilation of speci�cation and implementation unitsof generic modules.2.8.2 BetaThe language Beta generalizes programming language concepts such as pro-cedure, function, class, and process into one concept, the pattern. It di�erssigni�cantly from the other languages described in this section, particularlywhen it comes to separate compilation and modularization which is not de-�ned within the language proper. Instead, a language-independent mechanism



2.8 A Survey of Programming Language Module Concepts 35{ called a fragment system { forms the basis of the separate compilation systemand is used to split programs into modules, modules into speci�cation and im-plementation units, and implementation units into variants. A fragment is anylegal sequence of terminal and nonterminal symbols which can be generatedfrom a non-terminal in the language's context-free grammar. Fragments can betextually separate or part of fragment groups, and can contain links to otherfragments.ORIGIN 'betaenv';BODY 'stackbody'-- LIB: Attributes --Stack: (#Private: @ <<SLOT Private: descriptor>>;Push: (# e: @Integer enter e do <<SLOT PushBody: descriptor>> #);Pop: (# e: @Integer do <<SLOT PopBody: descriptor>> exit e #);New: (# do <<SLOT NewBody: descriptor>> #);#)ORIGIN 'stack' [[-- Private: descriptor -- (# A: [100] @Integer; Top : @Integer #)-- PushBody: descriptor -- (# do (* Code for Push *) #)-- PopBody: descriptor -- (# do (* Code for Pop *) #)-- NewBody: descriptor -- (# do 0 -> Private.top #)--]]ORIGIN 'betaenv' [[--INCLUDE 'Stack'-- Program:descriptor -- (# S: @Stack do S.New; 314 -> S.Push #)--]]Figure 2.5: Beta stack example, adapted from Knudsen [127].The Beta program in Figure 2.5 is split into three textually separate frag-ments, each starting with the keyword ORIGIN. The �rst fragment corre-sponds to the speci�cation unit of the Stack module, the second is a fragmentgroup corresponding to the Stack's implementation unit, and the third fragmentis the main program itself. The syntax \<<SLOT PushBody: descriptor>>" inthe �rst fragment serves as a place-holder for a fragment with the name Push-Body of the syntactic category descriptor. PushBody is de�ned in the \imple-mentation" fragment.



36 2 Modular Languages and Their Processors2.8.3 Ei�elEi�el's module system is built on the class concept. An Ei�el class is separatelycompiled, dynamically or statically allocated, and may inherit as well as importfrom other classes. Constrained as well as unconstrained generic classes aresupported. Behavior is speci�ed in the form of pre- and post-conditions andinvariants, and is tightly coupled with the exception mechanism.deferred class STACK [T] export depth, empty, full, push, popfeaturedepth : INTEGER is deferred end;empty : BOOLEAN do Result := (depth = 0); ensure (depth = 0); end;full : BOOLEAN is deferred end;pop : T is require not empty deferredensure not full; depth = old depth - 1 end;push (x : T) is require not full deferredensure not empty; depth = old depth + 1 end;invariant depth >= 0end -- STACKclass FIXED STACK [T] export depth, empty, full, push, popinherit STACK [T]; ARRAY [T]featureCreate (n : INTEGER) is do ... end;-- rede�nitions of depth, full, pop, and push using ARRAY.end -- FIXED STACK;class ROOT featureCreate is local S : FIXED STACK [INTEGER] do S.Create (100); S.Push (314)endend -- ROOT;Figure 2.6: Ei�el generic stack example, adapted from Meyer [151].Ei�el classes are of the zero-to-one kind; i.e. there are no explicit speci�ca-tion units. The Ei�el programming environment, however, provides a specialoperation (short) which extracts a class' speci�cation from its implementa-tion. Furthermore, deferred classes, classes which contain some features whichare not fully realized, can be used to simulate speci�cation units. This is anattractive approach for two reasons: (1) a deferred class can be the ancestorof several di�erent realizations of the same abstraction and (2) the behavioralspeci�cation in the deferred class applies to descendant classes also.Figure 2.6 gives a deferred generic stack de�nition STACK, fol-lowed by an implementation FIXED STACK. An alternative implementation



2.8 A Survey of Programming Language Module Concepts 37(LINKED STACK, for example) would also inherit from STACK. FIXED STACKuses an array realization and therefore inherits from the ARRAY class as wellas from STACK. The pre-conditions (the require clauses), post-conditions (en-sure clauses), and invariants of the features of STACK apply to the correspond-ing features in FIXED STACK as well.2.8.4 EuclidEuclid was designed with veri�cation in mind, and the language includes asser-tions, pre- and post-conditions, and invariants, along the same lines as Ei�el.Euclid is class-based (modules are typed) and modules can be parameterizedwith compile-time expressions.type IntStack (size : unsignedInt) = module exports (Push, Pop)type range : 1 .. sizevar store : array range of signedIntvar index : rangeinline procedure Push (E : signedInt) = pre (index < size) begin ... end Pushinline procedure Pop (var E : signedInt) = pre (index > 1) begin ... end Popinitially index := 0;invariant ((index >= 0) and (index <= size));end IntStack.include IntStack;type Main = module var S : IntStack (100);initially begin S.Push (314) endend Main.Figure 2.7: Euclid parameterized stack example. Post-conditions have beenomitted.Euclid modules are of the zero-to-one kind and may, but are not requiredby the Euclid report [135] to be, separately compiled. Figure 2.7 gives a Euclidstack module of client-de�ned size. As in the Modula-2 example (Figure 2.11),generic modules may be constructed using low-level facilities.2.8.5 MesaThe Mesa module system is of the many-to-many-kind; i.e. the items de�ned bya particular speci�cation unit can be realized by any one of the implementationunits in the program. A special module binding language { C/Mesa { is usedto describe the connections between the modules in a program.



38 2 Modular Languages and Their ProcessorsStack: DEFINITIONS =BEGINT : TYPE [202];PT : TYPE = LONG POINTER TO T;Init : PROC [S : PT];Push : PROC [S : PT; E : INTEGER];Pop : PROC [S : PT] RETURNS INTEGER;END.StackImpl: PROGRAM EXPORTS Stack =BEGINT : PUBLIC TYPE = RECORD [space : ARRAY [1 .. 100] OF INTEGER;index : [0 .. 100]];(* Implementations of Init, Push, and Pop ... *)END.Main: PROGRAM IMPORTS Stack =BEGIN S : Stack.T; Stack.Init [@S]; Stack.Push [@S, 314]; END.Figure 2.8: Mesa stack example. \[202]" in the de�nition of T refers to T 'ssize. \Stack.Init [@S]" passes the address of S to Init. This construction mustbe used since Mesa only has pass-by-value parameters.
Two kinds of hidden (opaque) types are provided: a Modula-2-style hiddenpointer type and a hidden type whose size is revealed in the speci�cation unit.In addition to this, types (or parts of structured types) can be protected bya PRIVATE clause which prevents clients from accessing the types' internalstructure. The SHARED clause can be used by clients to override such accessrestrictions. Inline procedures are also available in Mesa, but the code of anexported inline procedure must be revealed in the speci�cation unit. Mesa thussupports four di�erent types of encapsulation: realization restriction, realizationprotection, and partial revelation for abstract types, and realization revelationfor inline procedures.The stack de�nition in Figure 2.8 shows the use of opaque types with re-vealed size. The main advantage of revealing the size is that variables of thetype can be statically allocated and hence do not tax the dynamic allocationsystem.



2.8 A Survey of Programming Language Module Concepts 392.8.6 Milano-PascalThe Pascal dialect developed at the Politechnico di Milano (henceforth Milano-Pascal) is interesting for several reasons: it is one of a few modular languageswhich explicitly requires a non-standard translation system, it supports fullyabstract types and constants, it provides completely autonomous modules, andit allows nesting of separately compiled modules. The main aspect that sepa-rates Milano-Pascal from the other languages in this survey, however, is thatclients specify the structure of the items they need to import rather than, as ismore common, the name of the module which should provide these items.module Stack;const stack size = 100;type int stack = record space : array [1 .. stack size] of integer;index : integer;end;procedure init (var S : int stack); begin ... end;procedure push (var S : int stack; E : integer); begin ... end;procedure pop (var S : int stack; var E : integer); begin ... end;endmodule.module Main;interface specconst stack size = ?;type int stack = ?;procedure init (var S : int stack);procedure push (var S : int stack; E : integer);procedure pop (var S : int stack; var E : integer);end interface spec;var S : int stack;begininit (S); push (S, 314);endmodule.Figure 2.9: Milano-Pascal stack example, adapted from Celentano [46].Consider the program in Figure 2.9. The module Main needs a stack andtherefore indicates in its interface spec that it must be bound in an environmentwhich contains a constant stack size, a type int stack, and three procedures init,push, and pop with formal parameters of the speci�ed types and modes. In otherwords, Main does not import a Stack module, but rather indicates that theremust exist in its environment items which satisfy the properties of a stack.



40 2 Modular Languages and Their ProcessorsIt follows that modules Stack and Main are completely independent of eachother, and can be compiled in an arbitrary order. Inter-modular type checkingis done at link-time rather than compile-time by a language-speci�c linker. Theinput to the linker is a parenthesized expression of module names describing thenesting of the modules. In addition to static checking, the linker has to allocatevariables whose size cannot be determined at compile-time, for example S inmodule Main (Figure 2.9).2.8.7 Standard MLML is { in contrast to the other languages studied here { a functional language.ML is strongly typed and has a polymorphic type system. Most ML implemen-tations are interactive in nature; i.e. the system accepts an expression as input,evaluates it, and prints the result. In the ML version of our stack example(Figure 2.10) the signature serves as the stack's speci�cation, introducing thestack type T, an exception E which is raised by pop and top when the stack isempty, and functions operating on T. The 'a T idiom indicates that we are deal-ing with a polymorphic stack, one which can operate on any type of element.The implementation of the stack is given in the abstraction, where each ofthe items introduced in the signature receives a representation. The use ofabstraction indicates that a client of Stack has no access to its representa-tion. Exchanging structure for abstraction would make the representationavailable for clients to manipulate. Other aspects of the ML module systemwill have to be omitted for the sake of brevity.2.8.8 Modula-2Modula-2 modules are of the one-to-one kind, and type abstraction is throughrealization restriction: opaque types are restricted to pointers. There is nolinguistic support for generic modules, but untyped generics can be programmedby use of low-level facilities. An example of this is shown in Figure 2.11. It isalso interesting to note the di�erence between this example and the previousone in Mesa given in Section 2.8.5. The Mesa stack was an opaque type withrevealed size and could therefore be allocated statically, whereas the Modula-2stack is an opaque pointer type and therefore needs explicit routines for dynamiccreation and destruction.2.8.9 Modula-3Modula-3 extends Modula-2 and Mesa with features for object-oriented pro-gramming. It is an interesting language since it breaks with many of the
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signature STACK = sigtype 'a Texception Eval empty: 'a Tval push: 'a T * 'a -> 'a Tval pop: 'a T -> 'a Tval top: 'a T -> 'aend;

structure Main = structlocal open Stack inval S = push (empty, 314);val r = top (S);val S = pop (S);end;end;abstraction Stack : STACK = structdatatype 'a T = Stack of 'a list;exception E;val empty = Stack([]);fun push(Stack(S), x) = Stack(x::S);fun pop(Stack(x::S)) = Stack(S) | pop(Stack([])) = raise E;fun top(Stack(x::S)) = x | top(Stack([])) = raise E;end; Figure 2.10: Standard ML stack example.traditions kept by the other languages in the family of Pascal descendants:Type compatibility is by structure rather than by name, dynamic storage is re-claimed automatically, the module system is of the many-to-many variety, andthe encapsulation concept is such that it requires extensive post-compilationprocessing. The last point is of particular interest to us in this thesis, since thelanguage which we will describe in Chapter 3 has similar problems, only moreso. We will therefore study in some detail the requirements which Modula-3imposes on its translating systems.Consider the Modula-3 stack abstraction in Figure 2.12. It consists of thetwo interfaces Stack and StackRep, an implementation unit StackImpl, and aclient module StackUse. The Stack interface states that the Stack type Stack.Tis a subtype of ROOT, which reveals that Stack.T must be realized as a an ob-ject type. Object types form Modula-3's basis for object-oriented programming(they can be related by aggregation as well as by inheritance), and are usuallyimplemented as a pointer to a record containing the object type's data �elds aswell as a pointer to its template. The template is essentially a (constant) recordof pointers to the object type's procedures. The StackRep interface reveals fur-ther information about Stack.T , namely that it is a subtype of StackRep.Link.In other words, the Stack.T realization must at least have two �elds: next



42 2 Modular Languages and Their ProcessorsDEFINITION MODULE GenericStack;IMPORT SYSTEM;TYPE Stack;PROCEDURE Create () : Stack;PROCEDURE Destroy (VAR S : Stack);PROCEDURE Push (S : Stack; E : SYSTEM.ADDRESS);PROCEDURE Pop (S : Stack; VAR E : SYSTEM.ADDRESS);END GenericStack.IMPLEMENTATION MODULE GenericStack;IMPORT SYSTEM, Storage;TYPE Stack = POINTER TO RECORDspace : ARRAY [1 .. 100] OF SYSTEM.ADDRESS;index : CARDINAL;END;(* Implementations of Create, Destroy, Push, and Pop ... *)END GenericStack.MODULE Main;IMPORT GenericStack, Storage;VAR S : GenericStack.Stack;E : POINTER TO INTEGER;BEGINS := GenericStack.Create ();NEW (E); E^ := 314; GenericStack.Push (S, E);GenericStack.Destroy (S);END Main.Figure 2.11: Modula-2 generic stack example.and item. Finally, StackImpl reveals that Stack.T is a direct subtype of Stack-Rep.Link, and that in addition to the �elds Stack.T receives from StackRep.Linkthe complete realization also includes a �eld depth.We see from the example in Figure 2.12 that Modula-3 supports partialrevelation and multiple views of object types. A client of the Stack abstractiononly needs to see the abstract Stack interface, whereas an implementer alsoneeds the information in StackRep.What is particularly interesting in the light of this thesis is that partialrevelation makes problems for translating systems for Modula-3. Consider,for example, a module M which declares a subtype M.T of Stack.T . Further-more, assume that M.T also declares a data �eld f. Since the most e�cientimplementation of single inheritance requires that an object type's local dataimmediately follow the data of its supertypes, the Modula-3 compiler needs



2.8 A Survey of Programming Language Module Concepts 43INTERFACE Stack;TYPE T <: ROOT;PROCEDURE Create () : T;PROCEDURE Push (VAR s : T; e : INTEGER);PROCEDURE Pop (VAR s : T) : INTEGER;PROCEDURE Depth (s : T) : INTEGER;END Stack.INTERFACE StackRep; IMPORT Stack;TYPE Link = OBJECT item : INTEGER; next : Stack.T END;REVEAL Stack.T <: Link;END StackRep.MODULE StackImpl EXPORTS Stack; IMPORT StackRep;REVEAL T = StackRep.Link BRANDED OBJECT depth : INTEGER; END;(* Implementations of Create, Push, Pop, and Depth ... *)BEGIN END StackImpl.MODULE StackUse EXPORTS Main; IMPORT Stack;VAR S : Stack.T; D : INTEGER;BEGINS := Stack.Create (); Stack.Push (S, 314); D := Stack.Depth (S);END StackUse.Figure 2.12: Modula-3 stack example, adapted from Nelson [160]. SinceModula-3 supports garbage collection, no explicit deallocation routine needsto be called.to know the size of Stack.T 's data record in order to compute the o�set of fin M.T 's data record. However, even if the compiler could determine (by in-spection of StackRep) that Stack.T contains the �elds next and item, it couldnot know that it also contains the �eld depth since this fact is hidden withinStackImpl. Hence, there are cases when a Modula-3 translating system cannotat compile-time compute the o�sets of record �elds. SRC Modula-3, currentlythe only available Modula-3 implementation, solves this by performing thesecomputations at \logical link-time", i.e. at run-time prior to the execution ofany user code. This pass (which also includes checks for illegal revelations andthe construction of object type templates) can be expensive in itself, but thescheme also in general slows down run-time �eld accesses, since these have tobe preceded by a table lookup to determine actual �eld o�sets.In addition to what we have seen from Figure 2.12, Modula-3 supports asimple form of unconstrained generic modules, threads (lightweight processes),



44 2 Modular Languages and Their Processorsand exceptions.2.8.10 ZuseWe will conclude this survey with a sneak preview of the language Zuse, whichwill be introduced in detail in the next chapter. In short, Zuse (like Modula-2and Modula-3) has fully abstract types, but (unlike Modula-2 and Modula-3)Zuse does not pose any restrictions on the realizations of such types. Further-more, Zuse (like Ada) supports abstract inline procedures, but (unlike Ada)does not allow compilation dependencies between implementation units. Thee�ect of these features on a real example can be seen from the Zuse Stackexample in Figure 2.13: The stack speci�cation unit does not leak any informa-tion regarding the realization of the abstract type nor the inline-status of theexported procedures, and once the Stack speci�cation unit has been compiledthe corresponding implementation unit and the client module StackUse can becompiled in an arbitrary order. Furthermore, since Stack�T is realized as astatically allocated type, its use will not tax the dynamic allocation system atall. Zuse also includes features for object-oriented programming similar to thosefound in Modula-3. However, unlike the SRC Modula-3 implementation dis-cussed in Section 2.8.9, the Zuse translating systems (presented in Chapters 5through 7) assure that these features do not degrade the run-time performanceof object-oriented programs.2.9 SummaryIn this chapter we have examined some of the module and abstraction conceptswhich have been proposed for imperative and object-oriented languages. Wehave paid particular attention to how di�erent languages have approached theproblems inherent in the combination of encapsulation and separate compila-tion. We have shown that most language designs compromise orthogonalityof encapsulation in favor of ease of implementation, and sometimes at the ex-pense of reduced run-time e�ciency. We summarize our �ndings in the tableon page 46. The abbreviations used in the table are explained at the bottomof page 45.



2.9 Summary 45SPECIFICATION Stack;TYPE T = f � :f :=, =: g g;CONSTANT MaxDepth : CARDINAL =;PROCEDURE Create : () RETURN T =;PROCEDURE Push : (REF S : T; e : CARDINAL) =;PROCEDURE Pop : (REF S : T) RETURN CARDINAL =;PROCEDURE Depth : (S : T) RETURN T =;END Stack.IMPLEMENTATION Stack;CONSTANT MaxDepth : CARDINAL += 100;TYPE Vector == ARRAY [RANGE CARDINAL [1 .. MaxDepth]] [CARDINAL];TYPE T += f f : g g RECORD [S : Vector; D : CARDINAL ];PROCEDURE Create : () RETURN T +=� � �INLINE PROCEDURE Push : (REF S : T; e : CARDINAL) +=� � �INLINE PROCEDURE Pop : (REF S : T) RETURN CARDINAL +=� � �PROCEDURE Depth : (S : T) RETURN T +=� � �END Stack.PROGRAM StackUse;IMPORT Stack;VARIABLE S : Stack�T;BEGIN S := Stack�Create(); Stack�Push (314); END StackUse.Figure 2.13: Zuse stack example. Since Stack�T is a static type, no explicitdeallocation routine needs to be called.r-res : realization restriction r-rev : realization revelationr-pro : realization protection p-rev : partial revelationi-ord : implementation ordering b-sup : binding-time supportr-sup : run-time supporto-b : object-based c-b : class-basedo-o : object-orientedu-gen : unconstrained generic c-gen : constrained generici-pol : inclusion polymorphism param : parametric1-1 : one-to-one 0-1 : zero-to-onem-m : many-to-many 1-01 : one-to-at-most-onespec : speci�cation impl : implementation(i)proc : (inline) procedure mod : modulestat : static allocation of abstracttypes dyn : untraced dynamic allocationof abstract typesGC : traced dynamic allocation ofabstract types
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module encapsulation poly- comp.language system type const iproc alloc morphism units referencesAda o-b, 1-01 r-pro,r-res r-pro i-ord stat, dyn c-gen mod & proc,param types spec & impl,proc [106, 179, 197, 28, 2,3, 4]Albericht o-o, 1-1 r-sup GC i-pol spec & impl [163]Alphard c-b, 1-1 r-pro r-pro stat c-gen mod any item [194]Beta o-o, m-m r-rev r-rev stat, GC i-pol any item [127, 132, 155, 156]CHILL o-b, 0-1 r-pro stat mod [35, 197]CLU c-b, 0-1 r-rev r-rev r-rev GC c-gen mod mod [13, 142, 140]C++ o-o, 1-1 r-pro r-pro r-rev stat, dyn u-gen classes &proc, i-pol mod [1]Ei�el o-o, 0-1 r-pro GC c-gen & u-genclasses, i-pol classes [151, 152, 154, 162]Euclid c-b, 0-1 r-pro r-pro stat param types unspeci�ed [135, 232, 103]LOGLAN o-o, 1-1 r-rev GC i-pol classes [131]Mesa o-b, m-m p-rev,r-res,r-pro r-rev r-rev stat, dyn mod [81, 235, 204]Milano-Pascal o-b, b-sup b-sup stat mod, proc [45, 46, 164]Standard ML o-b, 1-1 r-res r-rev GC param unspeci�ed [91, 90, 185, 238, 210]Modula-2 o-b, 1-1 r-res r-rev dyn spec & impl [223, 37]Modula-2+ o-b, 1-1 r-res r-rev dyn, GC spec & impl [182, 118, 231, 233]Modula-3 o-o, m-m r-res,r-sup r-rev dyn, GC u-gen mod, i-pol spec & impl [41, 42, 116, 160, 114,40]Oberon-1 o-o, 1-1 p-rev,r-rev r-rev stat, GC i-pol spec & impl [226, 224, 225]Oberon-2 o-o, 0-1 r-rev r-rev GC i-pol mod [227, 228, 159, 158]Object-Oberon o-o, 1-1 r-rev r-rev GC i-pol mod [157]Turing o-b, 0-1 r-rev r-rev stat none [101, 99, 102]Turing Plus o-b, 1-1 r-pro r-rev stat spec & impl [100]Zuse o-o, 1-1 r-pro,b-sup,r-res r-pro,b-sup r-rev,b-sup stat, dyn i-pol spec & impl



Chapter 3A Language with FlexibleEncapsulationbondage-and-discipline language: A language[� � �] that, though ostensibly general-purpose, isdesigned so as to enforce an author's theory of`right programming' [� � �]The New Hacker's Dictionary [173]3.1 Introduction
M

odern programming languages display an amazing array of featuresin support of abstraction and encapsulation. The previous chapterexamined some of the mechanisms which have been proposed, anddiscussed the penalties they introduce with respect to translationand execution time. This chapter will introduce an experimental language de-sign { a close descendant of earlier languages such as Ada, Mesa, Modula-2, andModula-3 { with orthogonal1 and 
exible facilities for hiding representationaldetails of exported items. Subsequent chapters will discuss necessary and de-sirable properties of translators for this language, and will closely examine fourconcrete translating system designs.This section will give some background information and state the rationalebehind the language design. Sections 1.2 through 1.6 will present an informalaccount of the facilities provided by the language with respect to the 
exible wayin which representational details of exported items may be hidden or revealed.1\Principle of orthogonality: language features can be composed in a free and uniformmanner with predictable e�ects and without limitations. [83]"



48 3 A Language with Flexible EncapsulationSection 1.7 will examine several Zuse programs as examples of how the di�erentkinds of encapsulation provided by the language can be put to use.3.1.1 Language Design RationaleThe main objective of this treatise is to examine the trade-o�s between languagefacilities for abstraction and encapsulation and the penalties in translation andexecution-time they may incur. Mainly we will be interested in the way infor-mation about items exported by a module may be divided between the module'sspeci�cation and implementation parts, and how this might a�ect the design ofa translating system for the language. To this end the remainder of this chap-ter will examine an experimental modular language with 
exible encapsulationfacilities and which is tentatively named Zuse2. The language design has beenguided by these four general principles:1. The language should include facilities for making any exported item fullyabstract, semi-abstract, or concrete. In other words, it must be possibleto defer all, none, or some of the representational details of any kind ofexported item to the implementation unit. Apart from being basic tosound software engineering practices, full encapsulation is also essentialin order to avoid trickle-down recompilations.2. The cost (in terms of translation-time, execution-time and storage) ofusing an abstract or semi-abstract item should be no greater than it wouldhave been if the same item had been concrete.3. The language design should not allow compilation dependencies to existbetween module implementation units and should furthermore require thebulk of intra- and inter-modular static semantic checking to be performedat compile-time. These rules minimize the risk of very long compilationand execution times and are also essential in order to allow programmersto work independently in team programming situations.4. The language should allow a high degree of freedom in the way exporteditems are realized, including the use of low-level facilities. It should al-ways be possible, however, to ensure the integrity of exported items byprotecting them from abuse by importers.The �rst three items on this list may be paraphrased: \Full and 
exible en-capsulation should not incur any translation-time or execution-time overhead."2for Konrad Zuse, the �rst modern programming language designer (see Zuse [239] andBauer [19]).



3.2 The Zuse Module System and Concrete Export 49We believe this to be an important principle, and it will permeate this entirethesis. Our reason for being very �rm on this point is that full encapsulationdoes not make a language more expressive (i.e. it does not allow one to expressdesigns that could not have been expressed in a language without encapsula-tion), only safer. Translation-time or execution-time overhead induced solelyby a language's facilities for encapsulation is therefore unacceptable.3.1.2 Providing Binding-Time InformationSubsequent chapters will examine in detail possible translation systems forZuse, but we will o�er some preliminary information here in order to pro-vide a framework in which to discuss the kinds of constructs that the languagedesign may allow.The language design which will be presented in this chapter implicitly restson the assumption that the standard tools requirement (Section 2.5) has beenrelaxed; i.e. that non-standard translation systems are deemed acceptable.Speci�cally, we will assume that the translation of a set of source code modulesinto an executable program goes through a stage { temporally located afterthe compilation of all module implementations but prior to program execu-tion { during which inter-modular information may be exchanged. This stage,which we will call the pasting stage, may either coexist with existing systemlink-editors and linking-loaders or completely or in part take over the taskstraditionally performed by these systems programs (see Figure 1.1.2). In otherwords, a translating system for Zuse is assumed to fall under the binding-timesupport heading in the list of approaches to encapsulation given in Section 2.5.The exact division of labor between compilers, pasters (the program activeduring the pasting stage), linkers, and loaders will not be de�ned here, butwill be the subject for later discussion. For now, it su�ces to restate the thirdlanguage design principle above, namely that a compiler for the Zuse languageis assumed to perform the bulk of syntactic and semantic analysis. In otherwords, the static semantic correctness of a Zuse program should be decidedprior to the program being submitted for pasting.3.2 The Zuse Module System and Concrete ExportZuse contains the array of basic concepts found in most modular imperativeand object-oriented languages and shares with these languages a common viewof data and execution. Our exposition in this and the following sections willtherefore focus on the area in which Zuse di�ers from similar languages, namelythe facilities available for the protection of the integrity of exported items. We



50 3 A Language with Flexible EncapsulationCompiledSource ExecutableCode ProgramModules COMPILER
PASTERE D I T O RL I N KFigure 3.1: Proposed translation system.will have little to say about other aspects of the language, such as the controlstructures, primitive types, and standard interfaces available, and will simplyassume that the constructs necessary for systems programming are availablein some form or another. We will furthermore not be concerned with the dy-namic semantics of the language, unless a�ected by the proposed encapsulationschemes.Nevertheless, in this section we will provide some preliminary informationabout the Zuse module and type systems, to serve as background material tothe following sections, which will discuss the encapsulation system.3.2.1 Modules and Separate CompilationA Zuse module is untyped and made up of two units, the speci�cation and theimplementation. There is one program module, consisting only of one (imple-mentation) unit, and whose module body is the last to be executed. Zuse'smodule system is hence of the one-to-one kind, and identical to that found inModula-2.A module may import items from other modules by listing the names of theimported modules in import-clauses at the top of a module unit. Individualitems in the imported modules are referred to using the notation M�v, where Mis a module and v is an item exported by M. Figure 1.2 below shows a programmodule P importing a separately compiled module M.The two module units are compiled separately, with the speci�cation com-piled before the implementation. Furthermore, a unit importing a particular



3.2 The Zuse Module System and Concrete Export 51module will have to be compiled after the speci�cation part of that module hasbeen compiled. These are the only rules governing the order in which moduleunits are compiled. Consequently, once all the speci�cation units of the modulesmaking up a program have been compiled, the corresponding implementationunits may be compiled in an arbitrary order. Further changes which do notmodify any speci�cation unit only result in the recompilation of the a�ectedimplementation units.SPECIFICATION M;VARIABLE v : INTEGER;END M. IMPLEMENTATION M;BEGINv := 5;END M. PROGRAM P;IMPORT M;BEGINM�v := 1;END P.Figure 3.2: A simple Zuse program consisting of the program module P andthe separately compiled module M.3.2.2 Concrete TypesConcrete items are characterized by the fact that their de�nition as well astheir realization are contained in the speci�cation unit of a module. We willnow introduce the Zuse type system and the syntax and informal semantics ofconcrete export of types, constants, and procedures.Zuse shares most of its basic type system with Modula-2: there are equiva-lence types, enumeration types, subrange types, records, arrays, sets, pointers,and procedure types. The object type is inherited from Modula-3. The con-crete syntax of the di�erent types is given in Figure 1.3. The concreteness ofthe types is evident from the use of the special immutable de�nition symbol`==', which signi�es that the realization as it is given in the speci�cation unitis complete. Note that an object type comes in three parts: an optional su-pertype (preceded by the keyword WITH), a sequence of �elds (the �rst set ofbrackets), and a sequence of methods (second set of brackets).Type compatibility is by name, except for subrange types, which are compat-ible if their parent types are compatible; procedure types, which are compatibleif the type, order, and mode of their formal parameters are compatible; andobject types, which are compatible along their chain of inheritance.In addition to the types inherited from Modula-2 and Modula-3, Zuse in-cludes a special UNIQUE-type, similar to Ada's new type, but with a somewhatdi�erent semantics. Consider UniqueT exported by ConcreteT in Figure 1.3.



52 3 A Language with Flexible EncapsulationSPECIFICATION ConcreteT;TYPEEquivT == CHAR;EnumT == ENUM [Red, Blue, Green];RangeT == RANGE EnumT [EnumT!Red .. EnumT!Blue];RecordT == RECORD [x,y : BOOLEAN ];ArrayT == ARRAY [RangeT] [CHAR];SetT == SET [EnumT];PointerT == REF [RecordT];ProcT == (a : EnumT; REF b : ARRAY OF SetT);FunT == (REF x : RangeT) RETURN CARDINAL;ObjectT == OBJECT[a : INTEGER ; c : CHAR][P : (x : EnumT)] ;SubT == WITH ObjectT OBJECT[b : BOOLEAN ][Q : (z : CHAR)] ;UniqueT == UNIQUE [CARDINAL];END ConcreteT.Figure 3.3: Zuse concrete types.Inside the module ConcreteT, UniqueT behaves exactly like a CARDINAL (inother words, as if it had been an equivalence type), whereas to an importerConcreteT�UniqueT is a type compatible only with itself. In other words, animporter may add two variables of type ConcreteT�UniqueT, but may not add avariable of type ConcreteT�UniqueT to a variable or literal of type CARDINAL.Unique types are mostly used in conjunction with type protection, which willbe described in Section 1.6.The syntax and semantics of basic operations on expressions and designa-tors parallel those in comparable languages. In addition to arithmetic oper-ations on variables of arithmetic types, �eld selection on records and objects(RecordName.FieldName), indexing on arrays (ArrayName[ExpressionList]), etc.,basic Zuse operations include bitwise assignment, comparison (=, # (inequal-ity), <, <=, � � �), and type-coercion (TypeName<<Expression>>3). These opera-tions are allowed on variables which are of an imported concrete type, as wellas on variables of a locally declared type.3T<<x>> is a designator when x is a designator and en expression when x is an expression.T<<x>> is legal only when the representations of T and x have the same size.



3.2 The Zuse Module System and Concrete Export 533.2.3 Concrete ConstantsZuse supports manifest (named) constants in a style similar to Modula-3 andAda, i.e. scalar as well as structured constants are allowed. Unlike these lan-guages, however, Zuse also supports reference constants, i.e. pointers to con-stant values. These are mainly used in conjunction with abstract types. Allnamed constants must be given an explicit type, and concrete constants aresigni�ed by the immutable de�nition symbol `=='. Figure 1.4 gives a few ex-amples.SPECIFICATION ConcreteC;IMPORT ConcreteT;CONSTANTScalarC : CARDINAL == 666;RecordC : ConcreteT�RecordT == RECORD [x :== TRUE ;y :== FALSE ];PointerC : ConcreteT�PointerT== REF [RECORD [x :== FALSE ;y :== TRUE ]];ArrayC : ConcreteT�ArrayT == ARRAY [[ConcreteT�EnumT!Red] :== "R";[ConcreteT�EnumT!Blue] :== "B"];SetC : ConcreteT�SetT == SET [ConcreteT�EnumT!Red];END ConcreteC.Figure 3.4: Zuse concrete constants.3.2.4 Concrete ProceduresA Zuse procedure declaration is a simple variant of a named constant declara-tion, where the type (which may be named or anonymous) is the procedure'ssignature, the `==' marks concreteness, and the \value" of the procedure is itscode and local data. The presence or absence of the keyword \INLINE" indicatesthe kind of linkage which should be employed for calls to the procedure (see Fig-ure 1.5). The transfer modes available for actual parameters are pass-by-valueand pass-by-reference (REF).Zuse procedures may be nested, but a procedure may only reference its ownformal parameters, variables declared locally, and global variables. Recursionis disallowed for inline procedures, both directly as well as indirectly throughother inline procedures.



54 3 A Language with Flexible EncapsulationSPECIFICATION ConcreteP;IMPORT ConcreteT;PROCEDURE P1 : ConcreteT�FunT ==BEGINx := ConcreteT�EnumT!Red;RETURN ORD(x);END P1;INLINE PROCEDURE P2 : (a : ConcreteT�EnumT;REF b : BOOLEAN) ==BEGINb := a = ConcreteT�EnumT!Red;END P2;END ConcreteP.Figure 3.5: Zuse concrete procedures.3.3 Abstract ExportIn accordance with the design rationale on page 2, Zuse provides full encapsu-lation of all items: types, constants, and (inline) procedures. Unlike other lan-guages, Zuse does not allow the integrity of encapsulated items to be compro-mised in any way. In other words, none of the approaches to encapsulation (seeSection 2.5) employed by previous language designs are allowed to restrict thefull encapsulation capabilities of Zuse: partial revelation (Mesa and Oberon-1abstract types), realization restriction (Modula-2 abstract types), run-time sup-port (Modula-3 abstract object types), and implementation ordering (Ada inlineprocedures) are hence all ruled out.3.3.1 Abstract TypesThe statically allocated, hidden type is the most important concept introducedin Zuse . Figure 1.6 shows the declaration of a hidden type, with a few di�erentpossible realizations. The mutable de�nition symbol `=' is used to signify thatthe declaration of T in the speci�cation is incomplete; `+=' (the extension sym-bol) indicates that a declaration in an implementation unit extends a previousone in the speci�cation.The operations allowed on a variable of an imported hidden type are thesame as those for concrete types, with the exception of operations which requireknowledge of the structure of the realization of the type, such as �eld selection



3.4 Semi-Abstract Export 55SPECIFICATION AbstractT;TYPET = ;VARIABLEv : T;END AbstractT. IMPLEMENTATION AbstractT;TYPET += INTEGER;| or |T += RECORD [a,b : INTEGER ];| or |R == RANGE CHAR ["A" .. "Z"];T += ARRAY [R] [CHAR];| or |T += REF [INTEGER];END AbstractT.Figure 3.6: A Zuse module exporting a hidden type with four possible realiza-tions.and array indexing. Consequentially, it is legal for an importer of a hidden typeto test two variables of the type for equality (<, <=, etc. are also allowed), aswell as to coerce a variable of the type into a variable of another type, subject tothe restriction that the two variables are of equal size. The section on ProtectedTypes below will discuss these matters further.3.3.2 Abstract ConstantsA hidden constant (Figure 1.7) is declared much in the same way as a hiddentype: the speci�cation unit de�nes the constant's name and type, whereas therealization (value) is deferred to the implementation unit. Note that the typeof a hidden constant can itself be either abstract or concrete. Figure 1.7 alsoexplains why Zuse, in contrast to most other languages, allows manifest pointerconstants: without them an abstract type would be restricted to non-pointerrealizations if it was accompanied by an abstract constant.3.3.3 Abstract ProceduresThere are two aspects of a Zuse procedure which may be hidden: the proce-dure's body and its linkage (inline-status). Figure 1.8 is a variant of the moduleConcreteP where both procedures' code and inline-status have been hidden.3.4 Semi-Abstract ExportFor reasons of program logic or (translation) e�ciency it may sometimes bedesirable to make some parts of the realization of an exported item known to



56 3 A Language with Flexible EncapsulationSPECIFICATION AbstractC;CONSTANTPure : REAL =;TYPET = ;CONSTANTS : T =;END AbstractC.
IMPLEMENTATION AbstractC;CONSTANT Pure : REAL += 99.44;TYPET += RECORD [a,b : INTEGER ];CONSTANTS : T += RECORD [a :== 4; b :== 2];| or |TYPE T += REF [INTEGER];CONSTANT S : T += REF [42];END AbstractC.Figure 3.7: Zuse hidden constants.SPECIFICATION AbstractP;IMPORT ConcreteT;PROCEDURE P1 : ConcreteT�FunT =;PROCEDURE P2 : (a : ConcreteT�EnumT;REF b : BOOLEAN) =;END AbstractP.

IMPLEMENTATION AbstractP;IMPORT ConcreteT;PROCEDURE P1 : ConcreteT�FunT +=BEGIN | as before | END P1;INLINE PROCEDURE P2 : (a : ConcreteT�EnumT;REF b : BOOLEAN) +=BEGIN | as before | END P2;END AbstractP.Figure 3.8: Zuse abstract procedures.users of the item while keeping other parts private to the implementation. Forthis reason Zuse supports semi-abstract constants and procedures, and twokinds of semi-abstract types. The realization of a semi-abstract item comesin two parts: the visible part which is given in the speci�cation unit, and thehidden part which is deferred to the implementation unit.3.4.1 Semi-Abstract TypesSemi-abstract types come in two 
avors: semi-hidden and extensible. A semi-hidden type is a hidden type whose de�nition consists of an indication of thetype-class to which a realization of the type must belong, e�ectively restrictingthe range of possible realizations. A semi-abstract extensible type, on the otherhand, is a type where the realization as it is given in the module speci�cation



3.4 Semi-Abstract Export 57may be extended in the implementation unit.There are four Zuse semi-hidden types: hidden pointer, subrange, object,and enumerable types. A hidden pointer type (which is equivalent to Modula-2'sand Mesa's opaque type and Ada's deferred access type) may only be realizedby a pointer or address type. A hidden object type is equivalent to Modula-3'sopaque object type. A hidden subrange type reveals its type in the speci�cationunit but defers its range to the implementation. A hidden enumerable type maybe realized only by an ordinal type, i.e. by any of the built-in enumerable types(integer, character, boolean, etc.), by enumeration types, or by subranges ofthese types. Figure 1.9 gives examples of semi-hidden types.There are four extensible types: record, enumeration, object, and subrangetypes. An extensible record (which is similar to Oberon-1's public projectiontype) may reveal some �elds in the speci�cation unit and may extend thesewith additional �elds in the implementation unit. Similarly, an implementationunit may add identi�ers to an extensible enumeration type or widen the rangeof an extensible subrange type. The �elds, methods, and the supertype of anextensible object type may all either be revealed or hidden. Note, however,that an object may be given a supertype either in the speci�cation or theimplementation part of a module, but not both.An importer of an extensible type is restricted to use only the componentsof the type which were given in the speci�cation unit, although any variable ofan extensible type will, in actuality, have all components of the complete type.Figure 1.10 gives examples of extensible types.One should note an important di�erence between the two kinds of semi-abstract types: a semi-hidden type is required to receive a complete realizationin the implementation unit, whereas an extensible type may be extended in theimplementation.3.4.2 Semi-Abstract ConstantsThe value of Zuse structured constants may be arbitrarily divided betweenthe speci�cation and implementation units. Note that the type of an extensibleconstant may itself be extensible or concrete. Figure 1.10 gives examples ofextensible constants.3.4.3 Semi-Abstract ProceduresIn Zuse the code of a procedure cannot be divided arbitrarily between thespeci�cation and implementation unit the way, for example, the value of anextensible structured constant may. Rather, the body of an exported procedure



58 3 A Language with Flexible Encapsulation
SPECIFICATION SemiHidden;TYPEEnumT = < > ;RangeT = RANGE INTEGER ;PointerT = REF;ObjectT = OBJECT;VARIABLEv : EnumT;END SemiHidden.IMPLEMENTATION SemiHidden;IMPORT SYSTEM;TYPEEnumT += INTEGER;RangeT += RANGE INTEGER [-14 .. 159];PointerT += REF [INTEGER];ObjectT += OBJECT [a : INTEGER] [ ];| or |EnumT += RANGE CHAR ["A" .. "Z"];RangeT += RANGE INTEGER [0 .. 5];PointerT += SYSTEM�ADDRESS;| or |EnumT += ENUM [Red, Blue, Green];RangeT += RANGE INTEGER [1 .. 1];PointerT += REF [RECORD [a,b : EnumT;x : PointerT ]];END SemiHidden.PROGRAM SemiHiddenImport;IMPORT SemiHidden;VARIABLES : SET [SemiHidden�EnumT];R : ARRAY [SemiHidden�RangeT] [BOOLEAN];BEGININCL (S, SemiHidden�v);R [15] := TRUE;END SemiHiddenImport.Figure 3.9: Zuse semi-hidden types.



3.4 Semi-Abstract Export 59SPECIFICATION ExtendedT;TYPEEnumT = ENUM [Red, Blue, Green];RangeT = RANGE CARDINAL [10 .. 20];RecordT = RECORD [x,y : EnumT ];ObjectT = OBJECT[v : INTEGER ][R : (x : CHAR)] ;END ExtendedT.IMPLEMENTATION ExtendedT;IMPORT ConcreteT;TYPEEnumT += ENUM [Yellow, Orange];RangeT += RANGE CARDINAL [0 .. 30];RecordT += RECORD [z : REAL ];ObjectT += WITH ConcreteT�SubObjectT OBJECT[r : RangeT ][U : (z : CHAR)];VARIABLE X : SET [EnumT] ;Y : ARRAY [RangeT] [CARDINAL];Z : RecordT;BEGININCL (X, EnumT!Orange);Y [25] := 5;Z:z := 3.14;END ExtendedT.PROGRAM P;IMPORT ExtendedT;VARIABLE A : SET [ExtendedT�EnumT] ;B : ARRAY [ExtendedT�RangeT] [CARDINAL];C : ExtendedT�RecordT;BEGIN(� legal: �) INCL (A, ExtendedT�EnumT!Green);B [12] := 5;C:x := ExtendedT�EnumT!Red;(� illegal: �) INCL (A, ExtendedT�EnumT!Orange);B [25] := 5;C:z := 3.14;END P.Figure 3.10: Type extension examples. A client of module ExtendedT has noknowledge of the extended parts of the types and consequently cannot referencethem.



60 3 A Language with Flexible EncapsulationSPECIFICATION ExtendedC;TYPERecordT = RECORD [x : CHAR ];SetT == SET [CHAR];CONSTANTR : RecordT = RECORD [x :== "R"];S : SetT = SET ["A" .. "Z"];END ExtendedC.
IMPLEMENTATION ExtendedC;TYPERecordT += RECORD [y : INTEGER ];CONSTANTR : RecordT += RECORD [y :== 5];S : SetT += SET ["a" .. "z"];END ExtendedC.Figure 3.11: Zuse extensible constants.must be given in its entirety in one of the units. However, Zuse allows thelinkage of an otherwise hidden procedure to be either hidden or revealed (seeFigure 1.12). An exported procedure with a hidden body but revealed linkagewill be known as a semi-hidden procedure.SPECIFICATION SemiHiddenP;IMPORT ConcreteT;NOT INLINEPROCEDURE P1 : ConcreteT�FunT =;INLINE PROCEDURE P2 : (a : EnumT;REF b : BOOLEAN) =;END SemiHiddenP.
IMPLEMENTATION SemiHiddenP;IMPORT ConcreteT;PROCEDURE P1 : ConcreteT�FunT +=BEGIN | as before | END P1;INLINE PROCEDURE P2 : (a : EnumT;REF b : BOOLEAN) +=BEGIN | as before | END P2;END SemiHiddenP.Figure 3.12: Zuse semi-abstract procedures. P1 may not be realized as aninline procedure, whereas P2 must be.3.5 Automatic InitializationA Zuse type may be coupled with a default value (a constant expression)which will be the initial value of any variable of that type. Automatic variableinitialization of this kind is a convenient concept { supported with some varietyin languages such as Ada, Mesa, and Modula-3 { which relieves programmersof the burden of manual initialization. The examples in Section 1.7 will makeit evident that without automatic initialization Zuse's extensible types would



3.6 Type Protection 61be rendered virtually useless.Zuse's initialization concept is built on the one found in Mesa [235, pp.3-45 { 3-47], with the extension that initialization clauses may be hidden or(partially) revealed. An exported concrete or semi-abstract type can be given aconcrete default value using the immutable default symbol `:==', or an abstractor semi-abstract default value using the extensible default symbol `:='. A defaultvalue is extended in the implementation unit using the extension default symbol`:+='.Three additional rules determine the legality of an initialization clause:� A type or a component of a type which has been given a default valuein the speci�cation unit may not be given a di�erent default value in theimplementation.� In the absence of an overriding initialization clause, equivalence and sub-range types inherit the default values of their base types.� The default value of a structured type is the combination of the defaultvalues of the components.Figure 1.13 gives some examples of legal initialization clauses.3.6 Type ProtectionFurther discussions in subsequent chapters will make it clear that the indiscrim-inate use of Zuse abstract items is likely to incur a translation-time penaltyin the form of excessive module binding-times. The reason is that a compilertranslating a module which imports abstract items will not have available thenecessary information about these items in order to complete the translation.Hence some of the work will have to be deferred to module binding-time. Atthe expense of sacri�cing encapsulation it is, as has already been mentioned,possible to reveal some or all of the realization of an item by using semi-abstractor concrete export. This can reduce the amount of work necessary at modulebinding-time.However, the use of concrete or semi-abstract export will lead to less safeprograms, since clients of such items are free to manipulate the items' visibleparts. One way to overcome this problem is to impose restrictions on thekinds of operations a client may perform on the visible part of an importeditem. This is, as we have seen in Sections 2.5 and 2.8, the chosen methodin many languages. Zuse supports a type protection construct based on aconcept proposed by Liskov and Jones [109, 110, 111], which allows modules



62 3 A Language with Flexible EncapsulationSPECIFICATION Initialization;TYPET1 == CHAR :== "A";T2 == T1 := ;T3 == T1 := ;T4 = := ;T5 == RECORD [a : T1; b : T2 ];T6 = RECORD [a : T1 ] := ;T7 == OBJECT[a : INTEGER :== 49;b : INTEGER ][P : (x : CHAR)] := ;Idx == RANGE CARDINAL [0 .. 30];T8 == ARRAY [Idx] [T1];END Initialization.

IMPLEMENTATION Initialization;TYPET3 :+= "B";T4 += RECORD [a : T1 :== "X";b : REAL ];T6 += RECORD [b : REAL ] :==RECORD [a :== "R"; b :== 3.1];T7 :+= OBJECT [b :== 9] [P :== P1];PROCEDURE P1 : (self : T7;x : CHAR) ==BEGIN � � � END P1;END Initialization.Figure 3.13: Examples of Zuse initialization clauses. Variables of type T1 willreceive the initial value "A", as will variables of type T2 since T2 does nothave its own initialization clause. Type T3 overrides T1's default value, andconsequently variables of type T3 will receive the initial value "B". T8 will beinitialized to an array of "A"'s.considerable freedom in expressing how di�erent clients may manipulate theirexported items.Zuse type protection clauses generalize and extend many of the access con-trol mechanisms found in popular languages: Ada's private and limited privatetypes, C++'s friend concept, Alphard's [194] access control, Gypsy's accesslists [10], and the provide and request clauses of PIC/Ada [229]. Their mainnovelty is the way in which they may be combined with Zuse 's abstract andsemi-abstract types to accurately control the manner in which di�erent clientsmay access and manipulate di�erent parts of an exported item.3.6.1 The Syntax of Protection ClausesEvery exported type in Zuse may be coupled with a protection clause listing theoperations a particular importer may perform on items of that type. Examplesof operations which may be part of a protection clause include assignment, com-ponent selection, and type coercion. All kinds of Zuse types may be protected,including abstract- and semi-abstract types, allowing for very �ne-grained con-trol over the way a module's clients may manipulate the module's exported



3.6 Type Protection 63items. Although types are the only items which may receive an explicit pro-tection clause, other exported items (variables, constants, and procedures) maybe implicitly protected by protecting their type.A Zuse type protection clause is a list of protection items, where each itemconsists of a friend list and an operator list. The friend list describes the mod-ules to which the protection item applies (`(M, N) :' means modules M and N,`� :' means \all modules", and an empty friend list means the exporting moduleitself), and the operator list describes the privileges granted to these modules.The general form of a Zuse type protection clause is given in Figure 1.14.hprot clausei ::= `f' hprot itemi f `,' hprot itemi g `g' .hprot itemi ::= hfriend listi hop listi .hfriend listi ::= [ `(' hmodule listi `):' j `� :' ] .hmodule listi ::= hidenti f',' hidentig.hop listi ::= `f' hopi f `,' hopi g `g'.hopi ::= `+' j `�' j `<< >>' j `:=' j `=:' j `( )' j `: ' j `WITH' j � � �.Figure 3.14: Extended BNF syntax of Zuse's type protection clauses.The protection item (M, N) :f :=, =: g applied to a type T bars modules Mand N from applying any operations on variables of type T other than assign-ment (:=). In particular, if T is a record, M and N will not be able to accessany of T's �elds, although they will be able to make copies of variables of typeT. Similarly, the protection item � :f +, << >> g allows all modules to performadditions and type coercions on variables of the protected type, f ( ) g allowsthe exporting module to perform procedure calls, and (M) :f WITH, : g grantsM permission to inherit and access the methods and instance variables of theprotected object type.3.6.2 The Applications of Type ProtectionThe concrete examples in Figure 1.15 and in Section 1.7.5 show that type pro-tection in Zuse has several important applications in addition to restrictingclients' access to concrete items. The most common application of protectionin Zuse is to restrict the operations clients may perform on variables of an im-ported abstract type. This is an essential application of protection, since Zusegrants clients full access to imported items by default, regardless of whetherthe item is concrete, semi-abstract, or abstract. In most cases a module which



64 3 A Language with Flexible Encapsulationdeclares an abstract type will restrict all clients' access to variables of the typeto assignment (� :f :=, =: g). In exceptional cases, however, special clients(friends) may be allowed certain extra privileges, such as type coercion and bit-wise comparison (f � :f :=, =: g g, (F) :f << >>, = g). Such practices should,of course, be strongly discouraged, but when on occasion their need does arise,Zuse requires the friendships to be made explicit.SPECIFICATION Protection;TYPEHidden = f (M, N) :f :=, =: g g;Address == f � :f :=, =:, +, �, = g g UNIQUE [CARDINAL];Open == f � :f :=, =: g g RECORD [c,d : CHAR ];Extend = f � :f : , =: g g RECORD [a : f � :f :=, =: g g CHAR;b : f � :f =: g, f := g g CHAR ];Wrong == f (M, Q) :f := g g RECORD [x : Hidden ];VARIABLEOK : f � :f =: g, f := g g BOOLEAN;PROCEDURE P : f (M) :f ( ) g g(a : CHAR) =;END Protection.IMPLEMENTATION Protection;TYPEHidden += f f : , << >> g g RECORD [x,y : CARDINAL ];Open f f : , << >> g g;Extend += f f := g gRECORD [z : REAL ];PROCEDURE P : (a : CHAR) +=� � �END Protection.Figure 3.15: Zuse type protection examples. OK behaves like a Mesa read-onlyvariable. Procedure P may only be called from module M. All importers mayread and update Extend.a, and read Extend.b, but only the exporting modulemay assign to Extend.b. Note that the exporting module may extend its ownprivileges to an exported item in the implementation unit.3.6.3 The Semantics of Type ProtectionThe static rules that govern the use of type protection in Zuse are consider-ably more complex than those for abstract and semi-abstract types, and wewill therefore examine these rules using a slighty more formal notation than



3.6 Type Protection 65previously used in this chapter.To ensure that a program is access-correct [110], i.e. that it does not illegallyaccess protected data, one has to make sure that a type derived from a protectedtype does not obtain privileges not held by the base type. The following set ofrules determines the legality of a declaration of a type M�T with the protectionclause Tprot:1. Every operator in Tprot must be applicable to T. For example, if(N):f + g 2 Tprot, then T must be an arithmetic type.2. If T is a composite type with a component of type C, and if(N):f := g 2 Tprot, then it is required that (N):f := g 2 Cprot. I.e., if acomposite type is to have assignment rights then so must all of its com-ponents. The same rule applies to other operators which a�ect the entiretype, i.e. =:, = � � � <=, and << >>. The declaration of Protection�Wrong inFigure 1.15, for example, is illegal since it gives the module Q assignmentrights although Wrong.x does not have (Q) :f := g.3. If T is an equivalence, subrange, or unique type with basetype B, then Tprot must be a subset of Bprot. Or, formally,(N):f op g 2 Tprot )(N):f op g 2 Bprot.4. If M�T is an object type with supertype S, then it is required that(M):f WITH g 2 Sprot .It is furthermore essential to establish rules to determine the legality (withrespect to protection) of every expression and statement in a program. We listthe most essential such rules:1. `d := e' is legal (with respect to protection) in module M if(a) (M):f := g 2 TYPE(d)prot, and(b) (M):f =: g 2 TYPE(e)prot, and(c) TYPE(d)prot � TYPE(e)prot.2. The expression `a op b' is legal in module M if(a) (M):f =:;op g � TYPE(a)prot, and(b) (M):f =:;op g � TYPE(b)prot.The protection clause of the expression a op b is the in-tersection of the protection clauses of the subexpressions, i.e.TYPE(a op b)prot is TYPE(a)prot \ TYPE(b)prot.



66 3 A Language with Flexible Encapsulation3. The procedure call `N�P (e1; : : : ; en)' is legal in module M if(a) N�P is declared in module N as P (m1f1; : : : ;mnfn) where fi is thetype of the i:th formal parameter and mi is its transfer mode (REFor VAL), and(b) (M):f =:;( ) g � TYPE(N�P)prot, and(c) mi = REF and the assignment `ei := fi' is legal in N with respect toprotection, and(d) The assignment `fi := ei' is legal in M with respect to protection.The last two rules guarantee that N�P does not perform operations ondata objects passed to it that the calling module would not have beenallowed to perform.The last rule states that a module should have write access (:=) to variableswhich it passes by reference. This requirement is lifted if the called procedureis declared in the same module as the variable's type. This allows one, forexample, to declare types for which the prede�ned assignment operator is notde�ned, and assignment has to be done through a procedure call. Similar rulesguide the use of Ada's private and limited private types.3.7 Evaluation and ExamplesClarity, orthogonality, and expressiveness are some of the criteria which areoften used to evaluate a programming language. These evaluations are oftenbased on an analysis of the ease and elegance with which the language canexpress common data types and data structures such as complex numbers,stacks, and trees, and algorithms such as sorting and searching. Importantthough they may be, programming artifacts such as these represent a verylimited sample of the wide spectrum of programming idioms found in typicalcomplex programs. The real strengths and weaknesses of a language can berevealed only through long-term use by a large user base in a wide variety ofapplications.None of the few languages with a 
exible encapsulation scheme similar toZuse have been in widespread use for any length of time: Oberon-1 { whichhas extensible records similar to Zuse { has been superseded by Oberon-2,which does not separate module speci�cations and implementations; the SRCModula-3 version 2.0 compiler which supports extensible object types has, at



3.7 Evaluation and Examples 67the time of writing, just been released.4 At this point, therefore, there existslittle actual empirical evidence of the utility of 
exible encapsulation. Hence, toevaluate the Zuse type system we are left with the option of giving small andoften contrived examples. This section will present a number of such examplesand discuss the pros and cons of the Zuse solution in the light of solutionsgiven in other languages.3.7.1 Complex Numbers { Abstract Structured TypesFigure 1.16 shows three Zuse variants of a Complex Number-abstraction, afavorite data abstraction example. The �rst variety represents complex numberswith a Zuse abstract type, the second uses a hidden pointer type, and thethird a protected concrete type. The Create, Add, and Incr operations areimplemented as abstract inline procedures since they can be expected to besimple and frequently called. Procedures which do input or output, on theother hand, are unlikely to bene�t from being expanded inline, and we cantherefore declare the Print operation NOT INLINE.Semantics of AssignmentThe complex number-abstraction may appear trivial, but it does reveal somesubtle semantic di�erences between the three approaches to data abstraction.The �rst complication we will consider is the di�erence between reference- andvalue semantics. In the cases when Complex�T is realized as a record (as in the�rst and last realizations of T in Figure 1.16), an assignment a := b where a andb are of type Complex�T will have the e�ect that the value of a is overwrittenwith the value of b. In other words, complex variables will behave similarly tovariables of the built-in numeric types REAL and INTEGER which also displayvalue semantics. If, on the other hand, Complex�T is realized as a pointer toa record (the second realization of T in Figure 1.16), the e�ect of a := b willbe to make a and b refer to the same location. This sharing of values has theside e�ect that any future change to the variable a (using the operation Incr,for example) will a�ect b, and vice versa.Distinguishing between the cases when a type exhibits reference- or valuesemantics is never a problem in Ada or Modula-2. A Modula-2 programmer4As we have seen in Chapter 2 Oberon-1's extensible records are more restricted thanZuse's, since they require that the maximum size of the type be revealed in the speci�cationunit. The SRC Modula-3 compiler resorts to run-time lookup of the size of parent types, inorder to support extensible object types. The Zuse translation systems to be presented haveno extra run-time cost associated with extensible types.



68 3 A Language with Flexible Encapsulation
SPECIFICATION Complex;(� Zuse abstract style: �)TYPE T = f � :f :=, =: g g;CONSTANT Zero : T =;(� Modula-2 style: �)TYPE T = REFf � :f :=, =: g g;CONSTANT Zero : T =;(� Ada style: �)TYPE T == f � :f :=, =: g g RECORD [Re, Im : REAL ];CONSTANT Zero : T == RECORD [Re :== 0.0; Im :== 0.0];(� Operations: �)PROCEDURE Create : (Re, Im : REAL) RETURN T =;PROCEDURE Add : (a, b : T) RETURN T =;PROCEDURE Incr : (REF a : T; b : T) =;NOT INLINE PROCEDURE Print : (a : T) =;END Complex.IMPLEMENTATION Complex;(� Zuse abstract style: �)TYPE T += f f : g g RECORD [Re, Im : REAL ];CONSTANT Zero : T += RECORD [Re :== 0.0; Im :== 0.0];(� Modula-2 style: �)TYPE T += f f " g g REF [RECORD [Re, Im : REAL ]];CONSTANT Zero : T += REF [RECORD [Re :== 0.0; Im :== 0.0]];(� Ada style: �)TYPE T f f : g g;(� Operations: �)INLINE PROCEDURE Create : (Re, Im : REAL) RETURN T +=� � �INLINE PROCEDURE Add : (a, b : T) RETURN T +=� � �INLINE PROCEDURE Incr : (REF a : T; b : T) +=� � �PROCEDURE Print : (a, b : T) RETURN T +=� � �END Complex.Figure 3.16: Zuse complex arithmetic example.



3.7 Evaluation and Examples 69knows that opaque types always have reference semantics, and an Ada program-mer can determine from the private section of a package speci�cation whethera private type is realized as a pointer or not. A Zuse programmer, on theother hand, cannot determine whether an abstract type will behave as a refer-ence or a value merely by inspecting the exporting module's speci�cation (seeFigure 1.17). One way to handle this problem is to disallow assignment onthe abstract type and to provide clients with a special assignment procedurewith well-speci�ed semantics (Figure 1.18). Another possibility is to overloadthe meaning of the assignment operator; however overloading is currently nota part of the Zuse language.SPECIFICATION Complex;TYPE T = ;END Complex. IMPLEMENTATION Complex;(� Value semantics: �)TYPE T += RECORD [Re, Im : REAL ];(� Reference semantics: �)TYPE T += REF [RECORD [Re, Im : REAL ]];END Complex.Figure 3.17: Value or reference semantics in Zuse.SPECIFICATION Complex;TYPE T = f � :f =: g g;PROCEDURE ValueAssign : (REF a : T;b : T) =;END Complex. IMPLEMENTATION Complex;TYPE T += f f :=,: g gRECORD [Re, Im : REAL ];INLINE PROCEDURE ValueAssign : (REF a : T; b : T) +=BEGIN a := b; END ValueAssign;| or |TYPE T += f f := g g REF [RECORD [Re, Im : REAL ]];INLINE PROCEDURE ValueAssign : (REF a : T; b : T) +=BEGIN a " := b "; END ValueAssign;END Complex.Figure 3.18: A complex number package with value semantics.Reclaiming Temporary StorageAll modern imperative languages support static as well as dynamic allocation,but the language design often displays a preference for one or the other. Ada, for



70 3 A Language with Flexible Encapsulationexample, was designed primarily with static allocation in mind (this is evidentfrom the way the representation of private types must be revealed in the pack-age speci�cation) and is undetermined on whether inaccessible storage shouldbe reclaimed automatically or manually (implementations are allowed but notrequired to support garbage collection). Modula-3, on the other hand, reliesprimarily on dynamic allocation (object types and opaque types are alwayspointers) and assumes automatic storage management. Modula-2 also favorsdynamic allocation (opaque types are always pointers) but relies on manualdisposal of unused dynamic storage.These di�erent approaches to storage management lead to di�erent run-timebehavior for programs which use variables of an abstract type. Consider thefollowing program fragment:VARIABLE a, b, c, d : Complex�T;BEGIN� � � � � �d := Complex�Add(a, Complex�Add (b; c));� � � � � �In Ada Complex�T would be a statically allocated private type (a protectedconcrete type in Zuse parlance. See the third variant in Figure 1.16.), andtemporary storage for the result of the addition of b and c would be stored onthe run-time stack and automatically reclaimed when the scope is exited. InModula-3 Complex�T would be a traced opaque reference type, and the tempo-rary result of Complex�Add (b; c) would be reclaimed by the garbage collector.In Modula-2 Complex�T would be an opaque type, and since Modula-2 doesnot have garbage collection, the memory allocated for the temporary complexvariable would never be reclaimed.5Abstraction vs. AllocationWe have seen from the above examples how the Zuse abstract type makesit possible to combine the abstractness of Modula-2 and Modula-3's opaquetypes with the static allocation of Ada's private type. In the light of the previ-ous discussion we can now summarize the advantages of static allocation, typeabstraction, and the combination of the two:enhanced readability Abstract types do not clutter the speci�cation unitwith information irrelevant to a user of the module.5See Feldman [72, pp. 127-131] for a thorough discussion of this problem in Modula-2.



3.7 Evaluation and Examples 71e�cient compilation Changes to the realization of an abstract type will notrequire any client of the exporting module to be recompiled.implementation freedom Abstract types allow the implementer completefreedom in choosing the most appropriate data type for their realization.client independence Since abstract types do not reveal their realization,clients are unlikely to depend on it for their correctness. Changes tothe realization are therefore unlikely to a�ect clients.value semantics An abstract type with a static realization will automaticallydisplay value semantics.simple storage management Static allocation does not require any com-plex run-time storage management. Even in languages which supportautomatic reclamation of dynamic memory, it is prudent to use staticallocation whenever possible in order not to unduly tax the garbage col-lector. Furthermore, in languages such as Modula-2 which only supportmanual reclamation of storage, there is no risk of some storage remainingun-reclaimed.e�cient allocation Static storage needed by a subprogram is created auto-matically on the stack when the subprogram is invoked and reclaimedautomatically when the call returns. This is in contrast to the dynamicstorage needed by the subprogram which has to be created through ex-plicit calls to the run-time system. Initializing a 103�103 complex matrix(see Figure 1.19), for example, will require 106 calls to the run-time systemallocation routine if Complex�T is a dynamic type.e�cient code Every reference to a variable of a dynamic abstract type willhave to go through one more level of indirection than if the type had beenstatic.From the above list one might construe that value semantics and static alloca-tion ought to be the preferred choice for all abstract types. This is, of course,not the case. Frequently, the desirable behavior of assignment on variables ofan abstract type is to copy the identity of the source to the destination, ratherthan to make a copy of the value of the source. In these cases the naturalrealization of the abstract type is as a pointer to some structure.3.7.2 Search Trees { Extensible Object TypesSnyder [198], in discussing encapsulation in object-oriented languages, makestwo observations:



72 3 A Language with Flexible EncapsulationPROGRAM P;IMPORT Complex;TYPE Index == RANGE INTEGER [1 .. 1000];VARIABLEa : ARRAY [Index, Index] [Complex�T];i,j : INTEGER;BEGINFOR i IN [1::1000] DOFOR j IN [1::1000] DOa [i,j] := Complex�Create(1, 0);ENDFOR;ENDFOR;END P.Figure 3.19: Initializing a large complex matrix. If Complex�T is realized as apointer to a record, each call to Complex�Create will imply a call to the dynamicmemory allocation routine.� A class may have two kinds of clients: those which create and operateon objects of the class (instantiating clients), and those which inheritfrom the class (inheriting clients). The two kinds have di�erent visibilityrequirements: the former usually only manipulate the state of an objectthrough method-calls, whereas the latter often need to access the private�elds of their superclass directly.� There are two applications of inheritance: one class may inherit fromanother for the sole purpose of reusing its code (implementation inher-itance), or in order to declare that its behavior is a re�nement of thebehavior of its parent (speci�cation inheritance or specialization). Sincespeci�cation inheritance is a public announcement about the behavior ofa class, any change to a class' speci�cation inheritance is likely to a�ectits descendants. Implementation inheritance, on the other hand, is pri-vate to the class, and neither instantiating nor inheriting clients shouldbe a�ected by a change.In most object-oriented languages it is possible to make a distinction betweeninstantiating and inheriting clients. In C++, for example, protected class mem-bers can only be accessed by the methods of the de�ning class and its de-scendants, and in Modula-3 di�erent module interfaces can reveal di�erentamounts of information to instantiating and inheriting clients. As a rule, how-ever, languages do not distinguish between implementation and speci�cation



3.7 Evaluation and Examples 73inheritance, and speci�cally do not provide a way to hide the parent{child rela-tionship. Modula-3 is an exception to this rule since it is possible to hide thatST is the parent of T by letting T inherit from ROOT in the module interface(see Nelson [160, pp. 143{153]):INTERFACE M;TYPEPrivate <: ROOT ;T = Private OBJECT � � � END ;END M. MODULE M;REVEALPrivate = ST OBJECT � � � END ;END M.SPECIFICATION BST;TYPEResult == ENUM [Less, Equal, Greater];Node == OBJECT[left,right : Node :== NIL ][compare : (n : Node) RETURN Result] ;T == OBJECT[root : Node ][insert : (n : Node) :== Insert ;member : (n : Node) RETURN BOOLEAN :==Member] ;PROCEDURE Insert : (t : T; n : Node) =;PROCEDURE Member : (t : T; n : Node) =;END BST.Figure 3.20: Base class for binary search trees. Derived classes will normallyuse the original member method but override the insert method. The imple-mentation unit which implements Member and Insert has been omitted.Zuse currently does not have a way to reveal di�erent amounts of infor-mation to inheriting and instantiating clients.6 The Zuse extensible objecttype, however, makes it possible to distinguish between speci�cation and im-plementation inheritance, since the supertype of an exported object type caneither be revealed in the speci�cation unit or hidden in the implementation.Figure 1.21 shows two di�erent balanced binary search tree implementationsinheriting from the base class BST (Figure 1.20). The de�nitions of RedBlack�Tand AVL�T in Figure 1.21 are examples of speci�cation inheritance, since theobject types reveal their position in the type hierarchy. Figure 1.22, on the6We are, however, considering extending the current one-to-one module system with amore general one, which would allow di�erent views of the same object to di�erent types ofclients.



74 3 A Language with Flexible Encapsulationother hand, is an example of implementation inheritance, since the supertypeof IntSet�T is not visible to its clients. Figure 1.21 also illustrates how Zuseallows instance variables and methods to be hidden or revealed.SPECIFICATION RedBlack;IMPORT BST;TYPE Node == WITH BST�Node OBJECT [Red : BOOLEAN] [ ];T == WITH BST�T OBJECT [ ] [ ] :== OBJECT [ ] [insert :== Insert];PROCEDURE Insert : (t : T; n : Node) =;END RedBlack.IMPLEMENTATION RedBlack;PROCEDURE Insert : (t : T; n : Node) += BEGIN � � � END Insert;END RedBlack.SPECIFICATION AVL;IMPORT BST;TYPE Node = WITH BST�Node OBJECT [ ] [ ];T = WITH BST�T OBJECT [ ] [ ];END AVL.IMPLEMENTATION AVL;IMPORT BST;TYPE Balance == RANGE INTEGER [-1 .. 1];Node += WITH BST�Node OBJECT [Height : Balance] [ ];T += WITH BST�T OBJECT [ ] [ ] :== OBJECT [ ] [insert :== Insert];PROCEDURE Insert : (t : T; n : Node) == BEGIN � � � END Insert;END AVL.Figure 3.21: Two balanced search tree implementations.3.7.3 Graphs { Semi-hidden TypesAlthough Zuse makes it possible to hide all representational details of everyexported item, there are sometimes compelling arguments for making someaspects of some items visible. We have already seen how an object type oftenneeds access to the instance variables of its supertype, but there can be otherreasons as well:translation-time e�ciency The Zuse translation systems proposed in thisthesis (see Chapters 5 through 7) are based on the idea that inter-modular



3.7 Evaluation and Examples 75SPECIFICATION IntSet;TYPE T = OBJECT[ ][put : (i : INTEGER) ;in : (i : INTEGER) RETURN BOOLEAN] ;END IntSet.IMPLEMENTATION IntSet;IMPORT AVL;TYPE Node == WITH AVL�Node OBJECT [value : INTEGER] [ ]:== OBJECT [ ] [compare :== CompareInt];T += WITH AVL�T OBJECT [ ] [ ]:== OBJECT [ ] [ put :== PutInt; in :== InInt];END IntSet.Figure 3.22: Example of implementation inheritance.information (i.e. information pertaining to the realization of abstractitems) should be exchanged at module binding-time. A problem with thissolution is that the cost of binding can be prohibitively high for programswhich contain many abstract items. Revealing some information aboutthe realization of exported items may reduce this cost.run-time e�ciency Permitting clients of a module to access the representa-tion of an exported type may sometimes allow the application of moree�cient algorithms.The latter of these points is illustrated in the graph package of Figure 1.23,where the speci�cation reveals either that nodes are enumerable or that theyare a subrange of the type SHORTCARD. This revelation makes it possible forthe depth-�rst-search routine in Figure 1.23 to allocate a vector of booleans(one per node) to mark the nodes which have been visited.3.7.4 Lines in the Plane { Extensible Types and Abstract Ini-tializationWe have already seen examples of how extensible object types can reveal someof their �elds and methods, and keep some hidden. We will next give a furtherexample of the usefulness of extensible types, this time statically allocatedextensible record types. At the same time we will show how extensible typescan bene�t from abstract initializations.
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SPECIFICATION Graph;TYPET = REF;Edge = ;Node= < > ;| or |Node= RANGE SHORTCARD ;PROCEDURE Create : () RETURN T =;PROCEDURE NewNode : (G : T) RETURN Node =;PROCEDURE NewEdge : (G : T; f,t : Node) RETURN Edge =;END Graph.IMPLEMENTATION Graph;CONSTANT Max : SHORTCARD == � � � � � �;TYPE Node += RANGE SHORTCARD [1 .. Max];TYPEEdge += RECORD [f,t : Node ];T += REF [ARRAY [Node, Node] [BOOLEAN]];| or |TYPEEdge += REF [RECORD [to : Node; next : Edge ]];T += REF [ARRAY [Node] [Edge]];END Graph.PROGRAM UseGraph;IMPORT Graph;PROCEDURE Dfs : (G : Graph�T; N : Graph�Node) ==BEGIN Visited [N] := TRUE; � � � � � � END Dfs;VARIABLEG : Graph�T;N : Graph�Node;Visited : ARRAY [Graph�Node] [BOOLEAN];BEGINFOR N IN Graph�Node DO Visited [N] := FALSE; ENDFOR;FOR N IN Graph�Node DOIF : Visited [N] THEN Dfs (G;N); ENDIF;ENDFOR;END UseGraph.Figure 3.23: A graph package and a depth-�rst-search routine using the package.



3.7 Evaluation and Examples 77Figure 1.24 shows the module Line, which implements operations on linesin the plane. The only operation shown is Length, which computes the distancebetween two points. If Length is called frequently for the same line, it maybe e�cient to compute the distance only once and to store the result betweencalls. For this purpose Line�T has an extra hidden �eld len which is given itsvalue the �rst time Line�Length is called. T�Length is given the initial value -1.0to distinguish between a line for which the length has been computed, and onefor which it has not. This scheme, of course, only works under the assumptionthat the From and To �elds are not changed between calls to Line�Length.SPECIFICATION Line;IMPORT Point;TYPE T = RECORD [From : Point�T;To : Point�T ] := ;PROCEDURE Length : (REF l : T) RETURN REAL =;END Line.
IMPLEMENTATION Line;IMPORT Point;TYPE T += RECORD [len : REAL :== -1.0 ];PROCEDURE Length : (REF l : T) RETURN REAL +=BEGINIF l.len < 0.0 THEN l:len := � � �; ENDIF;RETURN l:len;END Length;END Line.Figure 3.24: A module implementing lines in the plane.3.7.5 Protection as a Structuring ToolMost common modular languages treat programs as structure-less clusters ofseparately compiled modules. Although modules are often logically organizedin a hierarchical fashion, there usually does not exist a way to re
ect thisorganization in the program text. The result is that it is possible for any moduleto invoke the operations exported by any other module. The PIC/Ada [229]provide and request clauses represent one way of restricting the visibility amongthe modules in a program. We will show how the Zuse protection clause can beused in a similar fashion. Figure 1.25 (a) shows the import-export relationshipin a program consisting of four separate modules and a main program. ModulesM1 and M2 are logically submodules of M3, and their exported items shouldnot be accessible from the main program module P or from M4. Figure 1.25 (b)shows the corresponding Zuse program where each exported procedure hasbeen coupled with a protection clause to allow each module to access only theappropriate modules.
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M1 M2
P M4M3

SPECIFICATION M1;PROCEDURE Q : f (M2,M3) :f ( ) g g() =;END M1.SPECIFICATION M2;PROCEDURE Q : f (M3) :f ( ) g g() =;END M2.SPECIFICATION M3;PROCEDURE Q : f (P) :f ( ) g g() =;END M3.SPECIFICATION M4;PROCEDURE Q : f (M3,P) :f ( ) g g() =;END M4.(a) (b)Figure 3.25: Use of protection clauses to indicate the logical structure of a setof modules.When the visibility of all exported items in a module is a�ected in the sameway, one might consider assigning a protection clause to the module itself, asexempli�ed in Figure 1.26. The clause attached to module M1, for example,would say that only modules M2 and M3 may access any of M1's exporteditems. This is currently not part of the Zuse language, since Zuse only allowstypes to carry protection clauses, and Zuse modules are type-less.3.8 SummaryWe have informally presented the 
exible encapsulation primitives of the lan-guage Zuse and given some examples of their use. Zuse supports staticallyallocated abstract types; semi-hidden pointer, subrange, object, and enumer-able types; extensible record, enumeration, object, and subrange types; ab-stract constants and extensible structured constants; as well as abstract andsemi-abstract inline procedures. Furthermore, any concrete, abstract, or semi-abstract item may be coupled with a protection clause restricting the operationswhich a client module may perform on the item. Protection clauses can alsobe used to provide a hierarchical structure for an otherwise 
at collection ofmodules.We have seen how the use of abstract items instead of concrete ones hasseveral advantages. The most important advantage is that a client of an ab-



3.8 Summary 79SPECIFICATION M1f (M2,M3) :f � g g;PROCEDURE Q : () =;END M1.SPECIFICATION M2f (M3) :f � g g;PROCEDURE Q : () =;END M2.SPECIFICATION M3f (P) :f � g g;PROCEDURE Q : () =;END M3.SPECIFICATION M4f (M3,P) :f � g g;PROCEDURE Q : () =;END M4.Figure 3.26: Assigning protection clauses to modules.stract module is rid of extraneous information which can obscure the intentof the module. In the same vein, an implementer of an abstract module isgiven complete freedom to use whichever data structures and algorithms hewishes, without being restricted by realization particulars already �xed by themodule's speci�cation. A more pragmatic bene�t is that changes to abstractmodules are less likely to incur trickle-down recompilations than changes to thecorresponding concrete ones, since a greater part of the module is con�ned tothe implementation unit.



Chapter 5Sequential High-LevelModule BindingEs ist auf die Entwicklung von Compilernbekanntlich sehr viel M�uhe vervandt worden.Vielleicht w�are es unter diesen Umst�andendoch richtiger gewesen, die M�oglichkeiten desPK in dieser Richtung voll auszunutzen.Konrad Zuse [239]paste /peist/ vi stick with paste.pasting /peisti8/ n (colloq) severe beating:Get/Give sb a pasting.Oxford Advanced Learner'sDictionary of Current English5.1 Introduction
T

he previous chapters have been devoted mainly to three tasks: trac-ing the history of abstraction and modularity, motivating the need for
exible encapsulation, and designing a modular language with a 
exibleencapsulation scheme. The remaining chapters will deal exclusively with the im-plementation aspects of this language. In the present chapter we will describethe implementation of a sequential paster (high-level module binder) whichsupports Zuse's encapsulation primitives, while the two subsequent chapters(Chapters 6 and 7) will describe more sophisticated implementations. Chap-ter 8 will evaluate the di�erent designs with regard to their e�ciency.



122 5 Sequential High-Level Module BindingThis chapter is organized in four parts: The �rst part (Section 5.2) outlinesthe overall design of our translation system for the Zuse language, the secondpart (comprising Sections 5.3 through 5.6) examines low-level design decisions,the third part (Sections 5.7 through 5.9) describes the two programs which makeup our translation system and possible enhancements to these programs, andthe fourth part (Sections 5.10 and 5.11), �nally, describes alternative approachesto the design of translating systems for Zuse-like languages.5.2 Design OverviewThe Zuse translating system (zts) which we are about to describe consistsof two programs: a module compiler (zc) and a module binder (zp).1 In thisrespect zts does not di�er from most other modular language processors. Themain di�erences instead lie in the way modules are bound together: rather thanbinding modules together exclusively at the machine code level, as is usuallythe case, zp is designed to bind modules together at the intermediate code aswell as at the machine code level. Furthermore, Zp is able to detect and reportinter-modular static error conditions such as those discussed in Section 4.2 andperform various inter-modular optimizations.Figure 5.1 shows the actions of zts for a small program consisting of a mainprogram module P and two modules M and N , after a change to M 's speci�-cation unit. Note that zp, unlike the pre-linkers employed by many translatingsystems, performs the entire module binding process itself, without a call tothe system link-editor.5.2.1 The CompilerThe Zuse compiler is not very di�erent from compilers for other similar modu-lar languages. As can be seen from Figure 5.1, zc compiles module speci�cationunits into symbol �les and implementation units into object code �les. An es-sential point is that Zuse does not allow dependencies between implementationunits, and consequently the Zuse compiler has access only to the informationpresent in the speci�cation units of imported modules. This is evident fromFigure 5.1, where it is shown that the input to the compiler when processinga particular module unit { in addition to the source code of the unit itself {consists solely of the symbol �les of imported modules.The most signi�cant di�erence between zc and other compilers may be theway zc handles translation-time expressions.2 There are many compile-time1The particular instance of zp discussed in this chapter is called the sPaster.2Translation-time expressions will also be called compile-time or constant expressions.



5.2 Design Overview 123N.sblM.speM.impM.sblN.sblM.sblP.impP.codN.codM.cod
M.sblM.codzczc P.codPzpzc

P.impM.speM.imp N.speN.impFigure 5.1: Translating actions for the program P after a change to M 's speci-�cation unit. The double arrows indicate the �les zc and zp read and produceat each stage. The su�xes .spe and .imp are used for the source code �les ofspeci�cation units and implementation units, respectively. Similarly, the .sblsu�x is used for the symbol �les (the result of compiling speci�cation units),and .cod is used for the resulting object code �les. The executable program�le has no su�x.sources of constant expressions: sizes of types are constant expressions, as arethe values of manifest constants, o�sets of record �elds, o�sets of formal pa-rameters in procedure activation records, addresses of variables and procedures,method templates of object types, etc. While most modular language compil-ers are always able to evaluate a constant expression, for a Zuse compiler thisoften will not be the case. Rather, since the compiler has access only to theinformation available in the symbol �les of imported modules, the value of atranslation-time expression associated with an imported abstract item will beunknown to the compiler. For example, when compiling a unit which declaresa variable of an imported abstract type, the size of the variable (a constantexpression) will be unknown and the compiler will be unable to perform theallocation of the variable.Another consequence of the Zuse encapsulation scheme is that it is some-times impossible for the Zuse compiler to generate (optimal) machine code forsections of source code which contain references to imported abstract items.Consider, as a simple example, a procedure which performs an assignment oftwo variables of an imported abstract type. The compiler { not knowing theThey are characterized by the fact that they are evaluated prior to the execution of theprogram, and that their values are retained until the program is changed.



124 5 Sequential High-Level Module Bindingsize of the variables { will be unable to select the best instruction for the assign-ment: if the variables are of one of the standard sizes of the target architecture(a byte or a word, say), then the appropriate simple move-instruction will besu�cient. If, on the other hand, the variables are large, a more expensive block-move instruction will be necessary. Similarly, when processing a block of codewhich calls an imported abstract procedure, the compiler will not know whetherthe called procedure is inline or not, and if it is, the code of the procedure willnot be available for expansion.The Zuse compiler handles these and all similar cases in the same manner:if the compiler cannot perform a particular action because of inadequate inter-modular information, the action is deferred to module binding-time when allthe necessary information is available. In the example above, where a procedureperforms an assignment on variables of an abstract type, the compiler wouldleave the procedure in its intermediate code form and pass it on to the modulebinder for �nal code generation.The central data structure employed by the zts is the Constant ExpressionTable (CET) which stores all inter-modular information. The CET for a modulecontains entries for every abstract and semi-abstract exported item, as well assymbolic constant expressions generated during the compilation process. Anexpression in a module's CET can refer to the values of other expressions inthe same CET or in the CET of imported modules. CET expressions are oftenarithmetic (computing, for example, the size of a type or the o�set of a record�eld), but can be of a variety of other types (boolean, string, list, etc.) as well.The CET furthermore stores deferred context conditions such as those discussedin Section 4.2, as well as call-graphs of procedures.5.2.2 The BinderThe paster zp is zts's module binder. Starting with the program module, itsjob is to �nd all the modules which should be part of the �nal program, combinethem, and then produce the resulting executable program. It should be evidentfrom the previous discussion that in addition to the actions usually performedby module binders, zp also has to perform some tasks traditionally reserved forcompilers. In particular, zp has to complete all the actions left undone by zc:deferred constant expressions have to be evaluated, code has to be generated fordeferred procedures, deferred context conditions have to be checked and errormessages issued if violations are detected. In addition to this, zp is designedto perform various inter-modular optimizations, such as inline expansion anddead-code elimination.



5.3 Intermediate File Formats 1255.3 Intermediate File FormatsThe zts symbol and object code �les share the same format. An intermediate�le for a module M consists of a preamble followed by seven major and twosupplementary sections: the Module Table is a list of the names of the mod-ules imported by M, the Symbol Section holds a symbolic representation ofthe items declared by M,3 the Expression Section is a set of unevaluated con-stant expressions, the Binary Code and Data Sections contain code generatedduring compilation, the Relocation Section contains relocation informationfor the binary code, the Inline Section contains the intermediate code of in-line procedures exported by M, and the Deferred Code Section contains theintermediate code of deferred procedures.PreambleModule TableExpression SectionBinary Data SectionInline SectionName SectionStatistics SectionRelocation SectionSymbol SectionBinary Code SectionDeferred Code Section
Two supplementary sections { the Name and Statistics Sections { do nottake active any part in the translation process. The Name Section, whichcontains the source code names of the items de�ned in M, is only used duringdebugging and to produce binding-time error messages. The Statistics Sectioncontains information used to produce source statistics (see Section 8.3.3). Theobject code �le Preamble contains �le pointers to the start of each section,as well as each section's logical size. Logical size is interpreted di�erently fordi�erent sections: for the Expression Section it is the number of expressionsin the module, for the Inline and Deferred Code Sections it is the number ofintermediate code instructions, for the Binary Code Section it is the numberof bytes of code, etc.3This section is generally empty for object code �les.



126 5 Sequential High-Level Module Binding5.4 The Constant Expression TableThe Expression Section holds the CET, which is the central zts data struc-ture. The expressions organize all the inter-modular information needed duringpasting: they express among other things sizes of types, static error condi-tions, the allocation of global variables, and the inline-status and call-graphs ofprocedures. The general structure of an expression isem;i:a , f(em1;i1 :a1; � � � ; emn ;in :an)where em;i:a is the attribute a of the i:th expression in modulem, f is a functionwith n parameters, and the emk ;ik :ak:s are references to attributes of otherexpressions. The function f may be an arithmetic operation, an operation toconstruct structured constants or method templates from their subparts, etc. Inmost cases, an expression will be associated with a particular exported abstractor semi-abstract item, and each attribute will express one of the item's hiddenaspects. Seen this way, the CET serves as the global symbol table for abstractand semi-abstract items.The simple example in Figure 5.2 shows how the CET generated from amodule's speci�cation unit contains a slot (an expression with an unknownright hand side) for every hidden aspect of each exported item. These slots are�lled in when the corresponding implementation unit is compiled.5.4.1 CET OperatorsThe CET operators and operand types re
ect the needs of the translating sys-tem as well as the basic type system of the target language. Some of theoperators are given in Table 5.1 below. In addition to the operand typesshown (integer [I], unsigned integer [I+], real [R], boolean [B ], set [S], error [E ],source position [P], and address [X]), the CET also supports the character [C ],string [G ], struct [U] (record or array literals), and list [L] types. Polymorphicoperators take operands of type any [A ].5.4.2 CET AttributesFigure 5.2 on the next page shows that di�erent items produce di�erent kindsof entries in the CET. Every aspect of an abstract item produces a CET entry,as do the hidden aspects of semi-abstract items. Concrete items, however, donot as a rule produce any entries at all, since everything about a concreteitem is known to an importer at compile-time. Procedures are an exception: allprocedures, whether abstract, semi-abstract, or concrete, are represented in the



5.4 The Constant Expression Table 127SPECIFICATION M;TYPE T = ;CONSTANT C : CARDINAL =;PROCEDURE P : () =;PROCEDURE Q : () =;END M.
eM ;0:calls , ? �� MeM ;1:size , ? �� M�TeM ;2:value , ? �� M�CeM ;3:inline , ? �� M�PeM ;3:calls , ?eM ;3:addr , ?eM ;4:inline , ? �� M�QeM ;4:calls , ?eM ;4:addr , ?IMPLEMENTATION M;IMPORT N;TYPET += RECORD [a : CHAR; b : N�T ];CONSTANTC : CARDINAL += N�C � 4;INLINE PROCEDURE P : () +=BEGIN � � � END P;PROCEDURE Q : () +=BEGIN N�P (); END Q;END M.
eM ;0:calls , [ ]eM ;1:size , eM ;5:expr + eN ;1:sizeeM ;2:value , eN ;2:value � eM ;6:expreM ;3:inline , TeM ;3:calls , [ ]eM ;4:addr , nulleM ;4:inline , FeM ;4:addr , 0x100eM ;4:calls , [eN ;4]eM ;5:expr , 1eM ;6:expr , 4Figure 5.2: The CET for a module M. Any text following \��" is a comment.Inline procedure addresses are given the empty value \null." T and F signifyTRUE and FALSE. Square brackets ([ ]) hold lists of expressions.CET with entries for their address (addr) and their call-graphs (calls). This datamust be present at module binding-time in order to facilitate relocation anddead-code elimination. Table 5.2 summarizes the more important attributes.In addition to the above-mentioned attributes, each expression has a booleanattribute global, de�ned such that em;i:global ,T if the value of any of em;i'sattributes may be used in a module other than m. Intuitively, em;i:global ,Tif em;i represents an exported item, but the de�nition is complicated by thefact that the body of an exported inline procedure may refer to an item whichitself is not exported. The global-attribute is given its value at compile-timeaccording to the following rules:1. em;i:global ,T if em;i is associated with an exported item and does notrepresent an intermediate quantity. For example, if the size of a type isrepresented by a complicated expression with several subexpressions, only



128 5 Sequential High-Level Module Bindingoperator signature commentsa+ b, a � b, max(a; b), � � � R � R ! R Real arithmetic.a+ b, a � b, max(a; b), � � � I� I! I Integer arithmetic.a = b, a � b, � � � A � A ! A Bitwise comparisons.a _ b, a ^ b, :a B (�B ) ! B Logical operations.a \ b, a [ b, � � � S�S! S Set operations.ka; bk I� I! I b-a+1.if(e; v1; v2) B � A � A ! A if (e) then v1 else v2.insert(a; b; o; s) A � A � I� I! A Replace bytes [o; o+s�1] of a withbytes [0; s� 1] of b.extract(a; s; o) A � I� I! A Extract bytes [o; o+ s� 1] from a.allocate(a) I+! A Allocate constant value of size a.variable(a) I+! X Allocate global variable of size a.check(e;m; p) B � E � P! B if (:e) then issue error message mat source position p.Table 5.1: Selection of CET operators.attribute type kind itemsaddr X syn modules, procedures, variables.calls L syn modules, procedures.ref B inh modules, procedures.size I+ syn abstract and semi-abstract types.low bound I syn hidden enumerable types, extensible subrangetypes.high bound I syn hidden enumerable types, extensible subrange andenumeration types.width I+ syn hidden enumerable types, extensible subrange andenumeration types.template size I+ syn extensible object types.template A syn extensible object types.default A syn types with an abstract or semi-abstract defaultvalue.has default B syn types with an abstract or semi-abstract defaultvalue.inline B syn abstract procedures.value A syn abstract and semi-abstract constants.expr A syn literal values and intermediate expressions.Table 5.2: A selection of CET attributes, their type, kind (synthesized or in-herited), and the items to which they apply.



5.4 The Constant Expression Table 129the top-level expression will be global.2. em;i:global ,T if there exists an inline procedure P exported by m suchthat the body of P (or the body of any inline procedure declared in mand called by P ) refers to em;i.3. Otherwise, em;i:global , F .We will leave any further discussion of the global-attribute to Section 6.5 ofthe next chapter, where its use will become evident.Borrowing from the terminology of the theory of attribute grammars (towhich zts expressions bear an obvious resemblance), we notice that all theattributes discussed so far have been of the synthesized kind. An expressionattribute is said to be synthesized if its value is de�ned solely in terms of thevalues of its subexpressions. For example, since the size of a structured typeis a function of the sizes of its component types, the attribute size must besynthesized. One attribute is an exception: the boolean ref-attribute, which isde�ned to be T if the procedure with which it is associated might be called atrun-time. Since a procedure can be called only if any of the procedures whichcall it may be called, ref is an inherited-attribute. At compile-time, only theexpressions em;i associated with module bodies have em;i:ref ,T.5.4.3 CET ExamplesIt is sometimes convenient to think of the CET as a graph where each em;i:ais a node labeled with the operation f with n outgoing edges to the nodesem1;i1 :a1; � � � ; emn;in :an. In most cases the graph will be a forest of expressionDAGs, but the following example shows that the graph may sometimes containcycles: eM ;0:calls , [ ] �� MeM ;1:size , eN ;1:size �� M�T1eM ;2:value , eN ;2:value + eM ;4:expr �� M�C1eM ;3:inline , T �� M�PeM ;3:calls , [eN ;3]eM ;4:expr , 4eN ;0:calls , [ ] �� NeN ;1:size , eM ;1:size + eM ;1:size �� N�T1eN ;2:value , eM ;2:value � eN ;4:expr �� N�C1eN ;3:inline , T �� N�PeN ;3:calls , [eM ;3]eM ;4:expr , 5



130 5 Sequential High-Level Module BindingThe example corresponds to the CETs resulting from modules M and N inFigure 4.1 (page 84), in which the declarations of T2, T3, and C2 have beenremoved. The illegal declarations ofM and N are evident from the concatenationof the two CETs: the recursive de�nitions of M�T1 and N�T1 correspond to acycle involving the types' size-attributes, and the recursive inline calls can bediscerned from the call-graph of the procedures M�P and N�P.Other types of deferred static error checks can also be expressed in the CET,which may be seen from the following CET for the program in Section 4.2.4(page 86): eM ;0:calls , [ ] �� MeM ;1:size , 8 �� M�TeP ;0:calls , [ ] �� PeP ;1:addr , variable(eM ;1:size) �� V2eP ;2:expr , eM ;1:size = eP ;6:expreP ;3:expr , "Illegal type coercion"eP ;4:expr , "Module P, line 7"eP ;5:expr , check(eP ;2:expr; eP;3:expr; eP;4:expr)eP ;6:expr , 2Since the two types involved in the coercion do not have the same size, thetest in expression eP ;2 will fail, eP ;2:expr , F , and a side e�ect of evaluatingeP ;5 will be to issue the error-message.Our �nal example will be the construction of method templates for objecttypes. Zts implements an object variable as a pointer to a record containing thetype's instance variables together with a pointer to the type's method template(see also Sections 2.7.4 and 2.8.9). This template is a constant record contain-ing, among other things, the addresses of the type's methods. The methodtemplate for an object type T with a supertype S is constructed by concate-nating S's template with the addresses of any additional methods introducedby T , and replacing those of S's methods which were overridden by T . In thecase when S is imported and not concrete, T 's template cannot be built atcompile-time. An example of this situation is given in Figure 5.3.5.5 The Intermediate FormThere are several potentially time-consuming operations that have to be per-formed during module binding, all involving the program in its intermediateform. Therefore, great care has to be taken in the design of the intermediate



5.5 The Intermediate Form 131SPECIFICATION M;TYPE T = OBJECT;END M. eM ;1:size , ? �� M�TeM ;1:template size , ?eM ;1:template , ?IMPLEMENTATION M;TYPE T += OBJECT [f : CHAR] [P : (x : CHAR) :== P1] ;PROCEDURE P1 : (x : CHAR) == BEGIN � � � END P1;END M.eM ;1:size , 1 �� M�TeM ;1:template size , 4eM ;1:template , f0x100geM ;2:addr , 0x100 �� M�P1PROGRAM P;IMPORT M;TYPE T == WITH M�T OBJECT [x : CHAR] [Q : (x : CHAR) :== Q1] ;PROCEDURE Q1 : (x : CHAR) == BEGIN � � � END Q1;END P.eP;1:size , eM ;1:size + eP ;3:expr �� P�TeP;1:template size , eM ;1:template size + eP ;4:expreP;1:template , insert(eM ;1:template; eP ;2:addr;eP;4:expr; eP;4:expr)eP;2:addr , 0x500 �� P�Q1eP;3:expr , 1eP;4:expr , 4Figure 5.3: Construction of object type templates. Irrelevant expressions havebeen omitted. The size of P�T's instance variable record (eP ;1:size) will evaluateto 2, and its template (eP ;1:template) will be f0x100; 0x500g.representation. The code must be compact so that it may be quickly loaded fromthe object code �le, low-level in order for the code generation algorithm to besimple and e�cient, and yet high-level in the sense of enough program structurebeing retained for the e�ective application of inline expansion of subprogramsand other code optimization techniques. It is obvious that the resulting repre-sentation must be a compromise between these con
icting criteria.Zts uses an attributed linear code4 which resembles somewhat the interme-diate codes described by Ganapathi [79] and Kornerup [129]. A Z-code blockcontains the intermediate code for a procedure, function, or module body, and4henceforth, Z-code



132 5 Sequential High-Level Module Bindingconsists of a header, a footer, and �ve major sections:Header
Footer
Formal SectionConstant SectionGlobal SectionLocal SectionCode SectionThe Header contains a reference to the CET entry for the block; The For-mal Section lists the block's formal parameters; The Constant and GlobalSections are lists of the constant values and global variables referenced in theblock; The Local Section declares local variables; The Code Section con-tains the actual intermediate code instructions which represent the body of thecorresponding procedure, and the Footer ends the block.The Formal, Constant, Global, and Local Sections will be called declar-ative, since they declare each object used by the block. These declarations areessential to the application of many code generation and optimization tech-niques which require the unique identi�cation of all referenced objects, such asformal parameters, global and local variables, constants, called procedures, andcompiler generated temporaries. Including these declarative sections withinZ-code blocks furthermore makes each block a self-contained unit whose onlynon-local references are to CET expressions. This will be convenient, as we willsee from the next chapter, since Z-code blocks will sometimes be transferredbetween the sites of a distributed system.Each section within a block contains zero or more numbered Z-code instruc-tions: 4-tuples made up of an attributed operator followed by three attributedarguments. Arguments are typically labels (references to other instructions),literal values, addresses, or references to CET expressions. Attributes typi-cally convey type and size information or information which aids in the codegeneration and optimization phases.5.5.1 Z-code AttributesThe table at the top of the next page lists the attributes applicable to Z-code instructions. The Mode-attribute indicates the transfer mode of formaland actual parameters. The Modi�ed-attribute is T when a block modi�es aparticular formal parameter.



5.5 The Intermediate Form 133attribute definitionBlock One of Proc/Func/Module/Prog.Type One of the standard types (I=I+=B =R=C =G =X=S=U) of Section 5.4.1.Size A literal integer value, a standard size (Byte/Short/Long), or a CETreference of type I+.Mode One of VAL/REF.Modi�ed A literal boolean value (T or F).The current implementation only de�nes three argument attributes:attribute definitionLive A literal boolean value (T or F).Use A literal boolean value (T or F).Ind A literal boolean value (T or F).The Use- and Live-attributes indicate whether the argument has a next use(will be referenced later on in the same basic block) or is alive (the currentvalue will be used later on). The Ind-attribute (normally shown as a `�' if T)indicates that the argument is an indirect reference to the actual value.5.5.2 Z-code InstructionsInstruction arguments can be of four types:argument definitionLabel A Z-code tuple number.Value A literal constant such as 1 or "Hello!", or a CETreference.Address A relocatable address or a CET reference of type X.CET A CET expression.Some of the Z-code instructions can be found in Tables 5.4 and 5.5. Ta-ble 5.4 contains the declarative instructions of Z-code, i.e. the instructionswhich introduce new data items. Table 5.5 shows the imperative instructionsfound in the Code Section.5.5.3 Z-code Examples and DiscussionWe give one short Z-code example in Figure 5.6, which mainly shows howunknown quantities are referenced through the CET.It is natural at this point to question the extent to which the chosen repre-sentation ful�lls the criteria set up at the beginning of the section, or whethersome other intermediate form would have served the purpose better. It shouldbe clear that Z-code sacri�ces compactness for ease of code generation andoptimizations such as inline expansion. Languages such as post�x notation,



134 5 Sequential High-Level Module Bindinginstruction attributes arguments sectionBEGIN Block a:CET (c; g; l):Label HeaderBeginning of block a. The arguments c, g, and l point to the �rst instructions in theConstant, Global, and Local Sections, respectively.FORMAL Mode/Size/Type/Modi�ed u : I+ FormalA formal parameter. u is the formal's usage-count.OPEN Mode/Size/Type/Modi�ed h:Label; u : I+ FormalAn open array formal parameter. Size and Type refer to the array element. h refer-ences the formal parameter holding the high bound of the array.CONST Size/Type v:Value; u : I+ ConstantA constant value.GLOBAL Size/Type a:Address; u : I+ GlobalReference to a global variable.LOCAL Size/Type u : I+ LocalA local variable.TEMP Size/Type u : I+ CodeCompiler generated temporary.END Block FooterEnd of a block.Figure 5.4: Z-code declarative instructions and the sections in which they occur.Most declarative instructions have a usage-count argument u, computed in linewith the Dragon book [6, pp. 542-543]in which the relationships between intermediate code instructions are implicitrather than explicit, are evidently more compact than 4-tuple notations. Fur-thermore, Z-code wastes space by including type and size information in declar-ative as well as imperative instructions, and by including explicit declarationsfor each compiler generated temporary variable. This redundant information,while slowing down the reading and writing of intermediate code blocks, sim-pli�es code generation.In regard to the level of representation, the next section will show that Z-code includes features which make it well suited for inline expansion. WhileZ-code's small instruction set and severely restricted addressing modes (only theASSIGN- and INIT-operators support indirect referencing) make it suitable forRISC-like target architectures, code generators which want to take advantage ofcomplex addressing modes will have to reconstruct lost context. The next-useand usage-count information aid code generation, as does theModi�ed-attributeof formal parameters.5 The reason that this type of information is included5The current implementation passes large (larger than a machine word) formal value pa-rameters by reference, and it is the callee's responsibility to make a local copy upon entry. If



5.5 The Intermediate Form 135instruction attributes argumentsASSIGN Size/Type a/Ind/Live/Use; b/Ind/Live/Usea b. a=�  b means assignment through a (an address).INIT Size/Type a/Ind/Live/Use; b/Live/Use; h:ValueIf h = T then a b. b will always be a constant value.LOAD a/Live/Use; b/Live/Use;a is assigned the address of the variable referenced by b.ACTUAL Mode/Size/Type e/Live/Use; lCALL p:CET; fCALLIND r/Live/Use; fA call to procedure p or an indirect call to the procedure referenced by variable r.f points to the �rst ACTUAL of the call, l to the previous one. e is the (value oraddress of) the actual argument.ADD Size/Type a/Live/Use; b/Live/Use; c/Live/Use;a b+ c. Type is I, I+, or R.JUMPLT Size/Type a/Live/Use; b/Live/Use; LJUMP LConditional jump (JUMPLT) to L if a < b, and unconditional jump (JUMP) to L.RANGE (v1 v2):Value; LCASE Size/Type e/Live/Use; f ; dThe RANGE-instruction is a jump-table entry for the values [v1 : : : v2] causing ajump to L. The CASE-instruction jumps to the label associated with the value ofthe expression e. f points to the �rst RANGE instruction, and d to the default(ELSE) instruction.Figure 5.5: A subset of Z-code's imperative instructions. Arguments are oftype Label unless otherwise speci�ed.directly in the intermediate code is to make each Z-code block self-contained.There are certainly a host of other intermediate code forms which couldbe employed instead of Z-code, and which might facilitate either optimiza-tion or code generation, or which would improve portability. Holt's [98, 59]Data Descriptors, for example, are likely to be good building blocks for simpleand portable code generators, but are less likely to be suitable for extensiveoptimization. The Program Dependence Graph [74] and the Static Single As-signment Form [61, 219] are two interesting recent developments designed tosupport aggressive optimization techniques. It is not clear at this point, how-ever, whether code generation and optimization from these representations canbe made e�cient enough for our purposes. On the other hand, while represen-tations which are closer to the target architecture, such as Register Transferthe callee can determine that it does not modify the formal (if Modi�ed = F), no copy needbe made.



136 5 Sequential High-Level Module BindingSPECIFICATION M;TYPE T = := ;CONSTANT C : CARDINAL =;VARIABLE V : T;VARIABLE X : CARDINAL;PROCEDURE P : (f : T) =;END M.
eM ;1:size , ?eM ;1:default , ?eM ;1:has default , ?eM ;2:value , ?eM ;3:addr , variable(eM ;1:size)eM ;4:inline , ?eM ;4:calls , ?eM ;4:addr , ?PROGRAM N;IMPORT M;PROCEDURE P : (f : M�T) ==VARIABLEr : CARDINAL;x : M�T;BEGINf := M�V;r := M�C + M�X;M�P (x);END P;END N.

# instruction arguments1 BEGIN/Proc eN;1 3 5 7 { P2 FORMAL/VAL/eM;1:size/A /T #1 { f3 CONST/Long/I+ eM;2:value #1 { M�C4 CONST/eM;1:size/A eM;1:default #1 { M�T5 GLOBAL/eM;1:size/A eM;3:addr #1 { M�V6 GLOBAL/Long/I+ [M, 0] #1 { M�X7 LOCAL/Long/I+ #1 { r8 LOCAL/eM;1:size/A #2 { x9 INIT/eM;1:size/A 8/T/T 4/F/F eM;1:has default10 ASSIGN/eM;1:size/A 2/F/F 5/F/F11 TEMP/Long/I+ #212 ADD/Long/I+ 11/T/T 3/F/F 6/F/F13 ASSIGN/Long/I+ 7/F/F 11/F/F14 ACTUAL/eM;1:size/A 8/F/F 015 CALL eM;4 1416 END/ProcFigure 5.6: A Z-code translation of the procedure P. \[M, 0]" is the relocatableaddress of M�X, computed by adding 0 to the base address of M's data area.Usage-counts are pre�xed by a #-sign.Lists (RTL) [21, 63, 202], might improve the speed of code generation, the lackof type and size information6 for instructions which manipulate abstract itemswill make their application di�cult. It would be di�cult, for example, to givean RTL translation of procedure P's �rst assignment in Figure 5.6, since it isnot known at compile-time whether the arguments are small enough to �t inregisters or whether they are larger structures which need to be manipulatedthrough address registers. Furthermore, low-level representations such as RTLare less suited to high-level optimizations such as inline expansion. RTL in-lining in the GNU C compiler [202], for example, requires 1900 lines of code,whereas the zts inline expansion module is only 400 lines long.6At compile-time, when the intermediate code for deferred procedures is generated.



5.6 Inline Expansion 1375.6 Inline ExpansionThe merits of procedure inlining7 have for a long time been the subject of muchdebate. Several issues have been at stake:� Should inlining be user de�ned or should it be the responsibility of thetranslating system to determine the routine calls which should be inlined?� How can a translating system determine when inlining will be pro�table?� Which optimizations are likely to bene�t from the larger scope opened upby procedure inlining?� Should optimizations be performed before or after inlining?� How does the target architecture a�ect the bene�ts of inlining?� How can inlining be performed e�ciently?Mesa, Ada, and C++, as well as dialects of many other languages (e.g.Maclaren's [143] Pascal dialect), require the programmer to specify the routineswhich should be subjected to integration. This is sometimes referred to asuser-directed inlining. Zuse goes one step further by promoting inlining to anabstraction primitive (see Section 3.3.3).Translating systems for languages without explicit inlining directives havesometimes chosen the other route, which is to heuristically determine the rou-tines which will pro�t from integration.8 The advantage of this method is thatit treats inlining as just another optimization technique whose application istransparent to the programmer. Determining the routines and call-sites whichwill pro�t from integration has turned out to be a di�cult problem and severalheuristic methods have been devised: Ball [18] used data 
ow analysis to es-timate how inlining calls with constant actual arguments a�ects optimization;Schei
er [188] used a heuristic which inlined small routines, routines with justone call-site, and routines which (according to collected pro�ling information)were called often; McFarling [146] considered the e�ect of inlining on instructioncache performance, also in the light of pro�ling data.7Inline procedures are also known as open procedures, and inline expansion is sometimesreferred to as procedure integration, substitution, or merging.8The MIPS compiler suite [94] supports both inlining directives and an internal heuristics.



138 5 Sequential High-Level Module BindingSeveral studies have investigated the bene�ts of inlining, and it has some-times been questioned whether the improvements in execution-time are out-weighed by increased translation time. Schei
er [188] reports execution-timesavings from 5 to 28% (unoptimized vs. unoptimized integrated code), andRichardson [177] 15 to 23% (optimized vs. optimized integrated code), whereasHimelstein [94] notes that the degradation in cache performance outweighs thebene�ts of inlining to the point that the MIPS compiler has turned o� inliningaltogether. Furthermore, Cooper's [55] study of FORTRAN compilers' abilityto capitalize on inlining showed no consistent improvements. Holler [97] reportsthat the Sun-3 C compiler ran on average a factor 3:78 slower on programs sub-jected to her source-to-source C inliner, while Richardson [177] reports thattheir inliner integrated in an optimizing compiler slowed down compilation bya factor of 4:8.Additional questions are where in the translation process inlining shouldbe performed and how inlining across module boundaries should be handled.Holler [97] inlines at the source code level and considers all source modulesreferenced by a program in order to extract the necessary function de�nitions.Himelstein [94] concatenates the intermediate code �les of each module prior tointegration. Sale [183] suggests link-time intermediate code integration, muchas is done in this thesis. Languages such as C++ and Mesa require the bodyof inline routines to appear in module interfaces in order to be considered forcross-module inlining.5.6.1 Inlining in ztsBoth the zts compiler and module binder are equipped to perform inline expan-sions. zc performs all intra-modular expansions and all inter-modular expan-sions of concrete inline routines but defers inter-modular expansions of abstractand semi-abstract inline routines to zp. We distinguish between two kinds ofexpansions: inline-in-inline expansions (integration of calls to inline routinesin inline routines) and expansions of inline in non-inline routines. Both zc andzp perform the two kinds in separate phases. Our reasons for separating thetwo kinds of inlining will be made evident in the next chapter. In order tominimize the number of expansions, the inline-in-inline integrations are per-formed in reverse topological order (i.e. bottom-up in the inline call-graph),9and the remaining expansions are performed in a subsequent phase. The ztsinliner rejects directly as well as indirectly recursive inline calls; i.e. the inline9This technique seems to have been independently discovered by several authors. See, forexample, Hall [88, pp. 35, 103], Holler [97, p. 28], and Hwu [149, section 3.3]. Allen [7, p. 711]shows, however, that the quality of the resulting code can su�er from the use of this technique.



5.7 The Compiler 139call-graph is assumed to be acyclic.We will give a brief description of the zts inliner to illustrate how the Z-codedesign makes for very simple and e�cient inline expansion. In Algorithm 5.1below caller and callee are the Z-code tuple numbers of the BEGIN-instructionsof the caller and callee, respectively, and call-site is the tuple-number of theCALL-instruction which is to be substituted.Algorithm 5.1 (Expand Inline Call)PROCEDURE Expand (caller, callee, call-site);M  MergeSection (caller.c, callee.c);M  M [ MergeSection (caller.g, callee.g);M  M [ MapFormals (call-site.f, callee + 1);M  M [ CopyCode (call-site, callee.l);Update (call-site.f, M);END Expand;Expand starts by merging the Constant and Global Sections of the calleeinto the corresponding section in the caller. If the sections are sorted this canbe done in time linear in the total number of tuples in the sections. As part ofthe merging process a map M from the callee's old Z-code tuple numbers to itsnew numbers in the caller is constructed. MapFormals maps the callee's formalparameters to the actuals used in the call. In some cases this will involve thecopying of an actual into a fresh local variable, and this is also performed byMapFormals. The copying is necessary for pass-by-value actuals whose corre-sponding formal parameter is modi�ed by the callee. This is discernible fromthe formal's Modi�ed-attribute. CopyCode copies the callee's Local and CodeSections into the call-site and removes the ACTUAL and CALL-instructions.Finally, the inserted instructions are updated from the tuple-map M. The entireprocess runs in time proportional to the number of tuples in the callee plus thenumber of tuples in the caller's Constant and Global Sections.5.7 The CompilerZuse-type encapsulation puts a heavy burden on the module binder, since thelack of compile-time inter-modular information forces the compiler to defermany of its tasks to binding-time. The design of zc has therefore been guidedby the general principle that { even when encapsulation restricts the compiler'saccess to inter-modular information { as much translation work as possibleshould be performed at compile-time.



140 5 Sequential High-Level Module BindingWith some exceptions, zc resembles compilers for traditional modular lan-guages, and traditional techniques can be employed for most of zc's translationtasks. The present implementation runs in the six phases shown below:Algorithm 5.2 (Compilation)1 : Syntactic Phase2 : Evaluation Phase3 : Semantic Phase4 : Intermediate Code Phase5 : Machine Code Phase6 : Output PhaseThe phases are much the same whether a speci�cation or implementationunit is compiled, except that the compilation of an implementation includes aninitial phase which loads all sections of the corresponding symbol �le, and thatthe Output Phase generates object code �les from implementation units andsymbol �les for speci�cation units. We next give a brief description of each ofthe major phases.5.7.1 Syntactic PhaseSince Zuse, like Modula-2, allows procedure and variable identi�ers to be usedprior to their declaration, syntactic and semantic analysis are performed indistinct phases. The Syntactic Phase builds the symbol table and the abstractsyntax tree and loads the symbol �les of imported modules:Algorithm 5.3 (Syntactic Phase)1. Load the Symbol and Inline Sections from the symbol �les of importedmodules.10 In the current implementation we use the B� approach tosymbol �le processing (see Section 2.7.1).2. Build symbol table entries for the declared items.3. If we are compiling a speci�cation unit then create CET entries for everyhidden aspect of every declared abstract or semi-abstract item.4. Build the abstract syntax tree for declared procedures.10The present implementation does not support concrete procedures, and hence the InlineSection will always be empty.



5.7 The Compiler 141The processing of declarations and the building of the symbol table will callfor the evaluation of many constant expressions. These stem from such thingsas manifest constants, the calculation of sizes of types, o�sets of record �elds,etc. Because of Zuse's 
exible encapsulation scheme virtually every constantexpression which arises during the compilation of a Zuse module can involveterms whose values are unknown at compile-time. When an expression cannotbe evaluated due to insu�cient inter-modular information, a correspondingCET entry is built instead. Similarly, context conditions (such as those inSection 4.2.2) which cannot be checked at compile-time generate the appropriateCET check-expressions.To reduce the amount of work that has to be done at binding-time weemploy three techniques to minimize the number of CET expressions:� common subexpression elimination� algebraic simpli�cations� declaration reorderingThe elimination of common subexpressions turns the CET into a graph (usu-ally a DAG) rather than a tree. There are mainly two cases when the reorderingof declarations pays o�: record �elds and global variables. Consider, for exam-ple, the following declaration (eF ;4:size represents the size of F�T, eF ;2:expr theo�set of F�T.c, and eF ;3:expr the o�set of F�T.d):11PROGRAM F;IMPORT M,N;TYPE T == UNSAFE RECORD [a : M�T;b : INTEGER;c : N�T;d : INTEGER ];END F.
eF ;1:expr , 4eF ;2:expr , eM ;1:size + eF ;1:expreF ;3:expr , eF ;2:expr + eN ;1:sizeeF ;4:size , eF ;3:expr + eF ;1:exprIf instead the record is reorganized so that �elds of known size precede those ofunknown size, we are able to save one expression:PROGRAM F;IMPORT M,N;TYPE T == RECORD [b : INTEGER;d : INTEGER;a : M�T;c : N�T ];END F.
eF ;1:expr , 8eF ;2:expr , eF ;1:expr + eM ;1:sizeeF ;3:size , eF ;2:expr + eN ;1:size

11The Zuse UNSAFE keyword is used to prevent reorderings of the kind presented here.This facility is useful mainly when interfacing with other languages.



142 5 Sequential High-Level Module BindingFurthermore, in contrast to the �rst case when only the o�set of a is knownat compile-time, the reordering allows us to calculate the o�sets of b and d. Thismay save work at module binding-time since procedures which only referencethe a, b, and d �elds of T need not be deferred.5.7.2 The Evaluation and Semantic PhasesThe Evaluation Phase (which need only be performed during the compilationof implementation units) is necessary since some of the constant expressionsgenerated during the compilation of the speci�cation may become evaluable inthe light of the information in the implementation unit:Algorithm 5.4 (Evaluation Phase)1. Evaluate as many CET expressions as possible.2. Update the symbol table with the newly computed values.In addition to traversing and decorating the abstract syntax tree producedduring the Syntactic Phase, the Semantic Phase performs the following actions:Algorithm 5.5 (Semantic Phase)1. Check for static semantic correctness.2. Build the CET call-graph.3. Create the appropriate CET check-expressions for the static checks whichcannot be performed due to insu�cient inter-modular information (suchas those in Sections 4.2.3 and 4.2.4).4. Set the global-attribute of all CET expressions according to the rules inSection 5.4.2.We should note here that, in spite of what has been said, not all deferredconstant expressions and deferred static tests need to generate explicit CETentries. For example, we do not generate CET expressions that calculate theactivation record o�sets of local variables and formal parameters, and we donot generate CET checks for the uniqueness of case statement labels (see Sec-tion 4.2.2). The reason is that the machine code generator handles both thesecases more e�ciently on its own without the explicit help of the CET.



5.7 The Compiler 1435.7.3 Intermediate and Machine Code PhasesThe Intermediate Code Phase produces and optimizes Z-code blocks:Algorithm 5.6 (Intermediate Code Phase)1. Generate a Z-code block for each procedure, function, and module bodyin the abstract syntax tree.2. Expand inline calls in available inline procedures according to a bottom-up traversal of the inline call-graph.3. Expand inline calls in non-inline procedures.4. Optimize each Z-code block.Before the Machine Code Phase can commence code generation, it mustdetermine which procedures need to be deferred. Intuitively, it is necessary todefer any Z-code block containing references to the CET, but we will show thatin some special cases this rule can be relaxed. We say that a Z-code block Bneeds to be deferred i� it contains an instruction I such that:1. I is a CALL-instruction and the callee is an imported abstract procedureor an imported inline semi-abstract procedure. Note that this excludescalls to local procedures, imported concrete procedures, and importedsemi-abstract non-inline procedures.2. I is a GLOBAL-instruction with an unknown size-attribute, and B per-forms some operation (such as assignment or bitwise comparison) on theglobal variable which requires knowledge of its size. This excludes op-erations which involve only the global's address, such as passing it as areference parameter, accessing one of its components (if it is a record,array, or set), and taking its address.3. I is a FORMAL/REF or OPEN/REF-instruction with an unknown size-attribute, and the conditions in the previous point hold.4. I is any other kind of instruction (other than BEGIN and END), and oneof I's attributes or arguments contains a CET references.In other words, Z-code blocks which only manipulate the address of abstractor semi-abstract items or the addresses of objects which depend on such itemsneed not be deferred. The reason is, of course, that the size of an address isalways known, and that it is possible to generate code for a procedure even if it



144 5 Sequential High-Level Module Bindingcontains references to addresses which are not yet known. Filling in the correctaddresses once they are known is handled by the relocation system describedin the next section. We can now conclude this section by listing the tasksperformed by the Machine Code Phase:Algorithm 5.7 (Machine Code Phase)1. Compute basic block and next-use information.2. Determine which Z-code blocks need to be deferred.3. Generate machine code for the non-deferred Z-code blocks.5.8 The Sequential PasterHaving examined the design of the Zuse compiler and the data structuresshared by the compiler and the sPaster (the sequential paster), we can nowturn to the design of the sPaster itself. In some ways the sPaster resemblesordinary systems link editors; in other ways it is completely di�erent. Both thesPaster and ordinary link editors combine the code produced by a compiler forseparately compiled modules into an executable �le. The sPaster (as well asmost link editors) runs in several phases, the �rst phase loading de�nitions andthe last phase performing relocations. However, unlike link editors the sPasteris equipped to perform code generation, inter-modular optimization, and somestatic semantic checking.Our present sPaster design runs in four major phases:� Phase 1 determines which modules will make up the resulting program,loads the expressions and inline procedures of all modules, and copies thebinary code and data sections to the resulting executable �le.� Phase 2 evaluates the expressions, allocates global variables, performs de-ferred semantic checks, determines unreferenced procedures, and expandsinline calls in inline procedures.� Phase 3 reads the intermediate code of every referenced procedure, up-dates the code with the expression values calculated during Phase 2, ex-pands inline calls, optimizes the intermediate code, generates machinecode, and writes the generated code to the executable �le.� Phase 4 performs �nal relocation.



5.8 The Sequential Paster 145In addition to providing a nice conceptual framework for discussing the nec-essary tasks of high-level binders, we have several good reasons for dividing thesPaster's processing along these lines. First of all, the sPaster can be expectedto have to deal with very large amounts of data, and it is essential to try tominimize the amount that has to be kept in primary memory at any one time.It would { for any but the smallest programs { be quite unacceptable to try tostore all the information in all the object code �les in primary memory.12 In-stead we open each object code �le twice, each time reading only the necessaryinformation: the �rst time during Phase 1 when the necessary global informa-tion is loaded (essentially the CET and the inline procedures), and the secondtime during Phase 3 when the deferred procedures are read. Once Phase 3 hascompleted code generation and optimization for the deferred procedures of aparticular module, all the data which has been gathered for that module canbe safely discarded. Only the information read during Phase 1 and computedduring Phase 2 need remain in primary memory during the entire execution ofthe sPaster.Separating expression evaluation and inline-in-inline procedure integrationfrom the rest of the sPaster's processing has several advantages. First of all,since Phase 1 has completed the reading of the Expression Sections whenPhase 2 commences processing, all CET expressions are available to it for eval-uation. If instead evaluation ran concurrently with Phase 1, then the evaluationalgorithm would have to be able to handle the case when a certain expressionwas not yet available. Another reason for separating the evaluation of expres-sions from the rest of the sPaster processing is that it enables static errors to befound early. If instead Phase 2 were incorporated into Phase 3 (with expressionevaluation and procedure integration proceeding on an as need basis), a staticerror might go undetected until the very end of Phase 3. Furthermore, since ourcurrent design evaluates all expressions prior to the start of Phase 3, the codegenerator and optimizer do not need to know about unevaluated expressions. Infact, the sPaster's code generator is identical to the one used in the Zuse com-piler. Finally, as we shall see in the next chapter, a separate evaluation phaseenables e�cient distributed evaluation and replication of CET expressions.While the division of labor among Phase 1, Phase 2, and Phase 3 mayseem quite natural, it is not unreasonable to question the need for a separaterelocation phase (Phase 4). One might instead consider performing relocationconcurrently with Phase 1 and Phase 3, updating the executable �le as newaddresses of procedures and other data items become available. We will examine12The total size of the object code �les for the largest program in the test-suite used inChapter 8 is over 11 MB.



146 5 Sequential High-Level Module Bindingthis approach further in Section 6.9 of the next chapter. Section 8.4.1 willdiscuss whether a less strict separation between the four phases would have acomputational advantage.We will now consider each phase in more detail.5.8.1 Phase 1Finding the modules which are going to take part in the �nal program means�nding the closure of the modules' Module Table. This is accomplished byAlgorithm 5.8 below:Algorithm 5.8 (Phase 1)1. Let M be the set of modules found so far, and let M initially contain themain module. Let U be a queue (with the operations Insert, Delete, andEmpty) of hitherto unprocessed modules. U is also initialized to containthe main module. Let PC be the program counter.2. Execute the following code:PC  0;M  f(main module)g;U  f(main module)g;Create the executable �le;REPEATn  Delete (U);Locate and open n's object �le and load the preamble;Read n's Module Table L;FOR ALL V SUCH THAT (V 2 L)^ (V 62 M) DOM  M [ fV g;Put (U; V );END;Load n's Expression and Inline Sections;FOR EACH en;i:addr6=? DOLet en;i:addr , en;i:addr + PC;END;Copy n's Data Section to the executable �le;Copy n's Binary Code Section to the executable �le;INC (PC, The size of the Data and Binary Code Sections);Load n's Relocation Section;Close n's object �le;UNTIL Empty (U);



5.8 The Sequential Paster 147The only part of this algorithm which may require some explanation isthe updating of the addr-attributes. As explained in Sections 5.3 and 5.7, theBinary Code Section holds the machine code generated at compile-time forprocedures which do not reference any imported abstract items. The compilerassigns procedures addresses relative to the start of the module and stores themin the CET's addr-attributes. When the Binary Code Section is copied to theexecutable �le the procedure's addresses of course change, and this is re
ectedin the updating of the addr-attributes.5.8.2 Phase 2Phase 2 performs two independent tasks: expression evaluation and inline-in-inline expansion. Algorithm 5.9 describes these actions:Algorithm 5.9 (Phase 2)1. Evaluate all CET expressions in a depth-�rst traversal. Write any gener-ated structured constant data objects (such as object type templates andliteral records, strings, sets, or arrays) or allocated variables to the exe-cutable �le, and update the PC accordingly. If any of the deferred staticsemantic checks have failed, or if the inline call-graph is not acyclic, issuethe appropriate error messages and terminate processing.2. Store generated relocation information.3. Fill in calculated expression values from the CET in the Z-code of allinline procedures.4. Expand inline calls in referenced (em;i:ref ,T) inline procedures accordingto a bottom-up traversal of the inline call-graph.The relocation information generated during Phase 2 stems from the con-struction of method templates. A method template contains method addresses,but if a method is deferred its address will not be known until Phase 3. Hence,the addresses in the method templates will in some cases have to be �lled induring relocation (Phase 4).5.8.3 Phase 3Once Phase 2 has been completed, all inter-modular information is available andPhase 3 can proceed to generate code for deferred procedures. Since Phase 2has determined the procedures which may be referenced at run-time, we cansave some translation-time and code space by ignoring all other procedures.



148 5 Sequential High-Level Module BindingAlgorithm 5.10 (Phase 3)PROCEDURE Phase3 ();FOR EACH module n DOReopen n's object �le;Read n's Deferred Code Section;Process each referenced deferred procedure en;i:;FOR ALL i SUCH THAT (en;i:addr , ?)^ (en;i:ref ,T) DOLet en;i:addr ,PC;Fill in calculated expression values from the CET;Expand calls to inline procedures;IF some calls were expanded THENRecompute basic blocks and next-use information;END;Optimize;Generate machine code and increment PC accordingly;Store the generated relocation information;Write the code to the executable �le;END;Close n's object �le;END;END Phase3;In addition to ignoring unreferenced procedures there are a few other oppor-tunities for improving the performance of the sPaster's Phase 3. One possibleoptimization is to use e�cient machine and operating system dependent idiomsfor reading the object code �les. In the current Unix implementation, for ex-ample, the mmap system call is used to map the object code �les directly tothe sPaster's address space. Furthermore, inline and deferred procedures arestored on the object code �les in the form of the compiler's memory image ofthe relevant Z-code. Thus, loading the deferred code segment becomes a sim-ple matter of setting a pointer to the beginning of the segment and letting thevirtual memory system do the actual reading.13In Section 5.7 we noted that the CET does not contain explicit checks forthe uniqueness of case statement labels. These checks are instead performedduring the sPaster's code generation phase. While this may be more e�cient(detecting multiple identical labels is a trivial extension of the building of thecase statement jump table), it does postpone static semantic error detectionfrom Phase 2 to Phase3.13Similar techniques are commonly used by interpreted systems such as ML and Smalltalkto allow quick loading of saved execution environments.



5.8 The Sequential Paster 1495.8.4 Phase 4The last binding-time action is to update the generated code in the executable�le with the procedure and data addresses which were not available when thecode was written. This corresponds to the relocation task commonly performedby link editors. The relocation information loaded during Phase 1 and generatedduring Phase 2 and Phase 3 is in the form of an ordered set of relocation items(PC; em;i), where PC is a position on the executable �le where em;i:addr shouldeventually be written. Phase 4 becomes the simple task of considering each(PC; em;i) item and updating the address at position PC on the executable �lewith the newly computed address em;i:addr.5.8.5 DiscussionIt should be evident (and this conjecture will be corroborated by the testsin Section 8.4) that Phase 3 is likely to be the most expensive of the foursPaster phases. One can imagine a worst-case scenario in which every item ina program (directly or indirectly) depends on imported abstract items, whereeach exported procedure is declared inline, and where each deferred procedureis referenced. Not only would the sPaster have to perform a large numberof procedure integrations, but the post-integration deferred procedures wouldmost likely be very large, resulting in very expensive optimization and codegeneration. While we will argue that the distributed and incremental versionsof the sPaster (Chapters 6 and 7) will be able to handle this kind of situatione�ciently, it should be clear that the sPaster itself would achieve very poorresponse-time.It is of course also imperative that the optimization and code generation al-gorithms used in Phase 3 are both e�ective and e�cient. The current implemen-tation does not perform any of the traditional intra-procedural optimizations(except for some trivial local optimizations such as constant folding and reduc-tion in strength), and the code generation algorithm used (the Dragon book [6,section 9.6]) is far from optimal. Future versions of zts will explore the possi-bility of using other fast, but still potent, code generators (such as Wendt [221]or Fraser [78]), and will implement traditional intra as well as inter-proceduraloptimizations (Wall [214, 216, 217], Callahan [38], Chow [49]). It may also bepossible to speed up optimization by incrementally updating next-use and 
owanalysis information after the integration of a procedure (see Pollock [168]),rather than recomputing it from scratch as is done in Algorithm 5.10.In contrast to most Unix compilers, the sPaster generates machine codedirectly (without going through the system assembler) and also produces theexecutable �le directly (without { as in Figure 3.1.2 { going through the system



150 5 Sequential High-Level Module Bindinglink editor). While this improves translation e�ciency, it hampers portabilityand { since the link editor is often the instrument which combines moduleswritten in di�erent languages { makes interfacing to other languages di�cult.Future versions of zts will either include a conversion program from the systemobject code format (.o-format in the case of Unix) to the object code formatused by zts, or instrument zp to directly handle object code �les in di�erentformats.5.9 Future WorkIn this section we will consider a few other translation tasks which would bene�tfrom precise inter-modular information but which are hampered by separatecompilation. The algorithms sketched in this section are not part of the currentzts implementation, but are being considered for future versions.5.9.1 Managing Module Time-StampsMost modular languages binders perform some sort of time-stamp checks todetermine if the modules taking part in a bind have been compiled in thecorrect order. These checks can be easily incorporated into the CET evaluationphase. We give each CET module entry a string-valued (G ) attribute time-stamp, which holds the time of compilation of the module's speci�cation unit.We furthermore create an entry containing the time-stamp of each importedmodule's speci�cation unit as found during compilation, and a deferred checkthat these time-stamps correspond to the ones found during module binding.Consider, for example, a module M importing a module N, and whose CET isgiven below. eM ;0:timestamp holds the time of compilation of M's speci�cationunit, and eM ;1:expr holds the time when the version of N's speci�cation unitimported by M was compiled. When M and N are bound together this time iscompared to the time-stamp found in N, and if they are not the same an errormessage is issued.14eM ;0:timestamp , 3/23/92 11:18:01 �� MeM ;1:expr , 3/23/92 10:07:11 �� N's tseM ;2:expr , eM ;1:expr = eN ;0:timestampeM ;3:expr , "Wrong compilation order"eM ;4:expr , "Module M, line 2"eM ;5:expr , check(eM ;2:expr; eM ;3:expr; eM ;4:expr)14This would occur, for instance, if the module units were compiled in the order: N.spe,M.spe, M.imp, N.spe, N.imp.



5.9 Future Work 1515.9.2 Modi�ed Formal ParametersIn Sections 5.5 and 5.6 we saw that the boolean Z-code attribute Modi�ed isused during inline expansion and code generation to avoid unnecessary copyingof pass-by-value formals. The procedure used today for calculating the attributeis conservative: a routine is said to modify a formal if it either assigns directlyto it, takes its address, or passes it by reference to another routine.15 A moreaccurate method would give each formal parameter of each exported routine aCET modi�ed entry:eM ;1:addr , ? �� Procedure PeM ;2:modi�ed , eQ;5:modi�ed _ eN ;7:modi�ed �� xeM ;3:modi�ed , T �� yHere procedure P has two formal parameters x and y which are modi�ed ifeM ;2:modi�ed ,T and eM ;3:modi�ed ,T, respectively. The example indicatesthat y is modi�ed directly by P (through an assignment, for example), and thatx is passed as a reference parameter to two routines in modules Q and N, andis hence modi�ed if these routines in turn modify their corresponding formals.5.9.3 E�cient Subtype TestsIn object-oriented programs it is frequently necessary to determine where in thesubtype-hierarchy a certain object belongs. Such run-time type tests are some-times inserted implicitly by the compiler when it cannot determine an object'stype at compile-time. Zuse and Modula-3 furthermore support a standardfunction ISTYPE (a, T) which returns TRUE if the object a's type is a subtypeof the object type T (see also Section 4.4). In addition to the obvious algorithmfor performing such tests (which runs in time proportional to the height of theinheritance tree), there exists two O(1) algorithms, Dietz [65] and Cohen [50].Dietz' algorithm requires storing, for each object type, its pre and post-ordernumber in the inheritance tree. The SRC Modula-3 compiler assigns these type-codes at logical link-time (at run-time, but before the execution of user code),which can be expensive for programs with a large number of object types.16Future versions of zts will employ the CET to do type-code assignment atmodule binding-time.The expressions to the left in Figure 5.7 show the CET (prior to evaluation)for three modulesM, N, and P. Each module exports an object type T. N�T and15Holler [97, p. 23] uses the same method.16The SRC Modula-3 run-time system (v1.6) requires 24 Sun-3/80 CPU seconds to processa linear inheritance tree of 100 object types.



152 5 Sequential High-Level Module BindingeM ;1:pre , ?eM ;1:post , ?eM ;1:supertype , nulleM ;1:subtypes , ?eN ;1:pre , ?eN ;1:post , ?eN ;1:supertype , eM ;1eN ;1:subtypes , ?eP;1:pre , ?eP;1:post , ?eP;1:supertype , eM ;1eP;1:subtypes , ?

eM ;1:pre , 1eM ;1:post , 3eM ;1:supertype , nulleM ;1:subtypes , [eN ;1; eP ;1]eN ;1:pre , 2eN ;1:post , 1eN ;1:supertype , eM ;1eN ;1:subtypes , [ ]eP ;1:pre , 3eP ;1:post , 2eP ;1:supertype , eM ;1eP ;1:subtypes , [ ]Figure 5.7: Calculating type-codes.P�T both inherit from M�T, which itself does not have a supertype. The CETevaluation runs in two steps: �rst the supertype-attributes are used to build theinheritance tree (the subtypes-attributes), and then the type-codes are assignedin a depth-�rst traversal of the tree. The resulting CET is shown to the right inFigure 5.7. Once the type-codes have been assigned they can be stored in themethod templates. To test if the type of object S is a subtype of type T, wesimply look up the type-numbers and check that (pre(T) � pre(S))^(post(T) �post(S)).5.9.4 Inline IteratorsTo date only a few languages have incorporated explicit support for controlabstraction; i.e. iteration over the elements of data abstractions represent-ing collections such as sets or lists. CLU's [13, 142, 140] iterators and Al-phard's [195, 194] generator forms are two early exceptions. We �nd the ab-sence of such constructs in most modern programming languages regrettable {iteration is, after all, one of the most common programming activities { andintend to include CLU-style iterators in future versions of Zuse. It will then benatural { and almost to trivial { to extend zts to handle cross-module inliningof non-recursive iterators. Such a facility is not available in any translatingsystem we are aware of, but would be a great contribution to the e�ciencyof many programs (particularly numerical) that rely heavily on non-recursiveiteration.



5.9 Future Work 1535.9.5 Sharing Code Among Generic ModulesFuture versions of Zuse will sport a generic module facility similar to the onefound in Ada. It will then be natural to extend zts to support code sharingamong instances of generic modules, as described, for example, by Bray [36] andRosenberg [180]. We will not describe in detail all the considerations which haveto be taken into account in order for code sharing to be e�ective, but rathergive a simple example and examine one possible implementation strategy.Consider the generic module Stack below, which has a formal type parameterE (the element type) and a formal constant parameter Depth (the maximumnumber of stack elements):SPECIFICATION Stack[TYPE E = ;CONSTANT Depth : CARDINAL = ] ;TYPE T = := ;PROCEDURE Push : (REF s : T; x : E) =;END Stack.In addition to expressions for its exported items, Stack also has CET ex-pressions for its formal generic parameters:eStack ;1:instance size , ? �� EeStack ;2:instance value , ? �� DeptheStack ;3:size , ? �� TeStack ;4:addr , ? �� PushStack's implementation unit may use the formal generic parameters as ifthey had been imported abstract items:IMPLEMENTATION Stack;TYPE Idx == RANGE CARDINAL [0 .. Depth];TYPE T += RECORD [s : ARRAY [Idx] [E]; d : Idx :== 0 ];PROCEDURE Push : (REF s : T; x : E) +=� � �END Stack.The CET resulting from Stack's implementation unit does not di�er signif-icantly from similar ones seen in Section 5.4, except for the fact that there arestill unde�ned expressions:eStack ;1:instance size , ? �� EeStack ;2:instance value , ? �� DeptheStack ;3:size , eM ;5:expr + eStack ;6:expr �� TeStack ;4:addr , ? �� PusheStack ;5:expr , eStack ;1:instance size � eStack ;1:instance valueeStack ;6:expr , 4



154 5 Sequential High-Level Module BindingOne di�erence becomes evident when we examine a client of Stack and thecorresponding CET:PROGRAM P;IMPORT Stack;INSTANCE CharStack == Stack [CHAR, 100];VARIABLE S : CharStack;BEGIN CharStack�Push (S; "A"); END P.As seen from P's CET below, Stack de�nes { in addition to its own CET {a function instance which takes two parameters (corresponding to its genericformals) and returns an o�set into Stack's own CET.eP ;1:instance size , 1eP ;2:instance value , 100eP ;3:size , eStack ;(2+eP;5:expr):sizeeP ;4:addr , eStack ;(3+eP;5:expr):addreP ;5:expr , Stack :instance(eP ;1:instance size;eP ;2:instance value)The intention is that each time Stack.instance is called during CET evalu-ation (which is once for every source-level instantiation of Stack), it is decidedwhether the instance should share code with one of the previous instances orif a new one should be created. In the latter case instance extends Stack'sCET by making a copy of all its expressions, substituting the generic actualsfor the formals, and returning the number of the �rst of the new expressions.In our example Stack.instance would �rst create the expressions below, andthen return 7. During Phase 3 one Push routine would be generated for eachPush entry in Stack's CET.eStack ;7:instance size , 1eStack ;8:instance value , 100eStack ;9:size , eM ;12:expr + eStack ;13:expreStack ;10:addr , ?eStack ;12:expr , eStack ;7:instance size � eStack;8:instance valueeStack ;13:expr , 4The simplest de�nition of instance creates a unique instance for each dis-tinct set of generic actuals, and allow code sharing only between instances whoseactuals match exactly. A more elaborate de�nition might, for example, attemptto treat one or more of the generic formals as run-time parameters, which wouldallow more instantiations to fall in the same instance class.



5.10 Other Methods of Implementation 1555.10 Other Methods of ImplementationIt should be obvious that the implementation strategy advocated in this chaptermay lead to substantial link-time overhead, and one may ask whether there existany viable alternatives. The possibilities fall naturally into four categories:Sophisticated pasters Construct faster pasters. These would be similar tothe one described in this chapter, but would use more sophisticated trans-lation techniques.Restricted separate compilation Since the translation problems associatedwith the Zuse language stem from the use of separate compilation, atranslating system which does away with or restricts the separate compi-lation facilities may achieve faster turn-around times.Reference semantics Use traditional compilation techniques, but have thecompiler allocate variables of unknown size on the heap, rather than onthe stack. Also, whenever necessary, manipulate variables by addressrather than by value.General code Use traditional compilation techniques and allocate variableson the stack, but generate size independent code for variable references.In other words, for an assignment a := b where the size of the argumentsis unknown at compile-time, generate a block-move instruction.The �rst category will be thoroughly explored in Section 5.11 and in the nexttwo chapters. The second category can be divided into systems which retaina restricted separate compilation facility (allowing, for example, compilationdependencies between implementation units), and those which abandon sepa-rate compilation altogether (these include some of the integrated programmingenvironments examined in Section 7.2). The third category (which is similar tothe strategies used by the CLU [13], Alberich [163], and SRC Modula-3 imple-mentations) has several shortcomings: Memory allocation has to be deferredtill run-time; the sizes of types, the values of constants, and the templates ofobject types will have to be calculated at run-time; variable references haveto go through an extra level of indirection; and the scheme is likely to heavilytax the (required) garbage collection system. Implementations which fall in thefourth category will have less need for garbage collection, but will still have toemploy a more complicated run-time memory allocation scheme since activationrecord o�sets cannot be computed at compile-time.



156 5 Sequential High-Level Module BindingAllowing compilation dependencies between implementation units as sug-gested in the second category might at �rst seem to be a viable solution. Un-fortunately, however, this method renders some perfectly legal Zuse programsuntranslatable. Consider the following two modules:SPECIFICATION M;TYPET = ;U = ;END M. IMPLEMENTATION M;IMPORT N;TYPET += INTEGER;U += N�T;END M.SPECIFICATION N;TYPET = ;U = ;END N. IMPLEMENTATION N;IMPORT M;TYPET += INTEGER;U += M�T;END N.In this example it is not possible to �nd an order of compilation betweenthe implementation units of M and N such that the compiler always has allthe relevant information available in order to determine the size of M�U andN�U. In other words, to calculate M�U's size N's implementation unit has to becompiled prior to M's implementation unit, and vice versa. Note that unlikethe program in Figure 4.1, this example does not involve any illegal recursion.One way around the problem of mutually dependent implementation units isto allow several units to take part in the same compilation. Still remaining,however, is the question of how to determine when this is necessary. Situationssimilar to the one in the example above also occur for abstract constants andabstract inline procedures.The last two categories will generally produce inferior code, but there may beways to overcome this problem. The run-time code generation and optimizationtechniques examined by Keppel [122] and Chambers [47] might, for example,prove valuable. Such techniques would allow the compiler to generate inferiorcode, and then let the run-time code generator regenerate (optimal) code forthose sections which turn out to be heavily executed. Unfortunately, run-timecode generation is at this time still a largely uncharted area.5.11 Hierarchical High-Level Module BindingWe will end this chapter with a discussion of hierarchical pasting, a techniquewhich might prove useful for programs which contain parts which are rarelychanged.
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Figure 5.8: Hierarchical binding of a tree of modules. In the �rst step modulesfM1,M2,M3g are joined to form the library A1, and fM7,M8,M10g are joinedto form the library A3. The second step joins modules fM4,M5,M6,M9g andlibrary A1, and the last step joins the main module P with libraries A2 and A3to form the executable program.5.11.1 Libraries of ModulesMany link-editors allow a set of object �les to be bound together { not to forman executable program but rather to make a \super-object �le" { which maythen take part in later links. Such collections of object �les are often termedlibraries. The pro�ts of such a scheme are twofold: collections of modules areeasily distributed if joined into one library-�le, and it is cheaper for the linkerto process a set of modules joined into a library than to process the individualobject �les by themselves. The gains in linking speed stem partly because fewer�les have to be read, and partly because dependencies between modules withina library are resolved once and for all by the linker when the library is created.Figure 5.8 shows how a tree of modules may be joined in successive steps,�rst to form libraries, and �nally to make the executable program. We will termthis process hierarchical binding. It should be clear that hierarchical bindingis most pro�table when a program contains collections of closely knit moduleswhich have reached a stable point in their development cycle. Joining such acollection of modules into a library not only increases linker performance butalso serves as a means of abstraction; the details of the functionality of theindividual modules may be disregarded and replaced by the functionality of thelibrary.



158 5 Sequential High-Level Module Binding5.11.2 The hPasterBecause of the complex dependencies that exist between Zuse modules thepotential pro�t of hierarchical binding applied to Zuse is greater than for othersimilar languages. All the inter-modular exchange of information performedby the sPaster when creating an executable program can be performed by ahierarchical Paster (hPaster) to form a library out of a collection of modules:calls to inline procedures exported by any of the modules in the collection can beexpanded, expressions can be partially or completely evaluated, and code can begenerated for procedures which make use of no more inter-modular informationthan that which may be gleaned from the modules in the collection. With afew exceptions the algorithms of Section 5.8 will remain intact:Phase 1 Instead of traversing the import graph to determine the modules totake part in a program, Phase 1 is given an explicit list of modules to bebound into a library. The hPaster Phase 1 creates a new object �le, ratherthan an executable �le, and gives it the library name selected by the user.The data and code read from the modules of the library is written to theData and Binary Code Sections of the object �le.Phase 2 The hPaster can not assume, as in Algorithm 5.9, that all necessaryexpressions and inline procedures are available. Instead, only those ex-pressions whose arguments are available should be evaluated, and onlycalls to those inline procedures whose code is available should be ex-panded. All (evaluated or unevaluated) expressions are written to thenew object �le's Expression Section, and the inline procedures are writ-ten to the Inline Section.Phase 3 The hPaster's Phase 3 �lls in the newly calculated expression val-ues, expands calls to available inline procedures, and thereafter generatescode for those deferred procedures which contain no further references tounknown entities. The generated binary code is written to the BinaryCode Section of the object �le, while the remaining deferred proceduresare written to the Deferred Code Section.Phase 4 Phase 4 will in general not be able to perform any relocations, sincethe �nal position of the generated code is not known. Instead the reloca-tion information read during Phase 1 and generated during Phase 2 and 3is written to the Relocation Section of the new object �le.We should note that the hPaster's Phase 3 will have to process all deferredprocedures, since (unlike in Algorithm 5.10) the hPaster can not know whichprocedures may be referenced at run-time.



5.12 Summary 1595.12 SummaryThe purpose of this chapter has been to investigate the requirements imposedon translating systems by languages such as the one presented in Chapter 3and to present one concrete translating system design. Since our main targetsare system implementation languages, our primary design goal has been theproduction of highly optimized code, even if that must be at the expense ofprolonged translation times. This goal has lead us to favor our present designover the alternatives in Section 5.10.It would, however, be wrong to assume that translating systems such aszts will always lead to excessively long translation times. On the contrary,if we consider the total time spent compiling and binding a program over theprogram's entire lifetime, it may well be that zts will compare quite favorablyto other more traditional systems. The reason is, of course, that zts allowsmodules with completely abstract speci�cation units. If the information storedin a speci�cation unit can be kept at a bare minimum, the risk of havingto change that information is minimized, and so is the risk of trickle-downrecompilations.While the Zuse language was from its conception designed to take advan-tage of high-level binding, other languages that were designed with traditionaltranslation techniques in mind may also bene�t from zts-style translation. Thisis particularly true of Modula-3, which, in contrast to most other languages, hasfeatures that require post-compilation exchange of inter-modular information.In addition to being able to handle Modula-3's opaque and partially revealedobject type, zts would also allow Modula-3 to be extended with statically al-located object types, today missing from the language.Others have presented solutions somewhat similar to ours. Particularlyrelevant are the works of Sale [183], Chow [48, 94], Horowitz [104], and Celen-tano [45, 46]. However, the works of Sale and Chow appear in print around thesame time as the �rst published account of the work reported in this chapter(Collberg [52]) and should be considered independent work. It is furthermorenot exactly clear how the Milano-Pascal linker was actually implemented, sinceboth the report describing the work (Paganini [164], in Italian) and the im-plementation have apparently been lost (Ghezzi [82]). The translating systemproposed by Sale was never implemented [184].Our design is unique in many respects: It is the �rst to use link-time pro-cessing to handle problems (such as the construction of object type templatesand the implementation of e�cient run-time type tests) that arise when object-oriented programming meets separate compilation and type encapsulation. Pre-vious solutions, such as the ones used in the SRC Modula-3 implementation,



160 5 Sequential High-Level Module Bindinguse expensive run-time processing instead. Also, while others have proposedthe use of link-time processing either to improve encapsulation (Celentano andSale) or cross-module optimization (Chow and Wall [214, 216, 217]), zts is the�rst functional system which is designed to handle both. We will see from thefollowing chapters, that zts is also the �rst system to use distributed and in-cremental translation techniques for improved control over encapsulation, andthe �rst to use distributed techniques to facilitate inter-modular optimization.



Chapter 6Distributed High-LevelModule Binding
Law of Probable Dispersal:Whatever it is that hits the fanwill not be evenly distributed.Anonymous6.1 Introduction

I
t should come as no surprise that pasting is a considerably more expensiveoperation than conventional link-editing, especially for programs whichrely heavily on abstract types and abstract inline procedures. Indeed, ifthe code generated during pasting is going to be subjected to aggressive op-timization, pasting may prove to be prohibitively slow. Fortunately, however,pasting is a process which is relatively amenable to parallelization over a dis-tributed processing system. This chapter will present a distributed version ofthe sequential Paster, called a dPaster, which runs on a network of workstations.Chapter 8 will present empirical results indicating that distributed pasting oflarge programs can be made as fast as, or faster than, conventional link-editing.The chapter is organized as follows: Section 6.2 gives an overview of paralleland distributed architectures, in particular the workstation/server model. Wenext discuss various interprocess communication techniques (Section 6.3), es-pecially the remote procedure call protocol. Earlier attempts at parallel trans-lation are covered in Section 6.4, after which we describe the design of the



162 6 Distributed High-Level Module Bindingdistributed Paster (Sections 6.5 through 6.9) followed by a section on possiblefuture developments (Section 6.10). Finally, in Section 6.11 we discuss imple-mentatation particulars and evaluate our design.6.2 Distributed Processing SystemsA distributed system consists of a number of sites connected by a communica-tion network. Each site has a processing unit, a local memory, and a uniquename, and can communicate with other sites on the network by means of mes-sage passing. In a loosely-coupled distributed system message passing is theonly means of communication; in a tightly-coupled system processors may alsocommunicate through shared global storage.There are several variations on the tightly-coupled model. The multipro-cessor is, at the user level, analogous to a conventional single-processor multi-process system, the di�erence being the existence of a large pool of processorswith a shared memory. The operating system dynamically allocates process-ors and memory segments to users' tasks. Array processors consist of a largenumber of simple identical processing elements connected in a regular topologysuch as a vector or matrix. Array processors fall into the so-called SIMD model(single-instruction-multiple-data) where, at each stage of the computation, eachprocessing element executes the same instruction on its local data.The workstation/server model is a popular example of a loosely-coupled dis-tributed system. In this model, a site is either a single-user computer providingconsiderable computing resources and powerful interaction facilities, or a serverproviding access to shared resources such as �le stores and printers. Worksta-tions and servers are linked by a high-speed Local Area Network (LAN) suchas the 10Mb/s Ethernet. Files are organized in a network �le system [138, 187]allowing workstations access to �les stored on remote �le-servers. 121Examples of such distributed �ling systems are the Xerox DistributedFile System (XDFS) and the Sun Network File System (NFS). Figure 6.1shows the logical buildup of the workstation network on which the test resultsin Chapter 8 were obtained.One important characteristic of workstation networks is the fact that atany one point in time there is likely to exist unused computing power. Thishas lead to the design of distributed application programs intended to solvecomputationally intensive problems by taking advantage of unused computa-tional resources. Examples include distributed compilers, distributed anima-tion programs, and distributed programs intended to solve large numerical ornumber-theoretical problems [174].
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Figure 6.1: The workstation network on which the test results in Chapter 8were obtained. The 8 workstations (Sun 3/80) have 8 MB of internal memoryand an internal 60 MB disk. They are connected by a 10Mb/s Ethernet. The�le-server (a Sun 3/50) has one 600 MB disk.6.3 Models of Network CommunicationMany distributed applications are built using a simple message passing modelof communication. That is, the application assumes the existence of two prim-itive operations send (to send a packet of data from one site to another) andreceive (to wait for an incoming packet). This model has the advantage ofbeing simple to implement { the two operations are often provided as operatingsystem primitives { but is often cumbersome to use and prone to programmererror. Other higher level models have therefore been invented, often designedas extensions to a simple message passing protocol. Examples include Commu-nicating Sequential Processes (CSP), Linda, and Remote Procedure Call (RPC)protocols. A Linda [80] program, which can either be a concurrent single-processor program or an application distributed over a network, is centeredaround a global tuple-space. Processes may put tuples (named data items) inthe tuple-space or fetch tuples from the tuple-space, e�ectively realizing pro-cess synchronization and data interchange. CSP is a programming notationrather than a complete language, but CSP style process communication, which
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P:Figure 6.2: A server simultaneously serving two client calls (left) and, a clientmaking a multicast call to two servers (right). Each call executes within itsown lightweight process.is based on synchronous message passing and selective communication, has beenembodied in several languages, most notably Occam.6.3.1 Remote Procedure CallThe semantics of a Remote Procedure Call [17, 25] is similar to that of an or-dinary procedure call: A client program on one site calls a procedure executingon another site (a server) by sending it a request message (including a set ofin parameters) and then waiting for a reply. When the remote procedure has�nished executing, a reply message (including any out parameters) is sent backto the client, which resumes execution at the point after the call. There are,however, some semantic di�erences. Firstly, clients, servers, or message transfermay fail. Secondly, the caller and the callee execute in di�erent address spaces{ indeed on di�erent sites { and therefore do not have access to each other'sglobal variables. Lastly, the cost of an RPC is substantially higher than for alocal procedure call; a remote call may take perhaps 100 to 1000 times longerto complete than a local call.The distributed Paster which will be described later in this chapter has beenimplemented using an RPC protocol similar to the one described in a seminalpaper by Birrell and Nelson [25]. It has the following characteristics:� A server may service any number of calls concurrently.� Each call on the server executes in its own lightweight process. Thismeans that all calls share access to the same set of global variables.



6.3 Models of Network Communication 165� A call may take an arbitrarily long time to complete.� Clients use timeouts to detect a failed server. Processes are assumed tobe fail-stop.� In and out parameters may be any arbitrarily complex data type.� The protocol includes broadcast and multicast facilities.Figure 6.2 (left) shows two clients simultaneously making a remote procedurecall to the same server. The two procedures P and Q execute concurrently onthe server, each within its own lightweight process. Figure 6.2 (right) is anexample of a multicast remote procedure call. It is realized as one outgoingrequest message to the servers involved and one reply message from each serverback to the client. All servers receive the same in parameters, but the clientgets one set of out parameters from each server. A broadcast is similar toa multicast except that all servers receive the call and may elect to reply ornot. In other words, a multicast call to n servers receives n results, whereas abroadcast call may yield zero-to-one result from each reachable server.We extend our algorithmic notation from the previous chapter with remoteprocedure call primitives. In the �rst example below, a client C makes a call tothe function P on server S with in-parameters x; y; z. When a call to P arrivesat S, the actual parameters are copied to the formal parameters and the bodyof the function is executed. The REPLY statement returns results from theserver back to the client. The second example shows C making a multicastremote procedure call to procedure P on sites S1; : : : ; Ss, receiving s replies inreturn. Lastly we see an example of a broadcast remote procedure call receivingan indeterminate number of replies followed by a call discarding all except the�rst reply received.1. S: ENTRY PROCEDURE P (a,b,c:int) ! int;REPLY a+ b � c;END P;C: v  CALL S.P (x; y; z);2. C: v1; : : : ; vs  CALL [S1; : : : ; Ss].P (1; 5; 7);3. C: vj ; : : : ; vk  CALL *.P (1; 5; 7);C: vj  CALL 1.P (1; 5; 7);



166 6 Distributed High-Level Module BindingAn RPC protocol like the one just described is a very attractive tool inthe design of distributed applications. The similarity to ordinary local callsmakes it easy for an application programmer to understand and use, and thehigh-level operations hide some of the details of network programming such asretransmissions, timeouts, and the marshaling of parameters. The overhead ofRPC protocols in general and the current implementation in particular will bediscussed later in this chapter.6.4 Distributed TranslationMuch work has gone into adapting language processors for use with parallel anddistributed systems.1 Several kinds of problems have been studied: Paralleliz-ing compilers analyze sequential programs in order to detect implicitly parallelcode which may be transformed to an explicit parallel form. Most of the work inthis area has been restricted to vectorizing compilers for numerical FORTRANprograms. Parallel compilers try to speed up the compilation process by ex-ploiting the inherent parallelism in a compiler and making it run on parallelhardware. Researchers working on distributed compilers focus on compilationspeedup as well as the creation of distributed multi-user programming environ-ments, in some cases under the assumption that the source code is distributedover the sites in the system. Distributed building [137, 75, 14, 15, 16] studiesthe related problem of con�guration management in a distributed environment.6.4.1 Models of Distributed TranslationThree conceptually di�erent schemes for parallel and distributed compiling havebeen proposed (see Khanna [123]): Compilers using functional decompositionallocate each compilation subtask (lexical, syntactic, and semantic analysis andcode generation) on di�erent communicating processors. The lexical analysisprocessor reads the source program and transforms it into a stream of tokenswhich is passed on to the syntactic analysis processor. It, in turn, will analyzethe syntactic structure and send it on along the pipeline for subsequent seman-tic analysis and code generation. In the data decomposition method an initialpass partitions the source code into roughly equal sized chunks, either arbitrar-ily or at the token or block level. The chunks are then processed concurrentlyby subcompilers residing on each processor. A �nal pass merges the resultsproduced by the subcompilers. Finally, grammatical decomposition lets each1Henceforth, we will use the term parallel for tightly-coupled systems such as array pro-cessors. The term distributed will be reserved for loosely-coupled systems such as the work-station/server model.



6.4 Distributed Translation 167processor handle one particular linguistic construct. The source code is parti-tioned at the statement level and each chunk of code is passed to the processorhandling the particular type of statement which the chunk contains.Much of the work that has been done on parallel and distributed compi-lation has assumed that the program to be compiled is delivered to the com-piler as a monolithic text. This is not always the case. Large programs willoften be modularized, and in a distributed system the modules may be scat-tered among the sites of the system. Kaplan and Kaiser [120, 119] describe adistributed language-based environment designed to run on a network of work-stations where a module resides on the workstation of the programmer who isresponsible for the development of that module. Each module is stored as anattributed abstract syntax tree which is always kept up-to-date with respectto editing changes. A collection of tools such as structure-oriented editors,incremental parsers, semantic checkers, and code generators work on this com-mon representation of the program and exchange information about changeswith tools operating on other sites. In contrast to the other systems describedhere, distributed language-based environments are usually designed not withe�ciency of translation but rather e�ciency of team programming in mind.Modularization has also spawned an interest in simple variants of the datadecomposition method where ordinary sequential compilers are made to runconcurrently on di�erent sites in a distributed system, each compiling one orseveral source modules. Such systems, usually termed distributed MAKE pro-grams, distributed con�guration managers, or distributed builders, have to con-sider several problems:� It must be decided which sites should compile which modules. This maydepend on the current load on each site, the projected compilation time ofeach module, and from which sites the source code of the various modulesis accessible.� Where there exist compilation dependencies between modules, compilersrunning on di�erent sites must be synchronized.� Many con�guration managers rely on the modi�cation time of source andobject modules in order to determine which modules have to be compiled.This may be a problem if the system time varies between sites.6.4.2 Gains of Distributed and Parallel TranslationThe advantages of a distributed translator lie, as we have seen, either in thedistribution of the source (which may allow the cooperation of programmers



168 6 Distributed High-Level Module Bindingworking on di�erent machines) or in improved translator performance. Thecomputational gain incurred by a parallel algorithm is measured in terms of itsspeedup2 { its performance relative to a sequential algorithm solving the sameproblem. More formally:Definition 6.1 (Speedup and Efficiency) If a parallel algorithm using pprocessors terminates in Tp(n) time, and if the best possible serial algorithmterminates in T �(n) time, then the speedup of the algorithm is given by theratio Sp(n) = T �(n)Tp(n) :The e�ciency of the algorithm measures the fraction of time that a typicalprocessor is usefully employed and is de�ned asEp(n) = Sp(n)p = T �(n)pTp(n) :When the optimal serial time T �(n) of a certain problem is unknown, T �(n)has to be given a di�erent de�nition. One possibility is to let Sp(n) be theself-relative speedup of the algorithm, in which case T �(n) is de�ned to be thetime required by the parallel algorithm running on one processor.If we have a certain parallel algorithm with a speedup of Sp(n) it is naturalto try to decrease the total solution time of a problem of a given size by increas-ing the number of processors. However, we will often experience that, due tocommunication penalty, there is an upper bound on the number of processorswhich can be gainfully employed in solving the problem. That is, as we increasethe number of processors, the amount of communication necessary to coordi-nate the actions of the processors also increases. This is evident from some ofthe experimental parallel and distributed translation systems which have beenreported in the literature. The speedups reported on are often fairly modest(between 2 and 4) and are achieved with a small number of processors where thegain from adding more processors is often negligible or negative. We give someexamples of parallel and distributed translation systems from the literature:� Baalbergen [15] reports that Amake, a distributed MAKE program forthe Amoeba distributed operating system, achieves a self-relative speedupof 3:60 with a system of 5 sites when compiling a program made up of\several tens of C source �les." Doubling the number of processors onlyincreases the speedup to 3:81.2The terminology and de�nitions used in this section are taken from Bertsekas and Tsit-siklis [24].



6.4 Distributed Translation 169� Boehm and Zwaenenepoel [30] report on a distributed Pascal compilerrunning on Sun-2 workstations connected by an Ethernet network. Asequential parser builds a syntax tree which is split up into subtrees andsent out to attribute evaluators executing on remote sites. A network of6 workstations is reported to achieve a speedup of up to 3.� Wortman [231, 118, 233], whose concurrent Modula-2+ compiler runson a shared memory multiprocessor, reports that the speedup achievedis in
uenced by the size of the modules compiled. For large modules3 processors achieved a self-relative speedup of 2:6, whereas 6 process-ors reached a speedup of 4:1. For small modules the speedups were 1:7and 1:9 respectively. The compiler creates a separate compilation pro-cess for each imported interface and for each function or procedure. Eachcompilation process is made up of several pipelined tasks, starting with alexical analyzer and ending with a task which merges the produced codewith the code produced by other processes.� Katse� [121] presents an assembler running on a message-passing mul-tiprocessor whose design is based on the data decomposition-technique.The inherent simplicity of assemblers compared to compilers is evidentfrom the speedups reported by Katse�: 4 processors reached a self-relativespeedup of 3:77, whereas 8 processors achieved 6:8. Adding more process-ors did not increase the speedup.� That the simplicity of the compiled language has positive e�ects on thespeedup achieved by a parallel compiler is con�rmed in Gross [85]. Theircross-compiler, which runs on an Ethernet-based network of Sun work-stations and produces code for a systolic array computer, achieves a \aspeedup ranging from 3 to 6 using not more than 9 processors." Thisspeedup can also be explained by the aggressive optimization techniquesused,3 which creates ample opportunity for parallelization.6.4.3 Distributed BindingMost of the parallel and distributed compilers reported on here su�er from thesame problem: The distributed compilation phase is followed by a sequentiallink-edit phase. As link-editors become more sophisticated [48, 214, 218, 215,216, 217, 94, 168, 186] and as programs grow larger and more modularized,the linking phase becomes something of a bottle-neck in the edit-compile-link3The authors report that sequential compilation of a 300 line function takes � 20 minutes,and that \compilation times measured in hours are not unusual."



170 6 Distributed High-Level Module Bindingcycle of program development. Considering that all other aspects of languagetranslation have been subject to attempts at parallelization, it is remarkablethat (apart from a remark by Katse� [121]) there has yet to be any work onparallelizing the linking process. Although the rest of this chapter will focuson distributed high-level binding, it is conceivable that some of the results willcarry over to conventional link-editing as well.6.5 The Distributed PasterIn the previous chapter we discussed in detail the design of the sPaster, a high-level module binder. It will be evident from the empirical tests in Chapter 8that pasting is a considerably more expensive operation than conventional link-editing. This should come as no surprise since the Paster takes over some of thetasks usually performed during compilation, such as storage allocation, inlineexpansion, optimization, and code generation. The rest of this chapter will bedevoted to the exploration of one possible avenue of Paster speedup, namelythe design of a distributed Paster, the dPaster.The distributed Paster can be said to be based on the data decompositionmodel of parallelization, in that each site taking part in the build process isresponsible for a subset of the modules which make up the program. Thedistributed Paster is made up of three kinds of processes:Master The Master is invoked by a user in the same way he would a sequen-tial Paster. It is the main conductor of processing, deciding which siteshould process which modules, initiating the various processing phases,and relaying possible errors back to the user.Slave There is (a maximum of) one Slave running on each site. All Slaves aredormant until contacted by the Master. They then wake up, take part ina bind orchestrated by the Master, after which they again return to theirdormant state.Servant There is one Servant process running on the local network, its jobbeing to maintain the result of the bind, the executable �le. Like theSlaves, the Servant process is dormant until awakened at the beginning ofa bind. Static data, machine code, and relocation information producedby the Slaves is sent to the Servant as it becomes available. The Servantis responsible for writing the code and data to the executable �le andperforming the updates according to the relocation information received.



6.5 The Distributed Paster 171
S ServantE DCBA MasterSlaveFigure 6.3: A network consisting of one �le-server and �ve workstations. Thereare seven active dPaster processes: one Master, one Servant, and �ve Slaves.There is no process active on the �le-server (S).Figure 6.3 shows a network consisting of 5 workstations A{E, and a �le serverS. There are �ve Slaves, one per site, one Servant process (on site B), and oneMaster (on site A).In the following we will be making certain assumptions about the underlyingdistributed system:1. The system is an instance of the workstation/server model.2. In addition to simple message-passing the network also supports broad-casting and multicasting.3. All sites have access to the object code �les of all modules.The algorithms presented later in this chapter will make heavy use of multicas-ting, and it is therefore imperative that the underlying communications systemimplements this e�ciently.6.5.1 An Overview of the Distributed PasterThe design goal of any distributed application is to keep processes as indepen-dent of each other as possible. The more data that has to be shared amongprocesses, and the more processing tasks which require processes to synchronizetheir activities, the more communication overhead will be generated. On theother hand, programming distributed applications is a notoriously di�cult taskwith many possible pitfalls, and a clean division of labor between processes {even at the price of extra communication { may pay o� in a more stable pro-gram. Hence, we have kept the �rst three phases of the sequential Paster inour design of the distributed Paster. The beginning of each phase serves as theprimary point of synchronization; when a Slave has �nished the processing of



172 6 Distributed High-Level Module Bindingone phase it must wait for the other Slaves to �nish before proceeding. Orga-nizing the processing in this regular fashion has the advantage that every Slaveat the onset of a phase knows exactly which information is available to it andwhich is not. The disadvantage is a certain loss of Slave independence, whichmay lead to reduced e�ciency of the Paster.In addition to the three main phases of the distributed Paster, whose mis-sions are similar to those of the corresponding phases in the sPaster, we haveincluded an introductory phase, phase 0, responsible for initiating communica-tion between the processes. Phase 1 �nds the modules which are to take part inthe build, and builds the di�erent tables used during subsequent phases. It alsodecides on the distribution of the modules among the Slave processes, attempt-ing to balance the load on the di�erent sites. Phase 2 evaluates expressions,expands inline-in-inline procedures, and distributes the results to the Slaveswho will need them during phase 3. Phase 3, which is virtually identical to itssPaster namesake, processes deferred procedures. The remainder of this sectionwill examine the design of each of the three phases in turn.The following de�nitions will be in e�ect for the rest of this chapter:s : The number of Slaves.S1; : : : ; Ss : The Slaves.m : The number of modules being bound.n : The number of expressions and the number of nodesin the expression graph.d : The average out-degree of the nodes in the expressiongraph.�e : The maximum number of expressions per packet.�v : The maximum number of values (evaluated expres-sions) per packet.6.6 Phases 0 and 1The design of Phase 1 is interesting mainly because of its signi�cance to thee�ciency of subsequent phases. It is during Phase 1 that the distributionof the modules over the Slaves is decided on, and this essentially determinesthe amount of work each Slave has to perform. A skewed work distributionwill make Slaves arrive at the synchronization points at widely di�ering times,which in turn will result in suboptimal performance. In addition to trying toanticipate the Slaves' workload, the distributed Phase 1 performs many of thesame tasks as its sequential counterpart: the modules which are to take partin the bind have to be found, as must their corresponding object �les; theconstant expressions and the inline procedures have to be read; the Binary



6.6 Phases 0 and 1 173Code, Data, and Relocation Sections have to be processed. Furthermore,before the pasting can commence, the Master must determine which Slaves arefree to help out with the processing and inform them of any special conditionswhich apply to the particular session. This may include search paths for object�les and 
ags to indicate whether code for debugging or pro�ling purposesshould be included, load maps should be generated, etc.6.6.1 Organizing the WorkAs we have already mentioned, the distributed Paster is based on the data de-composition model of parallelization: each Slave is responsible for a subset ofthe modules which make up the program. This means that once a Slave has ac-cepted the task of processing a given module, no other process { neither Master,Slave, nor Servant { has direct access to any data pertaining to that module.The owner Slave is responsible for �nding the module's object �le, reading andprocessing pertinent data from the �le, and distributing the information to anyneedy process. The intention is to try to make Slaves work as independentlyof each other and of the Master as possible. A high degree of independencemeans a high degree of parallelization, which hopefully will lead to high factorsof speedup. During Phase 1 the Slaves do not communicate with each otherat all. They receive requests from the Master to process certain modules andsend information about the modules back to the Master. Slaves also commu-nicate with the Servant during Phase 1, sending it the Binary Code and DataSections read from the modules' object �les.Finding the modules which are going to be part of the �nal program entails�nding the closure of the module import graph with respect to the main module.To this end, the Slaves send the Module Table of each module to the Master,which keeps a module mapM mapping the names of modules to unique integers.When the Master discovers that a module in a received Module Table is notyet in M , it is inserted and sent to a Slave for processing. The Slave readsthe Module Table of the new module and passes it back to the Master. Thisprocess continues until all modules (directly or indirectly) referenced by themain module have been found and have been assigned to and processed by aSlave. The Master furthermore distributes relevant parts of the module mapamong the Slaves. When communicating among each other and with the Masterthe Slaves refer to individual modules only by their system-wide unique modulenumbers, which ensures that all Slaves share the same view of the program beingbuilt.



174 6 Distributed High-Level Module Binding6.6.2 Working in StepLoad balancing, attempting to make Slaves work approximately in step by as-signing to each of them the appropriate amount of work, is currently achievedby estimating the time needed to process each module. A Slave makes this es-timate for a module assigned to it on the basis of the information gleaned fromthe module's object �le preamble (see Section 5.3), the current load on the siteon which the Slave runs, and possibly other relevant information. The calcu-lated load for a particular module is passed back to the Master, which keepsa record of the total amount of work currently assigned to each Slave. Whenthe Master �nds a new module which has yet to be processed, it is assigned tothe Slave which currently has the lightest workload. More sophisticated loadbalancing algorithms are discussed in Section 6.10.1.To determine the binding-time cost of processing a module we use an esti-mating function cost of the formcost(m; s) = s:l(�1 + �2m:d+ �3m:e+ �4m:i+ �5m:c)where m is a module, m:d, m:e, m:i, and m:c represent the logical sizes ofthe module's Binary Code+Data, Expression, Inline, and Deferred CodeSections respectively, and the �i's are empirically determined constants. Theparameter s is the Slave who owns m and s:l the current load of the site onwhich the Slave executes.4 Setting �1 = 1 and �2;:::;5 = 0 will assign to all Slaves(approximately) the same number of modules, regardless of the complexityof each module, whereas �5 = 1 and �1;:::;4 = 0 will only balance Phase 3processing.6.6.3 Phase 0 and 1 AlgorithmsWe are now ready to present the algorithms run by the Master and the Slavesduring the two initial phases. Before any actual binding operations can takeplace, the Master must make contact with the Servant and the Slaves which areto take part in the processing. Phase 0 is responsible for �nding available pro-cesses and distributing to them information relevant during the entire pastingsession.Algorithm 6.1 (Phase 0 { The Master)1. Locate (using a network-wide broadcast) one free Slave and retrieve fromit the list of all available free Slaves and the Servant.4s:l might, for example, be 1 for an unloaded site and 100 for a site currently utilizing allof its resources. The current implementation sets s:l = 1 for all s.



6.6 Phases 0 and 1 175(S1; : : : ; Ss;Servant)  CALL 1.FindSlaves ();2. Send (using a multicast call) to all Slaves global data pertinent to thesession. This includes the network address of the Servant, command lineswitches, environment variables, object �le search paths, etc. Also informthe Servant of the name of the program to be bound, so that it may createthe resulting executable �le.CALL [S1; : : : ; Ss].GlobalData (Environment,: : : );CALL Servant.Create (Name of program);During Phase 1 the Master repeatedly selects a Slave with a minimum work-load and sends it an unprocessed module in a ProcessModule call. It simultane-ously listens for incoming ModuleData calls which contain the Module Tableand other data pertaining to a particular module. The modules in the ModuleTable which are not already in the module map are inserted and are made avail-able for subsequent ProcessModule calls. In reply to the ModuleData call theMaster sends, among other things, the module map identi�ers of the modulesin the Module Table. This means that the module map is partially replicatedat each Slave, with each Slave holding only the part of the map correspondingto the modules which it itself owns or which are directly imported by thesemodules. The processing terminates when the Master has no more unprocessedmodules and has received a ModuleData call for each of the modules in themodule map.Algorithm 6.2 (Phase 1 { The Master)1. LetM be the module map, mapping module names to the integers 1; : : : ;m(M�1 is the reverse mapping). M initially contains only the main module.2. Let U be a queue (with the operations Insert, Delete, and Empty) ofhitherto unprocessed modules. U , too, is initialized to contain the mainmodule.3. Let Q be a priority queue initially containing the Slaves S1; : : : ; Ss, eachwith the priority 0. Q supports the operations Promote (Q, S, P) toincrease Slave S's priority by P and Min (Q) which returns (withoutdeleting) a Slave with minimum priority.4. Let PC be the program counter of the resulting program. The Masterruns the following Phase 1 main program (the termination condition ofthe loop has been omitted for brevity):



176 6 Distributed High-Level Module BindingPC  0;m  1;M  f(mainmodule) 7! mg;U  fmg;LOOPs  Min (Q);n  Delete (U);CALL s.ProcessModule (n, M�1(n));WAIT :Empty (U);END;5. On receipt of a callModuleData (S, N, F, Z, I) from a Slave S, the Masterexecutes the code below. N is the module processed by S, F is S'sestimate of the cost of processing N , I is N 's Module Table, and Z isthe size of N 's Binary Code and Data Sections.ENTRY PROCEDURE ModuleData (S, N, F, Z, I) ! int, map;FOR ALL V SUCH THAT (V 2 I)^ (V 62 M) DOINC (m);M  M [ fV 7! mg;Insert (U;m);END;L  The part of M corresponding to the modules in I ;REPLY PC;L;INC (PC, Z);Promote (Q;S; F );END ModuleData;The program segments above can be seen as two processes in a producer-consumer relationship. The consumer process takes modules from thequeue U and sends them o� to a Slave for processing, while the producerextracts new modules from the Module Tables of incoming calls andinserts them into U .We see from the above algorithm that the Master is in control of two globaldata items: the module map M which is (partially) replicated on each Slave,and the program counter PC which resides solely with the Master. Centralizedcontrol of the program counter is necessary since the Slaves will produce codeand data independently of each other, and each code or data segment producedmust receive a unique location. Therefore, for each new code segment generated,the Slaves have to inform the Master of the segment's size and in return receiveits start address, which is the current value of the Master's PC.



6.6 Phases 0 and 1 177During Phase 1, the Slaves respond to the ProcessModule call from theMaster and themselves make ModuleData calls to inform the Master of possiblenew modules. Binary Code and Data Sections read from the object �le duringPhase 1 are sent to the Servant in BinaryCode calls. Apart from this, the Slavesperform the same tasks as does the sequential Paster during Phase 1.Algorithm 6.3 (Phase 1 { The Slave)1. Let Ms be the Slave S's initially empty module map.2. On receipt of a ProcessModule (n, N) call from the Master (n is the num-ber and N the name of the module assigned to S), the Slave S executesthe code below. First the data from the declaration part of the object�le is read and the Master is sent any potentially new modules from theModule Table, together with the size of the Binary Code and DataSections, and the calculated cost of processing the module. In reply theSlave receives the part of the module map which pertains to the new mod-ules in the Module Table, and the program location where the binarycode and data should reside. Last, the binary code and data is sent tothe Servant, together with the pertinent relocation information.ENTRY PROCEDURE ProcessModule (n, N);REPLY;Ms  Ms [ fN 7! ng;Open n's object �le and read the preamble;Read n's Module Table, Expression and Inline Sections;Read n's data and code C of size Z with relocation R;Close n's object �le;F  cost(n; S);I  The modules in n's Module Table but not in Ms;(PC;L)  CALL Master.ModuleData (S;M;F; Z; I);Ms  Ms [ L;A  Addresses of code and data objects read;CALL Servant.BinaryCode (PC;C;R;A);END ProcessModule;6.6.4 Summary { Phase 1Two important decisions are made during Phase 1: which modules are to takepart in the build and which Slaves should process which modules. These deci-sions uniquely determine the state of the distributed Paster at the completionof the phase and the amount of work each Slave will have to perform duringsubsequent phases. Each Slave holds the constant expressions and the inline



178 6 Distributed High-Level Module Bindingprocedures of the modules assigned to it and will have to share these objectswith the other Slaves during Phase 2. Furthermore, each Slave will have togenerate code for all the modules it owns. This is a consequence of the loadbalancing principle currently employed, which is based on an initial estimate ofthe amount of work incurred by each module.6.7 Phase 2Phase 2 is in many ways the part of the Paster which is the most challenging toparallelize. It is during Phase 2 that the Slaves exchange information gatheredduring Phase 1, thereby paving the way for Phase 3. In fact, all Slave-to-Slave communication is carried out during Phase 2, ridding the computationallyexpensive Phase 3 from any disrupting communication.As we saw from the previous section, Phase 1 partitions the node set ofthe CET graph into s parts, one part for each Slave. The primary objective ofPhase 2 is to evaluate each of the CET expressions, and to replicate (at least)those values which each slave may need during Phase 3. The partitioning ofthe nodes of the graph implies that { from the viewpoint of a particular slave{ some nodes will be internal while others will be external.5 Internal nodeswill, in general, not present any problems, while some method will have to bedevised for slaves to access the values of external nodes.The next few sections will examine several alternative evaluation methodsand in Section 6.11 we will compare them with respect to their message com-plexity.6.7.1 Distributed Depth-First EvaluationWe will start by examining three unsophisticated algorithms for expressionevaluation, and then, in the next section, proceed with the algorithm actu-ally employed in the current implementation. First, it should be obvious thatsimplicity can be achieved at the expense of a reduction in parallelism:Algorithm 6.4 (sequential) Each Slave sends its part of the graph to anagreed upon special Slave, say S1, which evaluates the entire graph and multi-casts the results to the rest of the Slaves.Algorithm 6.5 (redundant) Each Slave multicasts its part of the graph toall other Slaves. Once all Slaves have received every subgraph, they evaluatethe complete graph in parallel.5We will also talk about edges being internal or external, depending on whether theyconnect nodes residing on the same or di�erent sites.
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CAB 75+e3;1 +e1;1e2;1e2;2+ e4;1
e3;2

Site Be2;1 , e3;1e2;2 , e3;2 + e4;1 Site Ae3;1 , e3;2 + e1;1e3;2 , 5 Site Ce1;1 , e4;1 + e2;1e4;1 , 7Figure 6.4: The distributed expression graph of four modules distributed overthree Slaves. The graph contains a cycle comprising expressions e1;1, e2;1, ande3;1.Another straightforward solution is to mimic the sequential evaluation method:Algorithm 6.6 (distributed depth-first) Let each Slave simultaneouslyevaluate its local subgraph depth-�rst. When a Slave comes upon an externaledge it sends a message to the Slave which owns the corresponding node witha request for that node's value.This last method requires every Slave to know the owner of every node in thegraph. Furthermore, extra care has to be taken in those cases when the graphcontains a cycle. Consider, e.g., Figure 6.4 where four modules (M1; : : : ;M4)reside on the three Slaves A, B, and C. Circular de�nitions of manifest constantsinM1, M2, and M3 have resulted in a cycle comprising the nodes e1;1, e2;1, ande3;1.6 A distributed depth-�rst evaluation of this graph will result in a deadlocksituation where Slaves A, B, and C will be waiting for values from each other.A number of techniques have been devised in order to handle distributeddeadlocks (see, for example, Bracha [34], Helary [93], and Singhal [196]): Dead-6In this and the following examples the actual attributes involved in a given expressionwill be left unspeci�ed.



180 6 Distributed High-Level Module Bindinglock avoidance algorithms make sure that deadlocks can never occur by main-taining a global state (a so-called wait-for graph) which is consulted and updatedbefore a possible deadlock-causing operation is attempted. Deadlock detectionalgorithms are run at regular intervals, or when processing seems to have cometo a standstill, to check for the presence of a deadlock situation. If it is de-termined that a deadlock situation is at hand, the o�ending dependencies arelocated and broken. Since it would seem that cyclic expression graphs wouldbe quite unusual { they are, after all, the result of rather obscure programmererrors { the appropriate way to handle deadlocks would seem to be by employ-ing a detection algorithm. Under normal circumstances, it would not interferewith the evaluation process. We can, however, get away without a separatedeadlock-breaking algorithm by extending the depth-�rst evaluation algorithmwith a site-migration facility.Algorithm 6.7 (site migration) We allow several (lightweight) evaluationprocesses to execute concurrently at each site, possibly evaluating the samevalue simultaneously. When a process needs the value of an external node,instead of asking the owner for its value, the process itself migrates to theappropriate site and continues the depth-�rst evaluation. In order to avoidgetting itself into a deadlock situation it does so regardless of whether anotherprocess is currently evaluating the same node. A process evaluating a nodeon a cycle will detect the cycle after it has been completely traversed and theprocess has returned to the node where the evaluation commenced.Consider again the cycle e1;1, e2;1, and e3;1 in Figure 6.4. Slave A needs thevalue of node e1;1 in order to evaluate node e3;1. It therefore migrates to siteC and from there to site B to evaluate e2;1. From site B it returns to node e1;1on site A and can therefore conclude that e1;1 is on a cycle.6.7.2 Multicast EvaluationThe last method we will study, and the one employed in the actual implemen-tation, makes heavy use of the multicast facility. It is a conceptually simpleiterative algorithm where each Slave evaluates as much as it can, distributesthe new values to the other Slaves, and waits for the arrival of new values.The exact method of evaluation depends on the nature of the attributes beingcomputed, but we give the general structure of the evaluation algorithm run bySlave Sk on the next page:



6.7 Phase 2 181ENTRY PROCEDURE Evaluate ();REPLY;Ix: Initialize;LOOPEx:Compute new data, Xnew;Tx:Determine the data Xout which should be transmitted;IF Xout 6=f g THEN CALL [: : : ; Sj ; : : :]j 6=k .Values (k;Xout) END;WAIT Incoming Values-calls;END;END Evaluate;ENTRY PROCEDURE Values (k;Xin);REPLY;Ux:Store the new data Xin;END Values;Based on this sketch, Algorithm 6.8 below contains the plug-in statementsfor the evaluation of synthesized attributes. The set Eleft holds the expressionswhich have yet to be evaluated, Enew the ones which were evaluated during thepresent round, and Eout the global expression values which are to be distributedto the other Slaves.Algorithm 6.8 (evaluate synthesized attributes)Ie: Eleft  fAll em;i:a such that (Sk owns m)^ (a is synthesized)g;Ee: Enew  fAll em;i:a 2 Eleft whose arguments have known valuesg;Eleft  Eleft n Enew;Te: Eout  fAll tuples (m; i; a; V ) such that(em;i:a 2 Enew)^ (em;i:a ,V)^ em;i:globalg;Ue:FOR EACH (m; i; a; V ) 2 Ein DO Let em;i:a ,V END;Computing the inherited attribute ref is slightly more complicated, as canbe seen from Algorithm 6.9 below. On Slave Sk Rref starts out containing theset of em;i:s corresponding to the bodies of the modules owned by the slave,and during each subsequent round it will hold the new em;i:s received from theother slaves. Rnew will hold the em;i:s reachable through the calls-attributesof the expressions in Rref . Rout, �nally, holds the set of procedure identi�erswhich are to be distributed to the other Slaves, while Rsent holds those em;i:swhich will not need to be transmitted again.



182 6 Distributed High-Level Module BindingAlgorithm 6.9 (evaluate inherited attributes)Ir: Rref  fAll em;i such that (Sk owns m)^ em;i:ref g;Rsent  fg;Er: Rnew  fAll em;i reachable from some en;j 2 Rrefg;Tr: Rout  fAll tuples (m; i) such that(em;i 2 Rnew)^ (em;i 62 Rsent)^ (Sk does not own m)g;Rsent  Rsent [ Rnew ;Ur:Rref  fAll em;i such that ((m; i) 2 Rin)^ (Sk owns m)^ (:em;i:ref)g;FOR EACH (m; i) 2 Rin DOLet em;i:ref ,T;Rsent  Rsent [ fem;ig;END;Although super�cially uncomplicated, careful study of the algorithms abovereveals several subtleties. How, for example, are cycles among the synthesizedattributes discovered? And when does the algorithm terminate? It turns outthat these two questions are interrelated. Applying Algorithm 6.8 to the simpleexample of Figure 6.4 spawns the following communication between the Slaves:Slave Pass 1 Pass 2A fe3;2g f gB f g fe2;2gC fe4;1 g f gDuring the �rst round of Algorithm 6.8 Slave A will multicast the value of e3;2and Slave C will send e4;1. Once these values have arrived at Slave B, e2;2 maybe evaluated and its value distributed to the other Slaves. This, however, willnot further any new computations, and the processing will come to a standstill,even though there are still three unevaluated expressions, e1;1, e2;1, and e3;1.The fact that there remain expressions which have yet to receive a value, andstill no more evaluations are possible, indicate the presence of one or morecycles. Indeed, e1;1, e2;1, and e3;1 form such a cycle.Algorithm 6.9 displays a similar behavior. Consider the example in Fig-ure 6.5 which shows a con�guration of three Slaves, three modules, and thecall-graph of thirteen procedures. The roots of the call-graph (correspondingto module bodies) are boxed; ordinary procedures are circled. The calculationof referenced procedures { which corresponds to the calculation of the nodesof the closure of the graph with respect to the boxed root nodes { in this caseruns in three passes:
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e3;3 e3;5 e3;4e1;4Be1;1e1;2 e1;3 e2;4e2;2 e2;3e2;1 e3;2 e3;1A C

Site Be1;1 , [e1;2]e1;2 , [e3;4]e1;3 , [e1;2; e1;4]e1;4 , [e3;3] Site Ae2;1 , [e1;3; e3;2]e2;2 , [ ]e2;3 , [e2;2]e2;4 , [e2;3]
Site Ce3;1 , [ ]e3;2 , [ ]e3;3 , [e2;2]e3;4 , [e3;5]e3;5 , [e1;2]Figure 6.5: The distributed call-graph of three modules distributed over threeSlaves. Slave Pass 1 Pass 2 Pass 3A fe1;3, e3;2g f g f gB fe3;4g fe3;3g f gC f g fe1;2g fe2;2gIn the �rst pass each Slave multicasts the nodes reachable from the root nodesand residing on other Slaves. Subsequent passes multicast the nodes deemedreachable from the nodes which were received in the previous pass. After thethird pass, the closure has been computed and processing comes to a standstill.6.7.3 Detecting TerminationWe see that both in the case of evaluating arithmetic expressions and in com-puting the closure of the call-graph we arrive at a point where the distributedcomputation ceases because no Slave has anything more to compute and noSlave receives more input from other Slaves to further its computation. Yet, itis impossible for any individual Slave in a passive state to determine whether



184 6 Distributed High-Level Module Bindingcomputation as a whole has ceased or whether some other Slave is active andmay eventually distribute data which may make new computations possible.This problem is usually termed the Distributed Termination Detection Problem(DTDP) and has been studied in vast detail [66, 77, 93, 105, 144, 205, 211].The following de�nitions are adapted from Huang [105]:Definition 6.2 (Termination) A process taking part in a distributed com-putation may be either active or passive. Only active processes may send mes-sages. An active process may become passive at any time, and a passive processmay be reactivated by receiving a message. A distributed computation is said tohave terminated i� all processes are in a passive state and there are no messagesin transfer.A Distributed Termination Detection Algorithm (DTDA) is a protocol whichruns concurrently with a distributed application and reports when said appli-cation has terminated. There is a multitude of such algorithms intended for usewith various models of distributed systems. Algorithms may assume a certainnetwork topology, synchronous or asynchronous communication, the existenceof an external leader site, etc. The evaluation algorithm presented earlier inthis chapter has some very special properties which makes it possible to em-ploy a new and simple DTDA. First of all, the evaluation algorithm only makesuse of multicast messages. In other words, every message sent by one of theSlaves is received by all other Slaves. Secondly, all messages are in the formof remote procedure calls. This means that message-passing is synchronous; aSlave knows after having sent a message and having received the replies thatthe message has arrived at its destinations. Lastly, our RPC protocol allowscalls to take an arbitrarily long time to complete. Our termination algorithmmakes use of all these facts.Algorithm 6.10 (termination-detection)1. Let there be s sites S1; : : : ; Ss executing a distributed application. Sitescommunicate exclusively by multicast remote procedure calls.2. A site is either in an active state (performing some computation on lo-cal data, sending messages to other sites, or itself responding to suchmessages) or in a passive state which is characterized by the absence oflocal computation and message-passing. A site may enter a passive stateonly after having determined that all remote calls it has initiated havereturned, all incoming calls have been returned, and that no further localprocessing is possible.



6.7 Phase 2 1853. Let each site Si maintain a count Ci of all multicast messages sent orreceived during the execution of the underlying algorithm, excluding anycontrol messages introduced by the termination detection protocol.4. Choose one site, say S1, to be the detector of termination.5. On entering a passive state, S1 sends a multicast remote procedure callDETECT to S2; : : : ; Ss. On receipt of a DETECT call site Si continuesprocessing until a passive state is reached. At this point a reply is sent toS1 including the current value of Ci.6. Having received replies from all other sites, S1 compares the values ofC1; : : : ; Cs. If all values are equal, S1 concludes that the underlying al-gorithm has terminated. Otherwise, the process is repeated with a newDETECT call once S1 again becomes passive.We will prove the correctness of the algorithm by initially considering asimpler variant, identical to Algorithm 6.10, except for the following points:Algorithm 6.11 (termination-detection-A)1. Associate with each message a unique identi�er and let each site maintaina set Mi of the identi�ers of the messages it has either sent or received.2. On reaching a passive state let Si return from the DETECT call withthe value of Mi.3. When S1 has received replies from all other sites, the Mi's are comparedfor equality. If M1 =M2 = : : : =Mn, S1 may conclude that the underly-ing algorithm has terminated.Theorem 6.1 (termination-detection-A) Algorithm 6.11 detects termi-nation i� the underlying computation has terminated.Proof(() When the underlying computation terminates it has done so becauseall sites have determined that there is no more basic computation to be carriedout. Hence all sites have entered a passive state and returned their Mi. Micontains all messages Si has seen; i.e. those Si has sent itself and those it hasreceived from fS1; : : : ; Si�1; Si+1; : : : ; Ssg. If Si has sent a message m, m mustbe in Mi (since it was sent by Si) and it must be in the Mj 's of all other sites



186 6 Distributed High-Level Module Bindingsince it was received by them.7 Therefore M1 = M2 = : : : = Mn and thealgorithm will report termination.()) Assume that Algorithm 6.11 has reported termination, that the Si'shave entered their passive state in the order fS1; S2; : : : ; Ss�1; Ssg,8 that theyhave returned the value M = M1 = M2 = : : : = Mn, but that there arestill some active processes. Then some site, say Si, after having returned Miand entered a passive state, will have been reactivated by a message m 62 Mioriginating from site Sj. Then j > i since fS1; S2; : : : ; Sj�1g were passive atthis time. But then m 2 Mj which is a contradiction since Mj = M = Mi.Therefore, we can conclude that the detection algorithm will not report falsetermination. 2Theorem 6.2 (termination-detection) Algorithm 6.10 detects terminationi� the underlying computation has terminated.Proof(() By the �rst part of the proof of the previous theorem, if all basiccomputation has ended then in Algorithm 6.11M1 =M2 = : : : =Mn. But sinceCi = kMik, C1 = C2 = : : : = Cn and Algorithm 6.10 will report termination.()) We use an argument similar to the one in the second part of the proofof the previous theorem. If some passive site Si was reactivated by a messagem originating from site Sj , then j > i. But since Sj has seen at least the samemessages as Si at the time it goes passive, and since m arrived at Si after itwent passive and hence is not included in its count Ci, Cj > Ci, which is acontradiction. Therefore, there will be no detection of false termination. 2It seems reasonable at this point to question whether it is actually neces-sary for the sites to maintain even a count of the messages they have seen. Letus, for a moment, consider an algorithm where one site (exactly as in the twoalgorithms just presented) repeatedly asks the other sites if they have termi-nated. When a site becomes passive it replies { not with the set of messagesit has seen or even with the message count { but with a simple yes. A simplethree site example is enough to show that this method is not su�cient: SitesS2 and S3 are both active; site S1 is passive and sends a DETECT messageto the other two sites. Site S2 goes passive and returns yes to S1. Site S3sends a message which reactivates S2, goes passive, and returns yes to S1. S17Remember that all messages are in the form of multicast remote procedure calls and thata site does not enter a passive state until all of its outgoing calls have been completed.8After possible renumbering. If two sites enter their passive state at the same time weassign an arbitrary ordering between them.



6.7 Phase 2 187has now received an a�rmative reply from the two other sites and therefore,erroneously, concludes that the processing has terminated.It should be noted that Algorithm 6.10 is not immune to failures. As hasalready been mentioned, we assume that the underlying RPC protocol detectsfailed sites and makes sure that all messages eventually reach their destination.If, for example, we allow sites to crash, only to reenter the system at a latertime, a more fault-tolerant protocol than Algorithm 6.10 must be employed.6.7.4 Distributed Inline ExpansionAt the completion of Phase 1 the set of inline procedures has been partitionedover the s Slaves, and each inline procedure resides on the Slave which ownsthe module exporting it. The task of Phase 2 is to ensure that when Phase 3commences each Slave will have direct access to all inline procedures referencedby any module owned by the Slave. Once this has been accomplished each Slaveknows that it has local access to all the global entities it will need during theprocessing of Phase 3 { all expression values as well as all inline procedures.Consequentially, Phase 3 will require no inter-Slave communication.The distributed Phase 2 must accomplish three things in connection withthe inline procedures: Cycles in the inline graph have to be discovered, inline-in-inline calls have to be expanded, and the resulting procedures have to bedistributed to the Slaves where they will be needed during Phase 3. The detec-tion of inline cycles can easily be incorporated into the expression evaluationalgorithms presented earlier. In Algorithm 6.12 below, the Slaves start byexchanging information about which of their procedures are inline. This is ac-complished by the remote procedures SendInline and IsInline. Thereafter theauxiliary CET attribute icalls given to each inline procedure is initialized tothe number of calls em;i makes to external inline procedures.9Algorithm 6.12 (inline cycle detection)Ii: SendInline ();Ileft  fAll em;i such that (Sk owns m)^ em;i:inlineg;FOR EACH (m; i) 2 Ileft DOFOR ALL en;j 2 em;i:calls SUCH THAT(Sk does not own n)^ en;j :inline DOem;i:icalls  em;i:icalls + 1;END;END;9Algorithm 6.12 as presented does not account for cycles contained exclusively on oneSlave.



188 6 Distributed High-Level Module BindingEi: Inew  fAll em;i 2 Ileft such that (em;i:icalls , 0)g;Ileft  Ileft n Inew ;Ti: Iout  fAll tuples (m; i) such that (em;i:a 2 Inew)^ em;i:globalg;Ui: FOR EACH (n; j) 2 Iin DOFOR ALL em;i 2 Ileft SUCH THAT en;j 2 em;i:calls DOem;i:icalls  em;i:icalls - 1;END;END;PROCEDURE SendInline ();Iout  fAll tuples (m; i) such that (Sk owns m)^ em;i:inlineg;CALL [: : : ; Sj ; : : :]j 6=k .IsInline (Iout);FOR j 2 1 : : : s� 1 DO WAIT Incoming IsInline-call; END;END SendInline;ENTRY PROCEDURE IsInline (Iin);FOR EACH (n; j) 2 Iin DO Let en;j :inline ,T END;REPLY;END IsInline;It should be fairly obvious that Algorithm 6.12 is really a distributed variantof topological sorting, as presented for example by Mehlhorn [148, pp. 4 �.].The algorithm starts by determining the out-degree of each node in the inlinecall-graph (the icalls-attribute), and then proceeds to distribute the set of nodeswhose out-degree is 0. On receipt of a set of such nodes (Iin), a Slave decrementsthe icalls-attribute of each of its remaining inline procedures (Ileft) that callsany of the procedures in Iin. The process continues until either Ileft is empty onall Slaves, or all the processing comes to a stand-still due to a cycle in the graph.We illustrate the actions of Algorithm 6.12 using the call-graph of Figure 6.5on page 6.5 (the example assumes that all procedures are inline):Slave SendInline Pass 1 Pass 2 Pass 3A fe1;2,e1;3,e1;4g fe2;2,e2;3,e2;4g f g f gB fe2;2,e2;3,e2;4g f g f g fe1;4gC fe3;2,e3;3,e3;4,e3;5g fe3;2g fe3;3g f gPass e1;2 e1;3 e1;4 e2;2 e2;3 e2;4 e3;2 e3;3 e3;4 e3;50 1 2 1 0 0 0 0 1 1 11 1 2 1 0 0 0 0 0 1 12 1 2 0 0 0 0 0 0 1 1



6.7 Phase 2 189In the table of out-degrees (icalls-values) above we note that only calls toexternal procedures are considered, and that prior to the �rst pass (pass 0 inthe table) there are four procedures of out-degree 0 (e2;2,e2;3,e2;4). These aretransmitted during pass 1, after which only one new procedure (e3;3) gets out-degree 0. After the third pass there is no more communication even thoughthere are still four procedures with out-degree > 0. These are either part of theinline call cycle or call procedures on the cycle.Once we have determined that the inline call-graph is acyclic we can safelyproceed with the actual expansions. It should be clear that it is quite possible toemploy techniques similar to any of the ones proposed for expression evaluation.The current implementation uses a technique similar to Algorithm 6.12, withone exception. Since inline procedures can be fairly large objects (especiallyafter having been subject to a few expansions), and the implementation ofour remote procedure call protocol is slightly ine�cient in multicasting largemessages, an inline procedure is only distributed to those Slaves who actuallyneed it rather than to all Slaves. This scheme is likely to pay o� in a systemwith a large module to Slave (ms ) ratio, where the probability of a particularSlave needing a particular inline procedure is fairly small.We can now add one more item to the list of tasks which have to be accom-plished during the distributed Phase 2: each Slave must be informed of whichother Slaves need which of its inline procedures. Fortunately, this is a simpletask which can be easily integrated with the calculation of the ref-attribute. Wegive each em;i representing an inline procedure an initially empty set attributeneeded where Sj 2 em;i:needed on Slave Sk if Sk owns em;i and Slave Sj needsem;i. Algorithm 6.9 is altered as follows:Ur:Rref  fAll em;i such that ((m; i) 2 Rin)^ (Sk owns m)^ (:em;i:ref)g;FOR EACH (m; i) 2 Rin DOLet em;i:ref ,T;IF :em;i:inline THEN Rsent  Rsent [ fem;ig; END;IF em;i:inline^ (Sk owns m) THENem;i:needed  em;i:needed [ fSjg;END;END;The �rst IF-statement in the code fragment above ensures that each slavewill always inform the other slaves of all the inline procedures it needs.To complete Phase 2 we merely have to perform the actual inline expansionsand distribute the results. We know from the �rst part of Phase 2 that there areno inline cycles and where the di�erent inline procedures need to be replicated.The distributed inline expansion algorithm is sketched on the next page:



190 6 Distributed High-Level Module BindingAlgorithm 6.13 (inline expansion)ENTRY PROCEDURE Expand ();Replace all CET references in all inline procs with the newly computed values;Ileft  fAll em;i such that (Sk owns m)^ em;i:inlineg;WHILE Ileft 6=fg DOExpand all calls to procedures whose code is available;Inew  fAll em;i 2 Ileft without any remaining inline callsg;Ileft  Ileft n Inew ;FOR EACH em;i 2 Inew DOCALL [em;i:needed].InlineProc ((m; i),code of em;i);END;WAIT Incoming InlineProc-calls;END;REPLY;END Expand;ENTRY PROCEDURE InlineProc ((m; i), code of em;i);REPLY;Store the code of em;i;END InlineProc;6.7.5 Summary { Phase 2We are now ready to put together the bits and pieces of the Phase 2 algorithms.Note that in all algorithms presented in this chapter, all intra-process synchro-nization has been omitted. Since all incoming remote procedure calls executein their own lightweight processes, global data (such as the CET, the inlineprocedure store, and the global variables calls and active below) must of coursebe protected using monitors and condition variables or similar concepts.Algorithm 6.14 (evaluation)ENTRY PROCEDURE Evaluate ();IF k 6=1 THEN REPLY END;calls  0;active  TRUE;Ii; Ie; Ir;LOOPEi; Ee; Er;Ti; Te; Tr;



6.7 Phase 2 191IF (Eout; Rout; Iout)6=(fg; fg; fg) THENCALL [: : : ; Sj ; : : :]j 6=k .Values (k;Eout; Rout; Iout);calls  calls + 1;END;active  FALSE;IF k=1 THEN(C2; C3; � � � ; Cs)  CALL [S2; : : : ; Ss].Detect ();IF calls = C2 = � � � = Cs THEN REPLY END;END;WAIT Incoming Values-calls;END;END Evaluate;ENTRY PROCEDURE Values (k;Ein; Rin; Iin);active  TRUE;calls  calls + 1;REPLY;Ui; Ue; Ur;END Values;ENTRY PROCEDURE Detect ();WAIT :active;REPLY calls;END Detect;Algorithm 6.15 (Phase 2 { The Master )ENTRY PROCEDURE Master-Phase2 ();CALL [S1; : : : ; Ss].Evaluate ();CALL [S1; : : : ; Ss].Expand ();END Master-Phase2;It is interesting to note that the problem of distributed evaluation of ex-pressions arises in two other areas related to language implementation, namelyparallel attribute evaluation [30, 120, 125, 126, 133, 134, 117] and parallel eval-uation of functional programs [115]. There are, however, important distinctionsbetween expression evaluation as it has been described in this section and theway it is treated in these two areas. The most important di�erence is the wayexpressions are assigned to the sites of the evaluating network. In our caseprecious little is known about the structure of the expressions prior to theirevaluation, and hence the expression-to-site mapping has to be done more orless at random. In the case of parallel evaluation of attribute grammars and



192 6 Distributed High-Level Module Bindingfunctional programs, the expressions to be evaluated are often known a pri-ori, and the goal of the research in these areas is to develop algorithms whichcompute optimal expression-to-site mappings.Expression evaluation and graph traversals have also been studied for par-allel random access machines; see for example Gibbons [84] and Er [70]. Thedistributed CET is also reminiscent of the replicated blackboards used in AIsystems (Engelmore [69]).6.8 Phase 3The design of Phase 2 ensures that all global data, expression values as well asinline procedures, needed by a Slave during Phase 3 has been replicated andis locally accessible. Therefore, the design of Phase 3 becomes uncomplicated,in fact almost identical to its sequential counterpart. A further consequence isthat during Phase 3 no communication between Slaves is necessary; the onlycommunication occurs from the Slaves to the Master (to gain access to theglobal program location counter) and from the Slaves to the Servant (to sendthe generated code). In other words, a Slave will not be interrupted by anycommunication during Phase 3 other than that which it has initiated itself.Algorithm 6.16 (Phase 3 { The Master)1. On completion of Phase 2 the Master sends a multicast DoPhase3 () callto all Slaves. The Slaves return from the call when they have completedPhase 3 processing.2. On receipt of a MachineCode (D) call from a Slave S the Master returnsthe current value of the program counter and increments by D.ENTRY PROCEDURE MachineCode (D) ! int;REPLY PC;INC (PC, D);END MachineCode;Algorithm 6.17 (Phase 3 { The Slave) On receipt of a DoPhase3 () callfrom the Master the Slave S starts processing the modules it owns, one at atime. Unknown values in the linear code are updated, calls to inline proceduresare expanded, and machine code is generated. The Master is informed of theamount of code generated and the Slave receives the code's new program loca-tion. The code, its location, its relocation information, and the new addressesof generated procedures are passed on to the Servant, who writes the code tothe executable �le.



6.9 Distributed Relocation 193ENTRY PROCEDURE DoPhase3 ();FOR EACH module N owned by S DOOpen N 's object �le;Read N 's Deferred Code Section;FOR EACH referenced deferred procedure in N DOFill in calculated expression values;Expand calls to inline procedures;IF some calls were expanded THENRecompute basic blocks and next-use information;END;Optimize;END;C;Z;R  Generate machine code C of size Zwith relocation R for the deferred procedures;Close N 's object �le;PC  CALL Master.MachineCode (Z);Update procedure addresses with the new PC;A  Addresses of generated procedures;CALL Servant.BinaryCode (PC;C;R;A);END;REPLY;END DoPhase3;Once all Slaves have returned from the DoPhase3 () call the Master willjust have to wait for the Servant (using a Close () call) to complete the writingand updating of the executable �le.6.9 Distributed RelocationSo far we have avoided describing the exact nature of the actions performed bythe Servant. In fact, we have yet to produce a clear motivation for the existenceof a Servant process. The reason for this lapse is that the issue of how the codeproduced by the Slaves is merged to form the resulting program �le and howthis �le is updated during relocation is a very complex one, and one whosesolution will have a profound impact on the e�ciency of the distributed Paster.We will devote this section to examining three di�erent solutions, in particularthe one currently employed. We label the three solutions as follows:temporary Each Slave stores the code it generates on a temporary �le. Atthe end of the processing the �les are concatenated to form the executableprogram �le. Relocation can either be performed on the complete pro-gram �le by one dedicated Slave (in which case that Slave has to be sent all



194 6 Distributed High-Level Module Bindingthe relocation information and routine addresses generated by the otherSlaves) or by each Slave on their own temporary �le prior to concatena-tion. In the latter case the Slaves must share the addresses of the routinesthey have generated with all other Slaves.shared The Slaves share ownership of the executable �le, allowing them towrite to it and update it concurrently. Relocation can either be performedby one dedicated Slave or by all Slaves concurrently.servant The Slaves send the generated code to a special process (a Servant)which maintains the executable �le. Along with the code, the Servantmust also be sent the relocation information and routine addresses gen-erated by the Slaves.The temporary solution is attractive because of its simplicity. One drawback,however, is that the concatenation of the temporary �les has to be performedsequentially.The shared solution runs into quite di�erent problems, since it gives Slavesshared access to a global �le in a network �le system. Client �le caching isan important element of most distributed �le systems which allows clients tostore local copies of recently accessed �le blocks. Changes to the �le a�ectprimarily the local copy, and the original �le held by the server is updatedaccording to some agreed-upon convention. When several clients concurrentlymodify the same �le it becomes necessary to provide mechanisms that assurethat each client holds a consistent set of �le blocks. The NFS distributed �lesystem uses �le caching on both clients and servers and relies primarily onclients periodically checking the �le modi�cation date of remote �les to protectagainst inconsistencies. For additional protection NFS provides write-through�les, un-cached �les, and a distributed �le locking service. Write-through �lesforce a client issuing a write-operation to wait until the server has written thedata to the disk. The locking service consists of a network lock daemon withwhich clients can communicate in order to reserve parts of �les for exclusive use.Programs such as the distributed Paster where several clients make frequentconcurrent modi�cations to the same remote �le cannot rely on modi�cationdate checks alone to protect against inconsistencies, since the checks are onlydone periodically (in NFS every three seconds) and there are several sourcesof time lags. A combination of un-cached �les and �le locking is su�cient,but only if the locking is done on the block level. In other words, blocks mustonly be modi�ed using an atomic read-update-write sequence lest simultaneousmodi�cation of the same block should result in inconsistencies. This is a seriousdrawback if �le blocks are large (in NFS they are 8k bytes) and the average



6.10 Future Work 195write operation only a�ects a small part of the block. In this case clients willfrequently be waiting to obtain the lock of a particular �le block.The servant approach avoids any problem arising from multiple concurrentaccess to the executable �le since only one process { the Servant itself { actuallywrites and updates the �le. Neither is there any copying overhead, as is the casewith the temporary approach. Furthermore, it is not di�cult for the Servantto perform relocations concurrently with the production of code. Figure 6.6gives a sketch of the Servant as it is currently implemented in the dPaster.The Servant consists of two concurrent lightweight processes, the Writer andthe Updater. The Writer processes incoming code and data and writes it tothe executable �le. The Updater updates the executable �le according to theprocedure addresses and relocation information it receives. Naturally, the twoprocesses must serialize access to the �le-blocks in order not to write to thesame part of the �le at the same time. A simple and e�ective way to achieveserialization is for the Writer to lock all �le-blocks until they have been com-pletely written. When a �le-block is complete the lock is turned over to theUpdater, which can perform relocations in the block as soon as the relevantinformation is received.6.10 Future WorkWith the exception of the design of Phase 2, we have so far only examinedone possible approach to distributed module binding. It is our intention toinvestigate possible improvements of the current implementation, as well asfundamentally di�erent overall designs. In this section we will examine alterna-tives to the load balancing algorithm of Section 6.6.2 and present a distributedbinder based on functional rather than data decomposition.6.10.1 Load Balancing RevisitedIn Section 6.6.2 we described the load balancing scheme used by the currentdPaster implementation. This scheme, which assigns modules to slaves basedon estimates of the amount of binding-time processing required per module,is attractive primarily because of its simplicity. The main problem with themethod is that it is in general impossible during Phase 1 to accurately estimatethe amount of work that a given module will impose on Phase 3. The reasonis that it is not known until after Phase 2 which deferred procedures containcalls to inline procedures.10 Not surprisingly, the empirical test results in Sec-10Obviously, a procedure which makes many inline calls will be more expensive to processthan one which does not; not only do we have to perform the actual expansions, but the calling
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BinaryCode(PC, C, R, A)Create(Name)Close

Writer UpdaterRelocationAddressesServantSlave 1Slave 2Slave n
Master

ExecutableFileFigure 6.6: Schematic structure of the Servant. The BinaryCode calls re-ceived from the Slaves contain generated code and data (C), relocation in-formation (R), and addresses of generated routines (A). The code is writtento the executable �le by a lightweight process Writer. R and A are stored intables which are used by a lightweight process Updater, operating concurrentlywith Writer, to update the �le.tion 8.4.4 regarding the performance of the dPaster's Phase 3 indicate that thecurrent load balancing algorithm works adequately for programs with a smallamount of inlining. The algorithm performs less well, however, when there is alarge number of inline calls and the number of calls di�er signi�cantly betweenmodules. The most important future developments of the dPaster will thereforebe the introduction of new and more accurate load balancing schemes.Load balancing algorithms fall in two categories, static and dynamic [108].Static algorithms are characterized by the fact that processing tasks remain atthe processor to which they were initially assigned for the lifetime of the pro-gram. Dynamic algorithms allow tasks to migrate between processors wheneverthis improves e�ciency. Since our current inadequate load balancing algorithmis static, it is natural to consider whether dynamic algorithms may fare bet-procedure will be substantially longer after the integrations and therefore more expensive toprocess during code generation.



6.10 Future Work 197ter. There are several possible dynamic algorithms, but we will restrict ourpresentation to two methods which present themselves naturally.The �rst method, which we will call Global Scheduling, dispenses with thestatic load balancing method altogether and gives the Master full dynamic con-trol over the module-to-slave allocation. Under the Global Scheduling strategythe Master employs a similar approach for Phase 3 as it currently uses forPhase 1: a pool of hitherto unprocessed modules is maintained and used toassign modules to Slaves on an as-needed basis. In other words, when a Slavehas �nished a module's Phase 3 processing, a remote call is made back to theMaster to retrieve a new module. Unlike the present static load balancing al-gorithm which only partially replicates CET values and inline procedures (onthe assumption that a module will remain at the Slave to which it was origi-nally assigned during Phase 1), the Global Scheduling method will require fullreplication of all global data.The second method, Module Migration, extends the basic static algorithmwith facilities to dynamically handle cases in which the original module-to-slaveassignment is found to be unbalanced. The basic idea is to let the Slaves per-form Phase 3 processing of the modules assigned to them without intervention,unless one or more Slaves �nish long before the others. When that happens theMaster, or the Slaves themselves, orchestrate a redistribution of the remain-ing unprocessed modules. In other words, during the �rst part of Phase 3 theSlaves work independently of each other and the Master, but towards the endof the phase they cooperate in order to allow modules to migrate from busy toidle Slaves. The advantage of this method compared to Global Scheduling isthat when the original Phase 1 module distribution is accurate there will be nounwarranted extra communication. Furthermore, unlike the Global Schedulingmethod which requires full replication of global data, the Module Migrationmethod only requires migrating modules to bring along local expression valuesand inline procedures in the move.Determining which of these methods will prevail will be the subject of futureinvestigations. We will be particularly interested in �nding out whether the fulldata replication required by Global Scheduling and the local data migrationrequired by Module Migration will cancel out the advantages gained from themore precise load balancing a�orded by these methods.6.10.2 Functional Decomposition SolutionThe distributed Paster heretofore presented is modeled on parallelization bydata decomposition. In this section we will examine an alternative approach,the fPaster, which in its design resembles the functional decomposition model.



198 6 Distributed High-Level Module BindingThe analogy with functional decomposition is not completely accurate sinceprocesses do not communicate solely through pipelines, but the fPaster doesconsist of a number of units with dedicated functionality. The fPaster divisionof labor is as follows (see also Figure 6.7):Finder The Finder reads the Module Table of the object �les and recursively�nds all modules which are to take part in the bind. When a new moduleis found its name is passed on to the Allocator process and to one of theData processes.Data Reader The Data processes (max one per site) read the data and codesegments of the modules received from the Finder and send them to theWriter.Relocation Reader The Relocation Reader processes (max one per site) readthe relocation segments of the modules received from the Finder and sendthem to the Updater.Expression Reader The Expression Reader loads the constant expressionsand sends them on to the Expression Evaluator.Inline Reader The Inline Reader loads the inline procedures and sends themon to the Inline Expander.Expression Evaluator The Expression Evaluator computes the values of theexpressions and sends the result on to the Coders and the Inline Expanderusing multicast calls.Inline Expander The Inline Expander performs the inline-in-inline expan-sions and sends the result to the Coders.Allocator The Allocator receives the names of the modules from the Finderand information pertaining to the cost of code generation from the object�le headers and from the Expression Evaluator. On the basis of thisinformation the Allocator informs the Coders of which modules to process.Coders The Coders (normally one per site) receive expression values and in-line procedures from the Expression Evaluator and Inline Expander, andnames of modules for which they should generate code from the Allocator.Generated code and relocation information is passed on to the Writer andUpdater processes.
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DataWriter WriterData InlineInlineExpandAllocCoder
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Updater WriterFigure 6.7: The structure of the fPaster.Writer The Writer receives code from the Data Reader and Coder processesand writes it to the executable �le.Updater The Updater receives relocation information from the RelocationReader and Coder processes and updates the executable �le accordingly.File operations are synchronized with the Writer.There are advantages as well as disadvantages to this con�guration. Onthe minus side can be noted that the system contains more processes thanthe dPaster, and that, in contrast to the dPaster where each object �le isopened only twice, the fPaster opens each �le a total of seven times, albeitconcurrently. On the plus side is increased concurrency and possibly fasterexpression evaluation and inline expansion.



200 6 Distributed High-Level Module Binding6.11 EvaluationHaving given algorithms and arguments for the design of the dPaster, we willspend the rest of the chapter evaluating this design. We will �rst give theparticulars of the current implementation and then attempt an analysis of thedPaster's message complexity.6.11.1 Implementation ParticularsThere are some discrepancies between the algorithms described earlier in thechapter and the actual implementation whose characteristics we will be dis-cussing. Some algorithms have not been fully realized, some have suboptimalimplementations, others have been somewhat optimized. This means that insome cases there is less message-passing in the implementation than might beanticipated from the algorithms; in other cases the implementation spawnsmore communication than would be necessary. The major sources of concernare outlined below:� The distributed Paster currently does not check for cycles in the inlinegraph.� The termination detection algorithm is controlled by the Master insteadof Slave S1. This leads to an extra message per phase, and possibly afew extra phases since in Algorithm 6.10 S1 does not initiate a new rounduntil it itself is passive, whereas the Master has to start a new round assoon as the previous one has failed to establish termination.� From Algorithms 6.3 and 6.17 one would conclude that there is one Bina-ryCode call made to the Servant for each module processed. The Slavesare, however, able to save some communication by gathering enough datato �ll a packet before a call is made.� In Algorithm 6.8 the data sent between Slaves is in the form of sets of4-tuples (m; i; a; V ). However, a global renumbering scheme which giveseach expression em;i:a a unique number j, allows Algorithm 6.8 to reducethe amount of transmitted data by sending 2-tuples (j; V ) instead.� In the present implementation of Phase 1 the Master initializes the modulemap with the main program module and the modules the main programmodule imports directly. This information is taken from the main pro-gram module's Module Table. This allows the Master to immediatelyget several of the Slaves started, rather than just one as in Algorithm 6.2.



6.11 Evaluation 201While these discrepancies are minor, one aspect of the implementation whichis likely to signi�cantly in
uence the e�ciency of the dPaster is the realizationof the RPC protocol. The present implementation uses an extension of Eden-brandt's [68] UDP/IP implementation of Birrell and Nelson's [25] protocol. Wegive some of the limitations and performance characteristics of the protocolimplementation:� A remote call without parameters is about 80% slower than Sun's ownremote procedure call facility,11 and about 8 times slower than the corre-sponding low-level send and receive calls. The inferior performance canbe attributed mainly to the fact that the Unix operating system does nothave kernel support for lightweight processes.� As in Birrell and Nelson's original implementation, large messages are sentas a sequence of packets where each packet is individually acknowledgedby the server. This means that the distribution of large data items (suchas inline procedures) will generate considerably more network tra�c thannecessary.� Since the Internet protocol does not have a true multicasting facility,the present implementation realizes multicasting in terms of the Internetbroadcast protocol.It would be interesting to compare the current implementation of the dPasterwith one using a simpler communication protocol or one running on an oper-ating system with kernel support for lightweight processes. Such comparisonshave not yet been possible.6.11.2 Message ComplexityAs a prelude to the empirical tests of Chapter 8 we will examine the proposedalgorithms in terms of their message complexity. It must be noted that althoughmessage-passing accounts for a large proportion of the execution-time of manydistributed programs, there are many other factors involved.For the most part, the number of messages generated by the di�erent phasesis completely deterministic. The exception is Phase 2, which we will discussshortly. The table below shows the number of messages generated by the di�er-ent calls performed by the dPaster processes. Note that, for reasons discussedin Section 6.11.1, there may be fewer or more BinaryCode calls than indicated.11Sun's RPC protocol does not support multi-packet calls and does not allow calls totake an arbitrary long time to complete. Furthermore, servers cannot handle several callssimultaneously.



202 6 Distributed High-Level Module BindingPhase From To Call Messages0 Master ) Slave FindSlaves 1 + sMaster ) Slave GlobalData 1 + sMaster ) Servant Create 21 Master ) Slave ProcessModule 2mSlave ) Master ModuleData 2mSlave ) Servant BinaryCode 2m2 Master ) Slave Evaluate 1 + sSlave ) Slave IsInline s(s+ 1)Slave ) Slave ValuesS1 ) S2; : : : ; Ss DetectMaster ) Slave Expand 1 + sSlave ) Slave InlineProc3 Master ) Slave DoPhase3 1 + sSlave ) Master MachineCode 2mSlave ) Servant BinaryCode 2m4 Master ) Servant Close 2Phase 2The analysis of the message complexity of Algorithm 6.14 is far from trivial.There are three major sources of trouble: First of all, the structure of the ex-pression DAG is determined by the relationships between the hidden objects inthe source program. For example, a program whose hidden types are largelyindependent of each other will exhibit a \
at" expression DAG, whereas a pro-gram where hidden types are often implemented in terms of each other will yielda deeper and more complex DAG. Secondly, the distributed expression DAGis built more or less at random; the load balancing algorithm of Section 6.6.2,which is responsible for the assignment of modules to Slaves, takes into accountonly the size of each module's expression DAG, not its structure. Thirdly, Al-gorithm 6.14 is asynchronous; each Slave executes its own compute-send cycleindependently of the other Slaves. In other words, it is not possible to determinethe number of values a Slave can compute during each round of the cycle sincethis ultimately depends on the speed with which the other Slaves are executingand the speed of message-passing.So, clearly, in order to be able to say anything about the message complexityof Algorithm 6.14 it is necessary to make some simpli�cations. We will assumea synchronous version of Algorithm 6.14 (called Algorithm 6.14') where thecompute-send cycle has been replaced by a compute-send-wait cycle, such thata Slave does not start a new computation round until it has received a Values-message from the other Slaves. This presupposes that a Slave always sendsa Values-message even if it has not computed any new values. We will also
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Figure 6.8: Type dependencies for a set of 5 modulesassume that the assignment of modules to Slaves is done solely to balance thenumber of expressions per Slave, i.e. cost(m;S) = m:e.Furthermore, we will restrict ourselves to considering only the graphs gen-erated by the translation of hidden types. Let us consider a set of modulesM1; : : : ;Mm where each module implements one hidden type T . Each typeMi�T is implemented in terms of a subset of the other types, subject to therestriction that recursive types are disallowed. The relationships between thetypes are re
ected in the expression graph through the dependencies betweenthe nodes which represent the size of theMi�T 's. Figure 6.8 shows an expressiongraph generated from 5 modules, where each (possibly complex) expression isrepresented by a triangle (4). We will term such a schematic expression grapha dependency graph.The number of compute-send-wait rounds which Algorithm 6.14' will haveto make depends on two factors: The height of the dependency graph,12 andthe module to Slave assignment. If, for example, the 5 modules in Figure 6.8are grouped on 3 Slaves as indicated by the dotted boxes, Algorithm 6.14' willmake 3 compute-cycles, whereas if the grouping is done according to the dashedboxes 2 cycles will su�ce.We see that the number of compute-cycles performed by Algorithm 6.14'12The height of a directed acyclic graph is the length of the longest directed path in thegraph (see McKay [147]). Note that this is di�erent from the diameter which is the length ofthe longest geodesic, the shortest path between any two nodes.
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Figure 6.9: Connected subgraphs residing on the same Slave are coalesced intosupernodes.is given by the height of the \supergraph" which results when all connectedsubgraphs made up of nodes residing on the same Slave are replaced by asupernode (see Figure 6.9). Let H be the height of the original expressiongraph, and assume (1) that the nodes of the original graph are evenly distributedamong the Slaves, and (2) that the probability of any two nodes being connectedis constant. Then the probability of a given edge connecting two nodes on thesame site is 1=s and the average height of the supergraph H0 = (1 � 1=s)H.In the worst case, of course, H0 = H, corresponding to the case when no twoadjacent nodes reside on the same Slave.In Algorithm 6.14' each round of the compute-cycle generates s2 messages(s Slaves each multicast 1 message and receive s� 1 replies) and therefore thetotal number of messages generated is13s2H0 = s2(1� 1=s)H = (s2 � s)HWe must now ask ourselves what kind of dependency graphs we are likelyto encounter, and what the height of these graphs might be. A dependencygraph of height zero corresponds to the case when all hidden types are imple-mented in terms of primitive types, whereas a H0 = n implies that the n typesdepend on each other in a sequential fashion and that no adjacent nodes inthe dependency graph reside on the same Slave. While the height of a randomDAG is approximately 0:764334n (McKay [147]), and the height of a randombinary tree is O(pn) (Vitter and Flajolet [212]), our intuition tells us (and thisis supported by the { admittedly meager { empirical results of Section 8.3.3)that none of these types of average graphs are very likely candidates for actual13The fact that the message size is bounded has not been accounted for.



6.11 Evaluation 205dependency graphs. Rather, we suspect that the height of most graphs will bebounded by a small constant, which would tend to make Algorithm 6.14 run ina small number of rounds. This conjecture is corroborated by the sample runsreported in Section 8.4.3.The number of control messages used by the termination detection algorithmis dependent on the number of times the sites carrying out basic computationenter a passive state. Let us consider a simpler version of the algorithm (calledAlgorithm 6.10') where the detection of termination is carried out by the Mas-ter rather than by one of the Slaves. Furthermore, let Pi be the number oftimes site Si goes passive. Then, in the worst case, Algorithm 6.10' runs inminsi=1 Pi passes14 using a total of (s+1)minsi=1 Pi messages. If we also use thesynchronized evaluation algorithm we see that the Slaves will go passive 1+H0times, yielding a total of(s+ 1)(1 +H0) = (s+ 1)(1 + (1� 1=s)H) = Hs(1 + 1=H + 1=s2) + 1control messages for the termination detection algorithm.To conclude this discussion we will calculate the number of messages gen-erated by the alternative expression evaluation algorithms. The sequentialalgorithm runs in two phases. First, sites S2; : : : ; Ss send their expressions toS1. This requires 2(s� 1)dn=s=�eepackets, since each site has dn=se expressions, and �e expressions can be sent ineach packet. In the second phase, S1 broadcasts the results to sites S2; : : : ; Ssusing sdn=�vepackets. Adding up we get2(s� 1)dn=s=�ee+ sdn=�ve:In the redundant algorithm each site broadcasts its expressions to theother s� 1 sites. The total number of messages sent will bes2dn=s=�ee:The number of messages used by the depth-�rst algorithm is twice thenumber of external edges in the graph. The probability that an edge is externalis (1� 1=s), and the number of edges is dn, which gives a total of2(1 � 1=s)dn14The Master does not start a new round of termination detection until all Slaves havereported in. Therefore the number of rounds is determined by the Slave which enters apassive state the least number of times.



206 6 Distributed High-Level Module Bindingmessages, assuming that we do not have to worry about possible cycles.It must again be noted that we are only taking into account the numberof messages, not their size. Depending on the implementation of the message-passing system, the cost of sending a large message may be virtually the sameas sending a small one, or substantially higher. Further, we are assuming thatbroadcasts and multicasts are implemented as one outgoing message and onereturn message per recipient, and not simply as repeated simple calls. We mustalso keep in mind that message-passing only represents part of the total timeused in evaluating the expressions. In algorithms 6.4 and 6.5 the expressionsare evaluated sequentially, whereas in the other algorithms evaluation proceedsin parallel on the di�erent sites.6.12 SummaryThere have been several attempts at parallelizing the assembly and compilationstages of translation, but until now there have been no attempts at parallel link-ing, perhaps because link-editors are considered to be inherently sequential andsystem-speci�c. We believe that the design presented in this chapter, togetherwith the empirical results of Chapter 8, will make it clear that distributedmodule binding is indeed feasible.Although the dPaster was designed speci�cally to provide e�cient supportfor the 
exible abstraction primitives of Zuse, we also see it as a suitable frame-work for the implementation of expensive inter-modular optimizations. At thepresent time the only such optimizations15 performed by the dPaster is inlineexpansion and the removal of unreachable procedures. In future versions weintend to include other optimizations such as global register allocation [49] andglobal constant propagation [38]. We believe that it is possible to modify theCET and the distributed CET evaluation algorithms presented in this chapter,to e�ciently compute the global data 
ow graph [86] and other kinds of inter-modular data which will be necessary in order to perform such inter-modularoptimizations.
15See, for example, Richardson [176] for a discussion of various inter-procedural optimizationtechniques.



Chapter 7Incremental High-LevelModule BindingPerfection is the enemy of the dissertation.Ivan Sutherlandabstraction inversion: Layering inappropriateamounts of complex interfaces to obscure asimple system.Reported by Alex Blakemore7.1 Introduction
T

his chapter will examine the use of incremental techniques as a furtheravenue towards fast high-level binding. While the sequential techniquesof Chapter 5 will be su�cient for small programs, the hierarchical tech-niques (Section 5.11) will be useful when some parts of a program are rarelychanged, and the distributed techniques in the previous chapter promise fastturn-around times for major changes to large programs, they are likely to beoutperformed by the incremental techniques presented here when only smalland local changes have been made between two consecutive binds.7.2 Incremental Translation TechniquesMost translators for languages in the Algol family are batch-oriented; they areessentially mathematical functions which take a number of arguments as inputand produce a result as output. The input to the sequential binder of Chap-ter 5, for example, is the contents of the object �les of the bound program's



208 7 Incremental High-Level Module Bindingmodules, and the output is an executable �le. An important characteristic ofsuch batch-oriented translators is that they are history-less; they do not retainany information between successive invocations. This can be seen as an attrac-tive feature since it greatly simpli�es the design of the translator, but it failsto capitalize on the observation that between two consecutive invocations of atranslation tool, it is often the case that most input arguments and hence themajor part of the output value remain virtually unchanged.A di�erent class of translation systems has emerged over the last decadewhich, rather than recomputing the output value from scratch for every invo-cation, retains the result of the previous invocation (and any intermediate dataused in calculating this value) and uses it as a basis for the new calculation.Such techniques are termed incremental, since they perform changes to the out-put value in small steps. An incremental semantic analyzer, for example, maystore the attributed abstract syntax tree of a module, and when the module'ssource code is changed only recalculate the a�ected attributes.It is important to note that translation tasks can bene�t to a greater or lesserdegree from incremental techniques. The most important factors to considermay be summarized in the following questions:� Are the most frequent kinds of changes to the input arguments likely toa�ect a small or a large part of the output value?� What amount of state information needs to be stored between invocationsin order to make the incremental updates e�cient?� How does one determine the parts of the output value which need to berecalculated after a particular change to the input arguments, and howexpensive is this analysis?It is obviously the case that there exist situations in which it is faster toevaluate a function value from scratch rather than incrementally, even for veryslight changes to the input arguments. It should furthermore be clear thatif a function needs to store exorbitant amounts of state information betweeninvocations, incremental updating may become infeasible. Yellin's INC [237]language for incremental computations addresses these points in a systematicway by attaching to each construct the computational cost of static1 and incre-mental evaluation. This scheme makes it possible to predict when a particularargument change should result in an incremental recomputation and when eval-uation from scratch is preferable.1Evaluation from scratch.



7.2 Incremental Translation Techniques 209Static semantic analysis can serve as an example of a translation task whichwill often bene�t from incremental evaluation. In most block-structured lan-guages a change to a declaration on a particular level will often only a�ect thesemantic correctness of uses of the declaration (Hedin [92]), which can only oc-cur in blocks on the same and lower levels. Similarly, a change to a statementwill often only a�ect the static correctness of the statement itself. If changes onlower levels are more frequent than global changes, incremental updating willalmost always be faster than exhaustive reevaluation.Inter-procedural optimization and code generation, on the other hand, areexamples of translation tasks which do not exhibit this kind of \local-e�ect-to-local-change" behavior. On the contrary, the work by Cooper [58], Pol-lock [168, 169], and Bivens [26] indicates that it is a non-trivial and potentiallyexpensive task to determine which parts of a globally optimized program area�ected by editing changes. One can imagine a worst-case scenario in whichan edit to a single statement would invalidate all the collected global optimiza-tion information. This might, for example, occur in an incremental version ofWall's [214, 216, 217] inter-procedural register allocation algorithm.As a general rule we might thus say that if small changes to a function'sarguments result in major changes to its result, then incremental techniquesare unlikely to be bene�cial. We also note the importance of not having tostore an unreasonable amount of information between successive invocationsand of being able to easily determine which parts of a computed value will bea�ected by a change to the arguments. If computing the a�ected parts is verycomplicated and expensive, then these computations may outweigh the bene�tsof incremental updating.7.2.1 Incremental Translation Tools and EnvironmentsTranslation tools which make use of incremental techniques are often, but notalways, part of integrated programming environments. Such environments en-courage an interactive, exploratory style of programming, which through theclose coupling between di�erent incremental tools (structure editors, semanticanalyzers, code generators, optimizers, linkers, and loaders) can achieve fastturn-around times. Examples include the Rn [44, 57] FORTRAN program-ming environment, Magpie [191], Kaplan and Kaiser's [120, 119] incrementaldistributed environment, the Rational [222, 12, 71] Ada environment, Gan-dalf [161], and the Synthesizer Generator [175]. We refer to Dart [62] for amore detailed overview.The incremental systems which are of most interest to the work we will bepresenting in the next section are Rn, which supports inter-procedural opti-



210 7 Incremental High-Level Module Bindingmizations, and Inclink [171], which does incremental linking. We will thereforeexamine these more closely.Inclink is based on a study by Linton and Quong [139, 172] which con-cludes that in a tool-based programming environment (such as Unix), on theaverage only one or two modules have been changed and recompiled betweentwo successive links. They also note that the sizes of modules increase veryslowly between links. The �rst time Inclink is called it performs a regular link-edit session, after which it enters a dormant state. When it is later awakenedfor a new linking session, it �rst rereads and inserts the object code �les ofany changed modules in-place in the old executable. Thereafter, it relocatesany new or modi�ed references. In order to accommodate future increases inmodule-size, some extra space (called the slop) is allocated after the code anddata segments of each module in the executable program. If a changed moduleover
ows its allocated area, all subsequent modules are shifted towards the endof the �le. Hence, if there are no over
ows Inclink runs in time proportionalto the size of the changed modules; otherwise it runs in time proportional tothe size of the resulting program. Quong reports that for typical relinks Inclinkruns 3 to 70 times faster than the UNIX batch linker, ld, while consuming 6to 12 times as much memory (�ve megabytes for a 17000 line program dividedinto 26 modules and using 9 libraries). Part of the speedup can be attributedto the fact that Inclink keeps symbols, relocation information, and object codein memory between links, which obviates the need to reread the object code ofunchanged modules.Rn is an integrated, incremental programming environment dedicated toscienti�c programming in FORTRAN. The environment consists of a structure-oriented module editor, a program compiler, a module compiler, and an execu-tion monitor. The program compiler is responsible for computing the inter-procedural information and passing it on to the module compiler. The mod-ule compiler applies traditional code generation and optimization techniques(aided by the collected inter-procedural information) to a single module or acollection of modules. The inter-procedural optimizations performed includeinline expansion [55, 56] and constant propagation [38], but the gathered inter-procedural information also helps traditional optimization techniques such ascommon subexpression elimination. The module editor aids the compilationprocess by building an abstract syntax tree for each compiled module and col-lecting local data-
ow information. The module editor also informs the programcompiler of which changes the user has made to the program, and based on thisinformation the program compiler can determine which inter-procedural infor-mation needs to be (incrementally) updated and which modules need to berecompiled. One complication with the Rn approach to inter-procedural op-



7.3 The Incremental Paster 211timization is that a module's object code becomes dependent on the programin which it is included. In other words, if a module is to be a part of severaldi�erent programs, each program must have its own specialized version of themodule's object code.7.3 The Incremental PasterIn this chapter we will describe an incremental Paster, called an iPaster, whichworks along the same lines as Inclink. There is, however, a fundamental reasonwhy incremental pasting will be considerably more di�cult (and potentiallyless pro�table) than plain incremental linking: the inter-module data handledby the iPaster is much more complicated than that handled by Inclink. Inclinkworks with one kind of inter-module data only: the addresses of the routines anddata items exported by each module. When the address of a routine changes,Inclink will simply overwrite all references to the routine with the new address.The iPaster, on the other hand, will have to accommodate not only changes tothe addresses of compiled routines, but also changes to the values of expressionsand the code of inline procedures. We give two examples:1. A change to the realization of an inline procedure P will make it necessaryfor the iPaster to retrieve the unexpanded code of all inline procedureswhich call P (and any which call them, etc.) and redo all the expansions.All Phase 3 processing of every procedure which calls any of the a�ectedinline procedures will have to be redone. If the new version of P is largerthan the old one, the size of the code of the deferred procedures is likelyto increase.2. A change to the realization of an abstract type T which a�ects its sizemay have far-reaching consequences. All procedures which reference avariable of type T , or a variable whose type depends on T , will have to bereprocessed. If one of these procedures happens to be an inline procedure,we have a situation like the one described above.Our intention, therefore, is for the iPaster to be employed primarily whenthere has been a small number of local changes to the modules which make upthe program, and to defer major updates to the dPaster.7.3.1 PreliminariesSimilarly to Inclink, the iPaster will keep note of the state of the bound programbetween sessions. The saved information will include: the names of the modules



212 7 Incremental High-Level Module Bindingwhich make up the program, the location of their object �les, and the addressesin the executable of their code and data segments; the expressions and theirvalues; the inline procedures in their expanded as well as unexpanded form; theaddress and relocation information of each deferred procedure; and two use-maps which indicate the CET expressions and the deferred and inline procedureswhich will be a�ected by changes to individual expressions. Contrary to Inclink,which keeps the module's object code in memory between links, the iPaster willnot keep the Binary Code, Data, and Deferred Code Sections in memorysince we believe this will be prohibitive for large programs.The iPaster will maintain the four phases of the sPaster with some modi�-cations. Phase 1 will load the expressions and inline procedures of the changedmodules and update their binary code and data segments in the executable.Phase 2 will recalculate the values of a�ected expressions and expand inlineprocedures as necessary. Phase 3 will use the call-graph and the use-maps todetermine the deferred procedures which have been a�ected, and will read andreprocess them. To allow for the growth of individual deferred procedures, slopwill have to be appended to the code of each procedure. Slop-management willbe discussed further in Section 7.3.3.The incremental nature of the iPaster makes it well suited to situations inwhich a program has undergone a small number of local changes. The algo-rithms presented below will be able to handle changes with global consequencesas well, but to make the iPaster design simple and e�cient we institute threerestrictions. Between two consecutive invocations of the iPaster:� no new modules may be added to the program.� no modules may be deleted from the program.� no module speci�cation units may be changed and recompiled.The last point is essential, since it guarantees that the cross-module ref-erences (which all go through the CET) do not change between runs of theiPaster. For example, we can be assured that between two consecutive callsto the iPaster, em;i:size will always refer to the same type. A consequence ofthe rules above is that the iPaster is restricted to changes to the realization ofabstract items and the hidden part of semi-abstract items, i.e. changes whichoccur in the implementation unit. We do not see this as unduly restrictive, sincewe believe that these are the kinds of changes which occur most frequently.We have already discussed the major advantages that Inclink has over theiPaster, but we have yet to mention the one aspect in which the iPaster has theupper hand: while Inclink, like other link-editors, has to cater to the needs ofmany di�erent compilers, the iPaster works in symbiosis with one compiler (zc)



7.3 The Incremental Paster 213and can demand that it do some extra work. Determining the changes whichhave been made to a module since the last bind is an important and time-consuming task for the iPaster, but it can be made more e�cient with somehelp from the compiler. We therefore add an integer CET attribute checksumto all expressions associated with deferred and inline procedures and makethe compiler compute it in such a way that it depends on every part of thecorresponding Z-code block. To determine if a procedure has been alteredsince the last bind the iPaster simply checks if the old and the new checksum-attributes di�er. In a similar vein, we give each moduleM the CET expressionseM;0:b checksum, eM;0:d checksum, and eM;0:r checksum, which are checksumsfor the Binary Code, Data, and Relocation Sections, respectively.Lastly, we adopt the notion of a \dirty" expression, procedure, and module.An entity is said to be dirty if it needs to be reprocessed during an invocationof the iPaster, or if (in the case of modules) it contains an object which needs tobe reprocessed. For convenience we give each dirty CET expression the marker\�" (as in e�m;i:a).7.3.2 The Phases of the iPasterWe are now ready to give the iPaster algorithms. The main program (Al-gorithm 7.1) starts with a regular, sequential bind by using the algorithmsdeveloped for the sPaster. It then enters a dormant state, and when awakenedprompts the user for modules which have changed since the last run. Thesemodules are processed by the iPaster's own Phases 1 to 4 to build a new ver-sion of the executable �le, after which the iPaster reenters its dormant stateand waits for the process to repeat.In the algorithms below we will make use of two maps E and P which storethe expressions and procedures which will be a�ected by changes to individ-ual CET expressions. The maps are built as part of Phases 2 and 3 of the�rst sequential bind and are kept up-to-date during the subsequent incrementalupdates.



214 7 Incremental High-Level Module BindingAlgorithm 7.1 (iPaster)1. Let E be a map from CET expressions to sets of expressions such that if(em;i:a 7! f� � � ; en;j :b; � � �g) 2 E then en;j :b ,f(� � � ; em;i:a; � � �) is a CETexpression.2. Let P be a map from expressions to sets of procedures such that if(em;i:a 7! f� � � ; en;j ; � � �g) 2 P then em;i:a is referenced in the Z-codeblock of the procedure associated with expression en;j.3. Perform the sPaster's Phase 1 (Algorithm 5.8), but add slop to the Dataand Binary Code Sections.4. Perform the sPaster's Phase 2 (Algorithm 5.9), but add slop to every gen-erated variable, structured constant, and object template. Also constructthe E-map from the CET and the P -map from the inline procedures.5. Perform the sPaster's Phase 3 (Algorithm 5.10), but add slop to the codeof every deferred procedure. Also construct the P -map from the deferredprocedures.6. Perform the sPaster's Phase 4.7. Execute the following code:LOOPPerform iPaster's Phase 1 (Algorithm 7.2);Perform iPaster's Phase 2 (Algorithm 7.3);Perform iPaster's Phase 3 (Algorithm 7.4);Perform iPaster's Phase 4;END;The Incremental Phase 1One of the iPaster's most important Phase 1 tasks is to detect the moduleswhich have changed since the last run. Quong [172] notes that this is di�cult todo e�ciently, especially in a network �le system, and that the obvious method(comparing the time-stamp of each module's object �le to the last time ofmodi�cation) is much too ine�cient. We therefore opt for a solution similarto Quong's, namely to leave it to the user to inform the binder of the moduleswhich have changed.



7.3 The Incremental Paster 215Algorithm 7.2 (Phase 1)NewModules  Prompt the user for changed modules;FOR EACH n 2 NewModules DOReopen n's object �le and load the preamble;Reload n's Expression Section;Mark all en;i:a whose de�nition is di�erent from old-en;i:a dirty;FOR ALL i SUCH THAT (en;i:inline ,T)^(old-en;i:checksum6=en;i:checksum) DOLoad inline procedure en;i from n's Inline Section;Mark en;i:inline dirty;END;Update the E-map from the CET, and the P -map from the inline procedures;IF (old-en;0:d checksum6=en;0:d checksum) THENIf n's Data Section �ts in its old spot in the executable �le,insert it in-place. Otherwise append it to the end of the �le;END;Same as above, but for n's Binary Code Section;Same as above, but for n's Relocation Section;Close n's object �le;END;When a new Data or Binary Code Section over
ows its slop region, it isnecessary either to shift the following code to make room for the new sectionor (as in Algorithm 7.2) to append the section to the end of the executable�le. Quong rejects the latter method on the grounds that it makes it im-possible to separate the code and data segments in order to make the codewrite-protected. While this is a valid objection we will ignore this complicationin this presentation.2The Incremental Phase 2We are now ready for the incremental Phase 2, which is very similar to itssequential counterpart:Algorithm 7.3 (Phase 2)1. Evaluate every \dirty" CET expression e�m;i:a, as well as any expressionwhich, according to the E-map, (transitively) depends on a dirty expres-sion.2The current paster implementations produce the obsolete Unix impure format which mixescode and data, and hence appending to the end of the executable �le causes no problem.



216 7 Incremental High-Level Module Binding2. Rewrite any changed structured constant data objects (such as objecttype templates and literal records, strings, sets, or arrays) to their originalspots on the executable �le, or to the end of the �le if they do not �t.3. Update any changed relocation information.4. Fill in newly calculated expression values from the CET in the Z-code ofany { according to the P -map { dirty inline procedure.5. Redo inline expansions as necessary according to the E-map.The only part of Algorithm 7.3 which may need further explanation is theincremental inline expansion. The main question is whether we keep the resultsof intermediate expansions between consecutive runs of the iPaster, or whetherwe only store the original inline routines and the �nal results. In the formercase (which is memory expensive) we only have to redo the expansion of dirtyprocedures, while in the latter case all expansions in all procedures which calla dirty procedure have to be redone.While there exist a variety of incremental algorithms for keeping a set ofexpressions (and the values they compute) up-to-date in response to changes(see, for example, Alpern [8], Cohen [51], and Yellin [236]), they are overlygeneral for this application. In particular, it would be unnecessarily expensivefor the iPaster to keep the values up-to-date after each new expression is readand inserted in the CET during Phase 1. Rather, it is more e�cient �rst toperform all necessary changes, and then to recompute any a�ected values.The Incremental Phases 3 and 4As we have already mentioned, for the sake of memory conservation the savedstate of the iPaster does not include deferred procedures. Therefore it becomesnecessary to reread (part of) the Deferred Code Section of dirty modules;i.e. modules which contain one or more dirty, referenced, deferred procedures.The iPaster's Phase 3 is otherwise similar to that of the sPaster:Algorithm 7.4 (Phase 3)PROCEDURE Phase3 ();FOR EACH for every dirty module n DOReopen n's object �le;FOR ALL i SUCH THAT en;i is a dirty, referenced procedure DORead en;i from n's deferred code section;Fill in newly calculated expression values from the CET;Expand calls to inline procedures;



7.4 Summary 217IF some calls were expanded THENRecompute basic blocks and next-use information;END;Optimize;Generate machine code;Store generated relocation information;Write the code to the executable �le at the old positionor append to the end of the �le;END;Close n's object �le;END;END Phase3;The iPaster's Phase 4 is also similar to the sPaster's, only there is no needto update addresses which have not changed during the present invocation.7.3.3 Slop ManagementQuong examined and evaluated a number of sophisticated slop managementstrategies, but settled for a simple algorithm which allocates 100 bytes of slopto each data and code segment initially and after each over
ow. Since theiPaster's unit of incrementality is the procedure rather than a module segmentas in the case of Inclink, we believe that in our case a slightly more complexstrategy will be necessary. We propose that the slop assigned to a procedure Pthe nth time it over
ows its allocated area be given by:slopPn = 8><>: C +Pi=ki=1 slopQi0 if n = 0C + slopPn�1 if n > 0where < Q1; : : : ; Qk > are the inline procedures called by P . In other words,the amount of slop initially given to a procedure is the sum of the slop given tothe inline procedures it calls and a small constant C. Each time P over
ows itsallocation its slop is increased by a small constant. The reasoning behind thisscheme is of course that the size of the binary code of a deferred procedure ismore likely to grow quickly if the procedure depends (directly or indirectly) ona large number of inline procedures than if it only calls non-inline procedures.7.4 SummaryContrary to Quong's Inclink, which under almost all reasonable circumstancesis faster than its batch counterpart ld, we conjecture that the iPaster will not



218 7 Incremental High-Level Module Bindingalways outperform the sPaster and the dPaster. The reason is, of course, thatfor a language like Zuse with 
exible encapsulation facilities and a translatingsystem like zts which emphasizes global optimizations, it will often be the casethat a seemingly small and local change (such as adding a �eld to the hiddenpart of an extensible record type, or changing the realization of an abstractinline procedure) will have far-reaching global consequences. We envision asystem which, based on an analysis of the changes made to the program, invokeseither the iPaster (if the changes are small and localized) or the dPaster (if thechanges have global e�ect). Such as system would have the potential to be fastregardless of the kinds of changes which are made between binds.A possibility which has yet to be discussed is to instrument the dPaster withincremental capabilities to form a di Paster: a distributed incremental paster.The question is, of course, whether there exist any circumstances under whichsuch a contraption would be likely to outperform both the dPaster and theiPaster. We believe, at this point, that the answer is \no." Distributed appli-cations, in general, need to work on large data sets in order to make up for theirhigh start-up costs. Incremental applications, on the other hand, perform bestwhen given a small amount of data to process. It would therefore seem that thecombination of distributed and incremental high-level binding is unlikely to bepro�table.The iPaster di�ers from other incremental translators for modular languageswhich engage in inter-modular optimization in that it hampers neither modu-larity nor separate compilation. A Zuse module can easily be part of severalprograms at the same time without having to be recompiled, in contrast tothe Rn system, in which each program needs its own compiled version of eachFORTRAN module.



Chapter 8Evaluation 2 + 2 = 5{ISM: Caving in to a target marketingstrategy aimed at oneself after holding out for along period of time. \Oh, all right, I'll buy yourstupid cola. Now leave me alone."Douglas Coupland [60]8.1 Introduction
T

he following statement summarizes some of the objections which may beraised against the translating system designs presented in the previouschapters:The bene�ts a�orded by zts over traditional translating systems(such as improved control over encapsulation, improved global codequality, and the reduced need for recompilations) are limited, anddo not warrant either the addition of another (complicated) pieceof software or the extra link-time cost.We have already noted that the bene�ts of 
exible encapsulation can onlybe conclusively determined by putting it to the test in a wide variety of pro-gramming situations. There is still some controversy over the potential pro�tsof inter-modular optimizations (see Chow [48], Cooper [55, 56], and Richard-son [176, 178]), and one might argue that other methods for reducing the num-ber of unnecessary recompilations (see Cooper [58], Tichy [209], Pollock [168],and Schwanke [190]) may be more e�ective than the one presented here. In thischapter we will put these and all other considerations aside and concentrate on



220 8 Evaluationthe last { and in our mind the most serious { objection: that zts-style high-level binding is inherently slow and will be unsuitable when applied to largeprograms.This chapter will thus be concerned with determining the cost of pastingwhen applied to programs of di�erent characteristics. In Section 8.2 we developa model of modular programs which allows us to generate a large family ofZuse programs di�ering in size, structure, and degree of encapsulation. InSection 8.3 we describe the experimental methods used in Section 8.4 where westudy the behavior of zts when applied to a variety of programs generated bythe model. We also observe its behavior when applied to some real programs.The chapter concludes with a summary (Section 8.5).8.2 A Model of Modular ProgramsThere are several di�erent ways of evaluating the e�ciency (the time and spaceused) and e�ectiveness (the speed and size of the produced code) of translationsystems for a language:1. Run each translation system on a representative collection of well-knownprograms in the language and measure the resources used by the translatorand the quality of the code it has produced. The programs should ideallybe of varying size, from di�erent application domains, and of di�erentauthorship.2. Collect a representative set of programs and use this set to constructa model which adequately describes salient aspects of programs in thelanguage. This model might include both quantitative and qualitativemeasures. Run each translation system on a set of programs constructedso that their statistical properties re
ect those suggested by the model,and evaluate the results as in the previous case.3. In the absence of a large collection of real programs, one might still beable to construct a model such as the one above. Such a model will haveto be based on the assumption that the language lends itself to a certainstyle of programming, and that this style will be the most prevalent.The �rst approach is the one most commonly employed, and for many lan-guages there exist well-known sets of programs which have been used to testthe translation times and code quality of a variety of compilers. The advantageof the second method, however, is that one is not restricted to testing only theprograms at hand, but can generate as many programs as is deemed necessary.



8.2 A Model of Modular Programs 221The second method would make it possible, for example, to test the translator'sbehavior with the growth of program size. This is done by generating programswith statistical properties similar to the ones in the original set, but which aremuch larger than any of these programs.The �rst method assumes the existence of an adequate sample of \real"programs, while the second method requires, at the very least, a body of knowl-edge of the structure of such programs. Unfortunately, relatively little is knownabout the statistical properties of programs: Knuth [128] studied FORTRANprograms, Wanvik [54] presents the results of a study of a fairly small CHILLprogram, Berry [23] contains some rather trivial statistics of C programs, Bori-son [33] gives quantitative data on three C and three Ada programs, and Lintonand Quong [139] studied changes in module and program size over successivecompiles and links.It has not been possible to use either of the �rst two methods in the evalu-ation of the Zuse translating system. First of all, Zuse is a new language, andonly a few programs have been written from scratch in Zuse. Furthermore,apart from Borison's and Linton and Quong's work which provide some insightinto the average size of modular programs, there have not been any studies onthe properties of modular programs. In particular, there is no body of workwhich sheds light on the way abstract and semi-abstract types, constants, andinline procedures { concepts which are important in Zuse and whose use mustbe an integral part of a model of Zuse programs { might be used in real pro-grams.This evaluation of the Zuse translating system must therefore rely on thethird of the approaches outlined above: we will construct a simple and arti-�cial model of Zuse programs based on our intuitions of what programs willprobably be like. Programs will then be generated based on the model, using\reasonable" values of the model's parameters. These programs will be sub-mitted to the Zuse translating system and the behavior of the system will bereported. We cannot argue that the generated programs are representative ofreal Zuse programs, but we will argue that when submitted to the translatingsystem they will provide some insight into the system's behavior.8.2.1 The ModelOne can think of many interesting quantitative and qualitative measures ofmodular programs. Examples include: the average number of modules in aprogram, the average number of exported items in a module, the structureof the import graph formed by the modules (k-nary tree, DAG, sparse, full,etc.), and the structure of the graph formed by the exported items (such as the



222 8 Evaluationcall-graph of exported procedures or the dependency graph of exported types).The primary parameters of the simple model we propose are the structureof the import graph (particularly its height), the module-size (the number ofexported items per module), and the item-size (the number of references eachitem makes to imported items). In order to exclude programs containing illegalcircular declarations (see Section 4.2), we restrict the import graph to a hierar-chical level-organized structure, where each module may only import moduleson lower levels. Although the design of the model is primarily motivated byour intuition of what a representative Zuse program should look like, it is alsoin
uenced by the translating system designs of the previous chapters. Since therunning times of some of the proposed algorithms are proportional to the heightof the import graph, some to the height of the CET, and others to the size andnumber of deferred and inline procedures, it is important that the model allowsthese parameters to be varied easily.Formally, a program is described by an 8-tuple T :T = (itemsconc; itemssemi; itemsabs; ref;work; import; di�;modules)The �rst three entries of a T -tuple describe the number of concrete, semi-abstract, and abstract items generated by the model. The next two entriesdescribe the structure of the generated items, and the last three entries deter-mine the structure and size of the module import graph. See Table 8.1 for amore detailed description. Each value in a T -tuple may take on any one offour di�erent forms: a, [a � � � b], N(m;�), and [a;N(m;�); b], where a and b areintegers and m and � are real numbers. These di�erent forms allow us eitherto produce programs which are almost completely deterministic (by using thea-form) or to introduce a level of non-determinism by using any of the otherthree forms, which select values using either a rectangular or normal distribu-tion. Table 8.2 below shows how an actual value for a particular module oritem is selected.As we can see, our model is deliberately vague on the subject of the real-ization of the exported items. In particular, the model does not say anythingabout the structure of the exported types or the actions which should be takenby the exported procedures. It would, of course, be possible to parameterizethe model with respect to these and other aspects of modular programs (staticnesting depth of procedures, local items, variable usage, etc.), but we have, forthe sake of simplicity, elected not to do so. Instead, we will make all typesand structured constants records, make all scalar constants integers, and limitthe statements in procedures and module bodies to procedure calls and a setof simple assignment, loop, and conditional statements operating on integers.While this simplistic view of the internal structure of modules may generate



8.2 A Model of Modular Programs 223
itemsconc : A tuple (type, variable, constscalar, conststruct, procnot-inline,procinline) describing the number of concrete items of eachkind each module should export.itemssemi : Similar to itemsconc but for semi-abstract items.itemsabs : Similar to itemsconc but for abstract items. itemsabs alsohas an additional entry, module-body, giving the number ofmodule bodies (between 0 and 1) per module.ref : A tuple, similar to the item-tuples, describing the number ofreferences an item may make to similar imported items.work : A tuple (procnot-inline, procinline, module-body) describing theamount of work (in number of statements) performed bythese items.import : The total number of modules a module may import.di� : The possible di�erences in levels between an importer andan exporter.modules : A list < lL�1; lL�2; : : : ; l0 > of the number of modules oneach of L levels. Level L � 1 contains only the top-levelprogram module and, hence, lL�1 = 1. Level 0 contains onlyleaf modules, i.e. modules which do not import anything.Table 8.1: Semantics of the entries in a T -tuple.

a : Constant distribution.[a � � � b] : Rectangular distribution of integer values be-tween a and b.N(m;�) : Integer normal distribution with mean m andstandard deviation �.[a;N(m;�); b] : Truncated normal distribution.Table 8.2: Di�erent forms of values in a T -tuple.



224 8 Evaluationprograms inadequate for any tasks other than the one at hand,1 for our presentpurposes it works well.8.2.2 An ExampleA simple example is given by the tuple T0 below:2T0 = (� 0;� 0; (1; 0; 0; 0; 0; 1);� [0; N(2; 1); 4];� [0 � � � 2];[0 � � � 2]; 1; < 1; 2; [3 � � �5] >)Any program P generated from T0 will contain between six and eight mod-ules: one main program module (M 2 0),3 between three and �ve leaf modules(M 0 0, M 0 1, M 0 2, M 0 3, M 0 5), and two modules on the intermediatelevel (M 1 0, M 1 1). Each module (except M 2 0) will export 2 abstract items(an abstract type and an abstract inline procedure), and may import moduleson the immediately lower level only. Each module may import between 0 and 2modules. The number of imported types referenced by the realization of anexported abstract type is selected using a truncated normal distribution withmean 2 and standard deviation 1. The number of procedure calls in the inlineprocedures is given by the same distribution. In addition to these calls, ex-tra work (between 0 and 2 statements) is added to each inline procedure andmodule body. Figures 8.1 and 8.2 illustrate a program generated from T0.8.3 Experimental ApproachIn preparation for the next section in which the results of the sPaster anddPaster test runs will be analyzed, this section will present statistics regardingthe input programs and describe our experimental set-up.8.3.1 Experimental Con�gurationThe tests were carried out on the network of Sun-3 workstations shown in Fig-ure 6.1. The sites were connected by a 10Mb/s Ethernet network and the work-stations ran the Unix operating system and the NFS distributed �le system.During the tests the workstations were otherwise unloaded, and the Slaves' load1Such as evaluating module compilers or structure-oriented editors, for example.2� X, where X is any one of the four value forms described above, is an abbreviation of atuple consisting of all X's.3Each module is named M x y, where x is the level of the module and y is the module'ssequence number within its level.
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M 1 0

M 2 0
M 1 1

M 0 3M 0 2M 0 0M 0 1Figure 8.1: A program generated from T0.balancing function (see Section 6.6.2 and the discussion in Section 8.4.4 below)was selected so as to balance Phase 3 processing (cost(m; s) = m:c). Eachprogram was processed at least 30 times, and the time spent in each phase (asperceived by the Master and each of the Slaves) was recorded. All times givenare averages of all the runs in wall time seconds.One problem we had to deal with during the tests was client �le caching (seeSection 6.9). A program which is run several times on the same input data willoften run faster the second and following times than the �rst time. The reasonis that the second time the �le cache already contains the program's load imageand any �les read by it during the previous run, and therefore these �les will notneed to be read from secondary storage. While this is in general the preferredbehavior of a distributed �le system, it renders unreasonable the results of testruns of IO-intensive programs such as the sPaster which presumably will neverbe run more than once on the same input data! We therefore emptied the�le-cache on all machines prior to each test.8.3.2 dPaster Process AllocationDuring the tests the dPaster processes (Master, Servant, and Slaves) wereplaced on the available sites so as to minimize the total execution-time. Thesix possible allocation strategies are shown in Table 8.3. For a small number ofsites (2 � �5) Strategy-B (where the Master and Servant each share sites with
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PROGRAM M 2 0;IMPORT M 1 0, M 1 1;TYPE T0 == RECORD [x 1 0 : M 1 0�T0; x 1 1 : M 1 1�T0 ];INLINE PROCEDURE I0 : (REF f : T0) +=BEGIN M 1 0�I0 (f:x 1 0); M 1 0�I0 (f:x 1 1); END I0;VARIABLE f : T0;BEGIN I0 (f); END M 2 0.SPECIFICATION M 1 0;TYPE T0 = ;PROCEDURE I0 : (REF f : T0) =;END M 1 0. IMPLEMENTATION M 1 0;IMPORT M 0 1, M 0 2, M 0 3;TYPE T0 += RECORD [x 0 1 : M 0 1�T0;x 0 2 : M 0 2�T0;x 0 3 : M 0 3�T0 ];INLINE PROCEDURE I0 : (REF f : T0) +=VARIABLE i : INTEGER;BEGINM 0 1�I0 (f:x 0 1);IF i = 10 THEN i := 20; ENDIF;M 0 3�I0 (f:x 0 3);CASE i OF 5 : i := 20; | 13 : i := 9; ENDCASE;END I0;END M 1 0.SPECIFICATION M 0 0;TYPE T0 = ;PROCEDURE I0 : (REF f : T0) =;END M 0 0. IMPLEMENTATION M 0 0;TYPE T0 += RECORD [x : CARDINAL ];INLINE PROCEDURE I0 : (REF f : T0) +=BEGIN f:x := 7; END I0;END M 0 0.Figure 8.2: Three of the modules of the program whose import graph is givenin Figure 8.1



8.3 Experimental Approach 227Strategy Master Servant Slaves PreferredStrategy-A Site 1 Site 2 Sites 3 � � For 6 or more sites.Strategy-B Site 1 Site 2 Sites 1 � � For 2 � �5 sites.Strategy-C Site 1 Site 1 Sites 2 � �Strategy-D Site 1 Site 1 Sites 1 � � For 1 site.Strategy-E Site 1 Site 2 Sites 2 � �Strategy-F Site 2 Site 1 Sites 2 � �Table 8.3: The six di�erent allocation strategies for the dPaster processes. Thetable shows that Strategy-A (which is the preferred strategy for 6 or moresites) allocates the Master and the Servant each on their own sites and theSlaves on the remaining sites. Strategy-B, on the other hand, places theMaster and the Servant on sites together with one Slave.one Slave) turned out to be the best one, while Strategy-A (where the Mas-ter and Servant each have a site of their own) is to be preferred for six sites ormore. The reason is that the amount of communication between the Slaves andthe Master and the Slaves and the Servant increases with the number of slaves,and at some point it becomes advantageous to reserve two sites for exclusiveuse by the Master and Servant rather than using those sites for optimizationand code generation.It is likely { although we are not able to present any hard evidence forthis { that the break-o� point between Strategy-A and Strategy-B (thenumber of slaves when Strategy-A becomes better than Strategy-B) is alsodependent on the program being bound. The preferred allocation strategies inTable 8.3 were arrived at through tests using the input program sPaster-B (seethe next section), and we believe that slightly di�erent results would have beenobtained using some other input. However, even if that were to be the case,the dPaster could not itself determine the optimal allocation policy for a givenprogram, since that would require it to know details of the program even beforehaving looked at it. It is therefore reasonable to use a \typical" program, aswe have done, to determine a \best average" process allocation strategy.8.3.3 Characteristics of the Test ProgramsIn order to be able to relate the running time of the zts to di�erent charac-teristics of the input program, we have instrumented the compiler and binderwith operations to determine some statistical properties of the program being



228 8 EvaluationM : Number of modules.LOC : Total size in thousands of lines of code.S : Total number of statements (in thousands).P : Number of procedures.Ta : Number of abstract types.Ca : Number of abstract constants.Ia : Number of abstract inline procedures.Pd : Number of referenced deferred procedures (procedures forwhich code is generated during Phase 3).Sd : Number of deferred context conditions.I2 : Number of inline expansions performed during Phase 2.I3 : Same as I2 but for Phase 3.Ic : Percentage of dynamic calls expanded, for typical input.E : Number of constant expressions, excepting call-graphattributes.He : The height of the CET, excepting call-graph attributes.He : Average height of all CET nodes, excepting call-graphattributes.Hc : The height of the call-graph, excepting recursive nodes.Hc : Average height of all call-graph nodes.Hi : The height of the inline call-graph.Hi : Average height of all inline call-graph nodes.Table 8.4: Semantics of the measurements given in table 8.5.translated. Our intention is also to use these functions to provide insight intothe average and extreme properties of real programs. This information can thenbe used to determine reasonable values for the parameters of the model pre-sented in the previous section, or to design a more accurate model. Table 8.4gives the list of properties that zts can currently calculate along with theirabbreviations.At this point in time there only exist a few \real" programs written in Zuse.The only large program is the sPaster itself, which has been translated moreor less mechanically into Zuse from the language in which it was originallywritten, Modula-2. Since the sPaster was not written in Zuse from scratch,we cannot argue that it is a good approximation of what a real Zuse programmight look like. Nevertheless, �ve versions of the sPaster were constructed {di�ering in their amount of encapsulation and inlining { and used as input to



8.4 Empirical Results and Analysis 229the sPaster and dPaster. A summary of the characteristics of each version isgiven in Table 8.5.In addition to the �ve versions of the sPaster, we constructed four arti�cialprograms (P129 4, P129 8, P129 16, R257 8) from the model in the previoussection. The programs in the P -family (P129 4, P129 8, P129 16) all consistof 129 modules organized in 4, 8, and 16 levels, respectively. Their dominantcharacteristics are a rectangular import graph, a large amount of encapsulationand inlining, large modules, and a large amount of work per procedure. R257 8di�ers from these programs by being larger (more modules, more lines of code)but having fewer and smaller inline procedures and a much shallower inlinecall-graph. Furthermore, while the modules in the P -family of programs areall very similar, R257 8 modules can vary signi�cantly in size and structure.Table 8.6 lists the T -tuples of each program. More detailed statistics can befound in Table 8.5.8.4 Empirical Results and AnalysisWe conclude this chapter by reproducing the running times of the sPaster andthe dPaster4 for �ve versions of one real program (the sPaster itself) and fourarti�cial programs generated by the model presented in Section 8.2. We alsoanalyze this empirical data and compare it to the analytical results from earlierchapters.8.4.1 Total Binding Times and SpeedupFigure 8.3 shows the execution-times (wall time in number of seconds) for thedPaster and its sequential counterpart when binding the �ve versions of thesPaster and the four arti�cially generated programs. All graphs in this sectionuse the following legend unless otherwise speci�ed:
sPaster-A
sPaster-B
sPaster-C
sPaster-D
sPaster-E
m2l
P129_16
P129_4
P129_8
R257_84The hPaster and iPaster have regrettably not been implemented at this point.



230 8 EvaluationProgram M LOC S P Ta Ca IasPaster-A 108 36 14 2024 28 34 0sPaster-B 108 36 14 2024 28 33 431sPaster-C 108 36 14 2024 0 0 0sPaster-D 108 36 14 2024 0 0 431sPaster-E 108 36 14 2024 16 27 202P129 4 129 51 62 1905 471 448 653P129 8 129 55 64 1905 471 448 653P129 16 129 56 64 1905 471 448 653P257 8 257 167 203 5158 800 775 647Program Pd Sd I2 I3 IcsPaster-A 879 5 0 0 0%sPaster-B 953 15 41 1325 55.6%sPaster-C 0 0 0 0 0%sPaster-D 760 10 41 1325 55.6%sPaster-E 1024 15 10 724 34.8%P129 4 986 0 133 1815 N/AP129 8 1129 0 268 3101 N/AP129 16 1222 0 361 4040 N/AR257 8 3889 0 14 2907 N/AProgram E He He Hc Hc Hi HisPaster-A 533 29 3.6 24 3.6 0 0sPaster-B 578 29 3.5 24 3.4 3 0.2sPaster-C 55 0 0 24 3.6 0 0sPaster-D 99 3 0.6 24 3.4 3 0.2sPaster-E 497 28 3.6 24 3.5 2 0.2P129 4 7542 26 6.1 4 1.4 3 0.9P129 8 8645 48 14.4 8 3.2 5 1.3P129 16 8360 87 32.1 16 7.0 7 1.7R257 8 13629 33 7.9 8 2.5 2 0.4Table 8.5: Source code statistics regarding �ve versions of the sPaster andfour arti�cially generated programs. See table 8.4 for an explanation of thedi�erent measurements. The slight di�erence in average call-graph height (Hc)between the di�erent sPaster versions is due to intra-modular inlining. Local(non-exported) inline procedures do not take part in the binding process anddo not show up in these statistics.



8.4 Empirical Results and Analysis 231P129 4 = (� 0;� 0;([1 � � � 5]; 0; [1 � � �5]; [0 � � � 1]; [5; N(10; 3); 20]; [0; N(5; 2); 20]; [0 � � �1]);([0; N(3; 2); 10]; 0; [0; N(3; 2); 10]; [0; N(2; 1); 3];[0; N(10; 3); 20]; [0; N(2; 1); 3]; [0 � � �50]);([0; N(10; 3); 20]; [0; N(2; 1); 3]; [0; N(10; 3); 20]);[5; N(15; 5); 40];[1; N(2; 0:5); 3];< 1; 32; 32; 32; 32>)P129 8 = (&;&;&;&;&;&;&; < 1; 16; 16; 16; 16; 16; 16; 16; 16>)P129 16 = (&;&;&;&;&;&;&; < 1; 8; 8; 8; 8; 8; 8; 8; 8; 8; 8; 8; 8; 8; 8; 8; 8>)R257 8 = (� 0;� 0;([1 � � � 5]; 0; [1 � � �5]; 0; [5 � � �30]; [0 � � �5]; [0 � � � 1]);([0 � � � 5]; 0; [0 � � �5]; 0; [0 � � �20]; [0 � � �1]; [0 � � � 50]);([0 � � � 20]; [0 � � �1]; [0 � � � 20]);[0 � � � 40];[1 � � � 8];< 1; 32; 32; 32; 32; 32; 32; 32; 32>)Table 8.6: T -tuples for the arti�cially generated programs. An ampersand (&)indicates that a tuple entry is the same as the one in the previous tuple.For comparison we also give the execution-time of the SUN Modula-2 linkerm2l (a pre-linker which calls the UNIX systems linker ld as part of the linkingprocess) when linking the sPaster. Figure 8.4 shows the speedup of the dPasterrelative to the sPaster and relative to itself running on one site. It is evidentfrom Figure 8.4 that the speedup of the dPaster varies with the amount of en-capsulation and inlining: sPaster-C { a completely concrete program { resultsin no speedup at all, while sPaster-B and P129 16 yield a speedup of 2:6 and3:5, respectively.It is interesting to note that for all �ve versions of the sPaster, the dPaster(given enough sites) will always out-run m2l. This is of course an unfair compar-ison since the two programs di�er in many ways: m2l is a pre-linker, while thedPaster performs every part of the linking process itself; m2l, like most systemlink-editors, has to resolve external symbols through name lookup, while ztsbinds all names already at compile-time; The dPaster performs inter-modular
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Figure 8.3: On the left is shown the running time of the sPaster (point S) andthe dPaster running on 1{10 sites when binding �ve versions of the sPasteritself. The timing for the SUN Modula-2 linker m2l linking the sPaster is alsogiven. To the right is shown the total running time of the sPaster and thedPaster when binding the four arti�cial programs. Only 9 sites were availablefor the test runs of the generated programs, which explains the missing datapoints.optimizations, while m2l only does relocation. Furthermore, the SUN Modula-2translation system produces better local code than zts, although inter-modularinlining can in some cases make up for zts' poor code quality (sPaster-B isonly 14% slower than the sPaster produced by the SUN Modula-2 system withfull optimization).Also interesting is that the dPaster is never more than marginally fasterthan the sPaster for programs with no encapsulation and inlining, such assPaster-C. This would seem to indicate the infeasibility of distributed link-editing. However, the current implementation of the dPaster is tuned to performwell for programs with large amounts of encapsulation and inlining, and its poorperformance for other kinds of programs is by no means a proof that some level
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Figure 8.4: Speedup of the dPaster relative to the sPaster (left) and self-relativespeedup of the dPaster (right).of speedup cannot be achieved by some other techniques.Figure 8.3 a�ords a further important observation, namely that sPaster-D(which has no encapsulation but full inter-modular inlining) and sPaster-B(which has full encapsulation and inter-modular inlining) result in very similarbinding times. The conclusion must be that a system which performs inter-modular inlining might as well support full 
exible encapsulation, since theextra translation-time cost will be close to negligible.Figure 8.5 shows how the total sPaster time is distributed over the fourphases for some of the test programs. Figure 8.6 shows the same results, butfor the dPaster running on 9 sites. One thing we notice from these �gures isthat the dPaster spends a proportionally smaller part of its time on Phase 3and 4 than the sPaster, but more of its time on Phase 1 and 2. This is becausethe dPaster achieves higher levels of speedup for Phase 3 and 4 than for Phase 1and 2. We will examine this further in the next four sections, which we devoteto discussions of each phase in turn.Figure 8.7 also gives the time spent by the sPaster in each of the four phases,but this time we also show the percentage of the time that is actually spentperforming useful computation. This data is interesting because it indicateswhether the sPaster's four-phase design is a reasonable one, or if a di�erentdesign (which would interleave the actions of some of the phases in order to takeadvantage of unused CPU power) would be likely to perform better. One could,
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236 8 Evaluationfor example, imagine a design in which Phase 2 runs in parallel with Phase 1,evaluating expressions and expanding inline calls in inline procedures as thesebecome available. Or, one might let Phase 4 execute concurrently with Phase 1and Phase 3, much as is done in the dPaster. We can deduce from Figure 8.7that for some programs such designs may indeed perform better than the currentone, but only marginally so. For example, the sPaster's Phase 2 spends most ofits time in an idle state when processing P129 16,5 and it may prove bene�cialto spend this idle time doing Phase 1 or Phase 3 computations. Similarly, verylarge programs such as R257 8 may have enough idle time during Phase 3 (dueto the writing of the generated code) that it would pay o� to perform relocations(Phase 4) in parallel. However, we believe that the greatest potential gain willcome from concurrent execution within Phase 1. The source of almost all theidle time in Phase 1 is locating and opening new object code �les, and it couldbe an improvement if this was done in parallel with the processing of the dataread from the current �le.One must, however, keep in mind that there may be instances when theoverhead of having several concurrent threads of control may very well cancelout much of the advantage of reducing the sPaster's idle time. Running Phase 2and 3 in parallel may work well for programs like P129 16 in which Phase 2contains much idle time, but is likely to perform less well for programs likesPaster-B6 in which Phase 2 is completely CPU-bound.8.4.2 Analysis { Phase 1Figure 8.10 shows that during Phase 1 the sPaster spends most of its timesearching for and opening object �les. This is particularly true when the sPasteris given long search-paths or when the object �les reside deep in the directoryhierarchy (this was the case for the sPaster versions). For programs such assPaster-C which have none or very little encapsulation and inlining and hencefew deferred procedures, the copying of code and data from the object �les tothe resulting executable �le (the Process Data-entry in Figure 8.10) also becomestime-consuming. Similarly, loading the Expression Section is expensive forprograms such as P129 16 that contain a signi�cant amount of encapsulation.The Phase 1 timings and the dPaster's Phase 1 speedup are given in Figures 8.8and 8.9.5The reason is that P129 16 contains a large number of abstract structured constants which,once they have been constructed, have to be written to the executable �le. The idle time issimply spent waiting for these write-operations to complete.6sPaster-B is the program for which the current implementation was tuned, which explainswhy it has the least idle time of all the test programs.
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Figure 8.8: Phase 1 processing times.
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Figure 8.9: Speedup of Phase 1.
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240 8 Evaluation8.4.3 Analysis { Phase 2Already in Chapter 6 we noted that Phase 2 is the dPaster phase that is the mostchallenging to parallelize. This is also evident from Figures 8.11 and 8.12, whichshow that, in most cases, the distributed Phase 2 is between a factor 2 and 5slower than its sequential counterpart. The reason is, of course, that in addi-tion to evaluating expressions and expanding inline procedures, the dPaster'sPhase 2 also performs the distribution of the resulting values and intermedi-ate code. Particularly expensive is the replication of inline procedures and thevalues of abstract structured constants and object type templates, since thesetend to be large.
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Figure 8.11: Phase 2 processing times.Figures 8.13, 8.14, 8.15, and 8.16 break up the Phase 2 timings into eval-uation and inlining. These �gures show that the main cost of the dPaster'sPhase 2 comes from the distribution of inline procedures, not from the evalua-tion of expressions. It is even the case that the dPaster (running on 6 sites ormore) achieves a small speedup (1:1) when evaluating P129 16's expressions.In Section 6.11.2 we analyzed the expected behavior of synchronized ver-
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Figure 8.12: Speedup of Phase 2.
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Figure 8.14: Phase 2 expression evaluation speedup.sions of the expression evaluation and termination detection algorithms. Wefound that for both algorithms the number of rounds grows with the numberof slaves and with the height of the supergraph formed when internal pathsin the expression graph are collapsed. This analysis is partially supported byFigures 8.17 and 8.18. These graphs show that programs with high expres-sion graphs (such as P129 16) require more termination detection rounds andexpression sends than programs of lower height (such as the sPaster versions).However, while the number of expression sends grows with the number of slavesas predicted, this does not seem to be true for termination detection rounds.Rather, the number of such rounds decreases ever so slightly with the number ofslaves. This is because the predictions in Section 6.11.2 relate to a synchronizedversion of the expression evaluation algorithm, while the one actually imple-mented is asynchronous. In other words, a slave does not have to wait for theother slaves to �nish a round before it starts its next one. Consequently, whenthere are many Slaves involved in the expression evaluation, each Slave is likelyto receive a steady stream of incoming values to process and will be less likelyto have to enter a passive state.8.4.4 Analysis { Phase 3The previous section shows that the reason that the distributed Phase 2 yieldsa speedup below 1 is that it has to do a fair amount of replication of global data.



8.4 Empirical Results and Analysis 243

S 2 4 6 8 10

Sites

0

2

4

6
T

im
e 

(S
ec

)

S 2 4 6 8 10

Sites

10

20

30

Figure 8.15: Phase 2 inline expansion times. This includes the time for updat-ing the intermediate code of inline procedures with the newly computed CETvalues.But thanks to this replication, Phase 3 is freed of all inter-Slave communicationand makes up for the excessive cost of Phase 2 by yielding for most programsa speedup ranging from 3 to 6 (see Figures 8.19 and 8.20).Figure 8.21 shows the relative cost of each of the sPaster's Phase 3 opera-tions. Obviously, code generation takes up most of the sPaster's time duringPhase 3. This is particularly true for programs with a signi�cant amount ofPhase 3 inlining, since inline expansion creates large procedures for which codegeneration is expensive. The data for the Read Deferred-entry in Figure 8.21should be taken with a grain of salt: since zts uses memory mapping tech-niques for the reading of the object code �les (see Section 5.8.3), the actualreading of the deferred code will take place when the code is needed.There is still one major problem with Phase 3, and that is load balancing.This is evident from Figure 8.22 (left) which shows that although Phase 3 willperform quite well on the average, it will on occasion perform very poorly. Theproblem is that the simple load balancing scheme which runs during Phase 1 (see
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Figure 8.16: Phase 2 inline expansion speedup.
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Figure 8.17: Average number of termination detection rounds initiated by theMaster during Phase 2.
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Figure 8.18: Average number of expression sends per Slave during Phase 2.Sections 6.6.2 and 6.10.1) cannot take into account the amount of inlining whichwill be performed during Phase 3, since this is not known until after Phase 2.As a result, the load balancing algorithm will sometimes unknowingly assignseveral modules which are high in inlining to the same Slave, and that Slavewill end its Phase 3 processing much later than the other Slaves. This is clearlyshown in Figure 8.22 (right). We are currently considering alternative loadbalancing algorithms which allow modules to migrate from busy to unoccupiedslaves.8.4.5 Analysis { Phase 4While the sPaster performs all its relocation during Phase 4, the dPaster per-forms its relocation concurrently with the Slaves' Phase 1, 2, and 3 processing.Therefore, all the dPaster's Master has to do during Phase 4 is wait for theServant to �nish the relocation. The length of this wait depends on the totalamount of relocation information, when that information is produced, and theamount of processing resources available to the Servant:
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Figure 8.19: Phase 3 processing times.
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Figure 8.20: Speedup of Phase 3.
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Figure 8.22: The graph to the left shows the average, shortest (lowest pointof vertical line), and longest (highest point of vertical line) Phase 3 processingtimes over all the test runs. The graph to the right shows the longest andshortest processing time of any individual Slave.� For programs such as P129 16 with many deferred procedures and whereeach procedure makes many calls, the Slaves may produce more relocationinformation during Phase 3 than the Servant can consume. The net resultis that the Servant has to continue the relocation after the Slaves are�nished with Phase 3.� Similarly, programs such as sPaster-C which produce all their relocationinformation during Phase 1 and need very little Phase 3 processing, leavethe Servant with little time during Phase 3 to perform relocation.� If the Servant is allowed to execute on its own site (as in Strategy-Aand Strategy-F), it will have more resources available and will be muchmore likely to �nish quickly than if it would share sites with the Masteror one of the Slaves.
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Figure 8.23: Phase 4 processing times.
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Figure 8.24: Speedup of Phase 4.



250 8 EvaluationThe last point is illustrated clearly in Figures 8.23 and 8.24, which showlittle Phase 4 speedup for Strategy-B and Strategy-D (1 � �5 sites) butsubstantial speedup for Strategy-A (more than 6 sites).8.5 SummaryThe results of the measurements presented in this chapter indicate that for pro-grams with medium to large amounts of encapsulation and inlining, the dPasterachieves speedup factors between 2 and 3:5, given 6 or more processors. Evenwith as few as 3 processors available, the dPaster is almost always faster thanthe sPaster. Furthermore, when enough processors are available the dPasterwill (for many programs) run faster than the SUN Modula-2 linker m2l. Thisis in spite of the fact that the SUN Modula-2 translating system does not sup-port zts-style 
exible encapsulation and inter-modular optimization. Whilethis may be an unfair comparison, it does indicate that one can expect zts toachieve turn-around times similar to traditional translating systems. This sup-ports the main claim of this thesis, namely that distributed high-level binding isan attractive solution to the problems inherent in modularization and separatecompilation.In addition to the measurements of the sPaster and the dPaster, this chaptermakes one important contribution: a model of modular programs. Althoughthis model is still in an embryonic stage, without it we would have been unableto say anything about the behavior of the zts for many classes of programs.To be a truly useful tool for other types of applications, however, the modelneeds to be extended in many ways. First of all, there needs to be much addi-tional research into the structure of real programs. Not until such statistics areavailable will we be able to select reasonable values for the model parameters.Translating systems such as zts that are able to collect source statistics are astep in this direction. It will also be necessary to provide better control over theinternal characteristics of modules and procedures. A test data generating sys-tem such as Maurer's [145], based on context-free grammars, seems ideal for thispurpose. Finally, we believe that the tuple value forms of Table 8.2 are overlysimpli�ed. A more reasonable approach would make each form a function ofthe module's height in the import graph. This would account for our intuitionthat lower level modules often implement abstract data types (and thereforeexport many abstract items, particularly abstract types and abstract inlineprocedures), whereas modules at a higher level are more likely to be abstractstate machines and therefore mostly export non-inline abstract procedures.



Chapter 9Conclusions and FutureResearch Q: How many graduate students does ittake to change a light bulb?A: Only one, but it takes 9 years.Reported by Jan Yarnot
I

n this thesis we have pursued two di�erent avenues of research: languagedesign for better control over abstraction and encapsulation, and trans-lation system design for better 
ow of inter-modular information in thepresence of separate compilation. It should come as no surprise, however, thatthe pursuit of these two interests has gone hand in hand: the design of Zusehas provided motivation for the design of the zts, whose capabilities in turnhave inspired further additions to Zuse.Although it was the possibility of true orthogonal encapsulation that �rstsparked our interest in pursuing the research presented here, we believe thatthe spin-o� results are of equal interest. In fact, one might, not unreasonably,view the thesis from three di�erent perspectives: that it is all about languagedesign, all about code optimization, or all about e�cient translation. We willconsider each perspective in turn.9.1 Language DesignLike others before us, we have strived to design a language of \least surprise,"in our case with respect to encapsulation. For example, a beginning Modula-2programmer is surprised to learn that types may be hidden but not constants,



252 9 Conclusions and Future Researchand he is even more surprised when he is told that the realization of hidden typesis restricted to pointers. A beginning Ada programmer is in for similar surprises:the realization of procedures may be hidden, but the realization of types andconstants may only be protected. The encapsulation system presented in thisthesis is simple and regular and should be met without surprise by beginningprogrammers: all aspects of all exported items may be hidden or revealed; allexported items may be protected or unprotected.How do the Zuse encapsulation concepts compare to those found in otherlanguages? We have already mentioned that encapsulation in Modula-2 andAda is confusing and arbitrary and in
uenced by implementation concerns morethan anything else. Encapsulation in Modula-3 is much more interesting andregular, although basically restricted to object types. Object type encapsulationin Zuse is very similar to the Modula-3 design; in fact, Zuse's object-orientedfeatures are more or less a subset of those found in Modula-3. The main dif-ference is instead the way object type encapsulation is implemented in zts andSRC Modula-3. We will discuss this more thoroughly in the next section.There is one important di�erence between Zuse and Modula-3 in regardto object type encapsulation, namely the ability of Modula-3 to present dif-ferent views of a particular object type to di�erent kinds of clients. This is aresult of the Modula-3 many-to-many module system and the Modula-3 typesystem which uses structural type equivalence. We are currently investigat-ing the possibility of extending Zuse with a multiple view capability, possiblythrough a module system more general than one-to-one but more restrictedthan Modula-3's many-to-many, which we �nd overly 
exible and potentiallyconfusing.The language most closely related to Zuse is Milano-Pascal (Section 2.8.6),which (like Zuse) supports hidden types and scalar constants. There are manydi�erences, however. First of all, Milano-Pascal { unlike all modern modu-lar languages { uses import-by-structure rather than import-by-name. From apurely theoretical point of view import-by-structure appears superior to import-by-name, since it grants modules complete autonomy: no module needs to knowabout the existence of any other module. Unfortunately, import-by-structure iscompletely unusable in practice, since it requires each client to give a completedescription of all imported items it needs to use. A further di�erence betweenZuse and Milano-Pascal is, of course, Zuse's 
exible encapsulation, which ex-tends the rudimentary facilities found in Milano-Pascal with type protectionand various forms of semi-abstract export. Furthermore, Milano-Pascal doesnot support abstract inline procedures, a concept which ought to be an integralpart of any language concerned with e�cient execution in the presence of strictencapsulation.



9.2 Code Optimization 253One question that is fair to ask at this point is whether the full 
exibilitya�orded by Zuse in regard to encapsulation is really necessary. Could it notbe that the wide range of choices available to a programmer might be more asource of confusion than a source of elation? It should be clear that Zuse asit is presented in this thesis is an experimental design, intended to extend 
ex-ible encapsulation to its limits, not a language engineered towards productionprogramming. We would not be surprised if future research were to show thata simpler bag of encapsulation primitives will be su�cient for most program-ming situations. It must be made clear, however, that from an implementationperspective full 
exible encapsulation as presented here comes at little extracost compared to a language with scaled down encapsulation, consisting, forexample, of abstract types and constants.9.2 Code OptimizationIt might seem that the pursuit of new and more e�ective code optimizationtechniques and the invention of new programming language constructs wouldbe two diametrically opposed activities. This is, however, not the case. Onthe contrary, if new language constructs are to take root and blossom, it isimperative that their conception be followed by the development of e�cientand e�ective translation techniques.1 Many programmers are reluctant to useconcepts which they feel (rightly or not) would seriously hamper the e�cientexecution of their programs. Therefore, any attempt at introducing new en-capsulation concepts had better be accompanied by ample evidence that theseconcepts are indeed e�ciently implementable.We believe that this thesis has shown that full and 
exible encapsulationis useful, desirable, and can be implemented e�ciently. Furthermore, we haveshown that inter-procedural optimization and data encapsulation are simplydi�erent sides of the same coin, and that techniques which support the imple-mentation of one may be used to implement the other. In fact, the evaluationresults of Chapter 8 show that a translating system which performs binding-timeinter-modular procedure integration might as well support full data encapsu-lation { the additional binding-time cost is negligible. Procedure integrationis in itself a particularly important companion optimization to encapsulation,1Unfortunately, the availability of e�cient implementation techniques is no guarantee thatnew and otherwise interesting language constructs will be immediately embraced by the pro-gramming language design community. This is evident from the sad history of CLU's excellentiterator construct, whose introduction was immediately followed by the description of an e�-cient implementation (Atkinsson [13]). Still, no other systems programming language has todate included a similar concept.



254 9 Conclusions and Future Researchsince it nulli�es many of the ine�ciencies introduced by procedural interfacesto abstractions.As a matter of fact, the zts design guarantees that { in spite of separatecompilation { the code produced for Zuse programs will be as e�cient asthat produced by compilers for monolithic languages. Furthermore, staticallyallocated abstract types, inter-modular inline expansion, smart linking, andtranslation-time construction of object type templates guarantee that zts willproduce better code than traditional translating systems for modular and object-oriented languages with strong encapsulation concepts.It is interesting to compare zts to the SRC Modula-3 translating systemsince, as we noted in the previous section, Zuse and Modula-3 have essentiallythe same encapsulation features in regard to object-oriented programming. Aswe described in detail in Section 2.8.9, the run-time system in the SRCModula-3implementation is responsible for performing many of the tasks performed atbinding-time in zts. The result is, of course, that (other things being equal) aZuse program translated by zts will always perform better than the equivalentModula-3 program translated by the SRC system.9.3 Translation E�ciencyThe introduction of a new programming language construct requires, as wehave said, proof that programs which use the construct will execute e�ciently.Equally important, however, is to show that there exist translating systemtechniques such that the construct may be e�ciently processed. Programmersmay very well spurn an otherwise desirable programming language feature if itsuse results in unacceptably long turn-around times. We have devoted the secondhalf of this thesis to the presentation of techniques for the e�cient processing ofmodular imperative and object-oriented languages with 
exible encapsulationconcepts. Our results show that distributed translation techniques producee�cient high-level module binders which support the concepts introduced inZuse.What is interesting, however, is that regardless of the translating techniquesused, languages with strict encapsulation have an advantage with respect totranslation e�ciency over \realization protection (Section 2.5)" languages suchas Ada: since they require less information to be given in speci�cation units theyrun a much smaller risk of su�ering from trickle-down recompilations. Thus,even a Zuse translating system which sports an unsophisticated sequentialmodule binder and hence may su�er long module binding times may very welldo better on the whole than a traditional translating system for Ada, since it



9.3 Translation Efficiency 255is likely to su�er fewer complete recompilations.Furthermore, a Zuse translating system with a sophisticated module binder(such as the dPaster) will, as we have seen in Chapter 8, combine a reduced riskof trickle-down recompilations with module binding times which are sometimesshorter than what can be expected from traditional link-editors. Zuse and Ztsare in essence able to combine the best of several worlds: 
exible encapsulation,excellent code quality through inter-modular optimization and static allocation,and fast turn-around-times through distributed binding and fewer completerecompilations.9.3.1 Sequential vs. Distributed vs. Incremental TranslationOne of the implicit long-term goals of the research presented here is to comparethe bene�ts of sequential, distributed, and incremental translation techniques.We are especially interested in the relative performance of these techniqueswhen combined with inter-procedural optimization and when subjected to mi-nor and major source code changes.The strength of incremental translation tools lies in their superior perfor-mance in the presence of small and local changes to the source code. Incremen-tal translation techniques in fact rely on the assumption that local source codechanges will have local e�ects on the object code. This is often true for toolssuch as syntactic and semantic analyzers, but may not hold true for aggres-sive optimizers and code generators. For example, a code generator which doesinter-procedural register allocation may, in the worst case, need to reprocess theentire program as a result of a small change to the body of a single procedure.The same is true of the expansion of inline procedures: a local change to thebody of an inline procedure will a�ect (at least) all procedures which call it.While distributed tools are more immune to these kinds of worst-case scenarios,they will most likely be outperformed by their incremental counterparts in thecases when local changes only have local e�ect.If we apply these re
ections to the translating system designs presented inthe thesis we might say that the dPaster will have good worst-case behaviorbut poor best-case behavior, while the iPaster will have good best-case behaviorand poor worst-case behavior. In other words, when only local changes havebeen made to a program (the best case) the iPaster will perform well, butthe dPaster will perform poorly. When changes with global e�ects have beenperformed (the worst case), however, the opposite will be true. It remains anopen question whether it is possible to combine incremental and distributedtechniques to e�ciently handle situations with local as well as global changes.



256 9 Conclusions and Future Research9.4 ContributionsThe most important contribution of the �rst half of this thesis is, of course,the 
exible encapsulation primitives of Zuse. We �nd it interesting that ithas proven possible to blend type protection with abstract and semi-abstractexport to yield a coherent and regular type system.2 A further interesting (andto us somewhat surprising) discovery has been the wide range of static semanticconditions which cannot be tested at compile-time.The most novel and in our mind the potentially most pro�table contributionof the second half of the thesis is the distributed module binder of Chapter 6.We believe that distributed high-level binding provides a framework not onlyfor the support of data encapsulation in modular programming languages butalso for the application of inter-modular optimizations which have hitherto beendeemed prohibitively expensive. We will pursue this avenue of research, exam-ining how the dPaster can be extended to support various inter-procedural op-timization techniques (e.g. inter-procedural constant propagation and registerallocation) as well as the e�cient implementation of new language constructs(inline iterators/generators, and code sharing among instances of generic mod-ules). We also intend to investigate di�erent techniques for speeding up thecurrent dPaster implementation, particularly new load balancing algorithmsand techniques for less rigorous separation into phases.Until now, parallel and distributed translation has been met with compara-tively little interest, and the number of fully implemented systems is very small.We believe this to be the result of triply misdirected e�orts: most practical aswell as theoretical work in the �eld has been geared towards tightly coupledarchitectures (which are not yet generally available), the compilation of mono-lithic languages (which are obsolete), and the early phases of translation suchas lexical and syntactic analysis (which have very e�cient sequential solutions).Furthermore, with the advent of separately compiled modular languages, theamount of parallel work available within a compilation unit is reduced to theextent that the application of coarse-grained parallelism is not warranted.3 Webelieve that distributed high-level module binding opens up interesting newareas of application of distributed translation techniques since it is geared to-wards loosely coupled distributed systems (which are generally available), mod-ular languages (which are in widespread use), and the late phases of translation(which are expensive for sequential architectures).2However, much of the syntax leaves something to be desired. Type protection clauses, forexample, have been described as \rather baroque."3The work of Wortman and Junkin [118, 231, 233], however, shows that successful parallelcompilation of modular languages on shared memory architectures is possible.
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